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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-
ers the 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,
central 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 a significant role in 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.

The fourth Section on Therapy provides new insights into
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 transla-
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-
butions to 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, I 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
La Jolla, California, U.S.A.

March 2005



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-
tors is a Who’s Who of the field’s best minds. There is vir-
tually 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
scientists in 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 alterations 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
is well 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,
endothelial 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 scene in just

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
whole, 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 is it 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. If 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
a graduate 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

I can safely state that no one truly comprehends the phy-
siology and pathophysiology of the microvasculature. In a
large measure, this less than desirable state is the 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, is required. As a closing but not a final argument, one
important current concept is that 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 dementia is 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 all 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 a needle’s eye.

A Perspective on Historical Recordings

In keeping with the editorial consensus that brevity can
be a virtue 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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x Introduction

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 slipping 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 I 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 I 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. I 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 challenged and even the theories of Einstein, the
genius of the 20th century, are now under scrutiny.

I would add one very personal speculation (a chronicler’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 as a junior level scientist
and I “imagine” he was a tad jealous of his Danish col-
league’s talents.

In summary, I 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 data to 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 also
be an artful approach to chronicle advances in microcircula-
tory knowledge. Whatever your choice, the endpoint will be
similar.

References

Florey, H.W. 1966. The endothelial cell. Brit. Med. J. 27: 487–490
Krogh, A. Anatomy and Physiology of Capillaries. New Haven: Yale Uni-

versity Press. 1922. pp. 47–69
Metchnikoff, E. Lectures on the Comparative Pathology of Inflammation.

New York: Diver Publications, Inc., 1968. pp. 137–156.
Starling. E.H. 1896. On the absorption of fluids from connective tissue

spaces. J. Physiol. Lond. 19: 312–326

Acknowledgements

I thank all of the contributors, the editors who developed
and shaped the contents of these volumes, our Elsevier 
Editor, Noelle Gracy, who inaugurated the project, and 
provided often needed encouragement, notwithstanding a
transfer to Holland and a maternity leave. And to Karen
Dempsey, at Elsevier, San Diego, who managed to organize
our input, in bits and pieces, into a professional, valuable



Introduction xi

publication—always positive in her responses and never
displays an “ounce of static.” To my assistant, Christina
Pitcher-Cozzone, for her “can do” handling of correspon-
dence and almost daily revisions of contributors, titles 
and contents. Lastly, my gratitude to my wife, Marilyn, for

her encouragement whenever I whined about the problems
of a head editor and who did not complain about lengthy 
disappearances to my computer during the final stages of
production.





Editor-in-Chief
David Shepro, Ph.D.

Dr. Shepro is Professor of Surgery and Professor of Biol-
ogy at Boston University. His research interests include cel-
lular signaling and gene regulation and was the first to
culture successfully large numbers of aortic endothelial cells
that provided the wherewithal to research their metabolic
activity and responses to inflammatory agonists.

David Shepro is a Fellow of the American Association for
the Advancement of Science and a Fellow of the American
Physiological Society. He has received the national and inter-
national awards from the American Microcirculatory Soci-
ety, the Landis Award and the Zweifach Gold Medal Award,
respectively, and the Taylor Smith Gold Medal Award from
the New England Ophthalmological Society, the latter for his
research on the biology/pathology of the retinal microcircu-
lation. He was Burroughs Welcome Visiting Professor in
Basic Medical Sciences and Distinguished Visiting Professor
at the University of Cagliari School of Medicine, Sardinia.

Dr. Shepro is the Chair of the Literature Selection 
Technical Review Committee for the National Library of
Medicine and Chairman of the Scientific User Committee
for the Marine Biological Laboratory—Woods Hole
Oceanographic Institute Library. He is the founding editor
of the journal Microvascular Research.

Associate Editor
Patricia A. D’Amore, Ph.D.

Dr. Patricia A. D’Amore is a Senior Scientist and the
Associate Director of Research at The Schepens Eye
Research Institute. She is Professor of Ophthalmology and
Pathology at Harvard Medical School, and Chair of 
the Angiogenesis, Invasion, and Metastasis Program 
in Development at the Dana Farber Harvard Cancer 
Center. She is the author of 95 publications which have
appeared in journals such as Nature Medicine, Journal 
of Clinical Investigation, Development, and Journal of 
Cell Biology. She is Co-Editor-in-Chief of the journal
Microvascular Research.

Editorial Board
Dame Carol M. Black, Ph.D.

Professor Dame Black is currently President of the Royal
College of Physicians (UK) and Professor of Rheumatology
at the Centre of Rheumatology, the Royal Free and Univer-
sity College Medical School. Her department at the Royal
Free Hospital is a major centre for scleroderma in Europe
and one of the largest in the world, with an extensive pro-
gramme of clinical and basic research.

Joe G. N. Garcia, M.D.
Dr. Garcia is the Lowell T. Coggeshall Professor 

and Chair, Department of Medicine at the University 
of Chicago. His research program studies endothelial
cytoskeletal regulation of the pulmonary microvascular
endothelial barrier with a focus on the signaling events reg-
ulating barrier function of the endothelial cell monolayers.
This work has resulted in over 200 peer-reviewed publica-
tions and numerous book chapters. He is Co-Editor-in-Chief
of Microvascular Research, and Associate Editor of the
American Journal of Respiratory Cell & Molecular Biology,
and the Journal of Stem Cell Research.

D. Neil Granger, Ph.D.
Dr D. Neil Granger is Boyd Professor and Head of the

Department of Molecular & Cellular Physiology at LSU
Health Sciences Center. He has authored over 500 publica-
tions dealing with the role of the microcirculation in health
and disease, and has served as Editor-in-Chief of Microcir-
culation, President of the Microcirculatory Society, and
President of the American Physiological Society. His areas
of research interest include ischemia-reperfusion injury,
inflammation, and oxidative stress.

Christian Haudenschild, M.D.
Christian Haudenschild directs the Experimental Pathol-

ogy Department at the American Red Cross Jerome H. 
Holland Laboratory for the Biomedical Sciences. His labo-
ratory’s main area of research is angiogenesis.

Editorial Board Members

xiii



xiv Editorial Board Members

Herbert B. Hechtman, M.D.
Dr. Hechtman is Professor of Surgery at Harvard 

Medical School and Brigham and Womens Hospital. His
laboratory’s areas of research include the consequences of
ischemia and inflammatory reactions in the lungs.

Rakesh K. Jain, Ph.D.
Rakesh K. Jain is Andrew Werk Cook Professor of

Tumor Biology, Department of Radiation Oncology, 
Harvard Medical School and Director of the Edwin L. Steele
Laboratory of Tumor Biology at Massachusetts General
Hospital. Dr. Jain is regarded as a leader in the areas of vas-
cular and interstitial biology of tumors and is known for
integrating tumor biology with bioengineering. He is a
member of the Institute of Medicine and the National 
Academy of Engineering of the U. S. National Academies.

Joseph A. Madri, Ph.D., M.D.
Joseph A. Madri received his BS and MS in Biology

from St. John’s University, NY and his Ph.D. in Chemistry
and an M.D. from Indiana University. He is a Professor of
Pathology at Yale University with appointments in the Med-
ical School and Graduate School of Arts & Sciences. His
areas of interest include vascular and cardiac development,
angiogenesis, immune cell-endothelial cell interactions, and
extracellular matrix biology.



Contributors

William A. Banks
Geriatrics Research, Educational, and Clinical Center,
Veterans Affairs Medical Center, St Louis, MO 63106

Margery A. Barrand
Department of Pharmacology, University of Cambridge,
Cambridge CB2 1PD, UNITED KINGDOM

Matthias Barton
Medical Policlinic, Departement of Internal Medicine,
University Hospital Zurich, Zürich, CH-8091,
SWITZERLAND

David O. Bates
Microvascular Research Laboratories, Department of
Physiology, Preclinical Veterinary School, University 
of Bristol, Clifton, Bristol BS2 8EJ, UNITED 
KINGDOM

John F. Beltrame
Cardiology Unit, The Queen Elizabeth Hospital,
Woodville South, SA-5011, SOUTH AUSTRALIA

Monica M. Bertagnolli
Division of Surgical Oncology, Department of Surgery,
Brigham & Women’s Hospital, Boston, MA 02115

Christer Betsholtz
Department of Medical Biochemistry, Göteborg Univer-
sity, Goteburg, SE-40330, SWEDEN

Jahar Bhattacharya
Lung Biology Laboratory, College of Physicians and
Surgeons, St. Luke’s/Roosevelt Hospital, Columbia Uni-
versity, New York, NY 10019

Imran Bhutto
Ophthalmology Department, Johns Hopkins Hospital,
Baltimore, MD 21287-9115

David G. Binion
Division of Gastroenterology and Hepatology, Medical
College of Wisconsin, Milwaukee, WI 53226

Konstantin Birukov
Department of Medicine, Section of Pulmonary 
Critical Medicine, University of Chicago, Chicago IL
60611

Anna Birukova
Department of Medicine, Section of Pulmonary Critical
Medicine, University of Chicago, Chicago IL 60611

David Abraham
Centre for Rheumatology, Royal Free Hospital, London
NW3 2QG, UNITED KINGDOM

Anthony P. Adamis
Research Center, Eyetech Pharmaceuticals, Woburn, MA
01801

Alexei V. Agapitov
East Amherst, NY 14051

William Cameron Aird
Department of Medicine, Division of Molecular/Vascular
Biology, Beth Israel Deaconess Medical Center, Harvard
Medical School, Boston, MA 02215

J. Steven Alexander
Department of Molecular and Cellular Physiology,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130-3932

Abu-Bakr Al-Mehdi
Department of Pharmacology, College of Medicine, Uni-
versity of South Alabama, Mobile, AL 36688

Arne Andersson
Department of Medical Cell Biology, University of 
Uppsala, Uppsala, SE-75123, Sweden

Nick Anim-Nyame
Department of Maternal and Fetal Medicine, Faculty of
Medicine, Imperial College of Science, Technology and
Medicine at Chelsea and Westminster Hospital, London
SW10 9NH, UNITED KINGDOM

Peter B. Anning
Department of Medical Biochemistry and Immunology,
University of Wales College of Medicine, Cardiff, Wales
CF14 4XN, UNITED KINGDOM

John D. Ash
Departments of Ophthalmology and Cell Biology, Uni-
versity of Oklahoma Health Sciences Center, Oklahoma
City, OK 73104

James W. Baish
Department of Mechanical Engineering, Bucknell Uni-
versity, Lewisburg, PA 17837

Ann L. Baldwin
Department of Physiology, University of Arizona Col-
lege of Medicine, Tucson, AZ 85724-5051

xv



xvi Contributors

Joyce E. Bischoff
Vascular Biology Program, Department of Surgery, Chil-
dren’s Hospital, Harvard Medical School, Boston, MA
02115

Carol M. Black
Centre for Rheumatology, Royal Free Hospital, London
NW3 2QG, UNITED KINGDOM

Bruce S. Bochner
Department of Medicine—Allergy and Clinical
Immunology, Johns Hopkins Unversity School of Medi-
cine, Baltimore, MD 21224

Claudine S. Bonder
Departments of Physiology and Biophysics, University
of Calgary Health Sciences Centre, Calgary, AB T2N
4N1, CANADA

Nick Brindle
Cardiovascular Research Institute and Department of
Surgery, University of Leicester, Leicester LE2 7LX,
UNITED KINGDOM

Amy Brock
Vascular Biology Program, Children’s Hospital, Harvard
Medical School, Boston, MA 02115

Peter H. Burri
Institute of Anatomy, Developmental Biology, University
of Berne, Bern 9, CH 3000, SWITZERLAND

Pedro Cabrales
Microhemodynamics Laboratory, Department of Bio-
engineering, University of California—San Diego, La
Jolla, CA 92093-0412

Edward C. Carlson
Department of Anatomy & Cell Biology, University of
North Dakota, Grand Forks, ND 58203

Per-Ola Carlsson
Department of Medical Cell Biology, University of 
Uppsala, Uppsala, SE-75123, Sweden

Gediminas Cepinskas
Vascular Biology/Inflammation Program, Lawson 
Health Research Institute, London, Ontario N6A 465,
CANADA

Subrata Chakrabarti
Department of Pathology, Pathologist, London Health
Sc. Ctr, The University of Western Ontario, London,
Ontario N6A 5A5, CANADA

Rodney K. Chan
Division of Surgery, Brigham and Women’s Hospital,
Boston, MA 02115

Pierre Charbord
Laboratoire d’Hématopoïèse, Bâtiment Bretonneau, 
Faculté de Médecine, Université François-Rabelais,
Tours Cedex, F-37032, FRANCE

Shi-Yuan Cheng
Research Pavilion at the Hillman Cancer Center, Uni-
versity of Pittsburgh Cancer Institute, Pittsburgh, PA
15213-1863

Francesco Chiarelli
Department of Medicine, Section of Pediatrics, Univer-
sity of Chieti, Chieti Scalo, I-66100, ITALY

Brian W. Christman
Department of Medicine, Division of Allergy, Pulmonary
and Critical Care Medicine, Vanderbilt University,
Nashville, TN 37232-2650

Martin K. Church
Allergy and Inflammation Sciences, University of
Southampton School of Medicine, Southampton SO16
6YD, UNITED KINGDOM

Geraldine Clough
Infection Inflammation and Repair, University of
Southampton School of Medicine, Southampton SO16
6YD, UNITED KINGDOM

Cecile Colpaert
Department of Pathology, University Hospital Antwerp,
Edegem-Antwerp, B-2650, BELGIUM

Hiran C. Cooray
Department of Pharmacology, University of Cambridge,
Cambridge CB2 1PD, UNITED KINGDOM

Patricia A. D’Amore
Schepens Eye Research Institute, Boston, MA 02114

Sergei M. Danilov
Department of Anesthesiology, University of Illinois in
Chicago, Chicago, IL 60612

Michael R. Dashwood
Department of Clinical Biochemistry, Royal Free and
University College Medical School, London NW3 2QG,
UNITED KINGDOM

Marc Dellian
Department of Otorhinolaryngology, Head and Neck
Surgery, Klinikum Grosshadern, University of Munich,
München, D-81377, GERMANY

Robert H. Demling
Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA 02115

Michael Detmar
Cutaneous Biology Research Center, Massachusetts
General Hospital, Charlestown, MA 02129

Mario Di Gioacchino
Department of Medicine and Science of Aging, “G.
D’Annunzio” University School of Medicine, Chieti, 
I-66013, ITALY

Gabriele Dini
Department of Neurosurgery, The Cleveland Clinic
Foundation, Cleveland, OH 44195

Valentin Djonov
Institute of Anatomy, University of Berne, Bern, CH
3012, SWITZERLAND

Jorge Domenech
Laboratoire d’Hématologie, Hôpital Bretonneau, CHU
de Tours, Tours Cedex, F-37044, FRANCE

Steven M. Dudek
Department of Medicine, Section of Pulmonary Critical
Medicine, University of Chicago, Chicago IL 60611

Michael Dunn
Department of Neuroscience, Institute of Psychiatry,
King’s College London, London SE5 8AF, UNITED
KINGDOM



Contributors xvii

Danuta Dus
Ludwik Hirszfeld Institute of Immunology and Experi-
mental Therapy, Polish Academy of Sciences, Centre of
Excellence “IMMUNE”, Wroclaw, PL-53-114

Ann M. Dvorak
Department of Pathology, Beth Israel Deasoness Medical
Center, Boston, MA 02215

Harold F. Dvorak
Department of Pathology, Beth Israel Deaconess Medical
Center, Harvard Medical School, Boston, MA 02215-5491

Britta Engelhardt
Max-Planck Institute for Vascular Biology, ZMBE-Insti-
tute for Cell Biology, Muenster, D-48149, GERMANY

Denis English
Experimental Cell Research Laboratory and Allied
Health Sciences, Methodist Research Institute, Indiana
University School of Medicine, Indianapolis, IN 46202

Frank M. Faraci
Department of Internal Medicine, Division of Cardiovas-
cular Diseases, University of Iowa College of Medicine,
Iowa City, IA 52242-1081

Susan A. Farr
Department of Internal Medicine, Division of Geriatrics,
Saint Louis University School of Medicine, St Louis,
MO 63104

Dian Feng
Department of Pathology, Beth Israel Deaconess Medical
Center, Boston, MA 02215

Shuju Feng
Department of Medicine, Section of Thrombosis
Research, Baylor College of Medicine, Michael E.
DeBakey VA Medical Center, Houston, TX 77030

Cecilia A. Fernández
Laboratory of Surgical Research, Vascular Biology Pro-
gram, Children’s Hospital, Harvard Medical School,
Boston, MA 02115

Iwon Fijolkowska
Department of Cardiopulmonary Pathology, The Johns
Hopkins University, Baltimore, MD 21205

Howard A. Fine
Neuro-oncology Branch, National Cancer Institute,
National Institutes of Health, Bethesda, MD 20814

James H. Finigan
Department of Medicine, Pulmonary, Johns Hopkins
University School of Medicine, Baltimore, MD 21224

Eric B. Finkelstein
Schepens Eye Research Institute, Boston, MA 02114

Susan J. Fisher
Department of Stomatology, University of California,
San Francisco, San Francisco, CA 94143-0512

Ingrid Fleming
Institut für Kardiovaskuläre Physiologie, Klinikum der
J.W. Goethe-Universität, Frankfurt am Main, D-60596,
GERMANY

Michael M. Flessner
Department of Medicine; Division of Nephrology, Univer-
sity of Mississippi School of Medicine, Jackson, MS 39216

Alpha A. Fowler
Division of Pulmonary and Critical Care Medicine,
Department of Internal Medicine, Virginia Common-
wealth University, Richmond, VA 23298

Dai Fukumura
Department of Radiation Oncology, Massachusetts Gen-
eral Hospital, Harvard Medical School, Boston, MA
02114

John Gamble
Department of Maternal and Fetal Medicine, Faculty of
Medicine, Imperial College of Science, Technology and
Medicine at Chelsea and Westminster Hospital, London
SW10 9NH, UNITED KINGDOM

Joe G.N. Garcia
Department of Medicine, Section of Pulmonary Critical
Medicine, University of Chicago, Chicago IL 60611

Guillermo Garcia-Cardena
Center for Excellence in Vascular Biology, Brigham and
Women’s Hospital, Boston, MA 02115

Giampietro Gasparini
Medical Oncology, San Filippo Neri Hospital, Rome, 
I-00135, ITALY

Ursula Gehling
Abteilung für Hämatologie und Onkologie, University
Hospital Hamburg-Eppendorf, Hamburg, D-20246,
GERMANY

Jeffrey M. Gelfand
Pathology Dept., Vascular Research, Brigham and
Women’s Hospital, Boston, MA 02115

Holger Gerhardt
Department of Medical Biochemistry, Göteborg Univer-
sity, Goteburg, SE-40330, SWEDEN

Berhane Ghebrehiwet
Department of Medicine, State University of New York
at Stony Brook, Stony Brook, NY 11794-8161

Derek W. Gilroy
Department of Experimental Pathology, William Harvey
Research Institute, Queen Mary University of London,
London EC1M 6BQ, UNITED KINGDOM

Reda Girgis
Division of Pulmonary and Critical Care Medicine, The
Johns Hopkins Medical Institutions, The Johns Hopkins
Hospital, Baltimore, MD 21205

John Glod
Cancer Institute of New Jersey, New Brunswick, NJ
08903

Nobuhito Goda
Department of Biochemistry and Integrative Medical
Biology, School of Medicine, Keio University, Shinjuku-
ku, Tokyo, JAPAN

Andrew P. Golden
Department of Biomedical Engineering, Boston Univer-
sity, Boston, MA 02215

Norberto C. Gonzalez
Department of Molecular and Integrative Physiology,
University of Kansas Medical Center, Kansas City, KS
66160-7401



xviii Contributors

Andrea Moreira Gonzalez
Department of Plastic and Reconstructive Surgery, The
Cleveland Clinic Foundation, Cleveland, OH 44195

D. Neil Granger
Department of Molecular and Cellular Physiology,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130-3932

Anna T. Grazul-Bilska
Department of Animal and Range Science, North Dakota
State University, Fargo, ND 58105-5727

Rita Greco
Department of Medicine, Section of Pediatrics, Univer-
sity of Chieti, Chieti Scalo, I-66013, ITALY

Dmitry Grigoryev
Division of Pulmonary and Critical Care Medicine, Johns
Hopkins University School of Medicine, Baltimore, MD
21224

Matthew B. Grisham
Department of Molecular & Cellular Physiology,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130-3932

Danièle Gulino-DeBrac
Laboratoire d’Ingénierie des Macromolécules, Jean-
Pierre Ebel Institute of Structural Biology (CEA/CNRS,
UJF), Grenoble Cedex 1, F-38027, FRANCE

J. Silvio Gutkind
Oral and Pharyngeal Cancer Branch, National Institute of
Dental and Craniofacial Research, National Institutes of
Health, Bethesda, MD 20892-4340

Mark Haas
Department of Pathology, Johns Hopkins University
School of Medicine, Baltimore, MD 21287

Kerri L. Hallene
Department of Neurosurgery, The Cleveland Clinic
Foundation, Cleveland, OH 44195

Hans-Peter Hammes
Abt. für Nephrologie/Endokrinologie, 5. Medizinische
Klinik, Mannheim der Universität Heidelberg,
Mannheim, D-68167, GERMANY

Kevin A. Harvey
Experimental Cell Research Laboratory and Allied
Health Sciences, Methodist Research Institute, Indiana
University School of Medicine, Indianapolis, IN 
46202

Paul M. Hassoun
Department of Medicine—Pulmonary, Johns Hopkins
University School of Medicine, Baltimore, MD 
21224

Ossama A. Hatoum
Division of Gastroenterology and Hepatology, Medical
College of Wisconsin, Milwaukee, WI 53226

William G. Haynes
Department of Internal Medicine, University of Iowa,
Iowa City, IA 52242

Herbert B. Hechtman
Division of Surgery, Brigham and Women’s Hospital,
Boston, MA 02115

Donald D. Heistad
Department of Internal Medicine, Division of Cardiovas-
cular Diseases, University of Iowa College of Medicine,
Iowa City, IA 52242-1081

Ira M. Herman
Program in Cellular and Molecular Physiology, Tufts
University School of Medicine, Boston, MA 02111

Baskin Hermant
Laboratoire d’Ingénierie des Macromolécules, Jean-
Pierre Ebel Institute of Structural Biology (CEA/CNRS,
UJF), Grenoble Cedex 1, F-38027, FRANCE

Dan D. Hershko
Department of Surgery A, Rambam Medical Center,
Haifa, IL-31096, ISRAEL

Robert L. Hester
Department of Physiology and Biophysics, University of
Mississippi Medical Center, Jackson, MS 39216-4505

Stéphanie Heyraud
Laboratoire d’Ingénierie des Macromolécules, Jean-
Pierre Ebel Institute of Structural Biology (CEA/CNRS,
UJF), Grenoble Cedex 1, F-38027, FRANCE

Caryl E. Hill
Division of Neuroscience, John Curtin School of Medical
Research, Australian National University, Canberra, ACT
0200, AUSTRALIA

May Ho
Faculty of Medicine, Department of Microbiology and
Infectious Diseases, University of Calgary, Calgary,
Alberta T2N 4N1, CANADA

Virginia Huxley
Department of Medical Pharmacology and Physiology,
University of Missouri—Columbia, Columbia, MO
65211

Richard O. Hynes
Center for Cancer Research, Massachusetts Institute of
Technology, Cambridge, MA 02139

Shahrul Izham Ibrahim
Division of Surgery, Brigham and Women’s Hospital,
Boston, MA 02115

Donald Ingber
Vascular Biology Program, Children’s Hospital, Harvard
Medical School, Boston, MA 02115

Marcos Intaglietta
Microhemodynamics Laboratory, Department of Bio-
engineering, University of California—San Diego, La
Jolla, CA 92093-0412

Sofia Ioannidou
Eyetech Research Center, Eyetech Pharmaceuticals, Inc.,
Woburn, MA 01801

Renato V. Iozzo
Department of Pathology, Anatomy, and Cell Biology,
Kimmel Cancer Center, Thomas Jefferson University,
Philadelphia, PA 19107

Shingo Itou
Laboratory of Food Science, Department of Food Sci-
ence and Technology College of Bioresource Sciences,
The University of Shizuoka, Shizuoka-shi, JAPAN



Contributors xix

Yuichi Izumi
Department of Periodontology, Kagoshima University
Graduate School of Medical and Dental Sciences,
Kagoshima 890-8544, JAPAN

William F. Jackson
Department of Biological Sciences, Western Michigan
University, Kalamazoo, MI 49008-5410

Jeffrey R. Jacobson
Department of Medicine, Section of Pulmonary 
Critical Medicine, University of Chicago, Chicago IL
60611

Sirpa Jalkanen
MediCity Research Laboratory, University of Turku,
Turku, FIN-20520, FINLAND

Damir Janigro
Department of Neurological Surgery, Cerebrovascular
Research Center, The Cleveland Clinic Foundation,
Cleveland, OH 44195

Leif Jansson
Department of Medical Cell Biology, University of 
Uppsala, Uppsala, SE-75123, Sweden

Michael J. Jarzynka
Research Pavilion at the Hillman Cancer Center, Uni-
versity of Pittsburgh Cancer Institute, Pittsburgh, PA
15213-1863

Jeffrey L. Jasperse
Department of Sports Medicine, Natural Science Divi-
sion, Pepperdine University, Malibu, CA 90263

Jamie Y. Jeremy
Division of Cardiac, Anaesthetic and Radiological Sci-
ences, University of Bristol, Bristol BS2 8HW, UNITED
KINGDOM

Randall S. Johnson
Division of Biological Sciences, Molecular Biology, Uni-
versity of California, San Diego, La Jolla, CA 92093-0366

Michael Jünger
Klinik und Poliklinik fur Hautkrankheiten, der Ernst-
Moritz-Arndt-Universitat Greifswald, Griefswald, D-
17487, GERMANY

Örjan Källskog
Department of Medical Cell Biology, University of 
Uppsala, Uppsala, SE-75123, Sweden

Makio Kawakam
Department of Pathology, Jikei University School of
Medicine, Minato-ku, Tokyo 105-8471, JAPAN

Usamah S. Kayyali
Pulmonary and Critical Care Division, Tupper Research
Institute, Tufts University School of Medicine, New 
England Medical Center, Boston, MA 02111

Zia Ali Khan
Department of Pathology, Pathologist, London Health
Sc. Ctr, The University of Western Ontario, London,
Ontario N6A 5A5, CANADA

Kameha R. Kidd
Laboratory of Molecular Genetics, National Institute of
Child Health and Human Development, National Insti-
tutes of Health, Bethesda, MD 20892

Claudine Kieda
Centre de Biophysique Moléculaire-Glycobiologie, 
Centre National de la Recherche Scientifique, Orleans, 
F-45071

Bela Kis
Department of Physiology/Pharmacology, Wake Forest
University School of Medicine, Winston-Salem, NC
27157

Michael Klagsbrun
Departments of Surgical Research and Pathology, Vascu-
lar Biology Program, Children’s Hospital, Harvard Med-
ical School, Boston, MA 02115-5737

Moritz A. Konerding
Anatomisches Institut * Makroskopischer Bereich,
Johannes Gutenberg-Universität Mainz, Mainz, D-
55099, GERMANY

Robert D. Koos
Department of Physiology, Unviersity of Maryland
School of Medicine, Baltimore, MD 21201-1559

Ronald J. Korthuis
Department of Medical Pharmacology and Physiology,
University of Missouri-Columbia School of Medicine,
Columbia, MO 65212

Michael H. Koval
Department of Physiology and Institute for Environmen-
tal Medicine, University of Pennsylvania School of Med-
icine, Philadelphia, PA 19104

Michael M. Krausz
Department of Surgery A, Rambam Medical Center,
Haifa, IL-31096, ISRAEL

Michael M. Krausz
Department of Surgery A, Rambam Medical Center,
Haifa, IL-31096, ISRAEL

Agnieszka Krawczenko
Ludwik Hirszfeld Institute of Immunology and Experi-
mental Therapy, Polish Academy of Sciences, Centre of
Excellence “IMMUNE”, Wroclaw, PL-53-114

Michael H. Kroll
Department of Medicine, Section of Thrombosis
Research, Baylor College of Medicine, Michael E.
DeBakey VA Medical Center, Houston, TX 77030

Paul Kubes
Departments of Physiology and Biophysics, University
of Calgary Health Sciences Centre, Calgary, AB T2N
4N1, CANADA

Rainer Kunstfeld
Cutaneous Biology Research Center, Massachusetts
General Hospital, Charlestown, MA 02129

Peter R. Kvietys
Vascular Biology/Inflammation Program, Lawson Health
Research Institute, London, Ontario N6A 465, CANADA

Evanthia Lalla
Division of Periodontics, Columbia University School of
Dental and Oral Surgery, New York, NY 10032

Ira B. Lamster
Division of Periodontics, Columbia University School of
Dental and Oral Surgery, New York, NY 10032



xx Contributors

Robert Langley
Department of Cancer Biology, The University of Texas
M. D. Anderson Cancer Center, Houston, TX 77030

Stephen Laroux
Department of Molecular & Cellular Physiology,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130-3932

Maurice H. Laughlin
Department of Biomedical Sciences, College of Veteri-
nary Medicine, University of Missouri-Columbia,
Columbia, MO 65211

Andrew Leask
Centre for Rheumatology, Royal Free Hospital, London
NW3 2PF, UNITED KINGDOM

Whaseon Lee-Kwon
Division of Medicine and Nephrology, University of
Maryland Hospital—North, Baltimore, M.D. 21201-1595

Hans-Anton Lehr
Institute of Pathology, University of Mainz, Medical
Center, Mainz, D-55101, GERMANY

Martin Leuwer
University Department of Anaesthesia, University of
Liverpool, Liverpool L69 3GA, UNITED KINGDOM

Klaus F. Ley
Cardiovascular Research Center, University of Virginia
Health System, Charlottesville, VA 22908-1394

Lina H.K. Lim
Department of Physiology, National University of 
Singapore, Singapore 117597, Republic of Singapore

Michelle I. Lin
Department of Pharmacology, Yale University School of
Medicine, New Haven, CT 06510-0812

Ute Lindauer
Experimental Neurology, Charité, Universitätsmedizin
Berlin, Berlin, D-10098

Bengt Lindholm
Baxter Novum and Renal Medicine, Department of Clin-
ical Science, Carolinska Institutet, Stockholm, S-141 86,
SWEDEN

Herbert H. Lipowsky
Department of Bioengineering, Pennsylvania State Uni-
versity, University Park, PA 16802

Perry Hsien-Tsung Liu
Department of Plastic Surgery, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA 02115

Julian H. Lombard
Department of Physiology, Medical College of Wiscon-
sin, Milwaukee, WI 53226-1408

Raffaele Longo
Medical Oncology, San Filippo Neri Hospital, Rome, 
I-00135, ITALY

Ming Lu
Department of Ophthamology, Massachusetts Eye & Ear
Infirmary, Boston, MA 02114

Gerard Lutty
Ophthalmology Department, Johns Hopkins Hospital,
Baltimore, MD 21287-9115

Shwu-Fan Ma
Department of Medicine, Section of Pulmonary 
Critical Medicine, University of Chicago, Chicago IL
60611

Miho Machigashira
Department of Periodontology, Kagoshima University
Graduate School of Medical and Dental Sciences,
Kagoshima 890-8544, JAPAN

William MacNee
ELEGI Colt Laboratories, University of Edinburgh Med-
ical School, Edinburgh EH8 9YG, SCOTLAND

Roni Mamluk
Departments of Surgical Research and Pathology, Vas-
cular Biology Program, Children’s Hospital, Harvard
Medical School, Boston, MA 02115-5737

Philipp C. Manegold
Department of Otorhinolaryngology, Head and Neck
Surgery, Klinikum Grosshadern, University of Munich,
München, D-81377, GERMANY

Federica M. Marelli-Berg
Department of Immunology, Division of Medicine, Fac-
ulty of Medicine, Imperial College at Hammersmith
Campus, London W6 8RF, UNITED KINGDOM

Hildegard R. Maricq
Department of Medicine, Medical University of South
Carolina, Charleston, SC 29412

Sean P. Marrelli
Department of Anesthesiology, Baylor College of Medi-
cine, Houston, TX 77030

Marie B. Marron
Department of Cardiovascular Sciences, University of
Leicester, Leicester LE2 7LX, UNITED KINGDOM

Gernot Marx
University Department of Anaesthesia, University of
Liverpool, Liverpool L69 3GA, UNITED KINGDOM

William G. Mayhan
Department of Physiology and Biophysics, University 
of Nebraska Medical Center, Omaha, NE 68198-4575

Joseph H. McCarty
Center for Cancer Research, Massachusetts Institute of
Technology, Cambridge, MA 02139

Robert S. McCuskey
Department of Cell Biology and Anatomy, University 
of Arizona College of Medicine, Tucson, AZ 85724-
5044

Laura Linz McGillem
Department of Pulmonary and Critical Care Medicine,
The Johns Hopkins University, Baltimore, MD 
21224

Emma McGregor
Proteome Sciences plc, Institute of Psychiatry, King’s
College London, London SE5 8AF, UNITED 
KINGDOM

Michael D. Menger
Institute for Clinical and Experimental Surgery, 
Universität des Saarlandes, Homburg, D-66421, 
GERMANY



Contributors xxi

Christopher Charles Michel
Faculty of Medicine, Division of Biomedical Sciences,
Imperial College School of Medicine, London SW7
2AZ, UNITED KINGDOM

Ross Milner
Department of Surgery, Emory University School of
Medicine, Atlanta, GA 30322

Fred L. Minnear
Robert C. Byrd Health Sciences Center, West Virginia
University, Morgantown, NY 26506-9104

Richard D. Minshall
Department of Anesthesiology and Pharmacology, The
University of Illinois College of Medicine, Chicago, IL
60612

David R. Mole
Wellcome Trust Center for Human Genetics, University
of Oxford, Oxford OX3 7BN, UNITED KINGDOM

Silvia Montaner
Oral and Pharyngeal Cancer Branch, National Institute 
of Dental and Craniofacial Research, National Institutes
of Health, Bethesda, MD 20892-4340

Francis Daniels Moore
Division of General and GI Surgery, Department of
Surgery, Brigham & Women’s Hospital, Harvard Med-
ical School, Boston, MA

Guido Morgese
Dipartimento di Pediatria, Ostetricia e Medicina della
Riproduzione, University of Siena, Siena, I-53100,
ITALY

John E. Morley
Department of Internal Medicine, Division of Geriatrics,
Saint Louis University School of Medicine, St Louis,
MO 63104

Marsha A. Moses
Surgical Research, Room 1009, Children’s Hospital,
Harvard Medical School, Boston, MA 02115

Lance L. Munn
Department of Radiation Oncology, Massachusetts Gen-
eral Hospital, Harvard University, Boston, MA 02114

Kazunori Murakami
Department of Anesthesiology, University of Texas Med-
ical Branch, Galveston, TX 77555-0591

Vladimir R. Muzykantov
Department of Pharmacology, IFEM, University of
Pennsylvania Medical Center, Philadelphia, PA 19104-
6068

Keigo Nakatani
Department of Pediatrics, Kobayashi city Hospital,
Kobayashi city, Miyazaki 886-8503, JAPAN

Masaaki Nakayama
Division of Kidney and Hypertension, Department of
Internal Medicine, Jikei University School of Medicine,
Minato-ku, Tokyo 105-8471, JAPAN

Yasuo Nara
Laboratory of Health Science, Department of Biological
Pharmacy, School of Pharmacy, Shujitu University,
Okayama, JAPAN

Gerard B. Nash
Department of Physiology, The Medical School, The
University of Birmingham, Birmingham B15 2TT,
UNITED KINGDOM

Craig M. Neville
Department of Surgery, Massachusettes Generl Hospital,
Boston, MA 02114

Naoko Nonaka
Department of Internal Medicine, Division of Geriatrics,
Saint Louis University School of Medicine, St Louis,
MO 63104

Miwako Numata
Division of Kidney and Hypertension, Department of
Internal Medicine, Jikei University School of Medicine,
Minato-ku, Tokyo 105-8471, JAPAN

Valerie B. O’Donnell
Department of Medical Biochemistry and Immunology,
University of Wales College of Medicine, Cardiff, Wales
CF14 4XN, UNITED KINGDOM

Kenji Okajima
Department of Diagnostic Medicine, Graduate School of
Medical Science, Kumamoto University, Kumamoto
860-0811, JAPAN

Dennis P. Orgill
Department of Plastic Surgery, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA
02115

Ewa Paleolog
Kennedy Institute of Rheumatology, Faculty of Medi-
cine, Imperial College, Hammersmith, London W6 8LH,
UNITED KINGDOM

Thomas L. Pallone
Division of Nephrology, University of Maryland at 
Baltimore, Baltimore, M.D. 21201-1595

Carlo Palombo
Department of Internal Medicine, University of Pisa,
Pisa, I-56126, ITALY

Panos N. Papapanou
Division of Periodontics, Columbia University 
School of Dental and Oral Surgery, New York, NY
10032

Mohan Parigi
Division of Pulmonary and Critical Care Medicine, Johns
Hopkins University School of Medicine, Baltimore, MD
21224

Jeremy Pearson
Centre for Cardiovascular Biology & Medicine, School
of Biomedical Sciences, King’s College London, London
SE1 1UL, UNITED KINGDOM

Ellinor I. B. Peerschke
Department of Pathology, Weill Medical College of 
Cornell University, New York, NY 10021

Michael Sean Pepper
Department of Morphology, University Medical 
Center, l’Université de Genève, Geneva 4, F-1211,
SWITZERLAND



xxii Contributors

Mauro Perretti
Department of Biochemical Pharmacology, William 
Harvey Research Institute, Queen Mary University of
London, London EC1M 6BQ, UNITED KINGDOM

Irina Petrache
Division of Pulmonary and Critical Care Medicine, Johns
Hopkins School of Medicine, Baltimore, MD 21224

Emanuel Petricoin
Food & Drug Administration Clinical Proteomics 
Program, National Cancer Institute, Bethesda, MD 
20892

Janos Pittner
Division of Medicine and Nephrology, University 
of Maryland Medical School, Baltimore, M.D. 21201-
1595

Thomas J. Poole
Department of Cell and Developmental Biology, State
University of New York, Upstate Medical University,
Syracuse, NY 13210

Aleksander S. Popel
Department of Biomedical Engineering, Whitaker Bio-
medical Engineering Institute, School of Medicine, Johns
Hopkins University, Baltimore, MD 21205

Marcus J. Post
Department of Physiology and of Biomedical Technol-
ogy, Maastricht University, Maastricht, D-6200 MD,
GERMANY

Robert G. Presson
Department of Anesthesiology, Indiana University
School of Medicine, Indianapolis, IN 46202-5200

Marco Presta
Department of Biomedical Sciences and Biotechnology,
The University of Brescia School of Medicine, Brescia,
I-25123, ITALY

Donald G. Puro
Department of Ophthalmology and Visual Sciences, Uni-
versity of Michigan, Ann Arbor, MI 48105

Hamid Rabb
Kidney Transplant Program, Johns Hopkins University
School of Medicine, Baltimore, MD 21205

Vineeth Rajkumar
Centre for Rheumatology, Royal Free Hospital, London
NW3 2QG, UNITED KINGDOM

Peter J. Ratcliffe
Wellcome Trust Center for Human Genetics, University
of Oxford, Oxford OX3 7BN, UNITED KINGDOM

Dale A. Redmer
Department of Animal and Range Science, North Dakota
State University, Fargo, ND 58105-5727

Lawrence P. Reynolds
Center for Nutrition and Pregnancy, Department of Ani-
mal and Range Science, North Dakota State University,
Fargo, ND 58105-5727

Domenico Ribatti
Department of Human Anatomy and Histology, Univer-
sity of Bari, Bari, ITALY

Sarah Riley
Centre for Cardiovascular Biology & Medicine, School
of Biomedical Sciences, King’s College London, London
SE1 1UL, UNITED KINGDOM

Stephen M. Robbins
Faculty of Medicine, Department of Microbiology and
Infectious Diseases, University of Calgary, Calgary,
Alberta T2N 4N1, CANADA

Ivan M. Robbins
Department of Medicine, Division of Allergy, Pulmonary
and Critical Care Medicine, Vanderbilt University,
Nashville, TN 37232-2650

L. Christie Rockwell
Department of Anthropology, Temple University,
Philadelphia, PA 19122-6089

Marco Rossi
Department of Internal Medicine, University of Pisa,
Pisa, I-56126, ITALY

Kristofer Rubin
Department of Medical Biochemistry and Microbiology,
Uppsala University, Uppsala, SE-75123

Tao Rui
Vascular Biology/Inflammation Program, Lawson Health
Research Institute, London, Ontario N6A 465, CANADA

Rolando E. Rumbaut
Department of Medicine, Baylor College of Medicine,
Houston, TX 77030

Nicole May Rummery
Division of Neuroscience, John Curtin School of Medical
Research, Australian National University, Canberra, ACT
0200, AUSTRALIA

Hiromi Sakai
Department of Polymer Chemistry, Waseda University,
Shinjuku-ku, Tokyo 169-8050, JAPAN

Marko Salmi
Director, Cell Trafficking, National Public Health Insti-
tute, Turku, FIN-20520, FINLAND

Alexei V. Salnikov
Department of Medical Biochemistry and Microbiology,
Uppsala University, Uppsala, SE-75123

Steven J. Samuelsson
Eyetech Research Center, Eyetech Pharmaceuticals, Inc.,
Woburn, MA 01801

James D. San Antonio
Department of Medicine, Thomas Jefferson University,
Philadelphia, PA 19107-5099

David C. Sane
Department of Cardiology, Wake Forest University
School of Medicine, Winston-Salem, NC 27157-1045

Ingrid H. Sarelius
Department of Pharmacology and Physiology, University
of Rochester School of Medicine and Dentistry,
Rochester, NY 14642

Vladimir Savransky
Kidney Transplant Program, Johns Hopkins University
School of Medicine, Baltimore, MD 21205



Contributors xxiii

Kane L. Schaphorst
Center for Lung Biology, College of Medicine, Univer-
sity of South Alabama, Mobile, AL 36688

Anja Schlez
Universitats-Hautklinik, Eberhard-Karls Universitat,
Tubingen, D-72076, GERMANY

Geert W. Schmid-Schoenbein
Department of Biomedical Engineering, University of
California San Diego, La Jolla, CA 92093-0412

Geert W. Schmid-Schoenbein
Deparmtent of Biengineering, The Whitaker Institute for
Biomedical Engineering, University of California, San
Diego, La Jolla, CA 92093-0412

Ann Marie Schmidt
Department of Surgery, College of Physicians & 
Surgeons, Columbia University, New York, NY
10032

Tiffany N. Seagroves
Department of Biology, University of California, San
Diego, La Jolla, CA 92093

William C. Sessa
Department of Pharmacology, Yale University School of
Medicine, New Haven, CT 06510-0812

William L. Shao
Division of Pulmonary and Critical Care Medicine, Gene
Expression Profiling Core, Johns Hopkins University
School of Medicine, Baltimore, MD 21224

David T. Shima
Eyetech Research Center, Eyetech Pharmaceuticals, Inc.,
Woburn, MA 01801

Maria Siemionow
Department of Plastic and Reconstructive Surgery, 
The Cleveland Clinic Foundation, Cleveland, OH 
44195

Michael Simons
Section of Cardiology, Dartmouth-Hitchcock Medical
Center, Lebanon, NH 03756

Robert B. Smith
Department of Surgery, Emory University School of
Medicine, Atlanta, GA 30322

Akrit Sodhi
Oral and Pharyngeal Cancer Branch, National Institute of
Dental and Craniofacial Research, National Institutes 
of Health, Bethesda, MD 20892

Philip J. Steer
Department of Maternal and Fetal Medicine, Faculty of
Medicine, Imperial College of Science, Technology and
Medicine at Chelsea and Westminster Hospital, London
SW10 9NH, UNITED KINGDOM

Troy Stevens
Department of Pharmacology, College of Medicine, Uni-
versity of South Alabama, Mobile, AL 36688

Karen Stokes
Department of Molecular and Cellular Physiology,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130-3932

John H. Stone
Department of Medicine, The Johns Hopkins Vasculitis
Center, Baltimore, MD 21224

Makoto Suematsu
Department of Biochemistry and Integrative Medical
Biology, School of Medicine, Keio University, Shinjuku-
ku, Tokyo Tokyo, JAPAN

Christian Sundberg
Department of Pediatrics, Uppsala University, Uppsala,
SE-751 85

Kanyarat Suthin
Department of Conservative Dentistry, Faculty of Den-
tistry, Prince of Songkla University, Hadyai, Songkhla
90112, THAILAND

Erik Svensjö
Laboratorio de Imunologia Molecular, Instituto 
Biofisica Carlos Chagas Filho, Universidade Federal 
do Rio de Janeiro, Rio de Janeiro, RJ 21944-900,
BRAZIL

Motoki Tagami
Department of Internal Medicine, Sanraku Hospital,
Tokyo, JAPAN

Seiichiro Takeshita
Faculty of Education, Dept. of School Health Science,
Ibaraki University, Mito, Ibaraki 310-8512, JAPAN

Min D. Tang
Department of Biomedical Engineering, Boston Univer-
sity, Boston, MA 02215

Miranda ten Kate
Laboratory of Experimental Surgery and Oncology,
Erasmus Medical Center, Rotterdam 3015 GD, THE
NETHERLANDS

Joe Tien
Department of Biomedical Engineering, Boston Univer-
sity, Boston, MA 02215

Daniel L. Traber
Department of Anesthesiology, University of Texas Med-
ical Branch, Galveston, TX 77555

Amy G. Tsai
Microhemodynamics Laboratory, Department of Bio-
engineering, University of California—San Diego, La
Jolla, CA 92093-0412

Rubin Tuder
Division of Pulmonary and Critical Care Medicine,
Department of Pathology, The Johns Hopkins University
School of Medicine, Baltimore, MD 21205

Karel Tyml
Department of Medical Biophysics, University of West-
ern Ontario, London, Ontario N6A 5C1, CANADA

Joseph P. Vacanti
Department of Surgery, Massachusettes Generl Hospital,
Boston, MA 02114

C.H.J. Van Eijck
Laboratory of Experimental Surgery and Oncology, 
Erasmus Medical Center, Rotterdam 3015 GD, THE
NETHERLANDS



xxiv Contributors

William J. Welch
Department of Medicine, Division of Nephrology and
Hypertension, Georgetown University Medical Center,
Washington, DC 20057

John B. West
Department of Medicine, Physiology, University of 
California, San Diego, La Jolla, CA 92093

Michael S. Wolin
Department of Physiology, New York Medical College,
Valhalla, NY 10595

John G. Wood
Department of Molecular and Integrative Physiology,
University of Kansas Medical Center, Kansas City, KS
66160

Mack H. Wu
Department of Surgery, Cardiovascular Research Insti-
tute, Texas A & M University Health Sciences Center,
Temple, TX 76504

Kazuo Yamagata
College of Bioresource Science, Department of Food
Science & Technology, Nihon University, Fujisawa,
Kanagawa 252-8510, JAPAN

Yukio Yamori
Collaborating Center for Research on Primary Preven-
tion of Cardiovascular Diseases, World Health Organiza-
tion, Kyoto, JAPAN

Shui Qing Ye
Division of Pulmonary and Critical Care Medicine, Gene
Expression Profiling Core, Johns Hopkins University
School of Medicine, Baltimore, MD 21224

Bryan G. Yipp
Faculty of Medicine, Department of Microbiology and
Infectious Diseases, University of Calgary, Calgary,
Alberta T2N 4N1, CANADA

Hidehiko Yokogoshi
College of Bioresource Science, Department of Food
Science & Technology, Nihon University, Fujisawa,
Kanagawa 252-8510, JAPAN

Sarah Y. Yuan
Department of Surgery, Cardiovascular Research Insti-
tute, Texas A & M University Health Sciences Center,
Temple, TX 76504

Hellmuth Zöltzer
Institut für Biologie, Abteilung Zellbiologie, Arbeits-
gruppe Lymphologie, Universität Kassel, Kassel, D-
34132, GERMANY

Alexander D. Verin
Division of Pulmonary and Critical Care Medicine, Johns
Hopkins School of Medicine, Baltimore, MD 21224

Peter B. Vermeulen
Lab Pathology, AZ Sint-Augustinus, Wilrijk—Antwerp,
B-2610, BELGIUM

Nicola Verna
Department of Medicine and Science of Aging, Section
of Allergy, Clinical Immunology, and Occupational Med-
icine, “G. D’Annunzio” University School of Medicine,
Pescara, I-65132, ITALY

Alberto Verrotti
Department of Medicine, Section of Pediatrics, Univer-
sity of Chieti, Chieti 66013, ITALY

Dietmar Vestweber
Institute of Cell Biology, ZMBE, University of Muenster,
Muenster, D-48149, GERMANY

Stanley A. Vinores
Wilmer Ophthalmological Institute, Johns Hopkins Hos-
pital, Johns Hopkins University School of Medicine, 
Baltimore, MD 21287

Stephen M. Vogel
Department of Anesthesiology and Pharmacology, The
University of Illinois College of Medicine, Chicago, IL
60612

Brigitte Vollmar
Faculty of Medicine, Department of Experimental
Surgery, University of Rostock, Rostock, D-18055,
GERMANY

Thorsten Vowinkel
Department of Molecular and Cellular Physiology,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130-3932

Wiltz W. Wagner
Department of Anesthesia, Indiana University School of
Medicine, Indianapolis, IN 46202

Jean-Luc Wautier
Institut National de la Transfusion Sanguine, University
Paris VII, Paris cedex 15 75739, FRANCE

Marie-Paule Wautier
Institut National de la Transfusion Sanguine, University
Paris VII, Paris cedex 15 75739, FRANCE

Marianne Weidenhaupt
European Molecular Biology Laboratory (EMBL),
Grenoble, F-38027, FRANCE

Brant M. Weinstein
Laboratory of Molecular Genetics, National Institute of
Child Health and Human Development, National Insti-
tutes of Health, Bethesda, MD 20892



VOLUME 1

Foreword I by Shu Chien v
Foreword II by Bruce Zetter vii
Introduction ix
Editorial Board Members xiii
Contributors xv

PART I
BASIC SCIENCE

Section A: Cell Biology

CHAPTER 1
Endothelin in the Microvasculature 5
Matthias Barton

Introduction
Endothelins: Vasoactive Peptides
Regulatory Role of Endothelin for Microvascular Function
Endothelin and the Microvasculature in Disease

CHAPTER 2
Control of Cell Motility by the 
Cytoskeleton and Extracellular Matrix 13
Amy Brock and Donald E. Ingber

Introduction
Directional Motility
The Migratory Process
Control of Motility by ECM
Biochemical Signaling Mechanisms
Mechanical Signaling Mechanisms
Future Directions

CHAPTER 3
Ultrastructural Morphometry of 
Capillary Basement Membrane Thickness 19
Edward C. Carlson

Introduction
Ultrastructural Definitions
Capillary Basement Membrane Thickness in Health and

Disease
Capillary Basement Membrane Morphometric Methods
Conclusions

CHAPTER 4
IL-7 Receptor and Microvascular
Endothelial Cells 25
Danuta Dus, Agnieszka Krawczenko, and Claudine Kieda

Receptor for IL-7

CHAPTER 5
Matrix Metalloproteinases, Tissue 
Inhibitors of Metalloproteinases, and 
the Microvasculature 29
Cecilia A. Fernández and Marsha A. Moses

Matrix Metalloproteinases
Tissue Inhibitors of Metalloproteinases

CHAPTER 6
Matrix Metalloproteinases and 
Their Inhibitors 33
Iwona Fijalkowska and Rubin M. Tuder

Introduction
Molecular Structure
Activation of Metalloproteinases
Specific Inhibitors of Metalloproteinases: TIMPs
MMP Genes and Regulation of Expression
Angiogenesis
MMPs and Pulmonary Vascular Diseases
Conclusion

Contents

xxv



xxvi Contents

CHAPTER 7
VEGF-A and its Isoforms 41
Eric B. Finkelstein and Patricia A. D’Amore

VEGF Isoform Structure
VEGF and the ECM
VEGF–Receptor Interactions
Isoform Expression
Isoform Function
Conclusion

CHAPTER 8
Ephrins and the Unveiling of Distinct 
Arterial and Venous Microcirculations 47
Jeffrey M. Gelfand and Guillermo García-Cardeña

Introduction
Cell Signaling Via Ephrins and Eph Receptors
Angiogenesis Requires Ephrin Signaling
Ephrins Reveal Distinct Arterial and Venous Microvascular

Identities
The Implications of a New Microvascular Paradigm

CHAPTER 9
Endothelial Heterogeneity 51
Mary E. Gerritsen

Introduction
Endothelial Architecture

CHAPTER 10
Portholes on a Vessel: 
Endothelial Fenestrae 57
Sofia Ioannidou, Steven J. Samuelsson, and David T. Shima

Fenestrae Structure
Fenestrae Biogenesis
Fenestrae Function
Challenges for the Future

CHAPTER 11
Neuropilins and the Vasculature 63
Roni Mamluk and Michael Klagsbrun

Introduction
Neuropilin Structure
Endothelial Cell Neuropilin
Neuropilin Function in Developmental Angiogenesis
Neuropilin in Pathological Angiogenesis
Summary

CHAPTER 12
Receptor Tyrosine Kinase Signal 
Transduction in the Microvasculature 69
Marie B. Marron and Nicholas P. J. Brindle

Introduction
Signaling by VEGF Receptors
Signaling by FGF Receptors
The Ephs and Ephrins
Signaling by the Tie Receptor Tyrosine Kinases
Conclusion

CHAPTER 13
Eicosanoids and the Pulmonary 
Microvasculature 77
Ivan M. Robbins and Brian W. Christman

Introduction
Pulmonary Arterial Hypertension
Clinical Modulation of Eicosanoids in Pulmonary Vascular

Disease

Section B: Vascular Development: 
Vasculogenesis and Angiogenesis

CHAPTER 14
Role of Platelet-Derived Growth 
Factors in the Microvasculature 85
Christer Betsholtz and Holger Gerhardt

Summary
Introduction
Roles of PDGFs in the Microvasculature Revealed by

Genetic Studies
Pericyte Density and Its Relationship to Organ Pathology

CHAPTER 15
Basic Concepts of Intussusceptive 
Angiogenesis 91
Valentin Djonov and Peter H. Burri

Sprouting and Intussusceptive Angiogenesis
The Basic Concept of Intussusception
Hallmarks of Intussusception
Three Facets of Intussusceptive Angiogenesis
Sprouting and Intussusception: Two Complementary

Angiogenic Mechanisms
Summary



Contents xxvii

CHAPTER 16
Vascular Permeability Factor/
Vascular Endothelial Growth Factor
(VPF/VEGF, VEGF-A) 97
Harold F. Dvorak

VEGF-A Structure
VEGF-A Receptors and Signaling Pathways
Biological Activities
Expression of VEGF-A in Normal Physiology and 

in Pathology
Regulation of VEGF-A Expression
The New Blood Vessels Induced by VEGF-A
Clinical significance of VEGF-A

CHAPTER 17
Endothelial Progenitor Cells, 
Vasculogenesis, and Their Contribution 
to New Blood Vessel Formation in 
the Adult 105
John Glod and Howard A. Fine

Introduction
Mature Endothelial Cells in the Circulation
Endothelial Progenitor Cells from the Bone Marrow
Isolation and Characterization of Circulating Endothelial

Progenitors from Adult Peripheral Blood
Contribution of Circulating Cells to Neovasculature
Factors That Influence the Numbers of Circulating

Endothelial Progenitors
Are Circulating Cells Critical to the Formation of 

New Vasculature?
Clinical Studies Using Bone Marrow–Derived Cells to

Augment Neovascularization
Using Bone Marrow–Derived Cells in Antiangiogenic

Strategies
Conclusion

CHAPTER 18
Pericytes and Microvascular
Morphogenesis 111
Ira M. Herman

Overview
Microvascular Morphogenesis
Receptor Kinases Regulate Microvascular Growth and 

Differentiation
Pathologic Angiogenesis: Recapitulation of Microvascular

Development
The Isoactin Network Drives Retinal Microvascular 

Morphogenesis
Rho GTPases Signal Isoactin-Dependent Cytoskeletal

Remodeling

CHAPTER 19
PDGF-B and Pericyte Recruitment 117
Michael J. Jarzynka and Shi-Yuan Cheng

Vasculogenesis and Angiogenesis
Platelet-Derived Growth Factor
PDGF-B, Pericyte Recruitment, and Vessel Maturation
The Role of PDGF-B in Tumor Angiogenesis and 

Progression

CHAPTER 20
VEGF Regulation of Morphogenesis 121
Thomas J. Poole and Eric B. Finkelstein

Origins of the Embryonic Vascular Pattern
Angioblast Induction
Vasculogenesis
Embryonic Angiogenesis
Other Functions of VEGF in Morphogenesis
Summary

CHAPTER 21
The Two-Phase Model for Angiogenesis 
Regulation by the Extracellular Matrix 127
James D. San Antonio and Renato V. Iozzo

Introduction
Phase I: Maintenance of Quiescence by the Basement

Membrane
The Transition Between the Matrix Phases: Growth Factors

and MMPs Provide the One-Two Punch
Phase II: Induction of Capillary Morphogenesis by the

Interstitial Matrices, Fibrillar Collagens or Fibrin
Tissue Engineering of the Microvasculature: The ECM

Holds the Key
ECM Templates for Microvascular Engineering
Rational Engineering and Use of Angiogenic Polymers

CHAPTER 22
Pericytes and Glial Cells and 
Vascular Development 137
Stanley A. Vinores and John D. Ash

Introduction
Pericytes
Astrocytes



xxviii Contents

Section C: In Vivo Models

CHAPTER 23
Hemangioma: A Model System to 
Study Growth and Regression of 
Blood Vessels 145
Joyce Bischoff

Clinical Features of Hemangioma
Life Cycle of Hemangioma
Summary

CHAPTER 24
Window Models 151
Dai Fukumura

Summary
Introduction
Chronic Window Preparations
Utilization of Window Models
Future Perspectives

CHAPTER 25
The Cremaster Muscle for
Microcirculatory Studies 159
Robert Hester

Animal Models
Cardiovascular Parameters
Models of Hypertension
Conclusion

CHAPTER 26
Zebrafish: A Model for Studying 
Microvascular Development and 
Function 165
Kameha Kidd and Brant Weinstein

Emergence of the Zebrafish as a Vertebrate Genetic Model
From Phage to Fish
The Zebrafish as a Model Organism for Studying Vessel

Formation
Conclusions

CHAPTER 27
The Significance of the Nail Fold in 
Clinical and Experimental Studies 173
Hildegard Rand Maricq

Definition and Description of the Nail Fold
Place of the Nail Fold in Human Microvascular Studies
Methods
Data Obtained
Experimental Studies
Clinical Studies
Conclusions

CHAPTER 28
Capillaries in the Chicken 
Chorioallantoic Membrane 181
Domenico Ribatti and Marco Presta

Developmental Anatomy of the Blood Vessels of the CAM
Structure of the Blood Vessels of the CAM
Endogenous CAM modulators of Blood Vessel Formation
CAM as a model to Study the Modulation of Angiogenesis
Concluding Remarks

CHAPTER 29
The Cremaster Muscle as a 
Microvascular Research Model 187
Maria Siemionow and Andrea Moreia-Gonzalez

Background
Application of the Cremaster Muscle Island Flap for

Ischemia-Reperfusion and Related Studies
Application of the Cremaster Muscle for Chronic 

Observation of the Microcirculation
Microcirculatory Responses to Cremaster Muscle 

Denervation
A Model of Cremaster Muscle Isograft and Allograft

Transplant
Cremaster Muscle Model for Tumor Implantation

CHAPTER 30
The Hamster Cheek Pouch as a 
Research Model of Inflammation 195
Erik Svensjö

Morphology
Cheek Pouch Preparation
Changes in Vascular Permeability
Inhibition of Mediator-Induced Macromolecular Leakage
Conclusions

Section D: Permeability, Tone and
Hemodynamics

CHAPTER 31
Regulation of Microvascular
Permeability 203
D. O. Bates

Introduction
Microvascular Permeability to Water: Hydraulic 

Conductivity (Lp).
Microvascular Permeability to Solutes
Normal—or Baseline—Vascular Permeability
Agonist-Mediated Increased Vascular Permeability



Contents xxix

CHAPTER 32
Regulation of Vascular Endothelial 
Cell Signal Transduction and Phenotype 
by Mechanical Factors 209
Konstantin G. Birukov

Mechanical Forces Acting on Vascular Endothelium
Mechanosensors and Signal Transduction Pathways
Effect of Mechanical Stimulation on Endothelial 

Phenotype and Gene Expression Profile
Concluding Remarks

CHAPTER 33
Autacoid Production by 
Hemodynamic Forces 215
Ingrid Fleming

Autacoid Production by Hemodynamic Forces
Endothelium-Derived Autacoids
Hemodynamic Forces and the Endothelium
Integration of the Vascular Response (Ascending 

Dilatation)

CHAPTER 34
Ion channels and Arteriolar Tone 221
William F. Jackson

Introduction
Ion Channels Expressed in Arterioles
Membrane Potential and Arteriolar Tone at Rest
Ion Channels and Vasoconstriction
Ion Channels and Vasodilation
Ion Channels and Disease States

CHAPTER 35
Roles of Nitric Oxide in the 
Microcirculation 229
Michelle I. Lin and William C. Sessa

Introduction
NO and Vasodilation
NO and the Homeostasis of the Blood Cell Interaction with

the Vessel Wall
Role of NO in Regulating Vascular Permeability
Conclusions

CHAPTER 36
Rheology of Blood Flow in the 
Microcirculation 233
Herbert H. Lipowsky

Introduction
Microvascular Hematocrit
Apparent Viscosity
Red Cell Aggregation
Blood Cell Deformability
Resistance to Blood Flow in Microvessels

CHAPTER 37
Endothelial Ca2+ and Endothelium-Derived
Hyperpolarizing Factor (EDHF)-Mediated
Vasodilatation 239
Sean P. Marrelli

The Endothelium as a Modulator of Vascular Tone
An Additional Mechanism of Vasodilatation, EDHF
Mechanism of EDHF-Mediated Vasodilatation
Role of KCa Channels in EDHF-Mediated Dilation
Role of Endothelial [Ca2+]i in EDHF-Mediated 

Vasodilatation
How Does Elevated Endothelial [Ca2+]i Produce 

Vasodilatation?
A Relationship between Endothelial Membrane Potential

(Vm) and Endothelial [Ca2+]i?
Role of Endothelial [Ca2+]i in EDHF-Mediated Responses

in Pathology
Summary of Endothelial [Ca2+]i in EDHF-Mediated

Vasodilatation

CHAPTER 38
Role of the Endothelial Cell Cytoskeleton 
in Microvascular Function 247
Laura Linz McGillem and Joe G. N. Garcia

Introduction
Microfilament Cytoskeleton Overview
Endothelial Cell MLCK Isoform
Rho Family GTPases and the Cytoskeleton
Microtubule Cytoskeleton Overview
Microtubules and Vascular Barrier Function
Microtubules and Response to Shear Stress
Microtubules and Tube Formation
Intermediate Filament Cytoskeleton Overview
Mechanical Strain, Shear Stress, and Flow
Intermediate Filaments and Microvascular Endothelial

Cell–Cell Junctions
Intermediate Filaments and Microvascular Endothelial

Cell–Matrix Junctions
Summary

CHAPTER 39
Microvascular Permeability 255
C. C. Michel

Introduction
Permeability Coefficients
Permeability Coefficients of Microvessels in Different 

Tissues and Their Interpretation
Permeability and Exchange of Fluid and Solute between

Blood and Tissues under Physiological Conditions



xxx Contents

CHAPTER 40
TNF-a-Induced Pulmonary Endothelial 
Permeability: The Role of the 
Microtubule Cytoskeleton 261
Irina Petrache, Anna A. Birukova, and Alexander D. Verin

Endothelial Barrier Function
Tumor Necrosis Factor-a
Microtubules
The Role of the Mitogen Activated Protein Kinase

(MAPK) Pathway

CHAPTER 41
Vasoactive Signals and Pericyte 
Function in the Retina 265
Donald G. Puro

Role of Pericytes in Blood Flow Regulation
Regulation of Pericyte Contractility
Effects of Vasoactive Signals on Pericyte Physiology
Pericyte Pathobiology

CHAPTER 42
Regulation of Microvascular
Hydraulic Conductivity 271
Rolando E. Rumbaut and Virginia H. Huxley

Introduction
Forces Regulating Transvascular Water Movement
Pathways for Volume Flux across Microvascular Walls
Assessment of Transvascular Water Movement in Vivo
Regulation of Hydraulic Conductivity
Summary

CHAPTER 43
The Role of Gap Junctions in the 
Regulation of Arteriolar Tone 275
N. M. Rummery and C. E. Hill

Structure and Regulation of Gap Junctions
Expression of Gap Junctions in Vascular Tissue
Involvement of Gap Junctions in Responses Affecting

Arteriolar Tone
Conclusions

CHAPTER 44
Vascular Control Mechanisms in 
Skeletal Muscle 281
Ingrid H. Sarelius

I. Microvascular Network Organization in Skeletal Muscle
II. The Cells of the Arteriolar Wall
III. Differential Responses of Large versus Small 

Arterioles
IV. Metabolic Regulation of Arteriolar Tone
V. Integration of Metabolic Response Pathways
VI. Control of Capillary Recruitment
VII. Venular–Arteriolar Communication
Summary

CHAPTER 45
Protein Kinases and Microvascular
Permeability 287
Mack H. Wu and Sarah Y. Yuan

Myosin Light-Chain Kinase (MLCK)
Protein Kinase C (PKC)
cAMP- and cGMP-Dependent Protein Kinases (PKA and

PKG)
Mitogen-Activated Protein Kinases (MAPKs)
Nonreceptor Protein Tyrosine Kinases (PTKs)
Summary

Section E: Transport, Junctions, 
Adhesion Molecules

CHAPTER 46
Vesiculo-vacuolar Organelles Are 
Permeability Structures in the 
Endothelium of Normal and 
Tumor Microvessels 297
Ann M. Dvorak and Dian Feng

Introduction
VVOs Are the Major Site of Hyperpermeability of Tumor

Blood Vessels
VVO Structure
VVO Function
VVO Formation
VVO Fate

CHAPTER 47
The Multistep Cascade of 
Leukocyte Extravasation 303
Britta Engelhardt and Dietmar Vestweber

Introduction
The Multistep Paradigm
Outlook



Contents xxxi

CHAPTER 48
Vascular Endothelial Cadherin and 
Neutrophil Transmigration 309
Bastien Hermant, Marianne Weidenhaupt, Stéphanie Heyraud,
and Danielle Gulino-Debrac

Introduction
Markers Expressed at Endothelial Cell–Cell Junctions
Mechanism of Leukocyte Diapedesis
Conclusions

CHAPTER 49
Vascular Gap Junctions 317
Michael Koval and Jahar Bhattacharya

Introduction
Connexins
Gap Junctional Regulation
Vascular Connexin Expression
Connexins and Vascular Tone
Vascular Connexins in Pathologic Conditions
Conclusion

CHAPTER 50
Adhesion Molecules and the 
Recruitment of Leukocytes in 
Postcapillary Venules 321
Klaus Ley

Postcapillary Venules
Leukocytes
Adhesion Molecules
Physiology of Leukocyte–Endothelial Interactions
Unresolved Questions

CHAPTER 51
Cell Adhesion Molecules: Structure, 
Function, Organization and Role 
in Leukocyte Trafficking through 
the Lung 327
Lina H.K. Lim and Bruce S. Bochner

Introduction
General Dynamic Events Leading to Leukocyte 

Migration
Endothelial AMs Involved in Leukocyte Trafficking
Tissue-Specific Expression of AMs in the Lung 

Microvasculature
Summary

CHAPTER 52
The Endothelium from a T-cell 
Point of View 335
Federica Marelli-Berg

Regulation of T-cell Trafficking by the Endothelium
Immunogenicity of the Microvascular Endothelium
TCR-Dependent T-Cell Trafficking

CHAPTER 53
Integrins and Formation of the 
Microvasculature 339
Joseph H. McCarty and Richard O. Hynes

Introduction
Microvascular Integrins and Their Extracellular Matrix

Ligands
Interpreting the Conflicting Data
Cross-talk between Vascular Integrins and Receptor 

Tyrosine Kinases
The Role of the ECM in Regulating Vascular Integrin

Functions
Conclusion

CHAPTER 54
Platelet Phospholipids Tighten the 
Vascular Endothelial Barrier 345
Fred L. Minnear

Platelets Support the Endothelial Barrier
Lysophosphatidic Acid (LPA)
Sphingosine 1-Phosphate (S1P)
Regulation of Vascular Endothelial Permeability and 

Proposed Cellular Targets
Cell-Signaling Pathways
Rac and Rho
Conclusions and Future Studies

CHAPTER 55
Role of Gap Junctions in Capillary-
Arteriolar Communication 353
Karel Tyml

Introduction
Gap Junctions in the Microvasculature
Evidence for Capillary–Arteriolar Communication
Communication along the Microvasculature during 

Sepsis
Summary



xxxii Contents

PART II
ORGAN MICROVASCULAR 
ADAPTATIONS

Section A: Cardiology

CHAPTER 56
Cardiac Microvasculature 361
William C. Aird

Introduction
Structural Topology
Regulation of Coronary Flow
The Endothelium as an Input–Output Device
Applying the Input–Output Analogy to Cardiac 

Microvasculature in Health
Applying the Input–Output Analogy to Cardiac 

Microvasculature in Disease
Conclusions

Section B: Central Nervous 
System and Eye

CHAPTER 57
The Vasculature of Choroid 369
Imran A. Bhutto and Gerard A. Lutty

Gross Anatomy
The Choroidal Vasculature and Associated Structures
Visualization of the Choroidal Vasculature
Physiology
Cell Biology
Pathology
Summary

CHAPTER 58
The Role of the Cytoskeleton in Barrier
Function of the Microvasculature 375
Steven M. Dudek and James H. Finigan

Introduction
Overview of the Cytoskeleton
Regulation of Permeability by the Endothelial Cell

Cytoskeleton
Differential Regulation of Permeability in the 

Microvasculature

CHAPTER 59
Microcirculation of the Brain 381
Frank M. Faraci and Donald D. Heistad

Endothelium and the Blood-Brain Barrier
Endothelium and Vascular Tone
Potassium Channels
Endothelium-Derived Contracting Factor
Reactive Oxygen and Nitrogen Species
Angiotensin II

CHAPTER 60
Model Systems for Studying 
Blood–Brain Barrier Function 385
K. L. Hallene, G. Dini, and D. Janigro

Monodimensional Models of the Blood–Brain Barrier:
Endothelial Cells

Bidimensional Models of the Blood–Brain Barrier: 
Co-culture of Endothelial Cells and Glia

Tridimensional Dynamic Models of the Blood–Brain 
Barrier (Flow-Based)

Cell Lines versus Primary Cultures
In Vitro Models of the Human Blood–Brain Barrier
Conclusions

CHAPTER 61
Adrenomedullin and Blood–Brain 
Barrier Function 391
Béla Kis

AM, a Vasoactive Hormone
Role of AM in the Microcirculation
AM Production in the Cerebral Microcirculation
AM Receptors in the Cerebral Microcirculation
Role of AM in Blood–Brain Barrier Functions
Summary

CHAPTER 62
Cerebral Microvascular Blood 
Oxygenation and Neuronal Activity 395
Ute Lindauer

Abstract
Introduction: Definition of the Subject
Cerebral Blood Oxygen Tension and Hemoglobin Oxygen

Saturation at Rest
Cerebral Microvascular Blood Flow Changes during 

Functional Activation
Cerebral Microvascular Blood Oxygenation Changes 

during Increased Neuronal Activity
Spatial Resolution of Cerebral Microvascular Blood 

Flow and Blood Oxygenation Changes during Neuronal
Activation

Cerebral Microvascular Blood Oxygenation Changes 
during Increased Inhibition or Cortical Deactivation

Summary



Contents xxxiii

CHAPTER 63
The Retina Microvasculature 401
Ming Lu and Anthony P. Adamis

Anatomy
Physiology
Pathophysiology

CHAPTER 64
Nitric Oxide and Blood–Brain 
Barrier Function 405
William G. Mayhan

Concept of a Blood–Brain Barrier
Nitric Oxide Synthases
Role of Nitric Oxide in Basal Integrity of the Blood–Brain

Barrier
Role of Nitric Oxide in Stimuli-Induced Changes in the

Blood–Brain Barrier
Cellular Mechanisms for the Effects of Nitric Oxide on the

Blood–Brain Barrier
Summary and Conclusions

CHAPTER 65
Fatty Acids Induce Tight Junctions in 
Brain Capillary Endothelial Cells 411
Kazuo Yamagata, Motoki Tagami, Yasuo Nara, Shingo Itoh,
Hidehiko Yokogoshi, and Yukio Yamori

Introduction
Overview: Tight Junction and Fatty Acids
Metabolism and Supply of Polyunsaturated Fatty Acids to

Brain Capillary Endothelial Cells
Regulation of Tight Junction Formation by Fatty Acids
Conclusion

Section C: Gastrointestinal Tract

CHAPTER 66
Microcirculation in Peritoneal 
Exchange 417
Michael F. Flessner

Introduction
Description of the System
Quantitative Approach to Peritoneal Exchange
Pathological States and Alterations in the Peritoneal 

Transport System
Integration of the Peritoneal Transport System

CHAPTER 67
Peritoneal Microvessels and 
High Peritoneal Solute Transport 
Rate (PSTR) 429
Miwako Numata, Makio Kawakami, Bengt Lindholm, and
Masaaki Nakayama

Introduction
Peritoneal Microvascular Architecture
Three-Pore Theory
Estimation of Peritoneal Transport Rate
The Relationship between PSTR and Alterations of 

Peritoneal Microvessels in PD Patients
Candidate Molecules Related to Angiogenesis and/or

Dilatation
Vasculopathy

CHAPTER 68
The Gastrointestinal Microcirculation 433
Thorsten Vowinkel and D. Neil Granger

Gastric Microcirculation
Intestinal Microcirculation
Pathophysiology of the GI Circulation

Section D: Hematopoietic System

CHAPTER 69
The Bone Marrow Vasculature 439
Jorge Domenech and Pierre Charbord

Hematopoiesis and Its Microenvironment
The Vascular Network
The BM Blood Flow
The Marrow Sinus
Pathology

Section E: Kidney

CHAPTER 70
Renal Medullary Microcirculation 447
Thomas L. Pallone, Janos Pittner, and Whaseon Lee-Kwon

Introduction
Tubular Vascular Relationships in the Renal Medulla
Countercurrent Exchange and Transport Properties
Vasoactivity of DVR
Medullary Oxygen Tension and Perfusion of the Medulla
The Importance of Medullary Blood Flow and Nitric

Oxide in Hypertension



xxxiv Contents

CHAPTER 71
Renal Cortical Microcirculation 455
William J. Welch

Introduction
Control of Renal Cortical Microvascular Resistance
Vascular Resistance in Transplanted Kidneys
Summary

Section F: Liver

CHAPTER 72
Hepatic Microvascular Responses 
to Inflammation 465
Claudine S. Bonder and Paul Kubes

The Hepatic Microvascular System
Liver Constitution
Mediators of Hepatic Inflammation
Cellular Adhesion Molecules
Conclusion

CHAPTER 73
Liver Microcirculation 471
Robert S. McCuskey

Blood Supply to the Liver
Microvascular Functional Units
Hepatic Microvascular System
Structure and Function of Hepatic Sinusoids
Pathophysiology of the Hepatic Microcirculation

CHAPTER 74
Gaseous Signal Transduction in 
Microcirculation 477
Makoto Suematsu and Nobuhito Goda

Signal Transduction by O2

Microvascular actions of CO

Section G: Lung

CHAPTER 75
Lung Endothelial Cell Heterogeneity 
and the Microvasculature 485
Abu-Bakr Al-Mehdi, Kane L. Schaphorst, and Troy Stevens

Abstract
Introduction
Endothelial Cell Heterogeneity in the Pulmonary 

Circulation
Conclusion

CHAPTER 76
Lung Edema and Microvascular
Permeability 491
Richard D. Minshall and Stephen M. Vogel

Introduction
Starling Forces Underlying Pulmonary Edema Formation,

Accumulation, and Resolution
Cellular Mechanisms of Permeability Edema: Endothelial

Barrier Dysfunction
Summary

CHAPTER 77
Forms of Reserve in the Pulmonary 
Capillary Bed 497
Wiltz W. Wagner, Jr., and Robert G. Presson, Jr.

Capillary Transit Time
Distention
Recruitment

CHAPTER 78
Fragility of Pulmonary Capillaries 505
John B. West

Introduction
Pulmonary versus Systemic Capillaries
Structure of Pulmonary Capillaries
Strength of Pulmonary Capillaries
Mechanical Stresses in the Walls of Pulmonary 

Capillaries
Stress Failure in the Wall of the Pulmonary Capillary
Physiological Conditions Associated with Stress Failure of

Pulmonary Capillaries
Pathological Conditions Causing Stress Failure
Regulation of the Structure of Pulmonary Capillaries



Contents xxxv

Section H: Lymphatics

CHAPTER 79
Lymphatic Endothelial Cells: 
Heterogeneity from Blood Endothelium 
and Unique Properties in Health 
and Disease 513
J. Steven Alexander

Lymphatic versus Blood Endothelial Biology
Unique Structural/Functional Markers: Lymphatic versus

BEC
Junctions and Solute Barrier Function in Blood and 

Lymphatic Vessels
Endothelial-Cell Adhesion Molecules in BECs versus

LECs
Chemokines Released by LECs and BECs
Lymphatic Development
Lymphatics in Disease: Lymphedema and Cancer
Summary

CHAPTER 80
Lymphocyte Interaction with 
Microvascular Endothelium 517
Sirpa Jalkanen and Marko Salmi

Abstract
Physiological Lymphocyte Recirculation
Inflammation-Induced Changes
Molecular Events in Lymphocyte–Endothelial Cell 

Interaction
Importance of the Endothelial Homing-Associated 

Molecules
Endothelial Homing-Associated Molecules as Drug Targets

CHAPTER 81
The Lymphatic System 523
Michael S. Pepper

Growth and Structure of the Lymphatic Tree
Lymphatic Endothelial Cells
A Renewed Perspective on the Physiopathology of the

Lymphatic System
Summary and Perspectives

CHAPTER 82
Foundations of Microlymphatic 
Function 529
Geert W. Schmid-Schönbein

Introduction
Structure of Microlymphatics
Lymphatic Endothelium
Lymphatic Endothelial Junctions
Mechanisms for Periodic Compression of Initial 

Lymphatics
Lymph Fluid Collection and Transport
Lymphatic Fluid Pressures
Lymphatic Angiogenesis
Lymphatics in Tumors

CHAPTER 83
Morphology and Physiology of 
Lymphatic Endothelial Cells 535
H. Zöltzer

Introduction
History
The Endothelium of the Initial Lymphatic
The Endothelium of the Precollectors
The Endothelium of the Collectors and Lymphatic Stem

Vessels
The Endothelium in the Lymph Nodes

Color Insert 545

VOLUME 2

Foreword I by Shu Chien v
Foreword II by Bruce Zetter vii
Introduction ix
Editorial Board Members xiii
Contributors xv

Section I: Pancreas

CHAPTER 84
Pancreatic Microcirculation in 
Health and Disease 547
Leif Jansson, Arne Andersson, Örjan Källskog, 
and Per-Ola Carlsson

Introduction
Normal Pancreas
Adaptations to Functional Demands
Acute Pancreatitis
Chronic Pancreatitis
Pancreatic Cancer
Diabetes Mellitus
Conclusions



xxxvi Contents

Section J: Skeletal Muscle

CHAPTER 85
Exercise and Skeletal Muscle 
Circulation 553
Jeffrey L. Jasperse and M. Harold Laughlin

Introduction
Heterogeneity of Skeletal Muscle Blood Flow during 

Exercise
Mechanisms Determining Blood Flow Distribution
Integration/Conclusion

Section K: Skin

CHAPTER 86
Vascular Responses in Human Skin 565
Geraldine F. Clough and Martin K. Church

Structure and Function of the Cutaneous Microvasculature
Techniques to Assess Cutaneous Microvascular Function in

Vivo
Vascular Responses in Dermal Inflammation
Concluding Remarks

Section L: Reproductive Systems

CHAPTER 87
Vascular Transformation of 
Placental Cytotrophoblasts 573
Susan J. Fisher

Morphological Aspects of Human Placentation
Molecular Regulators of CTB Pseudovasculogenesis
Physiological Regulators of CTB Pseudovasculogenesis
Pre-eclampsia Is Associated with Defects in CTB

Pseudovasculogenesis
Conclusions

CHAPTER 88
The Microvasculature of the Ovary 579
Lawrence P. Reynolds, Anna T. Grazul-Bilska, and 
Dale A. Redmer

General Aspects of Ovarian Function
The Ovarian Microvasculature
Angiogenesis in the Ovary

CHAPTER 89
The Microvasculature of 
the Endometrium 587
Robert D. Koos and L. Christie Rockwell

Introduction
Anatomy of the Endometrial Microvasculature
Mode of Endometrial Angiogenesis
Factors Regulating Endometrial Angiogenesis
Role of the Endometrial Vasculature in Menstruation
Cyclic Changes in Endometrial Microvascular 

Permeability
Structural Changes in the Endometrial Microvasculature

Associated with Implantation
The Endometrial Vasculature and Pregnancy
The Endometrial Vasculature and Uterine Pathologies
Summary and Conclusion

CHAPTER 90
The Vasculature of the Normal 
Mammary Gland: HIF-1-Independent 
Expansion and Regression 595
Tiffany N. Seagroves and Randall S. Johnson

Introduction
Summary and Future Directions

PART III
PATHOLOGY

Section A: Alzheimer’s Disease

CHAPTER 91
Alzheimer’s Disease and the 
Microcirculation 605
William A. Banks, Naoko Nonaka, Susan A. Farr, and 
John E. Morley

Perturbances in Microvascular Circulation and Endothelial
Cell Function

Altered Permeability of the Blood–Brain Barrier
Transport of Amyloid Beta Protein
Conclusions



Contents xxxvii

Section B: Acute Respiratory 
Distress Syndrome

CHAPTER 92
Acute Respiratory Distress Syndrome 
(ARDS) 611
Robert H. Demling

Definition
Incidence and Outcome
Pathogenesis
Pathophysiology and Course
Treatment
Summary

Section C: Arthritis

CHAPTER 93
The Role of the Microvasculature 
in the Pathophysiology of 
Rheumatoid Arthritis 619
Ewa Paleolog

Introduction
The Pathogenesis of Rheumatoid Arthritis
Why Is the Microvasculature Important in RA?
Insights from Clinical Trials of Anti-TNFa Biologicals
Vascular Endothelium: A Possible Therapeutic Target in

RA?
Concluding Remarks

Section D: Blood, Thrombosis 
and Homeostasis

Hemoglobin-Induced Microvascular 
Dysfunction

CHAPTER 94
Review Hemoglobin-Induced 
Microvascular Dysfunction 629
Ann L. Baldwin

Introduction
Problems Encountered with Hemoglobin-based Blood 

Substitutes during Trials
Problems with Hemoglobin-based Blood Substitutes in the

Microcirculation
Future Possibilities

CHAPTER 95
Determinants of Platelet Glycoprotein 
Ib-IX-V Mediated Microvascular
Hemostasis: Are They Different from 
Those Regulating Thrombosis? 635
Michael H. Kroll and Shuju Feng

Introduction
Molecular Effectors of Platelet-Mediated Hemostasis and

Thrombosis
Clinical Models That Separate GpIb-IX-V Mediated

Thrombosis from Hemostasis
Summary and Conclusions

CHAPTER 96
Complement 643
Francis D. Moore, Jr.

Introduction
Complement Activation
Membrane Attack Complex
Clinical Assessment of Complement Activation
Intrinsic Regulation of Complement Activation
Interactions between Leukocytes and Complement
Complement Deficiency States
Complement Inhibitors
Clinical Injury and Complement Activation
Summary

CHAPTER 97
Regulation of Microcirculation by 
Antithrombin: Molecular Mechanism(s) 
and Possible Therapeutic Applications 653
Kenji Okajima

Anticoagulant activity of AT
Anti-inflammatory Activity of AT
Molecular Mechanism(s) of the AT-Induced Increase in

Endothelial Production of PGI2
Roles of Anti-inflammation and Anticoagulation by AT in

Regulation of Microcirculation
Possible Therapeutic Applications of AT for 
Conclusions and Perspectives

Section E: Coronary Slow Flow

CHAPTER 98
The Coronary Slow Flow Phenomenon 661
John F. Beltrame

Definition
Angiographic Features
Clinical Features
Pathophysiological Mechanisms
Therapeutic Considerations
Synopsis



xxxviii Contents

Section F: Diabetes

CHAPTER 99
Endothelins and Microvascular
Endothelial Responses in Diabetes 671
Subrata Chakrabarti and Zia Ali Khan

Endothelins
Mechanism of ET Alteration in Diabetes
ETs and Microcirculatory Flow Alterations
Endothelins in Microvascular Endothelial Dysfunction
Endothelins in Organ-Specific Microvascular Alterations in

Diabetes
Concluding Remarks

CHAPTER 100
Pericytes and Diabetic Retinopathy 677
Hans-Peter Hammes

General Remarks
Introduction
Pericytes in Vascular Biology: A Brief Overview
The Natural Course of Human Diabetic Retinopathy
Lessons from Genetically Modified Diabetic Animals
Linking Biochemistry to Cell Biology of Diabetic

Retinopathy: The Unifying Hypothesis

CHAPTER 101
Von Willebrand Factor Diabetes and 
Endothelial Dysfunction 683
Alberto Verrotti, Rita Greco, Guido Morgese, and 
Francesco Chiarelli

Introduction
Physiopathology of Vascular Endothelium
Hyperglycemia
Polyol Pathway and Protein Kinase C Activation
Advanced Glycosylation End Products (AGEs)
Oxidative Stress
Coagulation Cascade

Section G: Hemorrhagic Fever Viruses

CHAPTER 102
The Vascular Endothelium as a Target 
for the Hemorrhagic Fever Viruses 689
Silvia Montaner and J. Silvio Gutkind

Abstract
Hemorrhagic Fever Viruses
Infection with Filoviruses: Ebola and Marburg
The Role of the Vascular Endothelium in Ebola 

Pathogenesis
Ebola Pathogenic Genes
Models to Study the Pathogenesis of Ebola Virus
Conclusion

Section H: Hypercholesterolemia

CHAPTER 103
Microvascular Responses to 
Hypercholesterolemia 697
Karen Y. Stokes and D. Neil Granger

Introduction
Hypercholesterolemia and Arterioles
Hypercholesterolemia and Capillaries
Postcapillary Venules and Hypercholesterolemia
Exaggerated Inflammatory Responses during 

Hypercholesterolemia
Relevance of Hypercholesterolemia-Induced Microvascular

Responses to Atherosclerosis

Section I: Hypertension

CHAPTER 104
Arteriolar Responses to 
Arterial Hypertension 705
Julian H. Lombard

Importance of the Arterioles in Hypertension
Enhanced Sensitivity of Arterioles to Vasoconstrictor 

Stimuli in Hypertension
Impaired Relaxation of Arterioles to Vasodilator Stimuli
Structural Alterations in Arterioles during Hypertension
Arteriolar Rarefaction
Oxidative Stress and Arteriolar Function in Hypertension
Dietary Salt Intake and Arteriolar Function
Influence of Gender on Arteriolar Function in 

Hypertension

CHAPTER 105
Capillary and Venular Responses to 
Arterial Hypertension 713
Geert W. Schmid-Schönbein

Introduction
Structure of Microlymphatics
Lymphatic Endothelium
Lymphatic Endothelial Junctions
Lymph Fluid Collection and Transport
Lymphatic Fluid Pressures
Lymphatic Angiogenesis
Lymphatics in Tumors



Contents xxxix

Section J: Inflammation

CHAPTER 106
Free Radicals and Lipid Signaling in
Microvascular Endothelial Cells 721
Peter B. Anning and Valerie B. O’Donnell

Introduction
Prostaglandin H synthases-1 and -2 in ECs
Lipoxygenases in ECs
CYP Enzymes in ECs
Generation of Free Radical Species by PGHS or LOX and

CYP
Regulation of PGHS, LOX, and CYP by Reactive Oxygen

and Nitrogen Species
Conclusions
Summary

CHAPTER 107
Eicosanoids 727
Monica M. Bertagnolli

Introduction: History and Definitions
Converting Membrane Components into Signaling 

Molecules
Keeping the Balance: Implications for Health and Disease
Activity and Specificity of Inhibitors of Arachidonic Acid

Metabolism
Conclusion

CHAPTER 108
Sepsis and the Microvasculature 735
Alpha A. Fowler, III

Sepsis Epidemiology
Nitric Oxide Induces Microcirculatory Dysfunction
Lipopolysaccharide Entry into the Circulation and

Cytokine Transcription Promote Microvascular 
Dysfunction in Sepsis

Apoptosis of Endothelium in Sepsis
Adhesion Molecules Orchestrate Neutrophil Sequestration
Sepsis Induces Microvascular Thrombosis and Produces

Poor Clinical Outcomes
Conclusions

CHAPTER 109
Interaction of C1q with the 
Endothelium: Relevance to 
Inflammation 741
Berhane Ghebrehiwet and Ellinor I. B. Peerschke

The Endothelium and Inflammation
The Endothelial Cell Surface and C1q Receptors
C1q-Mediated Endothelial Cell Responses: Role of C1q

and HK
Regulation of the Endothelium

CHAPTER 110
The Microvasculature in 
Inflammatory Bowel Disease 745
Ossama A. Hatoum and David G. Binion

Introduction
The Role of the Microvasculature and Endothelial–

Leukocyte Interaction in Chronic Intestinal 
Inflammation

The Role of Microvascular Dysfunction and Tissue
Ischemia in Chronic Intestinal Inflammation

Summary

CHAPTER 111
Pathophysiology of Edema Formation 749
Dan D. Hershko and Michael M. Krausz

Hemodynamic Aspects of Edema Formation
Inflammatory Aspects of Edema Formation
Idiopathic Edema

CHAPTER 112
Endothelium in Malarial Infection: 
More Than an Innocent Bystander 755
May Ho, Bryan G. Yipp, and Stephen M. Robbins

Introduction
Plasmodium falciparum Malaria
Cytoadherence
CD36
PfEMP1 and Recombinant 179 Peptides
CD36-Mediated Intracellular Signaling
CD36 Signaling via Src-family Kinases Modulates IRBC

Adhesion
Downstream Signaling Events
Possible Role of Other Receptor Molecules
Other Signaling Events Triggered by P. falciparum

CHAPTER 113
Ischemia–Reperfusion Injury 761
Shahrul I. Ibrahim, Rodney K. Chan, and Herbert B. Hechtman

Introduction
Events Occurring during Ischemia–Reperfusion
Overview of Inflammation
Neutrophils and Free Radicals in Ischemia–Reperfusion.
Overview of the Complement System
Complement Activation by Immune Complexes during

Reperfusion
Binding of the Ischemia Antigen by Natural Antibodies
Current Controversies
Clinical Use of Complement Inhibitors in Reperfusion

Injury
The Future: Mast Cells and Substance P
Conclusion



xl Contents

CHAPTER 114
Endothelial Xanthine Oxidoreductase 
and Vascular Disease 769
Usamah S. Kayyali and Paul M. Hassoun

Introduction
Biology and Function of Xanthine Oxidoreductase
Xanthine Oxidoreductase in Endothelial Cells
Regulation of Xanthine Oxidoreductase in Health and 

Disease
Relation to Other Reactive Oxygen Producers
XOR and Models of Injury
Xanthine Oxidoreductase: An Enigmatic Enzyme

CHAPTER 115
Antecedent Ethanol Ingestion Prevents 
Postischemic Microvascular
Dysfunction 777
Ronald J. Korthuis

Introduction
Microvascular Consequences of Ischemia–Reperfusion
Anti-inflammatory Effects Induced by Ethanol Ingestion
Signaling Mechanisms That Induce the Adaptive 

Transformation to a Protected Phenotype in the 
Microcirculation after Ethanol Ingestion

P-Selectin Expression as a Molecular End Target of
Ethanol Preconditioning

CHAPTER 116
Microvascular Dysfunction in 
Inflammatory Bowel Disease 783
F. Stephen Laroux and Matthew B. Grisham

Introduction
Organization of the Intestinal and Colonic 

Microcirculation: Anatomical and Functional 
Considerations

Arteriolar and Capillary Alterations Associated with IBD
Venular Alterations in IBD

CHAPTER 117
Analytical Approaches to Leukocyte–
Endothelium Interactions 791
Lance L. Munn

Introduction
Margination
Contact
Rolling
Arrest
Conclusion

CHAPTER 118
Microvascular Responses to 
Eicosanoids 795
Mauro Perretti and Derek W. Gilroy

Arachidonic Acid Metabolism
Prostaglandins
Leukotrienes
Lipoxins

CHAPTER 119
Oxidants and Vascular Signaling 
Mechanisms 801
Michael S. Wolin

Importance of Oxidant Signaling Mechanisms in the
Microcirculation

Sources of Oxidant Species
Mechanisms of Interactions of Oxidant Species with 

Vascular Signaling Systems
Physiological Importance of Vascular Oxidant Signaling
Roles of Oxidant Signaling Mechanisms in Microvascular

Function

CHAPTER 120
Reactive Oxygen Species and 
The Microcirculation 805
John G. Wood and Norberto C. Gonzalez

Microvascular Responses to Oxidative Stress
Sources of ROS
Endogenous Defenses against ROS
Ischemia/Reperfusion-Induced Microvascular 

Inflammation
Microvascular Responses to Systemic Hypoxia
Summary

Section K: Immunology

CHAPTER 121
Autoantibodies to Endothelial Cells 813
Jeremy D. Pearson and Sarah E. Riley

Autoimmune Diseases and Autoantibodies
Anti-endothelial Cell Autoantibodies (AECAs)
Potential Pathogenic Roles for AECAs
Conclusions



Contents xli

Section L: Kidney Transplant Rejection

CHAPTER 122
Microvasculature in Kidney 
Transplant Rejection 819
Vladimir Savransky, Mark Haas, and Hamid Rabb

Basics Immunobiology of Kidney Allograft Rejection
Microvasculature and Renal Transplant Rejection

Section M: Leak Syndrome

CHAPTER 123
Sepsis-Induced Microvascular
Leak Syndrome 827
Gernot Marx and Martin Leuwer

Introduction
Pathogenesis
Clinical
Drug Therapy
Conclusion

Section N: Lung Injury

CHAPTER 124
Microvascular Responses to Acute 
Lung Injury 835
Kazunori Murakami and Daniel L. Traber

Introduction
Pulmonary Circulation Is Unique
Nitric Oxide and Superoxide Play a Role
Neutrophil Elastase Injures Pulmonary Endothelial Cells
What Factors Increase the Pulmonary Transvascular Fluid

Flux?
Airway Obstruction Plays Role in ALI
Neutrophils and Pulmonary Endothelial Cells Are Targets

to Treat ALI
Endothelial Cell Injury Induces Microcirculation 

Disturbances
Conclusion

Section O: Organ Transplantation

CHAPTER 125
Microvascular Responses to 
Organ Transplantation 843
Michael D. Menger and Brigitte Vollmar

Introduction
Donor Organ Conditions
Organ Donor Conditions
Donor Organ Conditions
Organ Preservation Procedures
Surgical Transplant Procedures
Transplant Reperfusion-Associated Inflammation
Conclusions and Clinical Perspectives

Section P: Periodontal Disease

CHAPTER 126
The Pathobiology of the Periodontium:
Insights into Vascular Dysfunction and 
Acceleration of Atherosclerosis 851
Evanthia Lalla, Panos N. Papapanou, Ira B. Lamster, 
and Ann Marie Schmidt

Periodontal Disease, Vascular Inflammation, and 
Dysfunction

A Murine Model of Accelerated Atherosclerosis in Mice
Infected with a Periodontal Pathogen

Other Systemic Diseases and Acceleration of 
Microvascular Dysfunction and Atherosclerosis

“Closing the Loop” on RAGE, Periodontal Disease, and
Vascular Inflammation

CHAPTER 127
The Possible Roles of Vascular Endothelial
Growth Factor in Periodontal Disease 857
Kanyarat Suthin, Miho Machigashira, and Yuichi Izumi

Definition
Introduction
VEGF Family
VEGF Receptors
Synthesis and Regulation of VEGF
Role in Disease Processes
Role in Periodontal Disease
Therapeutic Applications
Future Perspectives



xlii Contents

Section Q: Pollutants

CHAPTER 128
Microvascular Responses to 
Cigarette Smoke 863
Hans-Anton Lehr

Morphological Aspects of Cigarette Smoke-Induced
Microvascular Dysfunction

Functional Aspects of Cigarette Smoke-Induced 
Microvascular Dysfunction

Cellular Targets of Cigarette Smoke-Induced
Microvascular Dysfunction

Consequences of Cigarette Smoke-Induced Microvascular
Dysfunction

Prevention of Cigarette Smoke-Induced Microvascular
Dysfunction

CHAPTER 129
Effects of Cigarette Smoke on Rheological
Properties of Leukocytes Influencing Their
Passage through the Microvasculature 869
G. B. Nash and W. MacNee

Introduction
Effects of Cigarette Smoking on Behavior of Leukocytes

in the Microcirculation
Effects of Cigarette Smoke on Leukocytes: Changes in

Resistance to Flow
Effects of Cigarette Smoke on Leukocyte Adhesion
Conclusions

CHAPTER 130
Pulmonary Response to Environmental 
and Occupational Pollutants 877
Nicola Verna and Mario Di Gioacchino

Introduction
Irritant Reactions
Immunologic Reactions
Fibrogenic Reactions
Particle Problem and Its Multiple Mechanisms

Section R: Pre-eclampsia

CHAPTER 131
Microvascular Permeability in 
Pre-eclampsia 889
Nick Anim-Nyame, John Gamble, and Philip J. Steer

Introduction
Volume Homeostasis in Normal Pregnancy
Mechanisms for Plasma Volume Changes in Normal 

Pregnancy
Transcapillary Forces and Microvascular Permeability in

Normal Pregnancy
Microvascular Permeability in Pre-eclampsia
Future Research
Summary

Section S: Wound Healing

CHAPTER 132
Wound Healing: An Orchestration of
Humoral and Cellular Forces 897
Rodney K. Chan, Perry H. Liu, and Dennis P. Orgill

Introduction
Wound Healing Cascade
Growth Factors in Wound Healing
Wound Reepithelialization
Wound Healing and the Immune System
Clinical Trials in Wound Healing Using Growth Factors
Future Directions: Involvement of the Nervous System
Vacuum-Assisted Wound Closure
Conclusion

CHAPTER 133
Microvascular repair 903
Jamie Y. Jeremy and Michael R. Dashwood,

Introduction
The Diversity of Microvascular Damage
Angiogenesis
The Cell Cycle and Proliferation
Migration
Matrix and Matrix Metalloproteinases
Triggers for Vascular Repair in Wound Healing
Factors Influencing Angiogenesis
Reactive Oxygen Species and Angiogenesis
Anti-angiogenic Factors
Angiogenesis in Vein Grafts: Impact of the External Stent.
Risk Factors for Impairment of Microvascular Repair.
Concluding Remarks



Contents xliii

Section T: Sclerosis

CHAPTER 134
The Role of Microvascular Pericytes in 
Systemic Sclerosis 915
Vineeth Rajkumar, David Abraham, and Carol Black

Introduction
Microvascular Abnormalities in SSc
Microvascular Pericytes
Role of Pericytes in Fibrosis
Pericytes as Tissue-Specific Mesenchymal Stem Cells
Concluding Remarks

Section U: Skin

CHAPTER 135
Impaired Skin Microcirculatory 
Function in Human Obesity 921
Alexei V. Agapitov and William G. Haynes

Skin Microvasculature and Techniques for Measuring Skin
Blood Flow

Importance of Skin Microvasculature and Alterations of
Skin Microcirculation in Obesity

Potential Mechanisms Responsible for Deficient Skin
Vasodilatation to Mental Stress in Obesity

Conclusions

CHAPTER 136
Cutaneous Microcirculation in 
Patients with Scleroderma 925
Michael Junger and Anja Schlez

CHAPTER 137
Angiogenic Diseases of the Skin 929
Rainer Kunstfeld and Michael Detmar

Structure and Function of Cutaneous Blood Vessels
Molecular Control of Skin Angiogenesis
Angiogenesis in Skin Diseases

CHAPTER 138
Skin Microcirculation in the Elderly 933
Marco Rossi and Carlo Palombo

Introduction
Skin Microcirculation in the Elderly
Clinical Implications and Perspectives

Section V: Tumors

CHAPTER 139
Tumor Growth Patterns and 
Angiogenesis 941
Cecile G. Colpaert and Peter B. Vermeulen

Growth Patterns and Angiogenesis in Primary Breast 
Cancer

Growth Patterns and Angiogenesis in Cutaneous Breast
Cancer Deposits

Growth Patterns and Angiogenesis in Liver Metastases
Growth Patterns and Angiogenesis in Primary Lung Cancer
Conclusion

CHAPTER 140
Breast Cancer Resistance Protein in 
Microvessel Endothelium 947
Hiran C. Cooray and Margery A. Barrand

Introduction
ABC Transporters
ABC Transporters Associated with Multidrug Resistance
Tissue Distribution of BCRR Compared to Other 

Multidrug Transporters

CHAPTER 141
Tumor vs Normal Microvasculature 955
Moritz A. Konerding

Introduction and Definitions
Structural Differences between Tumor and Normal

Microvasculature
Architectural Differences between Normal and Tumor

Microvasculature

CHAPTER 142
Endothelial Cell Heterogeneity: 
Targeting the Tumor Tasculature 961
Robert R. Langley

Introduction
Angiogenesis
Role of the Microenvironment and Angiogenesis
Targeting Angiogenesis in Tumors
Tumor Vasculogenesis
Conclusion



xliv Contents

CHAPTER 143
A Metronomic Approach to 
Antiangiogenesis 969
Raffaele Longo and Giampietro Gasparini 

Introduction
Metronomic Chemotherapy
Experimental Sstudies
Clinical Studies
Future Directions and Open Questions

CHAPTER 144
Platelet–Endothelial Interaction in 
Tumor Angiogenesis 975
Philipp C. Manegold and Marc Dellian

Physiology of Platelet–Endothelial Interaction
Platelet–Endothelial Interaction in Tumor Angiogenesis
Platelets Are Potentially Involved in Tumor Angiogenesis
Platelet–Endothelial Interaction Following Endothelial

Stimulation
Conclusions

CHAPTER 145
Von Hippel–Lindau Disease: Role of
Microvasculature in Development 
of the Syndrome 981
David R. Mole and Peter J. Ratcliffe

The von Hippel–Lindau Hereditary Cancer Syndrome
The VHL Protein (pVHL)
pVHL and Oxygen Sensing
Hypoxia-Inducible Factor and Angiogenesis
HIF and Tumorigenesis

CHAPTER 146
Angiostatin Inhibits Signaling in 
Endothelial and Smooth-Muscle Cells 989
David C. Sane

Overview
Angiostatin: An Inhibitor of Angiogenesis
Cellular Mechanisms for the Antiangiogenic Activity of

Angiostatin
Proposed Molecular Targets of Angiostatin
Nontumor Effects of Angiostatin
Summary

CHAPTER 147
Endothelial Cell Transformation by 
the Kaposi’s Sarcoma–Associated 
Herpesvirus/Human Herpesvirus-8 993
Akrit Sodhi and J. Silvio Gutkind

Introduction
Kaposi’s Sarcoma: A Disease in Search of a Cause
Kaposi’s Sarcoma–Associated Herpesvirus (KSHV or

HHV8)
KSHV Latent Genes and the Promotion of Cell 

Proliferation and Survival
KSHV Lytic Genes and Paracrine Neoplasia
Triggering Kaposi’s Sarcomagenesis
Conclusion

CHAPTER 148
Endothelial Cells in Kawasaki Disease 999
Seiichiro Takeshita and Keigo Nakatani 

Pathological Findings
Immunological Abnormalities
Impaired EC Function
Other Findings
Therapy for KD Vasculitis

CHAPTER 149
Response of Colon Carcinoma Cells to 
Proinflammatory Cytokines 1003
M. Ten Kate and C.H.J. Van Eijck

Introduction
Proinflammatory Cytokines
Endothelial Cells
In Vitro Studies
In Vivo Studies
Adhesion Molecules
Discussion

Section W: Vasculitis

CHAPTER 150
Vasculitis 1011
Ross Milner and Robert B. Smith, III

Abstract
Introduction
Common Vasculitides
Immunologic Mechanisms of Disease
Conclusions



Contents xlv

PART IV
THERAPY

Section A: Hemorrhagic Shock

CHAPTER 151
The Effect of Fluid Treatment on the
Microvasculature in Uncontrolled 
Hemorrhagic Shock 1021
Michael M. Krausz

Conclusion

Section B: Preconditioning

CHAPTER 152
Mechanisms Involved in Delayed 
Preconditioning: Initiating, Signaling 
and Effector Components 1027
Tao Rui, Gediminas Cepinskas, and Peter R. Kvietys

Introduction
Initiating Molecules
Signaling Molecules
Effector Molecules
Summary

Section C: Statins

CHAPTER 153
Statins and the Microvasculature 1035
Reda E. Girgis and Jeffrey R. Jacobson

Introduction
Mechanisms of Action
Effects of Statins on the Microvasculature
Statins as Antioxidants
Effects on Other Vasoactive Mediators
Regulation of the Endothelial Cytoskeleton by Statins
Statin Effects on Vascular Wall Cell Proliferation and 

Survival
Anti-inflammatory Effects of Statins
Antithrombotic Properties of Statins
Potential Clinical Applications of Statins Targeting the

Microvasculature
Pharmacokinetic Considerations
Conclusion

Section D: Therapeutic Angiogenesis

CHAPTER 154
Therapeutic Angiogenesis 1045
Michael Simons and Mark J. Post

Introduction
Biology of Angiogenesis
Angiogenic Growth Factors
Therapeutic Applications of Angiogenesis Concepts
Assessment of Current Experience
Summary

Section E: Vascular Endothelium

CHAPTER 155
Delivery of Therapeutic and Genetic 
Materials to Vascular Endothelium 1053
Vladimir R. Muzykantov and Sergei M. Danilov

Introduction
Means for Improvement of Pharmacokinetics and Vascular

Delivery of Drugs
Passive Drug Delivery to Microvasculature
Targeted Drug Delivery to Endothelial Surface 

Determinants
Panendothelial Surface Determinants Candidates for 

Targeting
Targeting Specific Vascular Areas
Targeting of Genetic Materials and Viruses to Endothelial

Cells
Conclusion

PART V
NEW RESEARCH MODES 
AND PROCEDURES

Section A: DNA Microarray

CHAPTER 156
The Identification of Cell Type–Specific 
Transcripts by DNA Microarray 
Analysis 1065
Andrew Leask

Introduction
Background
The Gene Chip
Detection of Genes on the Chip
Data Analysis
Limitations of the Technology
The Use of Arrays to Study the Vasculature
Functionality
Conclusion



xlvi Contents

CHAPTER 157
Gene Expression Profiling of Human
Endothelial Cells by DNA Microarray 
and SAGE 1069
Shui Qing Ye, Shwu-Fan Ma, Dmitry Grigoryev, Mohan Parigi,
and William L. Shao

Introduction
DNA Microarray and SAGE Technologies
Application of DNA Microarray and SAGE into the Gene

Expression Profiling of Endothelial Cells
Future Perspectives

Section B: Engineered Tissue

CHAPTER 158
Angiogenesis of Engineered Tissue 1083
Craig Neville and Joseph P. Vacanti

Introduction
Bioengineered Tissue
Delivery of Angiogenic Factors
Fabrication of Microvascular Structures

CHAPTER 159
Engineering of Blood Vessels 1087
Joe Tien, Andrew P. Golden, and Min D. Tang

Introduction
Engineered Arteries
Engineered Microvascular Networks
Future Directions

CHAPTER 160
Blood Substitutes’ Efficacy: 
Microvascular and Theological 
Determinants 1095
Amy G. Tsai, Pedro Cabrales, Hiromi Sakai and 
Marcos Intaglietta

The Design of an Efficacious Oxygen-Carrying Plasma
Expander

The Role of Viscosity in Oxygen Transport
Counterintuitive Rheological Findings
Hemodilution, Blood Viscosity, and Vasoactivity
The Vasoconstrictive Effect of Hemoglobin
Optimal Oxygen Disassociation Properties
Oxygen-Carrying Capacity
Colloid Osmotic Pressure
Synthesis of an Effective Oxygen-Carrying Plasma

Expander
Experimental Evidence
Summary and Conclusions

Section C: Endothelial Biomarker

CHAPTER 161
N (Carboxymethyl)lysine as a Biomarker
for Microvascular Complications 1107
Jean-Luc Wautier and Marie-Paule Wautier

Introduction
Biochemistry of Carboxymethyllysine
CML and Vascular Cell Pathology
CML in Diabetes Mellitus, Aging, and Renal Failure
CML and Microvascular Complications

Section D: Knockout/transgenic 
Models

CHAPTER 162
Knockout Mouse Models Have Provided
Invaluable Insights into Microvascular
Development and Functions 1113
Kristofer Rubin, Alexei V. Salnikov, and Christian Sundberg

Introduction
Null Mutants That Affect the Development of the

Microvascular Unit
Summary

Section E: Mathematical Models

CHAPTER 163
Mathematical Models of Angiogenesis 1121
James W. Baish

Definition
Introduction
Conceptual Framework
Physical Principles
Examples
Future Directions

CHAPTER 164
Mathematical and Computational 
Models of the Microcirculation 1127
Aleksander S. Popel

Introduction
Models of Microvascular Blood Flow
Models of Microvascular Transport of Oxygen and 

Nitric Oxide
Models of Regulation of Microvascular Blood Flow
Summary and Future Studies



Contents xlvii

Section F: Proteomics

CHAPTER 165
Proteomics of the Microvasculature 1137
Emma McGregor and Michael J. Dunn

Introduction
Two-Dimensional Gel Electrophoresis
Protein Detection
Protein Identification
Vessel Proteomics

CHAPTER 166
Proteomics and the Microvasculature 1143
John H. Stone and Emanuel F. Petricoin

Abstract
Introduction
“Classic” Proteomics
Two-Dimensional Gel Electrophoresis
Newer Approaches to Differential Display
Mass Spectrometry
Tandem Mass Spectrometry
Approaches to Protein Identification
Protein Microarrays

Section G: Stem Cells

CHAPTER 167
The Therapeutic Promise of 
Endothelial Stem Cells 1155
Denis English, Kevin Harvey, and Ursula Gehling

Definition of the Subject
The Essence of the Vascular System
The Diverse Endothelium
Adult Endothelial Progenitor Cells
Embryonic Vascular Progenitor Cells
Stem Cell Therapy
Summary and Outlook

Index 1165

Color Insert 1193





PART I

Basic Science





SECTION A

Cell Biology





CHAPTER 1

Endothelin in the Microvasculature
Matthias Barton

University of Zurich School of Medicine, Medical Policlinic, Department of Medicine, University Hospital Zurich, Switzerland

[5, 6]. The predominant isoform of the endothelin peptide
family, endothelin-11–21, 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 ETA receptors predominantly promote vasocon-
striction and growth, whereas activation of the ETB 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]. ETA receptors
preferably bind endothelin-1, whereas the ETB 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 ETA receptor—which 
is rarely detected in macrovascular endothelial cells—is
expressed in microvascular endothelium. Microvascular
endothelial cells are also structurally different from
endothelial cells in 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 more vesicles. 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

Introduction

Vascular activity of a peptide secreted from endothelial
cells was 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 clinically
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 a peptide 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

Copyright © 2006, Elsevier Science (USA).
5 All rights reserved.
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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
cytokines in circulating blood cells and also 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 ETA receptors. In
addition, angiogenesis provides an important means to
increase blood supply of the tumor growth and metastasis.

Proliferation and wound healing of endothelial cells is medi-
ated by ETB receptors. Therefore, endothelin-1 via ETB
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. ETA
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 ETA receptors are expressed
by microvascular endothelial cells, inhibiton of these recep-
tors is likely to play a role for capillary formation and
growth as well. It is therefore 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,

Figure 1 Biosynthesis and multiple functions of endothelin-1(1–21) 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(1–38). 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; ETA, endothelin ETA receptor; ETB, endothelin ETB receptor. Reproduced
from reference [5] with permission.



CHAPTER 1 Endothelin in the Microvasculature 7

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 usually attributed to media-
tors such as histamine or VEGF, endothelin may not only
contribute to tissue edema but also induces rolling and
adherence of leukocytes to the capillary wall [11] (Figure 3).
This results in inflammation, blood hyperviscosity, and
microcirculatory stasis, leading to a substantial decrease in
microcircular O2 extraction and cell dysfunction. These
changes can be prevented to a large extent by endothelin
receptor blockers targeting the ETA receptor, a treatment
that has been shown to substantially reduce microcirculatory
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 Hypercholesterolemia

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 ETA receptors [10, 13]. Similarly,
prevention of myocardial inflammation, infarction, and
fibrosis in atherosclerotic mice by endothelin ETA receptor
blockade has been demonstrated [12], and beneficial effects
on structural changes in mesenteric resistance vasculature of

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. ETA receptor (ETAR) activation by ET-1 could promote angiogenesis by increasing
VEGF production through HIF-1-dependent mechanisms. ET-1 binds to specific ETB receptors (ETBR) on endothelial cells and to
ETA receptors on pericytes/vascular smooth muscle cells or on tumor cells lining vessels (vasculogenic mimicry). ETA receptor
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;
Akt, protein kinase B; Hif, hypoxia-inducible factor-1; VEGF, vascular endothelial cell growth factor; VEGFR, vascular endo-
thelial cell growth factor receptor. Reproduced from reference [8] with permission. (see color insert)
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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 (�) or presence (�) of the ETA antagonist BQ-610 before and
after global ischemia in gerbils. Arrow indicates time point of drug administration, bar indi-
cates time of ischemia. *p < 0.05 versus control. From reference [11] with permission.
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Table I Effects of atherosclerosis and endothelin ETA receptor blockade
with darusentan for 30 weeks on vascular structure in mesenteric resistance

arteries in apolipoprotein E-deficient mice (apoE0) and wild-type controls
(C57BL6/J) measured after treatement in isolated vessels in a arteriograph

system in vitro under perfused and pressurized conditions.

Group C57 C57 + Darusentan apoE0 ApoE0 + Darusentan

Lumen diameter (mm) 222 ± 4 235 ± 7 217 ± 5 220 ± 8

Intima-media thickness (mm) 18.9 ± 0.2 18.3 ± 0.4 20.9 ± 0.7* 17.0 ± 0.4†

Intima-media CSA (¥103 mm2) 14.3 ± 0.2 13.9 ± 0.5 15.6 ± 0.6* 12.9 ± 0.5†

ApoE0, apolipoprotein E deficient; C57, wild-type control; darusentan, ETA receptor antagonist (Knoll
LU135252); CSA, cross-sectional area; *P < 0.05 versus C57; †P < 0.05 versus apoE0. Modified from reference [15]
with permission.

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 ETA receptor (BQ-123, BQ), platelet-activating factor (WEB-
2086, WEB), or H1 histamine receptors (diphenhydramine, H1). * p < 0.05 versus CON; † p < 0.05
versus ET-1. From reference [9] 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 ETA 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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mice with atherosclerosis have been reported (Table I). It is
not known whether the microvascular changes described
mechanistically translate into the inhibition of advanced
human-like atherosclerotic lesions observed after ETA
receptor blockade [14], but it is likely 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

Insights into this mechanism have been made possible by
recent development of new microtechnologies and tools 
that allow 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 is critical during all
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 abluminal 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

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 endothelial 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? This is a complex problem in light
of the fact that their environment contains multiple soluble,
insoluble, and mechanical stimuli that may provide conflict-
ing signals to 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).

Copyright © 2006, Elsevier Science (USA).
13 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 angiogenesis is critical
for normal function of the female reproductive system as
well as wound healing and the immune response. Directed
cell movement is also a feature of the tissue remodeling that
occurs during postnatal developmental processes, such as
branching morphogenesis of the mammary epithelial ductal
system and elongation of the ureters in the renal system. In
the subventricular zone, an area of the brain containing neu-
ral stem cells, neurogenesis occurs throughout adulthood,
with the majority 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 also 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 is initiated as a cellular response to chemotac-
tic gradients of soluble mitogens and haptotactic gradients
of insoluble adhesive (ECM) molecules in the local
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 a loose network of actin
filaments and are known as lamellipodia; they are also
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-
sions filled 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 a result of actin polymer-
ization; however, these filaments are cross-linked into long,
stiff bundles that can extend to up to tens of micrometers in
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

Filopodium

Lamellipodium

ECMTraction

Focal Adhesion

Forward Motion

Figure 1 Diagram of a Migratory Cell. As the attachment sites between the intracellular 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 as lamellipodia and filopodia. The thin, sheet-like lamellipodium is characterized by a tight
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,
as well 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 as traction sites that 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 adhesions in the trailing edge and release of the tail
to result in net forward movement of the entire cell.

Control of Motility by ECM

It is well known that ECM plays a central 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.,
squares, 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 endothelial 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-
niques also has allowed 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 as well.

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
kinase that is activated upon binding to the GTP-bound form
of Rac or Cdc42. Pak provides a direct 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 dynamics is 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 changes in 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 a vast 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 a transi-
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-
sion is on the order of tens of minutes, whereas the exchange
rates of its individual 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 cells with 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 events that 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 the focal 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 a force-dependent manner. Recent work in Drosophila has
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 stress results in 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 parameters in 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, guides intracellular 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 a migrating cell.
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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 regardless 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.

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 (CBMs), 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 BMs until 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

Copyright © 2006, Elsevier Science (USA).
19 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 is to provide the reader with
background information regarding the morphological het-
erogeneity of CBMs, and specifically with some methods by
which their thickness may be accurately measured.

Ultrastructural Definitions

Basement Membranes

BMs were first defined by LM as extracellular layers sub-
jacent to epithelia. Because the practical limit of LM reso-
lution is approximately 0.2 mm, these BMs necessarily
included considerable quantities of stained ground sub-
stance and reticular (small collagen) fibers in 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 a large 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-
nae rarae).

Capillary Basement Membranes

TEM analyses of many tissues show that all capillaries
are surrounded by CBMs 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 alveolar capillaries,
and capillaries of the central nervous system (including the
retina). In these, both CBM surfaces are demarcated by cell

membranes. In the kidney, glomerular BMs are flanked by
capillary endothelial cells and podocytes; in the lung, pul-
monary alveolar BMs intervene between capillary endothe-
lium and the alveolar epithelium, and in the CNS (retina),
CBMs are sandwiched between endothelial and glial
(Müller) 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 (area). 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

Figure 1 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.
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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 thickness is a
normal function of age and is considered a biomarker for
aging. However, thickness increases with age are not seen in
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 a diagnostic hallmark. This is especially true in chronic
stages of diabetes mellitus where most CBMs are thickened,
and glomerular and retinal CBMs show remarkable thick-
ness increases in humans and animal models of the disease
[2]. In fact, it is fair 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 (MMP-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
radicals/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 aldose 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 alter 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 goal 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 several
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, visual fields, sites of
measurement), then the study will be flawed and of no
value. For example, with some CBM measuring techniques,
it is essential 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.

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.
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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
OsO4, 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. In this regard, 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 (1 mm) 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-
ously to all sections. For example, for selecting skeletal
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 slightly elliptical).

Either TEM photomicrographs or digital images may 
be utilized for ultrastructural morphometry, but regardless 
of the mode chosen, all 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

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-
allel 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 a right-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 plasmalemmae). However, this
process is painstakingly slow and unnecessary because of 
a major 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
8/3p [6]. This final calculation is designed to remove the
expected right-sided measurement distribution skew [7] and
to yield a true CBM thickness.

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.
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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 a recent 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 goal of all 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, this is 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 individuals and
between and within tissue types. This real CBM thickness
variation demands that conclusions be drawn from investi-
gations with large sample 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, physiological condi-
tions, and in several disease states—most notably diabetes
mellitus. This important 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 located wherever nonconnective tissue cells border
the connective tissue space. Many basement membranes thicken with age
as well as in several disease states, notably diabetes mellitus.

Capillary: A small microvascular channel, generally less than 10 mm
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 0.2 mm.
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the six potential N-linked glycosylation sites. The a 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 a and gc 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 signal through several nonreceptor
tyrosine kinases associated with the cytoplasmic tail of the
receptor. This includes the JAK/STAT pathway, Src family
kinases (p59fyn in mice and p59fyn and p53/p56lyn in
humans), and PI-3 kinase. In T lymphocytes, the MAPK
family (p38) is also involved. IL-7 activates JAK1 and
JAK3 kinases, which are also activated by the cytokines that
share the gc receptor subunit. JAK kinases can further acti-
vate signal transducers and activators of transcription
(STAT1, STAT3, and STAT5), which in turn translocate 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 as well as in the a chain gene of the IL-7 recep-
tor results in autosomal, recessive SCID, whereas mutation
in the gc chain gene causes X-linked SCID (SCID-X).

Interleukin 7 (IL-7) is a stromal cell–derived cytokine
that is critical for B- and T-lymphocytes development. 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 a local biological activity. It was also 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 a
chain (CD127) that specifically binds IL-7 and the com-
mon g chain gc (CD132), which is also a component of 
several 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-7Ra
and gc 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 a chain
of IL-7R can also bind 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-translational modification of one or more of

Copyright © 2006, Elsevier Science (USA).
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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-7Ra 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 critically
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 the initial 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 PP,
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 a tissue-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 a
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 endothelial cells
may support this hypothesis.

Activity of IL-7 on endothelial cells is 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 IL-7 can induce sig-
nal transduction events in cells that do not express IL-7R
because of the ability 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.

Figure 1 The Schematic Structure of IL-7R. The receptor for IL-7 
consists of a specific a chain and a common gc chain. The IL-7Ra is also
a part of thymic stromal lymphopoietin (TSLP), whereas the gc 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 & Francis AS.
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been shown to cleave membrane-bound growth factors,
such as HB-EGF and TGFb, as well as to 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 recapitulates the earliest events associated with the
onset of neovascularization, our laboratory has shown that
MMP-2 is a critical 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 MMP 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 

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-
lial cells (EC), under the influence of angiogenic mitogens,
secrete MMPs, and the proteolytic activity of these enzymes
facilitates the sprouting of EC out from the parent venule as
well as the 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 a nearby blood vessel, extravasate
at a distant site, and then to finally invade the distant tissue
in order to seed a new metastatic lesion. MMPs have also

Copyright © 2006, Elsevier Science (USA).
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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 as a function of their being
a part of a naturally occurring protein.

Although MMPs are routinely regarded as being proan-
giogenic molecules, MMPs have also recently been shown
to process antiangiogenic fragments from their inactive par-
ent molecule, suggesting that they can also 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,
MMPs 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, although some limited
degree of specificity exists. For example, TIMP-2 binds
preferentially to MMP-2, whereas TIMP-1 binds to MMP-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 the first three loops has been
identified as the MMP inhibitory site by both biochemical
and structural studies. In fact, the first three loops expressed
alone as a truncated 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 members in
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 as to 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 a variety 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 angiogenesis in 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 angiogenesis in
vivo, whereas TIMP-3 has no significant effect on normal
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 specifically, 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-

Figure 1 Role of MMPs in angiogenesis, tumor growth and metastasis.



CHAPTER 5 Matrix Metalloproteinases, Tissue Inhibitors of Metalloproteinases, and the Microvasculature 31

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 alone has been shown to inhibit
this process, presumably by hijacking pro-MMP-2 from the
activating complex. This interaction has now been shown to
be mediated by the C-terminal 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 a key role in 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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Figure 2 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.
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MMP activity resulted in the inhibition of angiogenesis and subsequent
tumor growth, and that MMP activity was critical for the switch to the
angiogenic phenotype. They have published extensively on the role of
MMPs and TIMPs in the regulation of vascular growth and angiogenesis.
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and pathophysiological processes, with an emphasis in 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-like1
protein. Additionally, several plant and nonvertebrate
MMPs 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 b-
sheet and three a-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

Introduction

As important as the inner organelles of the cell, the extra-
cellular matrix (ECM) plays fundamental roles in cell func-
tion. The molecular framework of the extracellular matrix
serves several 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-
turally, 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 aim at summarizing the
newest knowledge on the role of MMPs in physiological

Copyright © 2006, Elsevier Science (USA).
33 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 I and IV. Because these domains are also
found in many other proteins, for instance in integrins, it is
thought that they can also 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 all MMP family members have a similar over-
all structural 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 MMP-2
and MMP-9 have an insert of three fibronectin type II
domains in the vicinity of the catalytic site. NMR studies
have indicated that the inserts consist of two antiparallel 
b-sheets, connected with a short a-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 features that 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 inserts in 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
II receptor-like domain, and a furin-susceptible region.
MMP-23 is activated 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
MMPs, 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 MMPs, 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 I summarizes groups of MMPs.

Activation of Metalloproteinases

The final products of MMP gene translation 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 translocation 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 sequence
between the propeptide and the catalytic domain that is 
susceptible for furin or furin-like proprotein convertases
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Table I Groups of Human MMPs.

Enzyme GENE Domains Substrate

Collagenases
MMP-1, 11q22–q23 Pre-Pro(SH)-Cat(Zn)-Hinge-Hemopexin(S-S) Aggrecan, collagens I, II, III, VII, VIII, X, XI, enactin, 
Interstitial collagenase, fibronectin, gelatin, IGFBPs, laminin, link protein, 
collagenase 1 myelin basic, tenascin, vitronectin, a1-AC, a2-M, 

a1-PI, casein, C1q, fibrin, fibrinogen, IL1b, ProTNFa
MMP-8, 11q21–q22 Pre-Pro(SH)-Cat(Zn)-Hinge-Hemopexin(S-S) Aggrecan, collagens I, II, III, a2-M, a1-PI, C1q, 
Neutrophil collagenase, fibrinogen, substance P
collagenase 2

MMP-13 11q22.3 Pre-Pr(SH)-Cat(Zn)-Hinge-Hemopexin(S-S) Aggrecan, collagens I, II, III, VI, IX, X, XIV, fibrillin, 
Collagenase 3 fibronectin, gelatin 1, osteonectin, a2-M, casein, factor 

XII, fibrinogen, proMMP2, ProTNFa

Gelatinases
MMP-2, 16q13 Pre-Pro(SH)-Cat-3xFnII(Zn)-Hinge- ADP-ribose polymerase (in vitro) [ref 64 S1], collagen 
Gelatinase A Hemopexin(S-S) I, III, IV, V, VII, IX, X, XI, decorin, elastin, entactin/

nidogen, fibrillin, fibronectin, fibulins, gelatin1, IGFBPs, 
laminin, a1-AC, a1-PI, C1q, fibrin, fibrinogen, IL1b, 
ProTNFb, plasminogen substance P

MMP-9, 20q11.2–q13.1 Pre-Pro(SH)-Cat-3xFnII(Zn)-Hinge- Aggrecan, collagens IV, V, XI, XIV, decorin, elastin, 
Gelatinase B Hemopexin(S-S) fibrillin, gelatin1, laminin, link protein, myelin basic, 

osteonectin, vitronectin, a2-M, a1-PI, casein, C1q, 
fibrin, fibrinogen, IL1b, ProTNFa, Pro TNFb, 
plasminogen, substance P

Stromelysins
MMP-3, 11q23 Pre-Pro(SH)-Cat(Zn)-Hinge-Hemopexin(S-S) Aggrecan, collagens III, IV, V, VII, IX, X, XI, decorin, 
Stromelysin 1 elastin, entactin/nidogen, fibrillin, elastin, fibronectin, 

gelatin1, IGFBPs, laminin, link protein, myelin basic, 
osteonectin, tenascin, vitronectin, a1-AC, a1-PI, C1q, 
E-cadherin, fibrin, fibrinogen, IL1b, ProTNFa,  
plasminogen,substance P, T-kininogen

MMP-10, 11q22.3–q23 Pre-Pro(SH)–Cat(Zn)-Hinge- Aggrecan, collagens III, IV, V, elastin, fibronectin, 
Stromelysin 2 Hemopexin(S-S) gelatin1, link protein, casein, fibrinogen

MMP-11, 22q11.2 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge- IGFBPs, a2-M, a1-PI
Stromelysin 3 Hemopexin(S-S)

Matrilysins
MMP-7, 11q21–q22 Pre-Pro(SH)-Cat(Zn) Aggrecan, collagens I, IV, decorin, elastin, entactin/
Matrilysin 1, pump-1 nidogen, fibronectin, fibulins, gelatin1, laminin, link 

protein, myelin basic, osteonectin, tenascin, vitronectin, 
a1-PI, casein, E-cadherin, fibrinogen, Pro-a-defensin,
Fas-ligand, Pro(TNF)-a

MMP-26, 11p15 Pre-Pro(SH)-Cat(Zn) Collagen IV, fibronectin, gelatin1, a1-PI, fibrinogen
Matrilysin 2, endometase

Membrane-Type MMPs
MMP-14, MT1-MMP 14q11–q12 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge- Aggrecan, collagens I, II, III, elastin, entactin/nidogen, 

Homopexin(S-S)-TM-Cytoplasmic tail fibronectin, gelatin 1, laminin, vitronectin, a2-M, a1-PI, 
Factor XII, fibrin, fibrinogen, ProMMP2, ProTNFa

MMP-15, 15q13–q21 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-
MT2-MMP Homopexin(S-S)-TM-Cytoplasmic tail

MMP-16, 8q21 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge- Collagen III, fibronectin, ProMMP2
MT3-MMP Homopexin(S-S)-TM-Cytoplasmic tail

MMP-17, 12q24.3 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-
MT4-MMP Homopexin(S-S)-GPI anchor

MMP-24, 20q11.2 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-
MT-MMP Homopexin(S-S)-TM-Cytoplasmic tail

MMP-25, 16p13.3 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-
MT6-MMP Homopexin(S-S)-GPI anchor
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cleavage. During post-translational 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–binding pro-
teins, cell surface receptors, and cell–cell adhesion mole-
cules. In addition, they may act via cell receptors, as for
instance a2b1 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 external 
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 a role 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, which is
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

MMPs can be inhibited by a-2 macroglobulin, a general
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 MMPs in vivo, have four members (TIMPs
1 to 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-terminal 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 complexes is 1 :1.

The role of TIMP in the activation and inhibition of
MMP 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

Table I Continued

Enzyme GENE Domains Substrate

Others
MMP-12, 11q22.2–q22.3 Pre-Pro(SH)–Cat(Zn)-Hinge-Hemopexin Aggrecan, collagens I, IV, decorin, elastin, entactin/
macrophage metalloelastase nidogen, fibronectin, gelatin 1, laminin, myelin basic, 

tenascin, a2-M, a1-PI, Factor XII, fibrinogen ProTNFa, 
ProTNFb, plasminogen

MMP-19, 12q14 Pre-Pro(SH)–Cat(Zn)-Hinge-Hemopexin Collagens I, IV, fibronectin, gelatin 1, tenascin, casein
RASI-1

MMP-20, 11q22.3 Pre-Pro(SH)–Cat(Zn)-Hinge-Hemopexin amelogenin
enamelysin

MMP-23, 1p36.3 Pre-Pro(SH)-FurinSite-Cat(Zn)-Cys-rich-
cysteine array Ig-like
MMP (CA-MMP)

MMP-27, 11q24 Pre-Pro(SH)–Cat(Zn)-Hinge-Hemopexin
CMMP

MMP-28, 17q21.1 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; 3xFnII, 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; Ig-like, immunoglobulin like domain. This table is based on [2, 4].
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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 nuclei 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 crucial role in maintaining the
proper level of metalloproteinase 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 sequentially (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; MMP14
(MT1-MMP) maps to human chromosome 14, MMP15
(MT-2-MMP) to human chromosome 16, and MMP16 (MT-
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 11q22.2–22.3 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 physically
linked within the 62-kb region. The promoter region of the
MMP-12 gene contains several 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 is a
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 b, 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 MMP genes are susceptible to external induction, which
occurs with participation of the regulatory elements listed
above. Regulation at the translational 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-b is a potent regulator of
many genes that carry AP-1 motifs in their promoters. It
generally 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-b 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 roles in different areas related to vas-
cular biology, particularly angiogenesis, which involves
intimate interaction between the vascular cells and their sur-
rounding matrix. MMP-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 regional 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 is the endothelial receptors tyro-
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 as intussusception, 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 cells from the original
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 endothelial 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 the first type
III 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 as a result 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 postulated 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 called 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 monocrotaline, 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
is to activate or to inactivate (inhibit) other proteins (substrates), usually 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 Isoforms
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VEGFR1 (exon 3) and VEGFR2 (exon 4) binding (Robin-
son and Stringer, 2001). VEGF is alternatively spliced to
produce several isoforms that vary in amino acid number in
all species studied to date (Table I). 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 a result, 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 alternative 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

Interactions 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

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 endothelial cell (EC) mitogen that serves as a
mediator of angiogenesis and vessel permeability. As such,
VEGF is essential for tumor growth and angiogenesis and 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 (PlGF). 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
VEGF receptor-2 (VEGFR2; Fkl-1; KDR). VEGFR2 is pri-
marily associated with the mitogenic and angiogenic activi-
ties of VEGF, whereas VEGFR1 is thought to be a reservoir
for VEGF in solution, thereby regulating its availability.
VEGF 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 gene is comprised of eight exons separated by
seven introns (Figure 1). Exons one through five and eight
are common to all isoforms. The first five exons encode for
domains involved in a-helical dimerization, a signal peptide
cleaved following secretion (exons 1 and 2), and sites for

Copyright © 2006, Elsevier Science (USA).
41 All rights reserved.
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affinities, and VEGF189 and VEGF206 have the highest
affinities for HSPG (and heparin in vitro) (Table II). 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

(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 a two- 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

Figure 1 Isoforms of Human VEGF-A Generated by Alternative Splicing. Alternative splicing
of human VEGF-A has been reported to generate several 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 all isoforms are indicated on
VEGF206. HSPG binding 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.

Table I VEGF Isoforms from Alternative
Splicing in Species Studied to Date.

Species VEGF-A Isoforms (number of amino acids)

Human 121, 145, 165, 183, 189, 206

Mouse 115, 120, 164, 188

Quail 122, 146, 166, 190

Rat 120, 164, 188

Bovine 120, 164

Table II Biochemical Properties of Human
VEGF Isoforms.

Isoform Exons MW (kDa) Acidic or basic Heparin
binding

121 1–5, 8 34 Weakly acidic no

145 1–5, 6a, 8 41 yes

165 1–5, 7, 8 46 basic yes

183 1–5, 6a*, 7, 8 46 yes

189 1–5, 6a, 7, 8 52 basic yes

206 1–5, 6a, 6b, 7, 8 ~60 basic yes

Molecular weight (MW) based on the sum of monomer band sizes.
* indicates that exon 6a is truncated.
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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 permeability 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, as their dele-
tion by proteolytic cleavage or alternative 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 VEGFR1.

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 VEGFR1 activity. In addition to
heparin, exon seven of VEGF binds 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.

Isoform Expression

In human tissues, VEGF121, VEGF165, and VEGF183
are expressed in virtually all cell types examined, with the
notable exception of EC. VEGF145 is restricted 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
all VEGF isoforms are expressed in embryonic mouse

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 VEGFR2). 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.
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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 slight 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 isoforms in developing and adult organs are
an indication that the isoforms have specific functions dur-
ing developmental and adult angiogenesis.

Isoform 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 a result 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 a week 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 alveo-
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 sequestered, 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
is severely impaired; there is a dramatic 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 also exhibit abnormal retinal
vascularization. Although the primitive vessel plexus is nor-
mal at postnatal day 3 (P3), vessel number is reduced 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 critical and rate-
limiting roles in the formation of a wide 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, although
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 models in 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 a VEGF164-
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 also 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 differentially
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 sequences.

HSPGs: Heparin sulfate proteoglycans.
Ischemia: A condition in which tissues become oxygen deficient as a

result of several pathological conditions. As a result, the tissue is relatively
hypoxic, leading to upregulation of the VEGF gene.

Isoforms: Different forms of a protein, derived from a single gene that
result from alternative splicing.
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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 mediators in brain formation,
ephrin signaling is also essential 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 constitute the largest family of tyrosine
kinase receptors in vertebrates [4]. Tyrosine kinase receptors
participate broadly in many pathways controlling cell

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 a frog’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

Copyright © 2006, Elsevier Science (USA).
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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 as repulsion
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 receptors tend 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
originally 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
visual 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 as well [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 vessels form 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 veins is strongly suspected.

Blood vessels form embryonically in two discrete stages.
During vasculogenesis, endothelial cell precursors first form
into a crude template known as the 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 also appear to have strong angiogenic components to
their pathophysiology. Ephrin-signaling may play a role 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-A1 ligands to bind EphA2 receptors on endothelial
cells as part of its signal transduction [12]. More recent stud-
ies suggest that tumor cells often develop the ability to
express Ephrin-A1 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 Identities

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 García-Cardeña et al. 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
as well [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, adrenal
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 a model of VEGF-induced

angiogenesis, as well as subsets of microvessels in wounded
tissue undergoing healing. Strikingly, approximately half of
the vessels present in the microvasculature 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
also 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-
ationally 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 arterial-venous neutrality. In 1979, Lojda
realized that because the enzyme alkaline 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 alkaline 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 prove to 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 arteries to arterioles, all
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 arterial
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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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
is viewed as a dynamic, mutable, heterogeneous, distributed
organ with essential secretory, synthetic, metabolic, and
immunologic functions. The picture of “unparalleled hetero-
geneity” is revealed 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 endothelial 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. (Actually, the capillary
endothelial cells of the synovium exhibit a continuous mor-
phology on the side facing away from the synovial fluid and
a fenestrated 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

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 Iowa is vastly different
from a person from California. Even in Virginia alone, those
who lived in the northern part of the state near Washington,
DC are totally different from those who grew up in central
Virginia where Sweet Briar is located. Taken as a whole,
America is bursting with ethnic and cultural diversity, but in
reality, it is small pockets of homogeneity that combine to
form a picture of unparalleled heterogeneity.1

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 ¥ 1013. Like Americans, the mainstream “endothelial
culture” of blood, tissue, and nutrients is there for all to note.
These uniting factors do not, however, reveal the vast dif-
ferences of specific circulations [1, 2]. Several 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 atherosclerosis is
generally restricted to the larger arteries.

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

Copyright © 2006, Elsevier Science (USA).
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“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 is the 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 cells in
capillaries and arterioles, but not in venules (Figure 2). This
selectivity is impressively 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 receptors involved in lympho-
cyte homing illustrates another aspect of endothelial 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

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 c, 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) as in the renal 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].)
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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 cells in most organs; how-
ever, it is absent or present only at very low concentrations
in arteriolar and capillary endothelial 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
differences in shear stress (see following sections for further
discussion of physical forces). Table I summarizes the
expression of several vascular bed–specific endothelial 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

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 is a result 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 permeability of different
vascular beds to low-molecular-weight compounds as well
as to 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
endothelial cells (i.e., at 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 also differences in the expression of dif-
ferent transporters and plasmalemmal vesicles from one
vascular bed to another. For example, plasmalemmal vesi-
cles are rarely seen in brain endothelia, yet are relatively 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 (mdr1a), an

Figure 2 Staining of microvessels in rat trachea by postfixation perfu-
sion of biotinylated wheat germ agglutinin (WGA) lectin, followed by reac-
tion with DAB peroxidase. WGA lectin binds to the luminal 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.)

Table I Different Markers of Endothelial
Specialization [1, 5].

Marker Preferential Expression

Ephrin-B2 Arterial endothelial cells

P-glycoprotein Brain endothelial cells
(mdr 1a)

Glut-1 Brain endothelial cells

CD73/transferrin Brain endothelial cells
receptor

LuECAM Lung venular endothelial cells

GlyCAM-1 HEVs

NF-HEV HEVs

MECA79 HEVs, chronically inflamed EECs

VAP-1 HEVs, endothelial cells in large vessels

VAP-2 HEVs, venules

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

MadCAM-1 Peyer’s patches, mesenteric lymph node HEVs, 
venules in intestinal lamina propria, spleen sinus

EphB4 Venous endothelial cells

Flt-4 Lymphatic endothelial cells

LYVE-1 Lymphatic endothelial cells

Podoplanin Lymphatic endothelial cells

Prox-1 Lymphatic endothelial cells

Desmoplakin Lymphatic endothelial cells
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active transporter that transports low-molecular-weight mol-
ecules from the basal to apical surface, thus protecting the
cells of the central 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)PGI2, endothelial-derived hyperpolariz-
ing factor (EDHF), adrenomedullin, and the potent vaso-
constrictor, endothelin-1. PGE2, 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 previously, 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 plaque structure of electron-dense material on the
plasma membrane of adjacent cells, are ubiquitously
expressed in endothelia of all 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) is more 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 700m2. 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 alveolae, provides a system in which
blood flows through these vessels as if between sheets, pro-
viding for maximal exposure of the capillary blood to alve-
olar gases. Surprisingly, relatively little is known about the
potential expression of specific metabolic enzymes in pul-
monary capillary endothelia.

Endothelial 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 pulsatility at high pressures, yet in veins it 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 longitudinal 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 crucial 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 as lami-
nar shear stress, have revealed a remarkable difference in
phenotype. Disturbed or turbulent flow is associated with
the generation of reactive oxygen species by endothelial
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; this is a relatively understudied aspect of endothelial
heterogeneity.

Endothelial 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 endothelial cells than capillaries found in
endocrine tissues such as the adrenal gland. Pericyte cover-
age of newly formed blood vessels is also thought to play a
role in the stabilization of these structures; the vasculature
of tumors is poorly invested with pericytes.

Endothelial 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. This is likely
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 several publi-
cations. There are regional differences in endothelial “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 endothelial 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
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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. II.
The site of action of histamine and serotonin along the vascular tree: A
topographic study. J. Biophys. Biochem. Cytol. 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). Endothelial 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. Kallman, 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., Velculescu, 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 Exelixis Inc. 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 Vessel: 
Endothelial Fenestrae

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

lium). Fenestrae are encountered in the most attenuated
regions of the endothelium, where the cell profile is 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 a rapid 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 radial 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) preferentially
deposited within a glycocalyx visible on the luminal aspect
of the fenestral diaphragm. Capitalizing on this initial 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-

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–retinal 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 (although they can be as large as
approximately 125nm within the liver sinusoidal endothe-

Copyright © 2006, Elsevier Science (USA).
57 All rights reserved.
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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 differential
sensitivity to heparinase and heparitinase in the fenestral
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 diaphragms is absent altogether in
the bone marrow and the fetal liver.

Recent studies by Stan and colleagues identified an
endothelial cell-specific protein, Plasmalemmal Vesicle 1
Protein (PV-1) as the first known component of the fenestral
diaphragm. PV-1 is a 60-kDa Type II 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 also 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 be involved in the differentiation program of a fen-
estrated endothelial cell.

Endothelial Cell Microenvironment

Fenestrated microvessels are in constant contact with 
the extracellular matrix, both in the form of routine basal
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 100 mm2). Similarly, treatment of cultures with
retinoic acid led to a threefold increase in the surface den-
sity of fenestrae, while transforming growth factor b led 
to a sevenfold decrease in their density. The physiological
relevance of these signaling pathways remains 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

Figure 1 A scanning electron 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)
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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-
lial cells further reinforce the ability of VEGF to promote
fenestrae biogenesis. It is still unknown to what degree over-
all VEGF-induced permeability can be attributed to fenes-
trae formation, since VEGF also triggers the appearance of
other structures implicated 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-

Figure 2 Schematic representation of a capillary with fenestrated endothelium and underlying basement membrane. Fenestrae are found only at the most
attenuated regions of endothelial cells, where the nucleus and organelles are excluded and the distance from apical to basal plasma membrane is as little as
40 nm. They occur in groups and are arranged in a near-linear fashion with precise spacing between them. Inset shows the fenestral pore to be 60 nm 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)
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ing the effect of agents that disrupt actin microfilament
assembly on highly fenestrated liver sinusoidal endothelial
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 physiological 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 endothelial
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 differentiates to give rise inde-
pendently to fenestrae and caveolae still remains a valid
point for consideration.

A PUTATIVE ROLE FOR THE DIAPHRAGM IN

FENESTRAE FORMATION

The presence of a diaphragm in fenestrae is variable; 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 a role 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 basal
plasma membranes come together, could be functions of the
protein-rich diaphragm.

APICAL-BASAL PLASMA MEMBRANE FUSION FOLLOWING

ACTIN 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 apical and basal plasma membranes. Cortical actin
removal has been shown to be an important prerequisite to

Figure 4 Fenestrated endothelium of choriocapillaris. This image 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)
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membrane fusion during exocytosis, while removal 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 as ferritin (~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
analogous 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 a major phys-
iological role for fenestrae, several 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 adrenal 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 vessels in
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.

Challenges for 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 100 nm 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 70 nm 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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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 a relatively short cytoplasmic domain of about 40 amino
acids. The extracellular domain consists of five subdomains,
which are referred to as a1, a2, b1, b2, and c. The a1a2 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 a1a2 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 a1a2

The development, patterning, and stabilization of the
vasculature depends on several 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
the role of NRPs in the vasculature 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

Copyright © 2006, Elsevier Science (USA).
63 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 (PlGF-
2), VEGF-B, and VEGF-E bind NRP1 but not NRP2. On the
other hand, VEGF145 and VEGF-C bind NRP2 but not
NRP1. Domain binding sites have been determined for
VEGF165 and PlGF-2, both of which bind to the b1b2
domain. The binding sites of VEGF-B, VEGF-C, and
VEGF-E on NRP have not been determined.

Heparin, which enhances both VEGF165 and PlGF-2
binding to NRP1, binds the b1b2 domain. Heparin and
heparan sulfate may play a critical role in EC NRP function
by forming a complex of VEGF165 or PlGF-2, NRP1b1b2,
and heparin that facilitates ligand binding to NRP1. Because
the b1b2 domain is a binding site for Sema3A, VEGF165,
and PlGF-2, there may be a structural basis for competitive
inhibition of the different NRP1 ligands. For example,
Sema3A competes VEGF165-induced EC migration and
VEGF165 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 differential
embryonic blood vessel expression patterns for NRP1 and
NRP2 in the avian vascular system. In the avian vasculature,
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 
Endothelial 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 VEGF165 to VEGFR-2 and
VEGF165-mediated chemotaxis as compared to cells
expressing VEGFR-2 only. Conversely, inhibition of
VEGF165 binding to NRP1 inhibits its binding to VEGFR-2

and its mitogenic activity for EC. VEGF165 binds NRP1 via
its exon 7–encoded peptide, whereas it binds VEGFR-2 via
its exon 4–encoded peptide. VEGF165 may form a bridge
between the two receptors, facilitating a better presentation
of VEGF165 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 VEGF165. However, other reports have suggested that
NRP1 can directly interact with VEGFR-2.

Semaphorin-Mediated Neuropilin Activity in
Endothelial Cells

NRPs bind class 3 semaphorins, regulators of neuronal
guidance. Semaphorin 3A (Sema3A), which is the best char-
acterized semaphorin, repels axons, collapses dorsal 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 binding 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 segments in
an in vitro angiogenesis assay. The inhibition of EC motility
by Sema3A is competed by VEGF165. VEGF165 and
Sema3A are also antagonists in neuronal survival/apoptosis
assays. Thus, a balance of semaphorins and VEGF165 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-
sally migrating angioblasts, which are NRP1-positive
endothelial precursor cells that migrate to generate the 
dorsal aorta. Ubiquitous overexpression or knockdown 
of Sema3a1 protein interrupted dorsal migration of
angioblasts and retarded development of the dorsal aorta,
resulting in severely diminished blood circulation. Thus,
Sema3a1 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 developed
normally in the limbs of Sema3A knockout mice. Consistent
with this observation, transgenic mice overexpressing a
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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 a result 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 several 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 VEGF165. 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 branchial
arch–related great vessels, and dorsal aorta and transposi-
tion of the aortic arch. The development of heart outflow
tracts was also 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

Figure 1 A Schematic of Neuropilin Signaling Complexes. (A) In this model, VEGF165 bridges
NRP1 (via axon 7) and the tyrosine kinase receptor VEGFR-2 (via exon 4). There are no direct
NRP1/VEGFR-2 interactions. VEGF165 and NRP1 also bind HSPG. The NRP1 binding site for
VEGF165 and HSPG is the b1b2 domain. It is suggested that the formation of a complex between
VEGF165 and the three receptors enhances VEGF165 binding to VEGFR-2, which initiates the cellu-
lar signaling cascade, and as a consequence enhances VEGF165 activity such as chemotaxis of
endothelial cells and angiogenesis. (B) Sema3A binds to the a1a2 and b1b2 domains of NRP1. NRP1
binds to the transmembrane proteins plexin A and L1. 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.
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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 NRP1 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 NRP1/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 lethal
and survived to E10 to E10.5. The vascular phenotypes of
these mice were abnormal. The yolk sacs, while of normal
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 vessels that were heterogenous in 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 NRP1/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 axial
vessels correspond to larger blood vessels, such as arteries
and veins (Figure 2A, control). The zebrafish NRP1 gene
(znrp1) was isolated, and the zNRP1 protein was shown to
be a functional receptor for human VEGF165. Whole-mount
in situ hybridization showed that transcripts for znrp1 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 longitudinal anastomotic vessel (DLAV) (Figure 2).
However, circulation via the trunk artery and vein axial ves-
sels, which are formed by vasculogenesis, was not affected.
When zNRP1 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 regulates angiogenesis through
a VEGF-dependent pathway.

Neuropilin in Pathological Angiogenesis

Tumor Angiogenesis

Many tumor cell types express NRP1 and NRP2 and bind
VEGF165. NRPs are the only VEGF receptors expressed by
these tumor cells, so that any VEGF165 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 a tetracycline-inducible promoter. Concomitant with
increased NRP1 expression in response to tetracycline,
tumor cell migration and VEGF165 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 NRP1 retained
higher levels of VEGF, possibly because of “trapping” by
NRP1. It was concluded that NRP1 expression results in
enlarged tumors associated with substantially enhanced
tumor angiogenesis.

On the other hand, sNRP1 is a tumor antagonist. Tumors
of rat prostate carcinoma cells overexpressing recombinant

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-zNRP1 morpholino, blood flow
via intersegmental vessels, DLAV, caudal vein plexus, and posterior vein is
diminished. Axial vessel flow, however, is not affected.
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sNRP1 in vivo were characterized by extensive hemorrhage,
damaged vessels, and apoptotic tumor cells. Because sNRP1
inhibits 125I-VEGF165 binding to EC and VEGF165-induced
tyrosine phosphorylation of VEGFR-2 in EC in vitro, this
tumor phenotype may be caused by VEGF165 withdrawal
and lack of bioavailability. Withdrawal of VEGF165 from
tumors has previously been shown to result in vascular 
damage, EC apoptosis, hemorrhage, and extensive tumor
necrosis.

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 ischemia in a
hind limb 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 crucial for vas-
cular development and angiogenesis. In the future, goals

will include determining the molecular mechanisms by
which NRP regulates EC functions and elucidating the role
of NRPs in 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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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 endothelial 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 (PlGF). These ligands signal via three VEGF-
RTKs: VEGF-receptors-1 to 3. VEGF-A is the predominant
form of the ligand and can bind all three receptors, whereas
PlGF 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 a ligand 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

Introduction

Receptor tyrosine kinases (RTKs) have essential roles in
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 valuable in guiding understanding, such
cells may 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 RTKs, activating kinase activity and inducing phos-
phorylation of additional tyrosine residues. These phospho-

Copyright © 2006, Elsevier Science (USA).
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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 this issue has been by overexpression of
chimeric receptors, allowing 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
appears to 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 a negative
regulator of VEGF-A activity by sequestering the ligand and
preventing it from activating VEGFR-2.

In addition to any role in regulating VEGF-A availability,
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, Y1213, and Y1333. VEGF-A activation of
nonoverexpressing endothelial cells increases Y1213 phos-
phorylation. PLCg, Nck, and Crk bind to phosphopeptides
containing the Y1333 site, and SHP2, phospholipase 
Cg (PLCg), and Grb2 bind to Y1213 phosphopeptides.
Increased tyrosine phosphorylation of PLCg, Crk, and SHP2
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 PLCg) 
and Ras/Raf pathways (via SHP2/Grb2), 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 PlGF appear
to have some distinct effects on VEGFR-1 in endothelial
cells expressing normal levels of the receptor. The two 
ligands induce different patterns of gene expression and

activate phosphorylation of different tyrosine residues in the
receptor. In contrast to the effects of VEGF-A on Y1213,
PlGF activates phosphorylation of Y1309. The signaling
and functional consequences of Y1309 phosphorylation
have yet to be defined. Such differential effects of ligands on
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 PlGF 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 modulate
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 PlGF. 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 Y951, Y996, Y1054, Y1059, Y1175, and Y1214. Of
these, Y1175 and Y1214 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 endothelial 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
(pY801, pY1175), whereas in others p85 was bound to focal
adhesion kinase (FAK) recruited to pY1214 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 is impaired 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 VEGF induces endothe-
lial migration via VEGFR-2 is unclear. The pathway is
likely to involve FAK and PLCg, 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 PLCg 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
PLCg-mediated DAG generation and Ca+ + mobilization
contribute to increased nitric oxide (NO) generation, leading
to elevation of cGMP and increased vascular permeability.
In addition, Akt, activated via VEGFR-2 as described previ-
ously, has also been implicated. One action of the Akt is to
phosphorylate endothelial nitric oxide synthase (eNOS) on
serine1177 and increase NO production. The PLCg 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 also participate in the permeability signal-
ing pathway, although exactly how is not yet known. Acute
increased permeability of microvessels in response to 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 allow 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, PLCg, 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 PLCg acts on phosphatidylinositol 4,5-bisphosphate to generate DAG and the Ca++ mobilizing 
second messenger inositol 1,4,5-trisphosphate (IP3). Increased intracellular Ca++ may also occur via an IP3-
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
endothelial proliferation, migration, and organization into
capillary tubes.

Activation of FGFR-1 results in phosphorylation of the
juxtamembrane Y463, Y583/585 in the kinase insert,
Y653/654, Y730, and in the carboxy-tail Y766. 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 ERK1/2 stimulation, linking FGFR-1 to endothelial
proliferation. Phosphorylation of Y766 is important for both
of these pathways. This phosphotyrosine provides a site for
recruitment and activation of PLCg, leading to generation of
inositol 1,4,5-trisphosphate (IP3) and DAG with subsequent
PKC stimulation.

FGFR-1 is linked to the Ras/ERK1/2 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 results in 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 endothelial cells,
stimulation of FRS2 phosphorylation by FGFR-1 requires
the adaptor protein Shb that binds to phosphorylated Y766
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 Gab1 is re-
cruited to FGFR-1-activated FRS2 via its interaction with
the SH3 domain of Grb2. FGFR-activated phosphorylation
of Gab1 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 pY766. 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 endothelial 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,
generally 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 III–like 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 alpha 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
are involved 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, PLCg, 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 ephrinB1-induced membrane
ruffling and focal complex assembly in endothelial cells.

EphrinB1 induces phosphorylation of EphB1 in human
endothelial cells and activates both Rac1, resulting in mem-
brane spreading, and Rap1, 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 signals to modulate integrin-mediated cell attach-
ment and migration in endothelial cells and promotes angio-
genesis in vivo, although the signaling pathway has yet 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: Tie1 and Tie2.
Both of these RTKs are essential for blood vessel formation
and maintenance. There have been no ligands yet identified
for Tie1, and relatively little is known about the cellular
functions and signaling pathways utilized by this receptor.
Tie1 does inhibit endothelial apoptosis and promote vessel
survival. Several ligands, the angiopoietins, have been 
identified for Tie2. Of these, angiopoietin-1 (Ang1) and
angiopoietin-2 (Ang2) have been best characterized. Ang1
is an activator of Tie2, and Ang2 can activate Tie2 or antag-
onize the effects of Ang1 depending on the cellular context.
Tie2 inhibits endothelial death, promotes endothelial migra-
tion, suppresses microvessel regression, inhibits vascular
inflammation, and promotes microvessel integrity.

Structurally, Tie1 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 III–like repeats.
Intracellularly, the receptors each contain a tyrosine kinase
domain interrupted by a kinase insert region.

Tie1 Signaling

Studies examining Tie1 signaling have utilized chimeric
receptors in which the extracellular domain of Tie1 is
replaced by that of a receptor with known ligand. Using this
approach, Tie1 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 via Akt. Tie1 also interacts with Tie2, and
a pool of preformed Tie1:Tie2 hetero-oligomers exist in
endothelial 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 
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signaling functions. Ectodomain cleavage of Tie1 is stimu-
lated by VEGF.

Tie2 Signaling

Several phosphorylation sites have been identified in
Tie2, including Y992 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 Ang1-activated endothelial cells. Ligand-
activated phosphorylation of Y1108 results in 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 PI-
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 Y1108 phosphorylation
and activation of PI-3K. Phosphorylated Dok-R recruits the
adaptor Nck and p21-activating kinase (Pak) that constitu-

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 a binding 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 NFkB regulatory protein ABIN-2. This recruit-
ment is dependent on Tie2 phosphorylation and is activated
by Ang1 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 pY1108 in Tie2 via the DOK-R PTB domain and membrane localiza-
tion via DOK-R PH domain binding to phosphoinositide lipid products generated by PI-3k action. Tie2-
mediated phosphorylation of DOK-R provides a recruitment site for Nck binding. 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-
cades in microvascular cells for each of the RTKs reviewed.
A more comprehensive knowledge of events at the receptor,
downstream pathways, and linkage with effector mecha-
nisms is needed for each of the microvascular RTKs. 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 Ang1
both activate the Akt pathway, but VEGF stimulates pro-
inflammatory gene expression and Ang1 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 is required to integrate many signals into 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 Tie1, and hetero-
oligomeric complexes of VEGFR1:VEGFR2 and Tie1: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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to membrane phospholipids to form isoprostanes (IsoPs),
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 products in biological samples allows inference 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 endothelial cells. Neither cell in isolation is capable 
of metabolizing arachidonic acid into cysteinyl leukotri-
enes (LTC4, LTD4, LTE4). However, an unstable epoxide
intermediate, LTA4, 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 LTC4 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.

Introduction

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 compounds that 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 alkane with four double bonds.
Metabolism of arachidonic acid proceeds by oxygen inser-
tion catalyzed by several 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
a variety of prostaglandins, including PGD2, PGE2, PGF2a,
prostacyclin (PGI2), and TxA2. In the vascular bed of the
lung, the predominant prostaglandins made by vascular
endothelium are prostacyclin and PGE2. Smooth muscle
cells in lung vessels are net producers of both thromboxane
A2 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

Copyright © 2006, Elsevier Science (USA).
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The pulmonary microvasculature serves not only as an
important source of prostaglandins but also as a major site
of metabolism of these molecules. The standard bisenoic
prostaglandins (PGE2, PGD2, PGF2a) 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 as in
prolonged hyperoxia, or when lung endothelial function has
been compromised (e.g., sepsis with ARDS), transpul-
monary clearance of PGE2 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 alteration in function of systemic organs during times
of prostaglandin overproduction. Interestingly, metabolism
of both prostacyclin and thromboxane A2 tends to occur via
both spontaneous hydrolysis, which curtails the circulating
half-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 signal 
by entirely different mechanisms. For example, of the four
different E-prostaglandin (EP) receptors, one signals by
altering calcium flux, two increase cellular cyclic adenosine
monophosphate (AMP) levels, and one decreases c-AMP
[3]. Relative regional 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 eicosanoids can result in “recep-
tor promiscuity”—high levels of a structurally similar
eicosanoid ligand can activate a related receptor. In vivo and
in vitro studies have documented such cross-talk between
PGD2 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 II) 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]. PGI2 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

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)
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increases, clinical evidence of excessive bleeding in patients
does not occur. PGI2 also modulates leukocyte adhesion to
abnormal vascular surfaces, preventing local leukostasis and
limiting inflammation. The intracellular increase in c-AMP
resulting from engagement of PGI2 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 animal 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 A2 (TxA2) 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]. TxA2 has properties opposite to
those of PGI2 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 TxA2
synthesis.

It is well known that PGD2 causes bronchoconstriction.
Its effects on the pulmonary vasculature are less well docu-
mented, but in sheep PGD2 causes vasoconstriction, likely
through binding to the TxA2 receptor. Conversely, and sim-
ilar to prostacyclin, PGD2 also inhibits DNA synthesis in
vascular smooth muscle cells, but this is independent of an
increase in c-AMP. In humans, whether PGD2 has a benefi-
cial or deleterious effect on the development, maintenance,
or regression of pulmonary arteriopathy is unknown. PGD2
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. Isoprostanes may
also cause vasoconstriction and modulate platelet function,
possibly by binding to receptors for TxA2. 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 
PGD2 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 A2 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 slightly elevated. Both analytical and pharmacologic
studies using cyclo-oxygenase inhibitors suggest that throm-
boxane A2 mediates the early pulmonary vasopressor
response but does not play a role in the later alteration in
microvascular permeability.

Pulmonary Arterial Hypertension

A major 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 medial 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 changes is uncertain. 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, PGI2 and TxA2 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 TxA2 are extremely
low (< 4pg/mL). This implies 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 animal model of pulmonary hypertension using
calves exposed to hypoxia at high altitude, investigators
found decreased synthesis of PGI2 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 studies in 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 TxA2 when corresponding metabolites
of prostacyclin were decreased, so the overall ratio of
TxA2/PGI2 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 TxA2 is usually synthesized by platelets (and
to a lesser extent by other circulating cells), vascular syn-
thesis of TxA2 has been demonstrated, at least in systemic
arteries. This abnormal production of TxA2 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 alterations in the produc-
tion of PGI2 and TxA2.

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 as well as other disorders that 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. Results in patients with the scleroderma spectrum
of disease are not as impressive, perhaps because they have
a systemic 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 epoprostenol 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 although 
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 vessels is
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. Iloprost 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 a variety 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 levels in plasma in 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-
lial injury, such as circulating levels of von Willebrand
factor with long-term epoprostenol treatment. Interestingly,
in preliminary studies, despite epoprostenol’s potent effects
on platelet 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 TxA2 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 TxA2 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 PGD2 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 analogues 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 this therapy. 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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with the endothelial cells inhibited proliferation of the latter,
and TGFb was implicated in this function [2, 3].

Roles of PDGFs in the Microvasculature Revealed by
Genetic Studies

Lessons from PDGF-B and PDGFRb Knockouts

PDGF-B and PDGFRb null mice both die at late gesta-
tion from microcirculatory 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 PDGFRb null mice
is likely circulatory failure. Live born mutants die from res-
piratory distress within minutes to hours after birth.

CNS PERICYTES

The central nervous system (CNS) microvasculature has
a remarkably high density of pericytes in comparison with
most other capillary beds. The CNS is also one of the organs
most strongly affected by genetic PDGF-B or PDGFRb
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 PDGFRb. 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

Introduction

Platelet-derived growth factor (PDGF) is a family of
dimeric ligands that bind to and activate two cell surface
receptor tyrosine kinase subunits, PDGFRa and PDGFRb.
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 PDGFRb and
PDGFRa. 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 a role 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 a role also in the microvasculature. In co-culture stud-
ies, endothelial cells promoted pericyte migration—a func-
tion that was attributed to PDGF. Moreover, pericyte contact

Copyright © 2006, Elsevier Science (USA).
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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. Focal 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 endothelial
adherence junctions and multiple signs of increased vascu-
lar permeability. These observations suggest that PDGF-B
signaling through PDGFRb 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
a gross anatomical level, pericytes appear to exert control of
the capillary diameter.

MESANGIAL CELL RECRUITMENT

Mesangial cells are pericyte-like cells of the kidney
glomerulus. PDGF-B and PDGFRb null embryos both fail
to recruit pericytes into the developing glomerulus [4, 5, 9].
As a result, 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 PDGFRb.
A paracrine PDGF-B signal from the endothelium thus pro-
motes mesangial cell co-recruitment into the glomerulus,
and the mesangial cells in 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/mesangial 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
PDGFRb null mice show about 50% reduction in the num-
ber of placenta pericytes, and an associated impairment of
the formation of fetal vessel tufts in 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 PDGFRb 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 PDGFRb deficiency, and therefore has to
develop through other mechanisms. Ito cells also 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 PDGFRb 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/Rb, whereas the subsequent longitudinal recruitment to
new vessels formed by angiogenic sprouting requires
paracrine endothelial-to-pericyte signaling using PDGF-B
and PDGFRb. Although dispensable for the vSMC induc-
tion around the axial arteries, PDGFRb 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 reveal 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 as the 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 PDGFRb 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 (ª70% of normal) to
near complete 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; pericyte loss in these models is 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 as the “retention motif”. A similar motif
is found in PDGF-A and in different members of the VEGF
family, where it is included or excluded by alternative splic-
ing. In PDGF-B the retention motif may remain 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 IS 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
pericytes in 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 is that 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 is important 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 pericytes in 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 also 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 PDGFRb Signaling Mutants

Using homologous recombination in ES-cells, Soriano
and collaborators have generated an extensive allelic series
of endogenous signaling mutations in PDGFRb. Mice car-
rying these mutations show a different range of cardiovas-
cular defects. Taken together, these analyses confirm the
importance of PDGFRb signaling 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 PDGFRb.

PDGFRb SIGNALING AND CELL FUNCTION IN VITRO

PDGFRb has been the subject of intense biochemical
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,
RasGAP, STATs, Grb2, Grb7, SHP-2, PLCg, 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 PDGFRb null mutants
suggests a role for these proteins in pericyte migration and
proliferation, it was hoped that the distinct signaling muta-
tions in the endogenous PDGFRb gene would separate
between the putative multiple roles of PDGFRb signaling in
pericyte/vSMC recruitment. However, as discussed in more
detail below, it appears that the various signaling pathways
engaged downstream of PDGFRb exert additive rather than
distinctive effects in microvascular development.

PDGFRb UNABLE TO SIGNAL THROUGH PI3K AND PLCg
Surprisingly, mice homozygous for a mutation that

encodes a PDGFRb protein lacking the two PI3K-binding
phosphotyrosine residues displayed no overt phenotype
[19]. When challenged, however, they display a reduction in
the capacity to resolve an experimentally induced tissue
edema. Thus, PDGFRb 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
PDGFRb 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 PDGFRb regulates IFP is not clear,
however it is plausible to assume that it involves pericyte 
or fibroblasts mediated contraction of the ECM. Hence,
PDGFRb-mediated PI3K signaling may have its major 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 PDGFRb-mediated PI3K signaling takes part in
determining the rate of expansion of the pericyte population
[21, 22]. Hence PI3K signaling may also be involved in the
control of pericyte progenitor proliferation in vivo.

Mice carrying mutant PDGFRb unable to signal through
both PI3K and PLCg 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 PDGFRb. Since the overall growth rate of
the pericyte population is decreased in the combined PI3K/
PLCg mutants, one might speculate that the proliferation of
the mesangial cells is likewise negatively affected, and that
this may slow down repair of the injured glomerulus and, in
turn, enhance a pathological response.

PDGFRb WITH MULTIPLE PATHWAYS DEFECTS

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

A mutant has also been created in which the intracellular
domain of PDGFRb was replaced with that of PDGFRa
[24]. While homozygous carriers of this mutation lack overt
phenotype, mice carrying one hybrid receptor and one null
allele, showed spontaneous pathology similar to that
observed in the mutant lacking 7 phosphotyrosines. This
demonstrates that PDGFRa signaling can only partially
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
PDGFRb Mutagenesis

Several interesting conclusions may be drawn from com-
paring the various mouse lines that have been generated by
mutagenesis at the PDGF-B or PDGFRb 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 appears to be tolerated in organ development, with
most organs (in which pericytes depend on PDGF-B/
PDGFRb 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
PDGFRb. PDGFRa knockouts display defects in the car-
diac outflow tract [26, 27] that may relate to a primary
defect in the neural crest. Likewise, other neural crest-
derived populations of vSMC and pericytes may be affected
in the PDGFRa 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 a pro-
genitor of the vSMC/pericyte population is the kidney. Here,
PDGFRa null mutants become progressively depleted of
interstitial mesenchymal cells. However, these mutants also
partially lack mesangial cells in the kidney glomeruli in
spite of the fact that PDGFRb is the dominant receptor in
these cells. Thus, it is possible that the mesangial progeni-
tors are in part (or fully) recruited from the PDGFRa posi-
tive interstitial mesenchyme [28].

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

between PDGF-B and PDGFRb 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 (a and b). They are structurally related receptor
tyrosine kinases with 5 extracellular Ig 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 lamina with
the endothelium. Pericytes are vascular smooth muscle lineage cells that
express several of the markers of smooth muscle.
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to transluminal tissue pillars [1, 2]. Four consecutive steps
for pillar formation have been postulated:

• 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 II: Reorganization of the interendothelial cell junc-
tions followed by central perforation of the sandwich-like
structure composed of two basal membranes and two
endothelial leaflets.

• Phase III: Formation of the interstitial pillar core by inva-
sion of cell processes of pericytes and myofibroblasts;
appearance of collagen fibrils. During these first three
phases, the transluminal pillars are still very slender,
mostly with diameters less than 2.5 mm.

• 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 schematically repre-
sented in Figure 1.

In the meantime, it could be demonstrated that transcap-
illary tissue pillars could be produced by several alternative
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

Sprouting and Intussusceptive
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
endothelial 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 Intussusception

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 diameters up to 2 mm.
Serial sectioning of lung tissue followed by transmission
electron microscopy revealed these structures to correspond

Copyright © 2006, Elsevier Science (USA).
91 All rights reserved.
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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,
alternatively, 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 1 mm)
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.

Intussusception 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 initially 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 additional reason why intussus-
ception has not been recognized until recently.

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

As mentioned previously, 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-allantoic 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

Figure 1 Three-dimensional (a–d) and two-dimensional (a¢–d¢) draw-
ings illustrating intussusceptive pillar formation. The process begins with
the protrusion of opposite capillary walls into the vessel lumen (a, b, a¢, b¢).
After establishing an interendothelial contact (c, 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 transluminal 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 serial sections (f). An erythrocyte (Er) is seen
behind the pillar. Bars: e and f = 5 mm. (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)
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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 energetically 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 Intussusceptive
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

of all 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-
eral 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 is initiated 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-

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).
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sively fuse to delineate a new 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 branches is necessary, and this is
achieved via IAR. The IAR process could be observed in all
investigated organs and systems, but for easy demonstration
it is mostly 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

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

Intussusceptive Branching Remodeling: Optimization
of Branching Geometry and Vascular Pruning

Intussusceptive branching remodeling (IBR) refers to 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 IBR is
accomplished via transluminal pillars and folds, which are
inserted close to the bifurcation sites of arteries and veins of
up to 120mm 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 is implemented 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 all 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 Intussusception: Two
Complementary Angiogenic Mechanisms

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 

Figure 3 Drawing representing the process of intussusceptive arboriza-
tion (IAR). Within a capillary plexus, a series of “vertical” pillars arise
(arrows in a), demarcating the pathway of future feeding vessels. These pil-
lars undergo reshaping and fusion to form narrow tissue septa (arrows in 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.
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adaptations and remodeling of the vascular bed (= IBR). It
plays a crucial 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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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 a result 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 results in rapid
expansion of the capillary networks (= IMG), it implements
vascular tree formation (= IAR), and/or it leads to dynamic

Figure 4 Drawing representing intussusceptive branching remodeling
(IBR). The insertion 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.
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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 several major VEGF-A isoforms have dis-
tinct physical properties. VEGF-A120/1 is 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
originally purified on the basis of its affinity for heparin.
Heparin, heparan sulfate, and heparinase all 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 activities in vitro, but there is increasing evi-
dence for distinctive functions in vivo; for example, mice

VEGF-A is the founding member of the VPF/VEGF fam-
ily of proteins that also includes VEGFs B, C, and D as well
as placenta growth factor (PlGF) and a related 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 permeabilizing factor
(VPF), VEGF-A is also 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 essential for development of the lymphatic system,
VEGF-B has a role in the development of coronary arteries,
and PlGF has important roles in pathological angiogenesis.

VEGF-A Structure

VEGF-A is a highly conserved, disulfide-bonded dimeric
glycoprotein of Mr ~45kD. It shares low but significant

Copyright © 2006, Elsevier Science (USA).
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expressing only the 120 or 188 isoforms develop 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 (Flt-1) and VEGFR-2 (KDR, Flk-1) (Figure
2). Cultured endothelial cells have approximately 3,000
copies of VEGFR-1, which binds VEGF-A165 with a Kd of
approximately 10pM; they have more numerous copies of
VEGFR-2, which binds VEGF-A165 with somewhat lower
affinity (Kd of 75 to 125pM). A truncated soluble form of
VEGFR-1 (sFlt) that results from alternative 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-A164/5’s binding 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-A164/5, B, E, and PlGF bind
to NRP-1, but VEGF-A120/1 does not (Figure 2); this inabil-
ity may explain some of the abnormalities in mice engi-
neered to express only the VEGF-A120 isoform. Two other
members of the VPF/VEGF family (VEGF-B and both iso-
forms of PlGF) 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 8.5 to 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

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 angiogenesis induced 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

1 2 3 4 5 6a 6b 7 8

VEGF 121

VEGF 206

VEGF 189

VEGF 165

signal seq

N-terminus
Heparin binding site

Exons

  Neuropilin
 binding site

 VEGFR-1
binding site

 VEGFR-2
binding site

Plasmin cleavage

Figure 1 VEGF-A Gene Structure. VEGF-A has eight exons, the first of which encodes a hydrophobic leader
sequence, typical of secreted proteins. The 206 amino acid VEGF-A isomer is encoded by all eight exons. VEGF-
A189 lacks a portion of exon 6, whereas VEGF-A165, frequently the predominant isoform, lacks all of exon 6.
VEGF-A121 lacks both exons 6 and 7. VEGF receptor and heparin binding sites are as indicated. [Republished
with permission from Cross et al. (2003), Trends in Biochemical Sciences 28, 488.] (see color insert)

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 endothelial 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 (see text for further details). [Republished with permission from
H. Dvorak (2002), Journal of Clinical Oncology 20, 4368.] (see color
insert)
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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
endothelial cell) motility. As noted previously, VEGFR-1
null embryos die as a result 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

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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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 a molar 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 a fibrin gel that retards clearance of edema fluid and
results in locally increased interstitial tissue pressure, a char-
acteristic feature of many solid tumors. Deposited fibrin 
also provides a provisional 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 endothelial
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
(e.g., bcl-2, A1, survivin, XIAP). VEGF-A also serves as 
an endothelial cell survival factor, protecting endothelial
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 Ferrara laboratory has identified
another activity of VEGF-A, that of paracrine release of
hepatotrophic molecules from sinusoidal liver endothelium,
a function 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 endothelial 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 constitutively expressed in the cells of many
normal tissues and at higher levels in several types of
epithelium (renal glomerular podocytes, adrenal cortex,
breast, and lung), in cardiac myocytes, and in activated
macrophages. It is also expressed at high levels in the phys-
iological angiogenesis of ovarian follicular development, 
in corpus luteum formation, and in endochondral bone 
formation.

VEGF-A is overexpressed by the vast majority of solid
human and animal carcinomas, where it is thought to be the
prime mover of tumor angiogenesis. Most VEGF-A in solid
tumors is expressed by the malignant cells, but tumor stroma
can also synthesize VEGF-A. More recently, VEGF-A has
been found to be expressed in lymphomas and hematologi-
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 leiomyomas 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-1a
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-1a 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-a, FGF-2, TGF-b, 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 also 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 cells that 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 IgG of Graves’
disease. Thyroid-stimulating hormone upregulates VEGF-A
mRNA expression in human thyroid follicles and promotes
VEGF-A secretion in several 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, all 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-
A164 in an adenoviral vector (Ad-VEGF-A164). Upon intro-
duction into mouse tissues, infected host cells express
VEGF-A164 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 events that 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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plasma membrane, allowing 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 transluminal
endothelial cell “bridges” into and across mother vessel
lumens; these divide blood flow into smaller channels that
separate from each other over time, forming individual
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-A164 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 individual patients. 
There is debate about whether plasma or serum levels are
more meaningful because platelets sequester VEGF-A and
because plasma a2 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.

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)
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Vasculogenesis: The development of blood vessels from angioblasts
as in 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 allow
rapid plasma membrane expansion and vessel enlargement.
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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 cells in 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.

Mature Endothelial Cells 
in the Circulation

One possibility is that mature endothelial 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 endothelial 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.

Introduction

It is well 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 cells that 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 vasculogenesis is
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-
culogenesis in 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
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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
ECs in 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 progenitors is that 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 islands 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 also 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 Characterization of
Circulating Endothelial Progenitors 

from Adult Peripheral Blood

Circulating endothelial progenitors have been defined as
highly proliferative cells that are derived from the bone mar-
row with the capacity to adopt endothelial characteristics in
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 cells in 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 endothelial nitric oxide 
synthetase (ecNOS). The cells also took up DiI-labeled
acetylated low-density lipoprotein (DiI acLDL) and lost the
hematopoietic cell surface marker CD45. This initial work

was a prelude to several studies in the area that have used a
variety of culture conditions to induce the expression of
endothelial traits in 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 I for a
summary of these experiments.)

Several groups have reported that cells with one or more
of a constellation 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 VE-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 acLDL 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 a monocyte 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 
Cells to Neovasculature

In their initial 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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marrow transplant studies have been performed to document
the incorporation of bone marrow–derived cells into a grow-
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 b-galactosidase, 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 methodologies make the
data compelling.

Although the potential for circulating cells to 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 endothelial 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 II). 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. Several studies in human transplant patients have
also been published. Host contributions to endothelium in
donor hearts ranging from 0 to -25 percent have been

Table I. 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 I (IGF-I), and epidermal growth factor (EGF). The expression of

a set of endothelial and myeloid markers is indicated for each study. Endothelial-like cells derived from
hematopoietic progenitors and monocytes are grouped separately.

Starting cell population Culture additives EPC characteristics Reference

Cells with Progenitor Markers
Total human PB mononuclear VEGF, bFGF, IGF-1, EGF, P1H12+, vWF+, CD36+, VE-Cad+, Lin et al. (2000). J. Clin. Invest. 105, 
cells hydrocortisone, heparin, FBS WP bodies, CD14- 71–77

CD34+ human periperal blood Bovine brain extract FBS EcNOS+, Tie2+, CD34+, CD31+, Asahara et al. (1997). Science 5302, 
CD45- 964–967

CD34+ human bone marrow, VEGF, bFGF, IGF-1 AcLDL, vWF Shi et al. (1998). Blood 92, 362–367
fetal liver, cord blood, peripheral 
blood

CD133+ GCSF mobilized human FBS, VEGF, SCGF, CD34+, CD31+, VE-Cad+, Flk-1+, Gehling, U. M. et al. (2000). Blood 
peripheral blood hydrocortisone Tie2+, UEA-1, vWF+, CD1a-, CD14- 95, 3106–3112

CD133+ human bone marrow FBS, bFGF, heparin VE-Cad, vWF, P1H12, UEA-1, CD105, Quirici et al. (2001). Br. J. Haematol. 
followed by selection with KDR, WP bodies, CD14-, CD45-, 115, 186–194
UEA-1 binding CD34-
CD34+/CD133+/VEGFR-2+ FBS, bFGF, heparin AcLDL, VE-Cad, CD13, CD31 Peichev et al. (2000). Blood 95, 
human peripheral blood, fetal 952–958
liver, and cord blood

Monocytes
Unselected human peripheral VEGF, bFGF, IGF-1, EGF, FBS AcLDL, UEA-1, CD45+, CD14+, Rehman et al. (2003). Circulation
blood mononuclear cells CD11b+, CD11c+, CD31, low VE-Cad, 107, 1164–1169

low CD34

CD14+ human peripheral blood FBS, VEGF, bFGF, IGF-1 VWF, VE-Cad, ecNOS, CD68 Schmeisser et al. (2001). Cardiovasc. 
monocytes Res. 49, 671–680

Human CD34+mobilized FBS, insulin, VEGF, bFGF VE-Cad, ecNOS, vWF Nakul-Aquaronne et al. (2003). 
peripheral blood Cardiovasc Res 57, 816–823

Human CD34- peripheral blood FBS, bovine brain extract EcNOS, vWF, VE-Cad, Tie-2, MUC18, Harraz et al. (2001). Stem Cells 19, 
monocytes CD105, CD1a, CD45, acLDL 304–312

CD14+ human peripheral blood VEGF, bFGF, EGF, IGF-1, Ac-LDL, vWF, VE-Cad, CD105, Fernandez Pujol et al. (2000). 
hydrocortisone, heparin, FBS CD36, Flt-1, Flk-1, CD1a-, CD83-, Differentiation 65, 287–300

CD68, HLA-DR
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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 relative contribution of circulating cells to new vas-
cular endothelium even among different patients in 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 also illustrates the complexity and variability of
these experiments.

Factors That Influence the Numbers 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 a role is
the number of circulating endothelial progenitors.

In a broad sense, the number of circulating endothelial
progenitors is increased by vascular injury. More specifi-
cally, 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 Cells 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 angiogenesis in Id1+/-Id3-/- mice. Not only were
these studies the first to imply that marrow–derived cells are
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 Cells to Augment

Neovascularization

Although our knowledge is still in its infancy, the biology
of circulating EPCs has begun to show some therapeutic
promise. In early animal experiments, the injection of

Table II. Contribution of Bone Marrow–Derived Cells to Neovasculature in Mouse Transplant Models.
The contribution of bone marrow–derived cells in various models of neovascular growth in the adult

mouse has been determined using murine transplant models. The wide range of bone marrow–derived
cells illustrates possible differences in the contributions of angiogenesis versus vasculogenesis with

different experimental conditions.

Model of vascular growth Percentage of bone marrow–derived cells Reference

Regenerative lung growth rare Voswinckel et al. (2003). Circ. Res. 93, 372–379

Cerebral ischemia Cells present at infarct border Zhang et al. (2002). Circ. Res. 90, 284–288

Brain injury 0 Vallieres et al. (2003). J. Neurosci. 23, 5197–5207

Ischemic cardiac injury 3.3% Jackson et al. (2001). J. Clin. Invest. 107, 195–402

Sarcoma xenograft 10% Bolontrade et al. (2002). Clin. Cancer Res. 8, 3622–3627

B6RV2 lymphoma xenograft 95% Lyden et al. (2001). Nat. Med. 7, 1194–1201

Glioma xenograft 10–25% Ferrari et al. (2003). Gene Therapy 10, 647–656
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human bone marrow–derived EPCs improved 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.
Several clinical trials have also shown benefit to the local
delivery of EPCs in 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. This treatment strategy is currently being evaluated
in clinical 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 cells in 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
endothelial 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 critical 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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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 perturbations in these
molecular and cellular signaling pathways will play pivotal
roles in 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,
as well as changes in lumen diameter and vessel wall thick-
ness, to suit the local tissue needs.

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 signals regulating the
recruitment and local differentiation of pericytes. Presum-
ably, the early inductive events that stimulate vascular
endothelial 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
endothelial cells, (2) subsequent immigration and/or colo-
nization of microvessels with 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-

Copyright © 2006, Elsevier Science (USA).
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Although there are fundamental differences between
angiogenesis and vasculogenesis, 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, flt1, and neu-
ropilin-1; platelet-derived growth factors A and B (PDGF)
and their receptors a and b; angiopoietins (ang) 1 and 2 and
their receptor tie-2; and transforming growth factor b (TGF-
b) and the TGF-b 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 physiologically functional 
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
conceptually 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 Ig 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 endothelial 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-1 expression during
embryonic development, it has been suggested that these
signaling pathways are necessary for establishing the
embryonic vasculature. Analysis of dominant-negative
mutations in the murine TEK gene reveal its essential role in
fostering endothelial 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 normal 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 as well 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-
lular matrix in vitro), its mode of release as well as its accu-
mulation and function in the matrix remain somewhat
equivocal. Because matrix (heparin)-bound FGF envelops
populations of quiescent endothelial 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 endothelial
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, is it 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 is responsible 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 plays in 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 STKI 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 signal 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 endothelial 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 plays in modulating retinal pericyte growth state and
contractile phenotype [5, 9]. Most interesting and perhaps

critical to our more current understanding of matrix dynam-
ics and 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), a-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 the role
that TGFb-1 signal transduction plays in fostering retinal
pericyte differentiation (presumably via induction of smooth
muscle gene transcription), it seems possible that other
downstream targets are also 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
alterations 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 hypothesis is 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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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 retinal development,
astrocytes transiently express VEGF as they migrate across
the ganglion cell layer, preceding the formation of the super-
ficial layer of retinal microvessels. Müller 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 
pericytes is 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-b
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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EC growth arrest
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Figure 1 Model depicting microvascular morphogenesis during developmental and pathologic angiogenesis.
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depletion may be sufficient to cause retinopathy, at least, in
mice. Evidence suggests that at least some of the retinal 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 loss is caused by
their de-differentiation and concomitant dissociation from
the retinal endothelium. We further speculate that pericyte
apoptosis might ensue as a result 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
cells indicate 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 retinal
microvascular morphogenesis occurs principally 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 cells is 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
retinal pericytes or vascular smooth muscle cells that are
actively dividing, nonmuscle isoactins are prevalent; how-
ever, when the cells are contractile, a-VSM actin (among
other smooth muscle–specific proteins) prevails [9]. Expres-
sion of aVSM actin is 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 Isoactin-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 filaments into stress fibers, 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
(GDIs) 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 changes in
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 mDia1 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 ROCK1 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 MLC phosphatase, thus resulting in an increase in
phosphorylated MLC). In addition, ROCK1 can also play a
pivotal role in generating contractile force by stabilizing 
filamentous actin cross-links through a LIM-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 a lumenal diameter between 5
to 8 micrometers (i.e., wide enough to permit the passage of one red blood
cell to pass, one at a time).

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 intermediate 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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ation of hemangioblasts during vasculogenesis. Vascular
endothelial growth factor (VEGF) initiates the differentia-
tion of angioblasts into endothelial cells. Additionally,
VEGF stimulates endothelial 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 (Ang1), transforming
growth factor-b (TGF-b), and platelet-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 endothelial 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 a result 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-sis/PDGF-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)-
a (170kDa) and -b (190kDa). Similar to their ligands, the
PDGFR also form homo- or heterodimers: PDGFR-aa, 
-ab, and -bb. 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 -aa

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
angioblasts that further differentiate into hematopoietic cells
and endothelial 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-
lial 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
slightly from the microvasculature in that they contain
endothelial 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-

Copyright © 2006, Elsevier Science (USA).
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receptor homodimer, whereas PDGF-BB interacts with -aa
and -ab receptors but has the highest binding affinity for the
-bb receptor. The PDGF-AB heterodimer preferentially
binds to -aa and -ab receptors. PDGF-CC and PDGF-DD
interact with the -aa and -bb 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/Sos1 (growth 
factor receptor-bound protein 2/son of sevenless 1), Stat
(signal transducer and activator of transcription), GAP
(GTPase activating proteins), and PLC-g (phospholipase C-
g), 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 Vessel Maturation

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 cell 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 occurs in other
cell types. The actions of PDGF-B can occur via paracrine
and autocrine pathways. PDGF-B is involved in many phys-
iological functions, such as wound healing, inflammation,
gestation, and differentiation.

PDGF-B triggers mural cell recruitment to sprouting ves-
sels and proliferation of certain cell types during angiogen-
esis. Pericyte recruitment is believed to occur through the
secretion of PDGF-B by endothelial cells, stimulating the
PDGFR-b on pericytes, leading to migration of these cells to
nascent capillaries of the developing microvasculature. In
vitro, PDGF-B induces smooth muscle cell migration and
proliferation. In addition, PDGF-BB has been shown to
increase the expression of PDGFR-b in endothelial cells,
eliciting endothelial cell proliferation, resulting in angio-
genesis amplification in vitro.

In 1994, two studies revealed the roles of PDGF-B and
PDGFR-b in vasculogenesis and angiogenesis during
murine development. Soriano demonstrated that PDGFR-b
gene knockout impaired kidney development in mice

Endothelial Cells

Endothelial Cells

Pericytes

Blood Vessel

Blood Vessel

PDGF-B

Pericytes

Induces Pericyte Recruitment

Figure 1 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-b 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)
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because of glomerular development irregularities secondary
to an absence of mesangial cells, cells that are structurally
and functionally related to pericytes. In addition, hemato-
logic abnormalities such as anemia, thrombocytopenia, 
erythroblastosis, and arteriolar dilation were also present.
The other study performed by Betsholtz and group 
utilized PDGF-B-deficient mice that displayed a similar
phenotype and died perinatally as a result of hemorrhage. In
1997, the effects of PDGF-B deficiency were further char-
acterized, indicating that lack of pericytes during vessel
growth produces microvascular aneurysms and related these
findings to possible pathological complications seen in dia-
betes mellitus. These studies demonstrated the importance
of PDGF-B signal-ing through the PDGF-b receptor in pro-
moting the recruitment of pericytes to developing vessels
thereby increasing their stability.

The Role of PDGF-B in Tumor
Angiogenesis and Progression

Normal PDGF-B function is critical in physiological
events such as embryonic development and wound healing.
However, aberrant PDGF-B or PDGFR-b function has been
implicated in several disease states depicted by excessive
cell growth, including atherosclerosis, fibrosis, glomeru-

lonephritis, liver cirrhosis, rheumatoid arthritis, and tumor
progression.

Various types of human cancers have been shown to have
increases in PDGF-B and/or PDGFR-b expression, affecting
tumor growth and angiogenesis. Overexpression of PDGF
and PDGF receptors has been observed in brain tumors, gas-
tric carcinoma, lung cancer, melanomas, neuroendocrine
tumors, ovarian cancer, pancreatic cancer, and prostate can-
cer. For example, in glioma pathogenesis, the degree of
expression of PDGF-B correlates with increasing glioma
tumor grade. In addition, increased expression levels of
PDGF-B and PDGFR-b have been observed in tumor-
associated endothelial cells in grade IV glioblastomas. Inter-
estingly, the PDGFR-b was not expressed in the glioma
cells. Additional studies comparing PDGFR-b expression in
normal brain tissue and glioma tissue have demonstrated
increased expression only in the tumor-associated endothe-
lial cells. However, no detection of PDGFR-b was seen in
the normal brain tissues and glioma cells. From these data,
it can be presumed that PDGF-B acts on the PDGFR-b on
the tumor-associated endothelial cells, stimulating glioma
angiogenesis and progression.

Several in vitro studies have attempted to decipher the
mechanisms behind PDGF actions on endothelial cells.
PDGF-BB has been shown to have an increased potency to
induce chemotaxis in rat brain capillary endothelial cells as
compared to PDGF-AA. Further studies have demonstrated
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Figure 2 Schematic Representation of the Binding of PDGF Ligands to Their Respective Receptors. PDGF-
AA binds only the -aa receptor homodimer. PDGF-BB binds to the -aa and -ab receptors but has the highest
binding affinity for the -bb receptor. PDGF-AB preferentially binds to -aa and -ab receptors. PDGF-CC and
PDGF-DD interact with the -aa and -bb receptors, respectively. The binding of PDGF to the extracellular
immunoglobulin-like domains of its cognate receptors induces receptor homo- or heterodimerization, stimulat-
ing tyrosine phosphorylation in the intracellular kinase domains. The phosphorylated tyrosines trigger down-
stream signaling events to occur cellular events such as mitogenesis, chemotaxis, and apoptosis. (-Y, tyrosine
residues) (see color insert)
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that reorganization of the cytoskeletal protein actin is
responsible for this chemotactic effect. Additional mecha-
nisms are involved in PDGF-B effects on endothelial cells,
specifically the effect on VEGF. PDGF-B augments VEGF
expression and secretion by stimulating the PI-3 kinase sig-
nal transduction cascade on PDGFR-b-expressing endothe-
lial cells. In addition, a variety of human glioma cell lines
stimulated with PDGF-B have been shown to increase
VEGF secretion. Thus, PDGF-B enhances glioma angio-
genesis and growth by stimulating VEGF expression in the
tumor endothelia, increasing endothelial cell migration and
mitogenesis, and by promoting recruitment of pericytes into
growing vessels, thus facilitating vessel assembly.

The overexpression of PDGF-B in tumor cells and
PDGFR-b in endothelial cells appears to play important
roles in glioma development and progression, corroborating
both paracrine and autocrine pathways of PDGF-B on
endothelial cell proliferation and migration. Additionally,
PDGF-B may act as an angiogenic switch that upregulates
VEGF and enhances vessel growth, thus promoting glioma
angiogenesis. Continuous high levels of expression of
PDGF-B and PDGFR-b in gliomas further upregulate
VEGF in the tumor endothelium in addition to increasing
the recruitment of pericytes. These events would allow rapid
neovascularization in malignant gliomas to occur.

In summary, the PDGF family of proteins is critical in
physiological and pathological events because of their direct
effects on the state of the vasculature. As demonstrated by
genetic studies, lack of PDGF-B and PDGFR-b expression
disrupts normal vascular development during embryogene-
sis, leading to premature death. In vitro analysis reinforced
the importance of normal expression levels of these proteins
in cell culture. In addition, in vivo tumor xenograft models
proved that overexpression of PDGF-B increased glioma
tumorigenicity and angiogenesis in mice. Overall, the
effects of PDGF in homeostasis and pathology are becom-
ing clearer. Researchers will continue to develop methods to
induce or abrogate PDGF signaling and apply these methods
to novel therapeutic treatments of disease.

Glossary

Angiogenesis: The process of new blood vessel formation from preex-
isting vessels.

Chemotaxis: The chemical-induced movement of cells toward or
away from other cells.

Glioma: Malignant neoplasms of the glial cells (support cells) in the
central nervous system.

Pericytes: Cells associated with the walls of capillaries and other
small blood vessels.

Vasculogenesis: The de novo formation of new blood vessels.
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embryo culture, quail/chick chimeras, and a monoclonal
antibody (QH-1) that labels quail angioblasts and endothe-
lial cells. Mouse embryos from a variety of transgenic and
knockout lines have been examined for vascular patterning
defects, leading to the discovery of unexpected roles for
several genes. Frog embryos have the advantage of ease of
injection of DNA constructs for overexpression and classic
tissue transplantation studies. Zebrafish embryos are nearly
transparent, allowing for easy observation of the developing
vasculature, and large-scale genetic screens have identified
mutants with vascular pattern formation defects.

The formation of embryonic blood vessels occurs
through a series of events (Figure 1). First, angioblasts
(endothelial cell precursors) are induced from the embry-
onic mesoderm (Figure 1A), which at this stage is an epithe-
lial cell sheet. The new angioblast initially undergoes an
epithelial to mesenchymal transformation (EMT; Figure
1B), and the new mesenchymal cell migrates (Figure 1C)
and coheres to other angioblasts, forming an initial solid
cord of cells (Figure 1D) at sites of vessel formation (vas-
culogenesis). This solid cord further differentiates through
unclear mechanisms to form a lumen in which a blood ves-
sel tube is lined with endothelial cells (Figure 1E). In the
case of the dorsal aorta, the first major vessel formed in the
developing embryo, angioblasts originate from mesoderm
directly adjacent to where they assemble in a process called
vasculogenesis type I. In contrast, angioblasts that form the
endocardium and cardinal veins migrate as individual cells
or clusters that assemble at a distance from sites of
angioblast origin in a process called vasculogenesis type II.
Angiogenesis is the sprouting of new vessels from preexist-
ing vessels. The first example of angiogenesis in the embryo

Vascular endothelial growth factor (VEGF) expression
and its regulation are critical for normal vascular develop-
ment. Gene knockout studies in mice resulted in embryonic
lethality from a failure of endothelial cell specification and
blood vessel formation. Such studies have revealed an
essential role for VEGF in vascular development. Animals
heterozygous or homozygous for the VEGF-null mutation
are embryonic lethal, demonstrating a critical role for dose
regulation of VEGF during vascular morphogenesis. Addi-
tional studies in which mice were engineered to overexpress
VEGF [1] or downregulate VEGF specifically in yolk sac
endoderm [2] also lead to disruption of vascular patterns, a
further demonstration that precise control of VEGF levels is
critical for normal vascular development. Studies in the
quail embryo, zebrafish, and frog have led to similar con-
clusions. Such studies have utilized delivery of soluble
growth factor (quail, frog), delivery of soluble inhibitors
(quail), and genetic knockdown with antisense or morpholi-
nos (zebrafish, frog). All studies have demonstrated that
increased or decreased VEGF levels result in abnormal vas-
cular patterns.

Origins of the Embryonic 
Vascular Pattern

Vascular development is studied in several model ver-
tebrate embryos, with different species having distinct
advantages for understanding various aspects of vascular
morphogenesis. Avian embryos of the chicken and Japanese
quail have the advantage of accessibility in the egg or whole

Copyright © 2006, Elsevier Science (USA).
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is morphogenesis of the intersomitic arteries that sprout
from the dorsal aorta (Figure 1F) after a lumen has formed.

Angioblast Induction

Although the role of VEGF in angioblast induction
remains unclear, fibroblast growth factor 2 (FGF-2) has
been implicated in angioblast induction in the quail embryo
[3]. The expression of VEGF receptor 2 (VEGFR2, flk-1)
resembles the expression of the quail antibody QH-1, which
labels angioblasts as they undergo EMT. VEGFR2 is the
first VEGF receptor expressed, suggesting that VEGF is not
involved in angioblast induction. The idea that VEGF is not
involved with angioblast induction fits with the phenotypes
of VEGF and VEGFR2 knockout mice. In receptor knock-
out mice, endothelial cell precursors formed, but there were
no mature endothelial cells, while in the VEGF ligand
knockout mice, endothelial cells formed but failed to differ-
entiate into a vascular pattern. Similarly, VEGFR2 muta-
tions in zebrafish suggest a role for VEGF in sprouting and
remodeling but not in initial specification of angioblasts [4].

Vasculogenesis

Morphogenetic Events

The dorsal aortae are formed by vasculogenesis. The role
of VEGF in the assembly of the dorsal aorta was examined
by perturbation studies in which VEGF was added or inac-
tivated. VEGF has been inactivated by injection of soluble
VEGF receptor-1/Fc hybrid protein in quail embryos [5] 
and by mouse or zebrafish knockout or mutation. In the
quail embryo, VEGF has been added through direct 
injection of recombinant protein [5] or by surgical implan-
tation of heparin chromatography beads preincubated with

recombinant human VEGF165 [6], which serve as a slow-
release source of VEGF (Figure 2). VEGF was delivered to
somites of quail embryos with six or seven somite pairs,
because somites give rise to few angioblasts. This was fol-
lowed by seven hours of culture, until the embryos had 9 to
12 somite pairs. Embryos were fixed and stained as whole
mounts with the QH-1 monoclonal antibody (Figure 2A). At
early stages of vasculogenesis, ectopic VEGF delivery
resulted in increased vascular densities such that the dorsal
aorta (DA) and capillary plexus (CP) just lateral to the
embryo appeared fused together, with obliteration of the
avascular area (AVA) that normally separates the DA from
the CP (Figures 2B and C).

The embryo and its vasculature develop in a rostral-
caudal (head-to-tail) fashion, such that the most highly
developed vascular pattern is located rostrally. Ectopic
VEGF can affect morphogenetic events of vasculogenesis
along the entire rostral-caudal axis of the embryo, resulting
in hypervascularization [6]. However, qualitative differ-
ences in the vascular changes were observed at different lev-
els. Ectopic VEGF at rostral levels resulted in an increased
number of vessel branches between the DA and CP, similar
to intersomitic arteries branching from the tubular dorsal
aortae at this anatomic level. Moving caudal (closer to the
tail), VEGF delivery at the level of a middle somite or the
most recently formed somite resulted in a more generalized
expansion of the vasculature. There was complete loss of the
AVA, such that the DA and CP fused together (Figures 2B
and C). The effect of ectopic VEGF can be seen by compar-
ing of the side where VEGF was delivered to the opposite
side, or to a control embryo (Figure 2A). These data suggest
that VEGF influences multiple events of vascular morpho-
genesis as they occur simultaneously along the rostral-cau-
dal axis. These include cohesion of angioblasts to form a
solid cord caudally, further differentiation of the cord as a
lumen forms at the middle somite level, and finally sprout-
ing from the tubular DA at rostral levels, likely through
angiogenesis (see Figure 1).

Mechanisms

There are several cellular mechanisms by which VEGF
can influence endothelial cells as they form networks in
vitro or in vivo. These include induction of endothelial cell
proliferation or chemotaxis toward a VEGF source, where it
can influence the size and pattern of blood vessels. Although
it is known that increased or decreased VEGF levels in the
developing embryo can profoundly affect vascular morpho-
genesis, to date the precise mechanism of VEGF activity
remains unclear. VEGF does not induce the formation of
new angioblasts from uncommitted mesoderm. Rather, it is
believed to act on existing populations of angioblasts by
guiding them to form a vascular pattern with vessels specif-
ically located and of defined size. VEGF is not believed 
to influence the developing vasculature in our experiments
by inducing endothelial cell or angioblast proliferation. The
effects of VEGF were observed in as little as four hours,

Figure 1 Initial Steps in Dorsal Aorta Morphogenesis. Embryonic
blood vessels form from angioblasts that originate from the embryonic
mesoderm by epithelial to mesenchymal transformation (EMT). (A) Two
cells in a simple cuboidal epithelium acquire gene expression changes
(shaded ) that distinguish them as angioblasts. (B) These two angioblasts
undergo EMT. (C) The angioblasts migrate and cohere to one another. 
(D) Two angioblasts have formed a portion of a solid cord. In the case of
the dorsal aorta, a thin cord runs in the cranial-to-caudal direction. (E) A
lumen is formed between two endothelial cells that continue to adhere at
their junctions. (F) A sprout has formed off the vessel with the formed
lumen.
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Figure 2 The Effect of VEGF and Endoderm on Angioblast Recruitment from Lateral Mesoderm to Pattern the Dorsal Aorta. Quail embryos are shown
following experimental methods to study vascular morphogenesis. For each panel, the head of the embryo is up, the scale bar represents 100 mm, and aster-
isks (*) indicate VEGF delivery locations. (A) A normal quail embryo stained with QH-1. (B) An embryo with VEGF delivered to somite 7. (C) A schematic
representation of the effect of ectopic VEGF on the vascular pattern, as seen in cross section. (D) An embryo with VEGF delivery to both sides, followed
by a cut (made as indicated approximately 100 mm lateral to the midline) to separate the lateral mesoderm (a source of angioblasts) from the embryo proper,
resulting in ablation of the VEGF delivery effect. (E) The effect of lateral mesoderm removal on the ability of ectopic VEGF to alter vascular patterns. VEGF
is a chemoattractant for angioblasts from the lateral mesoderm to form the dorsal aortae. (F) An embryo without a VEGF bead, in which the endoderm was
removed from one side. On the side without endoderm (-ENDO), the DA failed to form; rather, angioblasts (ANG) remain as single cells or clusters, com-
pared to the unoperated (NORMAL) side of the embryo. (G) An embryo in which endoderm was removed from one side (-ENDO), followed by VEGF
delivery on the same side. In this case, VEGF was able to partially restore the normal vascular pattern. (H) The effect of endoderm removal on vascular pat-
terning. VEGF expressed within the endoderm is necessary for the proper localization and patterning of the dorsal aorta. (I) The role of VEGF in vascular
morphogenesis. Ectopic VEGF delivery causes hypervascularization (left) by recruiting angioblasts from lateral mesoderm. Endogeneous VEGF within the
endoderm recruits angioblasts from lateral mesoderm (arrows) and acts to localize and pattern the DA. In all diagrams: AVA, avascular area; CP, capillary
plexus; DA, dorsal aorta; IM, intermediate mesoderm; NC, notochord; NT, neural tube; PD, pronephric duct; SM, somatic mesoderm; SP, splanchnic meso-
derm; SOM, somite; VEGF, delivery site.
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while the proliferation rate of quail embryo cells at the
stages examined is approximately ten hours [6]. Rather,
VEGF is believed to induce endothelial cells and
angioblasts to undergo directed migration (chemotaxis)
towards a VEGF source. Evidence for this mechanism in
quail is from experiments with VEGF delivered to both
sides of the embryo, followed by removal of lateral meso-
derm (a tissue rich in angioblasts). After removal of lateral
mesoderm, the effect of ectopic VEGF on vascular pattern
formation was reduced (Figures 2D and E), suggesting that
cells recruited by the VEGF to form the dorsal aorta were
removed.

VEGF is known to regulate the behavior of endothelial
cells during vasculogenesis, such that adding VEGF
increases protrusive activity, while soluble VEGFR1 (a
VEGF inhibitor) reduces protrusive activity. Protrusive
activity is the extension of filopodia from endothelial cells
as they extend and migrate to form a vascular pattern. This
activity is necessary for endothelial cell shape changes that
take place during vascular morphogenesis [5].

The Role of Endoderm

In the developing quail embryo, high levels of VEGF are
expressed within the planar endoderm that underlies the DA.
VEGF within the endoderm may provide a chemotactic cue
to recruit angioblasts and endothelial cells from the lateral
mesoderm to the midline, thereby positioning the DA.
Directed cell migration of angioblasts toward an area of
VEGF expression was demonstrated during development of
the dorsal aorta in the frog, Xenopus laevis [7]. In Xenopus,
the hypochord (an endoderm-derived midline structure that
lies below the notochord) expresses predominantly the low-
est molecular weight isoform of VEGF (VEGF122), a dif-
fusible form of the growth factor. Diffusion of VEGF122
stimulates angioblast migration toward the midline of the
embryo. Expression of ectopic VEGF in lateral mesoderm
can divert angioblasts away from the hypochord. Vital dye
labeling studies confirmed lateral mesoderm as the source of
angioblasts destined to form the DA [7]. VEGF is thought to
play essentially the same role in dorsal aorta formation in
zebrafish [4].

In the quail embryo, removal of endoderm resulted in
failure of the dorsal aorta to form (Figures 2F and H). How-
ever, unlike the situation in Xenopus, angioblasts were
recruited to the midline, where they remained as single cells
or clusters in the absence of endoderm, without undergoing
cohesion to form the DA. On the contralateral side of the
embryo, where the endoderm was left intact, a DA formed
(Figure 2F). VEGF delivery to the side where endoderm was
removed partially restored the vascular pattern and hyper-
vascularized the control side as previously described (Figure
2G). Therefore, VEGF within the endoderm of the quail
embryo locates and patterns the DA (Figure 2H). This may
differ from the results in Xenopus because of the develop-
mental stage when endoderm was removed in the quail (ear-
lier removal may prevent angioblast migration), or the

planar quail endoderm may function differently from the
Xenopus hypochord. Taken together, data from lateral meso-
derm removal and endoderm removal experiments in quail
suggest that VEGF within the endoderm recruits angioblasts
to the midline, where they undergo cellular changes 
under the continued influence of VEGF to form the DA
(Figure 2I).

Embryonic Angiogenesis

VEGF can affect the process of embryonic angiogenesis
in addition to its roles in vasculogenesis described previ-
ously. The effect of VEGF on angiogenesis has been exam-
ined in the mouse eye, where the retinal vasculature expands
by sprouting as the retina grows [8]. The vascular sprout
contains two types of endothelial cells: tip cells and stalk
cells, which can be distinguished by differences in gene
expression and morphology [9]. Filopodia of tip cells direct
cell migration by sensing a gradient of VEGF, while stalk
cells respond to VEGF by proliferation. VEGF induces
filopodia to extend from tip cells, which are guided toward
VEGF sources. VEGF antagonists inhibit these activities.
This is similar to the protrusive activity of endothelial cells
in the developing quail embryo, as disruption of VEGF gra-
dients inhibits protrusive activity and migration of sprouting
tip cells.

Other Functions of VEGF
in Morphogenesis

In addition to its role in blood vessel morphogenesis,
VEGF has been implicated as being mitogenic for other cell
types, which include lymphocytes, retina pigment epithelial
cells, and Schwann cells. VEGF can act as a neuron survival
factor. Nerves and blood vessels are both branched struc-
tures, forming intricate networks that are often associated
with each other in the same anatomic space. However, it is
unknown if they form their patterns in an independent or
coordinated fashion. Arteries, but not veins, specifically
align with peripheral nerves. VEGF is expressed by periph-
eral nerves and can induce expression of arterial markers
(including ephrinB2) when added to primary embryonic
endothelial cells in vitro [10]. A similar effect was seen
when neural cells were cocultured with endothelial cells,
suggesting that neurons and Schwann cells induce ephrinB2
in primary embryonic endothelial cells by secretion of
VEGF. In erbB3-/- mutant mice, Schwann cells are absent
and blood vessels fail to arterialize. This is correlated with
reduced nerve-associated VEGF levels, suggesting that
VEGF from nerves is an arterializing factor in vivo [10].
VEGF has also been found to promote arterial fate in
zebrafish [4]. Genetic studies demonstrated that VEGF acts
downstream from the hedgehog signaling pathway, but
upstream of Notch to specify arterial endothelial cell fate.
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Use of VEGF antisense morpholinos resulted in loss of 
arterial markers from trunk vessels and ectopic venous
marker expression in arterial vessels. This was similar to the
phenotypes observed in animals with defective Notch sig-
naling. Activated Notch induces arterial specification in the
absence of VEGF, a further indication that VEGF is active
upstream of the Notch pathway.

Summary

VEGF is essential for vascular morphogenesis, with pre-
cise control of its level required for normal vascular pattern
formation. Results to date have focused on the role of VEGF
in many organisms, using a variety of techniques. VEGF is
known to be essential for forming a vascular pattern, per-
haps by recruiting angioblasts and specifying the size and
location of blood vessels within the embryo. Size and loca-
tion may be predetermined by a VEGF gradient, before
angioblast migration. However, the mechanism of VEGF
activity and the signaling pathways active during vascular
morphogenesis are less clear. Further studies of VEGF
action in the embryo will lead to a better understanding of
VEGF activity during pathological neovascularization.

Glossary

Angioblasts: The precursor cells of endothelial cells that arise from
embryonic mesoderm.

Angiogenesis: The formation of new blood vessels by sprouting from
existing vessels.

EMT: The process of epithelial to mesenchymal transformation.
Morphogenesis: The change in form that gives rise to the organization

of cells into tissues in embryos.
Vasculogenesis: The process of vessel morphogenesis by de novo

assembly of angioblasts.
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Phase I: Maintenance of Quiescence 
by the Basement Membrane

Insofar as angiogenesis is the process of growth of a pre-
existing vasculature, it is appropriate to begin our discussion
with the ECM status of the quiescent, differentiated blood
vessel. Basally, the capillary secretes and assembles a base-
ment membrane scaffold, which exists in close contact with
the EC that make up the capillary network (Figure 2, upper
panel). The basement membrane contains several classes of
glycoproteins and proteoglycans. The basement membrane
conglomerate is considered to play multiple roles in the vas-
cular system, from partitioning EC from the surrounding
stroma and providing structural support to the vasculature,
to creating a charge barrier between the capillary and adja-
cent cells and tissues. However, in addition to playing these
roles, it is also clear that many of the basement membrane
components may also act individually or in concert to exert
significant activities on angiogenesis.

Basement Membrane Structure

The basement membrane is a highly organized, net-like
molecular conglomerate. At least two modes of basement
membrane construction may take place: self-assembly
driven by the molecules themselves and cell-assisted
processes. The two major components comprising the net-
work are type IV collagen and laminin. Type IV collagen is
proposed to self-assemble through multimerization via its
N-terminal S domains and C-terminal noncollagenous
domains, and lateral associations between its central col-

Introduction

Angiogenesis, the development of blood vessels from the
preexisting vasculature, is recognized to play a central role
in organismal development and pathologies such as tumor
growth and metastasis. Two of the primary classes of molec-
ular players in angiogenic regulation include growth factors
and the extracellular matrix (ECM), the latter being the spe-
cial focus of this review. The ECM scaffold that EC produce
during capillary morphogenesis and in the differentiated
microvasculature comprises 10 or more macromolecules,
and many of these have been reported to exhibit pro- or
antiangiogenic activities in their native or processed forms.
Thus, at first glance, the literature presents a bewildering
collection of information that appears difficult to integrate
into a coherent model for the ECM regulation of angiogen-
esis. However, results from numerous studies suggest that a
simple way to categorize the ECM control of angiogenesis
is in the form of a model, wherein the intact basement mem-
brane that promotes quiescence and differentiation com-
prises the first phase, and that certain conditions stimulate
the endothelium to degrade the basement membrane, and
encounter the second phase, the stromal or provisional
matrices, including fibrillar collagens and fibrin, that pro-
mote capillary tube morphogenesis (Figures 1 and 2). The
focus of this chapter is on discussing this two-phase model
of angiogenesis and on deciphering the role the ECM plays
in controlling and modulating this morphogenic event.
Finally, we will discuss how this information may be
applied to ECM bioengineering, which may be used to influ-
ence angiogenesis in vivo.

Copyright © 2006, Elsevier Science (USA).
127 All rights reserved.
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lagenous regions. Similarly, the laminin scaffold is thought
to form through oligomerization of laminin monomers (Mr
≅ 900 Kd), likely driven by low-affinity interactions
between the N-terminal regions of the a, b, and g arms of
the monomers, and may be further modulated by the local
protein and calcium concentration. The other major compo-
nents of basement membranes include the glycoprotein
nidogen (Mr @ 80 Kd) and at least three proteoglycans,
including perlecan (Mr @ 750 Kd), agrin, and type XVIII
collagen. In addition, type XV collagen harbors chondroitin
sulfate side chains. Nidogen is proposed to serve as the
molecular glue that holds the basement membrane together.
Thus, the C-terminal domain of nidogen binds with high
affinity to the short arm of the laminin g chain, and through
weaker affinity interactions, via its other domains, with type
IV collagen and perlecan. The heparan sulfate (HS) chains
of perlecan and, presumably, those of collagen XVIII and
agrin, may also stabilize basement membrane structure
because heparin-binding is exhibited by laminin and type IV
collagen preparations. Depending on the tissue, other non-
structural components of basement membranes may include
type XVIII or XV collagens, the agrin proteoglycan, or non-
structural components associated with the basement mem-
branes such as basic fibroblast growth factor or matrix
metalloproteinases (MMPs), proposed to bind to and be
sequestered by the HS chain components of perlecan. All of
the components of basement membranes are synthesized
and secreted by EC, which may help regulate or direct its
assembly. For example, disruption of the function of the cell
surface b1 integrin receptor interferes with the ordered 
deposition of type IV collagen during basement membrane
formation.

The Basement Membrane and EC Quiescence

In the quiescent capillary, EC are tightly associated with
a basement membrane. It is proposed that the basement
membrane may promote EC quiescence in two ways: (1) the
intact matrix scaffold may exert strong differentiation-
promoting activities on EC, and (2) individual basement
membrane components or their proteolytic products may
exert strong antiproliferative and antiangiogenic activities
(Figure 2, upper and lower left panels).

ROLE OF THE INTACT BASEMENT MEMBRANE

The most compelling evidence supporting the role of the
intact basement membrane in promoting EC quiescence and
differentiation is circumstantial in nature (i.e., the fact that
quiescent capillaries assemble basement membranes and
exist in tight association with them). Moreover, a hallmark
of other differentiated cell types that, like the microvascula-
ture, differentiate to form polarized, morphologically dis-
tinct tissues, is the production of and association with
basement membranes. Not surprisingly, EC and many other
cell types differentiate in vitro when cultured within or on
top of basement membrane mixtures such as Matrigel. Fur-
ther evidence in support of the role of the basement mem-
brane in angiogenesis is supplied by studies that identified
genes upregulated by at least two-fold in various angiogen-
esis systems [1]. Coincident with capillary tube differentia-
tion in response to either type I collagen or fibrin, mRNA for
various basement membrane components including laminin
chains a4, b1, and b2, type IV collagen, the type XVIII col-
lagen aI chain, and nidogens 1 and 2, are increased along
with other molecules directly or indirectly related to base-
ment membrane structure and function. The latter include
collagen synthesis enzymes, MMPs 1, 2, and 9, disintegrin,
and ADAMs (A disintegrin-like and metalloproteinase
domain) -9, 10, and 17. More work is needed to understand
how the complex basement membrane scaffold acts to pro-
mote EC quiescence. In this regard, it may be useful to con-
sider how the basement membrane regulates differentiation
in mammary epithelial cells that respond to the three-dimen-
sional matrix environment in very defined ways, as eluci-
dated by Mina J. Bissel and co-workers. Thus, when these
epithelial cells interact with laminin, they change their cell
morphology, undergo growth arrest, and in the presence of
prolactin, express the differentiation marker, the milk pro-
tein b-casein. A multiplicity of cell surface receptors,
including the a6b4 integrin, b1 integrins, and an E3 laminin
receptor, were found to mediate these cellular responses.
Whether the intact basement membrane promotes EC quies-
cence and the expression of EC-specific differentiation in a
similar manner remains to be determined.

ROLE OF INDIVIDUAL BASEMENT MEMBRANE COMPONENTS

Most of the research probing the function of basement
membranes in angiogenesis has taken the reductionistic
approach of assaying the activities of individual basement

Figure 1 The Microvasculature and the ECM are Intimately Associ-
ated. This electron micrograph of an arteriole illustrates that EC that line
the vessel lumen (Lu) are surrounded closely by circumferentially arranged
smooth muscle cells (SMC) and interstitial ECM. A basement membrane,
deemed to be phase I of angiogenic regulation in this review, lies between
the EC and the underlying vessel components, but it is too thin to be
resolved at this magnification. Interstitial collagen fibrils (Co), comprising
phase II of angiogenic regulation, can be seen in abundance underneath the
EC layer and throughout the media.
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membrane components, or their various domains on 
EC behavior. It is difficult to reconcile the relevance of 
these findings to angiogenesis, because it is not clear
whether the various constituents of basement membranes
are accessible to the EC during quiescence or throughout 
the various stages of capillary development. Nonetheless,
these investigations will be summarized, and it will be
assumed here, for the sake of simplicity, that the following
findings are most relevant to two aspects of EC biology: 
(1) that basement membrane components may be exposed
during the constant, low-level turnover of this ECM 
compartment, which may occur during EC quiescence 
(Figure 2, upper panel), or (2) alternatively, during the 
massive proteolysis and collapse of the matrix scaffold at
the initiation of angiogenesis or blood vessel remodeling
(Figure 2, lower left panel). Early approaches examined
how EC responded to culture on a reconstituted basement

membrane gel. It was found that tubes formed well within
one day and that, although blocking laminin function in var-
ious ways inhibits tube morphogenesis, neither laminin nor
type IV collagen gels alone support tube formation. These
findings imply that a multiplicity of interactions among var-
ious cell surface receptors and basement membrane compo-
nents are required for tube formation in response to the
basement membrane, but again, it is questionable whether in
vivo EC ever encounter these matrix components as indi-
vidual entities rather than as complex supramolecular
assemblies.

Laminin

Several groups have mapped the regions of laminin that
influence various EC behaviors. For example, an RGD pep-
tide in the a chain of laminin promotes EC adhesion. The

Figure 2 The Two-Phase Matrix Model of Angiogenesis Regulation. (Phase I, Top of Diagram) It is proposed
that the basement membrane phase, shown here on an orange background, promotes EC quiescence and maintains
capillary integrity in two ways: (1) via stable interactions between cell surface receptors and various basement
membrane components on the basal EC side, and (2) by the release of antiangiogenic fragments of basement mem-
brane components through the continuous low-level proteolysis and basement membrane turnover that may occur
during quiescence. For the sake of clarity, this latter activity is shown only on the EC apical side, although it is pre-
sumed to occur virtually anywhere the EC has contact with the basement membrane. Antiangiogenic fragments may
inhibit EC growth and migration by binding to unique receptors (cell on left) or by binding to and interfering with
integrin receptor function (cell on right). (Phase I, Bottom Left of Diagram) Upon growth factor stimulation, or dur-
ing tissue injury, massive proteolysis, likely mediated by MMPs, causes the degradation and collapse of the base-
ment membrane, and integrins or other cell surface receptors may mediate the migration of EC into the second
matrix phase (intussusception). It is proposed that the fibrillar collagen or fibrin phase, shown on a blue background,
catalyzes capillary tube construction in two ways: (1) by presenting a linear, rigid scaffold that helps align EC into
presumptive tubes, and (2) by presenting regularly spaced ligand-binding sites that induce clustering of EC recep-
tors such as the a2b1 integrin in the case of type I collagen, or VE-cadherin in the case of fibrin, that induce capil-
lary lumen formation and perhaps the expression of genes required for the maintenance of EC differentiation. (see
color insert)
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YIGSR sequence in the b1 chain, when substrate-bound,
induces cell-to-cell interactions and promotes tube forma-
tion, and soluble peptide inhibits that process; the IKVAV
sequence from the a1 chain also promotes angiogenesis.
Moreover, it has been shown that MMP-2 cleavage of
laminin-5 exposes a cryptic site in the g2 subunit that pro-
motes cell migration. Others examined the activity of a
laminin-nidogen mixture and showed that it can promote EC
sprouting in vitro at very low concentrations but is inhi-
bitory at high concentrations, consistent with a quiescence-
promoting function of the intact basement membrane.

Type IV Collagen

Type IV collagen contains multiple sites for EC surface
binding, including to a1b1, a2b1, and a3b1 integrins. Non-
collagenous (NC)-1 domains from the a1(IV), a3(IV), and
ab6(IV) chains of collagen IV support integrin-dependent
EC adhesion and migration. NC1 domains from a1(IV),
a4(IV), a3(IV), and a6(IV) are potent inhibitors of angio-
genesis in vivo. Angiogenesis inhibitors derived from these
fragments include arresten, generated from a1(IV);
canstatin, generated from a2(IV); and tumstatin, a product
of a3(IV) degradation. A site exists in collagen IV that is
normally cryptic but may be unmasked through exposure to
MMP-2. Blocking the function of this site in vivo disrupts
angiogenesis and tumor growth.

Nidogen

The a3b1 integrin has been reported to bind directly to
this basement membrane component, and its fragments reg-
ulate cellular adhesion. Because nidogen may be critical in
stabilizing basement membrane structure, it can be specu-
lated that once it undergoes proteolysis, the basement mem-
brane scaffold may fall apart or may be easily breached by
EC, and that nidogen’s fragments may regulate EC migra-
tion into the tissue stroma.

Perlecan

This predominant proteoglycan of the basement mem-
brane can interact with cell surfaces via its core protein, as
well as modulating cell proliferation through its sequestra-
tion or release of various growth factors. EC are proposed to
bind to the protein core via the a1, b1, and b3 integrin
receptors. Moreover, the activity of basic fibroblast growth
factor (FGF2) on cell growth and vascular morphogenesis is
potentiated through its associations with perlecan and other
proteoglycans. Thus, perlecan, but not syndecans or glypi-
cans, extracted from fibroblast cultures facilitates high-
affinity FGF2 binding to Chinese hamster ovary cells defi-
cient in endogenous HS and engineered to express the FGF
receptor-1, and soluble FGF receptors. Perlecan encapsu-
lated in alginate beads is capable of binding FGF2 and pro-
moting extensive angiogenesis in vivo. It was proposed that
perlecan functions as a low-affinity co-receptor by deliver-

ing FGF2 to its high-affinity cell surface receptors. Consis-
tent with this model, it was shown using an antisense
approach that blocking of perlecan expression by colon car-
cinoma cells attenuated their growth, which correlated with
a reduction in their responsiveness to FGF-7. Furthermore,
antisense-mediated inhibition of perlecan expression in
tumor xenografts of colon carcinoma cells or allografts of
mouse melanoma cells showed a reduced capacity for
tumorigenesis and the promotion of neovascularization in
nude mice. Perlecan-mediated potentiation of growth factor
action may occur via sites on either or both of the gly-
cosaminoglycan chains and the core protein. At the cell sur-
face, cell-associated proteoglycans such as perlecan are
proposed to contribute HS chains in the formation of a ter-
nary complex with two FGF1 molecules, and one growth
factor receptor chain, to activate the growth factor receptor.
Perlecan’s HS chains can also serve as reservoirs or binding
sites for other angiogenic factors such as MMP-7, which,
when released, may initiate or help sustain EC migration
during angiogenesis.

Investigations into the functional role played by the per-
lecan protein core in vascular development led to the dis-
covery that the C-terminus potently inhibits EC migration
and adhesion to type I collagen and capillary morphogene-
sis in vitro and in vivo. The C-terminal portion of human
perlecan was named endorepellin to designate its antien-
dothelial activity. This domain blocks EC-matrix adhesion
without interacting directly with the matrix components
themselves. Endorepellin also binds with high affinity to EC
cell surfaces, as well as to endostatin, and counteracts its
antiangiogenic activity. These latter observations imply that
perlecan-type XVIII collagen interactions could play a
structural role in promoting basement membrane stability in
some tissues, but that during basement membrane dissolu-
tion, the presence of both endorepellin and endostatin would
likely not interfere with the subsequent EC migration,
growth, and capillary morphogenesis, because these factors
may interact and thus neutralize each other. Iozzo and co-
workers have shown that endorepellin may be liberated
from the perlecan core by BMP-1/Tolloid-like MMPs, and
various lines of evidence are consistent with the liberation
of endorepellin by cell cultures in vitro, and of its presence
in the circulation of humans in various pathological states.

Type XVIII and XV Collagens

These collagens are members of the mutiplexin collagen
family, because they carry multiple triple-helical domains
interrupted by noncollagenous regions. Type XVIII collagen
is a hybrid collagen-proteoglycan molecule and is a con-
stituent of basement membranes of blood vessels, kidney,
skeletal muscle, and retina, and some other tissues. This col-
lagen carries up to four HS chains, each attached to one of
four nontriple-helical domains. The widely distributed 
basement membrane molecule type XV collagen is highly
similar to type XVIII in primary structure and domain
arrangement. Type XV collagen is also a collagen-PG
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hybrid molecule, but carries chondroitin sulfate, not HS
chains.

An 18Kd protein fragment of type XVIII collagen was
isolated from hemangioma cell conditioned media and
shown to potently inhibit EC growth in vitro, and tumor
growth in vivo, and was thus named endostatin by its dis-
coverers, Judah Folkman and coworkers. It is proposed to be
liberated from the parent molecule through the action of
proteases such as cathepsin L and MMPs. Endostatin was
shown to potently inhibit FGF2-induced EC growth in 
vitro, and in the chick chorioallantoic membrane (CAM),
and to nearly abolish the growth and associated angiogene-
sis of a variety of tumors implanted in mice. Examination of
residual carcinomas in endostatin-treated mice revealed it to
act not by inhibiting tumor cell growth but by increasing
apoptosis sevenfold, via its inhibition of tumor-associated
angiogenesis. Discontinuation of endostatin treatment
resulted in the regrowth of the implanted tumors. Thus,
endostatin was proposed to hold great clinical promise as a
tumor dormancy factor. A later report, however, failed to
observe an effect of endostatin on the FGF2-induced growth
of bovine or human EC in vitro. However, these authors
found endostatin to potently inhibit the VEGF-induced
migration of human EC and, at very low doses, to inhibit the
growth of human renal cell carcinomas implanted subcuta-
neously in nude mice. A third group reported an inhibition
of FGF2 but not VEGF-induced angiogenesis by endostatin.
Finally, drastically different results were reported when the
roles of the zinc- and heparin-binding domains of endostatin
to its antiangiogenic action were examined. Notably, type
XV collagen also contains a C-terminal noncollagenous
domain with about 60 percent sequence homology to endo-
statin, that does not interact with heparin or zinc, but
nonetheless inhibits FGF2- or VEGF-induced angiogenesis
in the CAM. In experiments where endostatin from 
type XVIII collagen and ES-XV were compared for their
abilities to inhibit FGF2- or VEGF-induced angiogenesis,
strikingly different activities were observed. Thus, the 
type XV collagen-derived fragments, ES-XV, and NC1 XV
similarly inhibited VEGF-induced angiogenesis, but angio-
genic stimulation by FGF2 was potently inhibited by NC1-
XV but not by ES-XV. In contrast, whereas type XVIII
endostatin and NC1 domains failed to inhibit VEGF-
induced angiogenesis, endostatin, but not the type XVIII
collagen NC1 domain, were active against FGF2-induced
angiogenesis.

MODE OF ANGIOGENESIS INHIBITION BY ECM FRAGMENTS

Angiogenesis inhibitors are likely to act via distinct path-
ways primarily because of their diversity in structure and
receptors used. For example, endostatin is proposed to inter-
act with the a5b1 integrin that triggers a signaling cascade
leading to inactivation of RhoA GTPase; this subsequently
may cause disruption of the actin cytoskeleton and dis-
assembly of focal adhesions. Thus, endostatin blocks the
mobility of EC, thereby preventing the early stages of angio-
genesis that require cells to migrate. This process requires

an intact cytoskeletal organization. Cytoskeleton dynamics
are of fundamental importance for the actions of another
antiangiogenic factor derived from the C-terminus of per-
lecan, endorepellin. Endorepellin is proposed to interact
with another integrin, the a2b1 that is the major receptor for
collagen I, and this may lead to an intracellular increase in
c-AMP, activation of protein kinase A, and subsequent dis-
solution of actin stress fibers and focal adhesions. Notably,
collagen I exerts the opposite effect, further indicating that
the a2b1 integrin is directly involved in endorepellin-
related signaling. Interestingly, tumstatin, a C-terminal frag-
ment of collagen type IV, is believed to act differently by
binding yet another integrin, avb3, thereby triggering a sig-
naling cascade that leads to inhibition of EC proliferation.
Therefore, a key question is whether common effector path-
ways are similarly modulated by the various antiangiogenic
inhibitors. Endpoints for these pathways would presumably
contain the most essential molecular targets for inhibition of
angiogenesis. There is, thus, the need to investigate not only
intracellular signaling pathways, but also the initial
ECM/growth factor interactions with the surface receptors
of the EC. In addition, we need to further understand the fac-
tors that alter or modulate the cell surface receptors that
comprise the first lines of sensing of the angiogenesis envi-
ronment by the EC.

The Transition Between the Matrix Phases: 
Growth Factors and MMPs Provide the 

One-Two Punch

It is proposed that insults such as proteolysis and wound-
ing, or growth factor action, may provide the stimulus for
basement membrane degradation or disruption; these events
may induce quiescent EC to enter the second ECM phase
and initiate the angiogenesis program (Figure 2, upper and
lower left panels). In the case of proteases, it is widely held
that MMPs, which comprise a family of at least 23 distinct
endoproteinases, may be the likely players; their expression
can be induced by growth factor or cytokine activity or
through tissue injury. Significantly, more than half of the
known MMPs have substrate specificities for one or more
basement membrane components, and several of the pheno-
types of mice null for specific MMPs include defective
angiogenesis. Depending on the physiologic state of the vas-
culature, MMPs can be released by the EC or by perivascu-
lar stromal or tumor cells. Moreover, the level of MMP
activity would likely determine the outcome on angiogene-
sis (i.e., low activities may cause limited release of antian-
giogenic basement membrane fragments), but if disruption
of the ECM scaffold is not significant enough to allow EC
to breach the basement membrane, EC quiescence may be
sustained. In contrast, high proteolytic activity would cause
significant dissolution of the basement membrane, as well as
promoting the release of factors, such as the heparin-binding
FGFs or VEGFs sequestered by the various basement mem-
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brane components, which would in turn stimulate the prolif-
erative phase of angiogenesis. Notably, these and many oth-
ers of the proangiogenic growth factors exhibit
matrix-binding properties, and in some cases, require the
function of cell surface or ECM proteoglycans as co-recep-
tors for growth factor–receptor binding and activation.
Although the role of proteases and growth factor action is
likely crucial in promoting the progression of EC between
the two ECM phases of angiogenesis, our review will not
further examine these aspects because they are widely dis-
cussed elsewhere in the current literature and in this book.

Phase II: Induction of Capillary Morphogenesis 
by the Interstitial Matrices, Fibrillar

Collagens or Fibrin

Wounding or proteolysis may be envisioned to perforate
the basement membrane, a relatively thin scaffold approxi-
mately several hundred nanometers thick. Subsequently, EC
would have to breach the basement membrane and migrate
only small distances or, depending on the circumstances,
even not at all, to encounter fibrillar collagens or fibrin 
(Figure 2, lower left and right panels). Thus, in many tissues
the EC layer of the microvasculature or small vessels exist
within several mm of light to sometimes heavy arrays of
extracellular fibrillar collagens (e.g., Figure 1). During the
wounding process, or in the vicinity of some tumors, fibrin
may be heavily deposited throughout the tissue, and there
may be cases where fibrin pools literally form adjacent to
the resident ECs. Fibrillar collagens and fibrin each exert
powerful proangiogenic activities on EC and are thus con-
sidered to comprise the second phase of angiogenesis regu-
lation, and function to catalyze capillary tube construction
(Figure 2, lower right panel). Because angiogenesis can
occur during development in tissues lacking fibrillar colla-
gen or fibrin (e.g., in the brain), we speculate that angiogen-
esis is not absolutely dependent on the presence of such
polymers. Instead, we propose that fibrillar collagens or 
fibrin may greatly accelerate or catalyze capillary tube 
formation during instances when rapid revascularization is
required to support tissue survival and regeneration, as in
wound healing.

Type I Collagen

Type I collagen is the most abundant protein in the
human body and in other vertebrates. It is synthesized by
vascular cells and most other cell types and is a common
and, sometimes, predominant extracellular component of
many interstitial tissues. Type I collagen is synthesized as a
soluble triple-helical procollagen precursor of @ 300Kd, is
proteolytically processed upon secretion, and assembles in a
staggered fashion into the type I collagen fibril, the form
most commonly found in tissues. A role for type I collagen
in angiogenesis has been known for many years; initial
observations showed that inhibition of collagen metabolism

and cross-linking disrupted angiogenesis in vivo, and subse-
quently, type I collagen was shown to be an ideal angiogenic
scaffold in vitro. Many investigators have developed in vitro
collagen-induced angiogenesis assays. The most common
type involves culturing EC within a collagen gel sandwich
into which cells migrate, proliferate, undergo cell-to-cell
interactions, and then form capillary-like tubes, usually
within two to three days. A modification of this system was
devised by our group, where an apical collagen gel is placed
on a confluent EC monolayer in the presence of a serum-free
medium, and tubes form as rapidly as 12 hours. Because
morphogenesis occurs in the absence of significant cell
migration and proliferation, we consider this to be an end-
point or tube formation assay. Using this system, we have
shown that angiogenesis in response to a type I collagen gel
is surprisingly specific and relies largely on interactions
between the EC a2b1 integrin receptor and only one of the
three potential glycine-phenylalanine-hydroxyproline-
glycine-glutamic acid-arginine (GFPGER) integrin-binding
sites on the collagen fibril. This stands although the collagen
fibril contains numerous sites for potential interactions with
cell surfaces and their associated molecules, including those
for the binding of a1b1 or a2b1 integrins, discoidin domain
receptors, various proteoglycans, and fibronectin. Further
evidence from our work suggests that a2b1-collagen liga-
tion correlates with activation of the intracellular signaling
molecule p38MAPK and downregulation of FAK, associ-
ated with sites of focal adhesion-matrix interactions. Ongo-
ing work attempts to determine if these signaling pathways
may transduce the signal from the level of cell–collagen
interactions to the intracellular signaling events that induce
tube formation.

Fibrin

Fibrin is an extracellular polymer generated during
thrombogenesis from the precursor fibrinogen [2]. Fibrino-
gen has an Mr of @ 340Kd and comprises two identical sub-
units, each of which consists of three distinct polypeptides
called the Aa, Bb, and g chains; the two halves of the mol-
ecule are associated by several disulfide bonds at the N-
terminal regions. During clot formation, thrombin cleaves
the A and B fibrinopeptides, and the resultant product of
@ 45nM in length assembles in a half-staggered fashion into
fibrin polymers or fibrils. As with type I collagen, fibrin has
been shown by Jose Martinez and coworkers to be a potent
inducer of angiogenesis in vitro. EC monolayers exposed
apically to fibrin gels form capillary-like tubes within 24
hours. It was found that an interaction between the EC VE-
cadherin and the beta 15–42 sequence of fibrin was neces-
sary for fibrin-induced tube morphogenesis.

Common Features of Type I Collagen 
and Fibrin Polymers

When considering whether type I collagen and fibrin act
in common ways to promote angiogenesis, it may be useful
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to compare the molecular and supramolecular features of
these polymers. On a gross level, both polymers form clas-
sic gels, which when placed apically on EC monolayers
induce capillary morphogenesis. At the level of the primary
protein sequence, the two molecules share no significant
homology; however, both are high-molecular-weight pro-
teins that assemble into cable-like polymers exhibiting reg-
ular periodicities. The average type I collagen fibril diameter
is 82.5nm, the lateral repeat distance is 67nm, and the spac-
ing between monomers is approximately 1.0 to 1.5nm. For
fibrin, the average fibril diameter is 85nm, the lateral repeat
distance is 22.5nm, and spacing between monomers is about
5nm. It may be significant that the average fibril diameters
are quite similar and that the other dimensions are well
within an order of magnitude of each other.

We envision that these molecules may play at least two
roles in promoting angiogenesis. First, both polymers pres-
ent a rigid, linear substrate for cell interactions that may 
catalyze the side-by-side positioning of EC into tube-like
arrays, a function reminiscent of that suggested by the matri-
cal track theory of ECM-induced angiogenesis, put forth by
Vernon and colleagues [3]. This theory proposes that EC
may exert tractional forces on a planar, relatively homoge-
neous fibrillar matrix scaffold, which results in a gathering
of alignment of fibrillar matrix cables between cells. These
cables in turn function as matrical tracks, which guide ECs
to extend processes and join together to ultimately form a
polygonal cellular or capillary network. In the case of the
induction of angiogenesis by a collagen gel, it is possible
that the EC must first act on the three-dimensional random
array of collagen fibrils within the gel to gather or align mul-
tiple fibrils together, which in turn may promote linear cell-
to-cell associations. In addition, we propose that a second
distinct role these polymers may play is to promote the
proper spatial interactions between specific EC surface
receptors and regularly repeating ligand-binding sites on the
polymers, resulting in cell surface receptor clustering and
the ensuing activation of signaling pathways necessary for
capillary morphogenesis. It can be speculated that this event
may trigger EC responses such as capillary lumen formation
and the expression of genes necessary to initiate and main-
tain capillary differentiation. In the case of type I collagen,
the a2b1 integrin is likely involved, and for fibrin, VE-
cadherin may be the relevant receptor. Such receptor clus-
tering may be dictated by as-yet-undetermined molecular
repeat distances, which may be either common to these two
polymers or unique to each type of receptor–ligand interac-
tion. In this regard, we will briefly consider only the poten-
tial mechanism of a2b1 integrin clustering by the type I
collagen fibril.

Assuming anywhere from one to three of the proposed
sites for a2b1-binding are available on the fibril surface, it
may be calculated to contain from approximately 10 to 40
a2b1 integrin receptor-binding sites across its width, and
along its length, to contain such sites at 67-nm intervals.
Because the region of the integrin receptor that engages type
I collagen is @ 7.0nm in diameter, across the fibril of @ 
80nm in width there is only enough space for a maximum

of 10 receptors to occupy their ligand-binding sites; in this
scenario the receptors clearly have the potential to be tightly
arranged or clustered at the same cell surface location. On
the other hand, receptors bound to sites available every 
67nm along the length of the fibril may be too sparsely 
distributed to promote their clustering and activation.

Another level of complexity that must be investigated is
the matter of whether EC must interact with multiple colla-
gen fibrils to initiate angiogenesis, and if so, how fibril
arrangement may influence their EC interactions and capil-
lary morphogenesis. Such information will contribute to the
rational design of angiogenic polymers for various applica-
tions in tissue engineering, as discussed following. Last, it is
worth addressing the fact that some other molecules, such as
laminin and type IV collagen mixtures, have been reported
to support tube formation in vitro, which at first glance
seems inconsistent with the model described previously.
However, in vivo, EC may never be exposed to high con-
centrations of only one or two basement membrane compo-
nents, and moreover, in the intact basement membrane,
many of the biologically active domains of the matrix scaf-
fold may be inaccessible to EC. Finally, some ECM mole-
cules, although incapable of supporting angiogenesis when
present as components of the native macromolecular assem-
bly, may be capable of engaging the appropriate cell surface
receptors and thus promoting angiogenesis, when isolated
and presented to EC at high concentrations.

Tissue Engineering of the Microvasculature: 
The ECM Holds the Key

One of the greatest current challenges in biomedical sci-
ence is to refine and apply tissue-engineering technologies
to correct a variety of human diseases. Among the most sig-
nificant limitations to generating tissue equivalents are the
difficulties inherent in endowing such implants with suitable
vasculatures. Although much progress has been made in the
arena of large-diameter vascular conduits, technologies to
develop the microvasculature are in their infancy. However,
the necessity of the microvasculature is evidenced by the
observation that most cells must be within @ 100mm or so
from a capillary, and in some cases (e.g., those tissues with
high metabolic rates such as skeletal or cardiac muscle myo-
cytes), may require even greater proximity (e.g., @ 50mm).
Difficulties in engineering of the microvasculature include
its complex arrangement, diminutive size, and fragility. For
example, the smallest module of the microvasculature is the
capillary bed, which typically consists of a thoroughfare
channel that passes between an arteriole and a venule, but
which also feeds a fine honeycomb-like arrangement of cap-
illary tubes. Depending on the metabolic needs of the tissue,
precapillary sphincters, arranged at the junctures between
the arterioles and the capillary network, may control the
flow into the capillaries. The diameters of these vessels
range from @ 50mm for arterioles (Figure 1) down to 5 or
less mm for true capillaries, which do not contain associated
smooth muscle cells or pericytes.
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Examination of the microvasculature of even relatively
modest-sized tissues (e.g., the wing of the little brown bat
Myotis lucifigus) reveals a remarkably complex structure,
containing more than 2,500 distinct blood vessels ranging
anywhere from @ 4 to 75mm in diameter. To fashion such a
vasculature within an engineered tissue in a directed way
seems daunting, and it would be of great advantage to tissue
engineers if the assumption that the development of the vas-
cular bed is dictated by the parenchymal tissues that sur-
round it proves to be correct. In other words, if a tissue
equivalent is seeded with the proper parenchymal and sup-
portive cells (i.e., vascular cells and others such as fibrob-
lasts), the capability can be created to sort and undergo
morphogenesis into the proper tissue arrangement. For
instance, mixtures of EC and fibroblasts cultured on cross-
linked mats of chitosan-chondroitin sulfate-collagen form
dermis-like tissues, complete with what appeared to be
microvessels, which developed in the vicinity of fibroblast-
and ECM-rich regions. However, it is currently unclear if
such tissues are endowed with native-type microvascula-
tures. Moreover, if such a tissue equivalent were trans-
planted into a host animal, it is uncertain whether the
vasculature of the implant would be capable of anastomos-
ing with that of the host. As with this latter example, to date,
attempts to engineer the microvasculature have largely
involved use of the ECM-binding growth factors and/or
ECM scaffolds as key tools.

A predominant approach toward engineering the
microvasculature involves attempting to stimulate vascular
regeneration by promoting the growth or regeneration of the
endogenous vasculature in ischemic tissues. Such methods
have mainly involved delivering angiogenic growth factors,
such as FGF-2 or VEGF, to tissues either by injection or sus-
tained polymer-based release; as mentioned earlier, these
factors work in concert with extracellular or cell surface
proteoglycans to exert their activities. The current literature
demonstrates that such approaches hold much promise in
promoting microvascular regeneration in ischemic tissues,
and many reviews discuss these findings, so this topic will
not be further discussed.

ECM Templates for
Microvascular Engineering

Another approach attempts to provide an engineered tis-
sue with a preformed structural template of the desired vas-
culature. One series of studies performed by Donald E.
Ingber and coworkers has defined how the two-dimensional
geometry of the ECM substrate influences EC growth and
differentiation. Thus, EC were cultured on self-assembled
monolayers generated by stamping microscopic patterns of
alkanethiols on gold-coated substrata, resulting in micro-
patterns of alkanethiols that were further modified by the
addition of various ECM molecules such as fibronectin. This

approach allows for the generation of ECM substrata in the
forms of islands, stripes, or geometric patterns of various
dimensions, on which EC can be cultured and examined for
their adhesive, growth, and differentiation responses. A
main finding was that substrate geometry and area dictates
whether an EC would adhere at all, proliferate, or undergo
apoptosis. Thus, on single ECM islands of 10 mm or less,
cells could not adhere; those ranging in sizes between 10 to
25mm supported attachment but also promoted apoptosis,
and on ECM islands of 50 mm or more, cells proliferated. Of
particular relevance to the engineering of angiogenic scaf-
folds, it was further shown that EC cultured on 10-mm-wide
fibronectin stripes formed vascular-like cords complete with
contiguous lumens, but on 30-mm-thick stripes, the cells
proliferated and did not form lumens.

Some investigators have proposed the development of
three-dimensional templates for the generation of the
microvasculature. One such template is described as a
micro-bioreactor or angiochip. The device has as its basic
design a solid-state silicon capsule or wafer containing thou-
sands of microscopic chambers measuring 1 mm or less,
which can be loaded with nanoliter volumes of bioactive
agents. After filling, chambers are sealed with a thin gold
layer to retain their contents until a later time. After implan-
tation in a host, the contents of individual chambers on such
chips could be selectively released by electro-dissolving the
gold layers limiting the chambers. For some applications,
the device may be surface-tooled and treated with an appro-
priate ECM scaffold to render them amenable to EC seeding
before implantation. Potential uses for non-EC-seeded vari-
ety of implants would be for the sustained delivery of angio-
genic or angiostatic drugs, targeted to expand or reduce the
endogenous microvasculature. Angiochips preseeded with
EC may be useful in promoting the outgrowth of the exoge-
nous EC to form a new microvascular network in the host
tissue, which also might anastamose with the microvascular
network of the host.

Another potential approach to creating microvascular
conduits was discovered using a mouse transgenic model
with a targeted overexpression of chemoattractant protein-1
in the myocardium. The cardiac muscle was found to con-
tain thin channels presumably formed by the enzymatic bor-
ing of macrophages, via their release of metalloelastase,
through the tissue interstitium. To apply this phenomenon
toward the rational engineering of the microvasculature 
will require directing the formation of channels to generate
a desired microvascular configuration. Some possible
approaches may include imprinting a matrix scaffold 
with a chemotactic gradient and seeding one end of a 
scaffold with macrophages. The cells may respond by 
boring channels through the ECM in a directed fashion, in
response to the gradient. A variant of this approach would be
to drive the cell-boring activities actively, using an external
stimulus such as a magnetic field to spatially direct the
migration of the macrophages; perhaps iron-conjugated
beads may be affixed to the cells to confer their response to
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the magnetic field. Subsequently, the macrophage-generated
channels would have to be populated with the appropriate
complement of vascular cells before its use as a tissue
implant.

Rational Engineering and Use of 
Angiogenic Polymers

From our discussion of the basic biology of ECM-
induced angiogenesis, and of the tissue engineering of the
microvasculature, it is obvious that a crossroads of both
bodies of knowledge is the matter of how one may define
and rationally create an angiogenic polymer. The simplest
approach to this end may be to design a polymer that has all
of the appropriate, proangiogenic characteristics of type I
collagen or fibrin, but that lacks any of their undesirable
characteristics (Table I). For example, to replicate some of
the common features of type I collagen and fibrin, the poly-
mer should assume a rigid, linear shape approximately 

100nm or greater in diameter and sufficiently long (i.e., 
≥ 100mm) to simultaneously interact with or bridge two or
more EC. The ideal polymer might carry a basic charge,
because this will confer affinity for the strongly anionic
character of the EC surface. Moreover, the polymer should
contain ligand-binding sites for an appropriate EC surface
receptor, such as the a2b1 integrin (i.e., GFPGER
sequences), which should be distributed appropriately to
promote cell–polymer interactions. From this discussion,
such integrin-binding sites might be spaced no closer than
10nm and no farther apart than 50nm on the polymer. If the
polymer is to be presented apically to cells, it should be
capable of forming a classic gel or, if it must be affixed as
stripes on a substrata on which EC will be seeded, one
would limit their width to 10 mm or less to promote proper
lumen formation. To create such a polymer, either recombi-
nant type I collagen or fibrin could be used, in which unsuit-
able protein epitopes are deleted (e.g., Table I). For
example, in the case of type I collagen, one might remove
binding sites for ligands that have the potential to interfere
directly, or through steric hindrance, with integrin receptor
binding, such as fibronectin and the various collagen-bind-
ing proteoglycans such as decorin. Another approach would
be to design polymers having no significant homologies to
collagen or fibrin, but in which multiple integrin-binding
sites are included at appropriate spacing intervals. Such
super polymers may someday provide an ideal angiogenic
template for a variety of tissue engineering and human ther-
apeutic applications.

Glossary

Angiogenesis: Establishment of new blood vessels by branching, bud-
ding, or remodeling of the existing vasculature. Occurs during embryogen-
esis and in the adult (e.g., during wound healing).

Basement membrane: Extracellular matrix scaffold secreted by 
EC and other cell types, comprised of laminin, type IV collagen, perlecan,
and nidogen, as well as other minor components that vary depending on 
the tissue source. The basement membrane lies in close contact with 
the basal side of the EC and provides structural support and functions 
as a barrier separating them from the underlying perivascular cells and 
tissue stroma.

EC: Mesenchymal cells that comprise the lining of the cavities of the
heart, blood, and lymphatic vessels.

Fibrin: A polymer that forms the fibrous stroma of blood clots. It is
generated during the clotting cascade by thrombin cleavage of fibrinogen,
which liberates fibrin monomers that assemble in an overlapping fashion
into the cable-like fibrin polymer.

Type I collagen: A ubiquitous ECM component comprised of triple-
helical monomers that assemble in a staggered fashion into cable-like col-
lagen fibrils in the extracellular space, which confer tensile strength on
many tissues of the body.
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Table I Angiogenic Super-Polymers.

Physical characteristics
• Form a rigid, cable-like polymer
• Assume appropriate secondary and tertiary conformations
• Assume dimensions of @ 100nm wide and ≥ 100mm long
• Gel at physiological temperature and pH
• Carry a net positive charge 

Biologically Active Determinants
Include sites:
• For binding of appropriate *integrins, distributed 10–50nm apart, or for

binding of other cell surface receptors.
• For binding of angiogenic growth factors (e.g., bFGF/VEGF)
• Necessary for polymer fibrillogenesis/assembly

Exclude binding sites for:
• Ligands that sterically disrupt EC–polymer interactions
• Proteinases, pathogens, or toxins

Exclude epitopes that are:
• Immunogenic
• Pro- or anticoagulant
• Antiangiogenic

Modes of presentation to EC
• As apical or pericellular gel
• Affixed to EC substrata in stripes/islands £ 10mm wide
• Injected into tissues with vascular insufficiency/ischemia
• Incorporated into tissue equivalent scaffolds for implantation in vivo
• Genetically engineered to be expressed by perivascular cells or vascular

stem cells

*Integrin-binding sites in type I collagen or collagen mimetic polymers
must be triple helical.

Features and uses of angiogenic super-polymers are proposed based on
common characteristics of the proangiogenic type I collagen and fibrin
polymers, and on various aspects of EC biology outlined in this review.
Super-polymers may include genetically engineered forms of type I colla-
gen or fibrin, or various synthetic polymers.
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surround the vascular endothelium and help regulate
endothelial cell growth, vessel stability, and vascular per-
meability. Pericyte loss, which occurs in diabetic retinopa-
thy, is accompanied by neovascularization and vascular
leakage. Pericytes contain extensive networks of intermedi-
ate filaments, which, depending on the species and tissue,
consist of vimentin with or without desmin. Pericytes also
contain contractile proteins, such as smooth muscle–specific
isoforms of actin (a-SMA) and myosin, cyclic GMP-protein
kinase, and tropomyosin, which may help in regulating
blood flow [1, 2]. a-SMA, which is also found in vascular
smooth muscle cells, is the most commonly used marker for
the recognition and immunolocalization of pericytes [3, 4],
but an RNA probe directed against PDGFb-receptors can
also be used to visualize pericytes [5].

Pericyte Development in the Retinal Vasculature

During vascularization of the rat retina, pericytes are
recruited after the formation of the primary endothelial cell
plexus. Pericytes migrate into the eye from arterioles
branching from the hyaloid artery in the optic nerve. As the
plexus matures, pericytes migrate from the arterioles toward
the venules. In rats and mice, the recruitment of pericytes
lags behind the formation of the endothelial plexus by sev-
eral days to a week [3, 5], although some pericytes have
been found in small vessels of the mouse as early as postna-
tal day 1 (P1)[6]. They are specifically associated with areas
of the vascular network that contain collagen IV [5]. By
P10, pericytes cover the primary vessel branches of the
superficial retinal vascular bed in rats and by P18, they have

Introduction

The retinal vasculature consists of a single layer of vas-
cular endothelial cells, arranged to form a lumen, which are
ensheathed by pericytes. In the superficial retina, these ves-
sel structures are then ensheathed by astrocytic processes.
Each cell layer is separated by a negatively charged base-
ment membrane (Figure 1). In the deeper retina, Müller
cells, rather than astrocytes, participate in the formation of
the perivascular sheath. Through mechanisms that are not
entirely clear, the growth, maturation, and permeability of
retinal vessels are dependent on the growth and maturation
of pericytes and astrocytes. A significant amount of work
has been directed at determining the roles of these support-
ing cell types in retinal development and homeostasis, and
what follows is a brief summary of the current progress. To
focus this discussion, we have only included what is known
for humans, mice, and rats.

Pericytes

Role of Pericytes in Maintaining Vascular Integrity

Pericytes are the vascular supporting cell type most inti-
mately associated with the retinal vascular endothelium.
They are elongated, polymorphic cells of mesenchymal ori-
gin that are sandwiched between the vascular endothelial
cells and the perivascular astrocytes and are separated from
each by a basement membrane, except where pericytes and
endothelial cells make direct contact (Figure 1). Pericytes

Copyright © 2006, Elsevier Science (USA).
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reached the secondary and tertiary branches. Even though
the deep capillary bed is completely formed by P10, peri-
cytes do not cover these vessels until more than three weeks
after birth, when no further vascular remodeling occurs [3].
It appears that pericytes are more involved in the maturation
and remodeling of retinal vessels than in their formation.
After the vasculature has formed, many of the vessels
regress in more hyperoxic areas. Covering of the vascular
endothelium by pericytes arrests endothelial cell prolifera-
tion and appears to stabilize the enveloped capillaries, pro-
tecting them from regressing. In mice, pericytes are always
found on capillaries adjacent to the regressing segment, but
never on the regressing arm [6].

The Role of PDGF-B in Pericyte Recruitment 
and Development

Platelet-derived growth factor-B (PDGF-B) is necessary
for pericyte development, because PDGF-B-deficient mice
lack pericytes [7]. Not only is PDGF-B essential for pericyte
survival, but it is also critical for their migration along cap-
illary endothelial sprouts and for normal pericyte–endothe-
lial interactions. Pericytes are the predominant cell type in
the developing retina that expresses PDGF-b receptors,
which specifically bind PDGF-B. In studies where PDGF-B
has been elevated during the time of vascular remodeling,

either by endogenous administration [3] or because of over-
expression in transgenic mice [4], the increased PDGF-B
leads to a disruption of normal pericyte–endothelial cell
interactions and disrupted retinal vascular development.
Following intravitreal injection of PDGF-B to mice during
the time of vessel remodeling, pericytes, which normally are
tightly wrapped around vessels, are disorganized and often
connected to more than one vessel. This leads to excessive
hemorrhage followed by capillary obliteration and the
widening of capillary-free zones and the formation of irreg-
ularly spaced vascular loops and capillary tangles. The reti-
nal vasculature of these PDGF-B-treated mice is also more
vulnerable to oxygen-induced damage. When PDGF-B is
administered during the remodeling phase of the deep capil-
lary plexus, but after the remodeling of the superficial
plexus is complete (P18), only the deep vessels are affected
[3]. Overexpression of PDGF-B in transgenic mice leads to
hyperproliferation of pericytes, astrocytes, and endothelial
cells. It also results in the disassociation of pericytes and
vascular smooth muscle cells from vascular endothelial cells
and an impairment of the formation of the deep capillary
bed. These effects result in the formation of an underdevel-
oped vasculature in the retina. The aSMA-positive pericytes
in the retinas of these mice are generally found in clusters
and are usually round or oblong with a high nucleus-to-
cytoplasm ratio and abundant mitochondria and rough endo-
plasmic reticulum [4].

Figure 1 Ultrastructure of a normal inner retinal vessel. The tubular configuration of the vascular
endothelial cells (E) forms a lumen, which contains a red blood cell. The endothelial cells are con-
nected by tight junctions (zonula occludens) (arrows), which help establish the blood–retinal barrier.
Pericytes (P) envelop the vascular endothelium and astrocytes (A) cover the pericytes. A basal 
lamina separates the astrocytes from the pericytes and the pericytes from the endothelial cells, except
where there is direct cell-to-cell contact. The arrowhead shows a point of direct contact between a
pericyte and a vascular endothelial cell. (see color insert)
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Astrocytes

The Role of Astrocytes in the Development of the
Blood–Retinal Barrier

Recent studies have shown that retinal astrocytes play a
significant role in retinal vascular development by angio-
genesis and in the induction and maintenance of the
blood–retinal barrier (BRB). Glial fibrillary acidic protein
(GFAP)-positive astrocytes are found in all vertebrate
species that have a retinal vasculature, and the temporal-
spatial development of astrocytes precedes the onset of
angiogenesis in the retina [2, 5, 8]. In adults, astrocytes
ensheathe the superficial retinal blood vessels (Figure 2),
and their association with the vasculature is spatially 
and temporally correlated with the establishment of the
BRB [8]. The functional role of astrocytes in establishing a
blood–tissue barrier has been more clearly defined in the
central nervous system and in culture (Reviewed in [9]). The
end feet of astrocytes make an extensive network of cell
processes that lie in close apposition to the basal surface of
the microvascular endothelium. The intimate association
between astrocytes and endothelial cells suggests that astro-
cytes may provide an inductive signal to promote the estab-
lishment of the blood–brain barrier (BBB) [9], which is
analogous to the BRB. Although the exact mechanism for
this induction is unknown, it can be mimicked in vitro and
has been shown to require close proximity and correct cell
polarity between astrocytes and vascular endothelial cells.
As with the BBB, the BRB is likely to be induced by glial
cells, with astrocytes providing this function in the superfi-
cial blood vessels and Müller cells in the deep capillary net-
work. In addition to their role in establishing the BRB,
retinal astrocytes also appear to play an essential role in
driving the angiogenic phase of retinal vascular develop-
ment through the expression of VEGF. Differentiated astro-
cytes are located in the retina in advance of the formation of

patent vessels. In the absence of adequate blood circulation,
astrocytes experience relative hypoxic conditions and have
been shown to upregulate VEGF, which drives retinal vas-
cular development by angiogenesis [2]. The association of
astrocytes to retinal vessels also appears to contain their
growth and provide vascular stability, and a breech of this
association may result in unrestrained neovascularization
and hemorrhage [10]. In order to understand the role of
astrocytes in retinal vascular development, it is necessary to
understand the migration, growth, and development of
astrocytes in the retina.

Development of Retinal Astrocytes

Although there are significant differences between
humans and mice, astrocytes in both species migrate into the
retina through the optic nerve as immature astrocyte pro-
genitors [8]. The progenitors have been defined as cells
expressing Pax2 and vimentin, but not GFAP or S100 [8].
The progenitors then migrate through the nerve fiber layer
toward the anterior margins of the retina. This creates a spa-
tial and temporal pattern in which the progenitors, which are
the least differentiated, are found at the leading edge of
migration and the older astrocytes, which have begun to dif-
ferentiate and mature, are found in the central retina. At least
three stages of maturation have been described. The first
stage has been defined as immature perinatal astrocytes that
express vimentin, Pax2, S100, and GFAP. This is followed
by the appearance of mature perinatal astrocytes that lose
vimentin expression, but retain Pax2, S100, and GFAP
expression. After the final stage of development, adult astro-
cytes are found throughout the retina and have robust
expression of GFAP and S100, but have lost expression of
Pax2 [8]. In mice, the interaction with the vascular endothe-
lium seems to increase the expression of GFAP and S100 in
retinal astrocytes, suggesting that this interaction may be
important for the final stage of astrocyte maturation [5]. This

Figure 2 Immunocytochemical staining for glial fibrillary acidic protein in a P15 mouse retina
decorates the astrocytic processes that encircle the vessels in the inner retina. (see color insert)
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is most apparent in flat-mounted retinas from P5 mice that
have been immunostained for S100 and griffonia simplici-
folia isolectin B4 (GSA; Figure 3). At this stage of mouse
development, S100-positive astrocytes have spread through-
out the nerve fiber layer of the retina, while the developing
GSA-positive vasculature has only spread throughout the
central region of the retina. S100 expression is much higher
in the vascular-covered central retina than in the avascular
periphery.

The Role of PDGF-A in Astrocyte Migration 
and Proliferation

Although the inductive signals for astrocyte development
have not been fully identified, the current data suggest that
platelet-derived growth factor A (PDGF-A) plays an impor-
tant role in their migration and proliferation. Astrocyte 
progenitors enter the retina well after the differentiation of
retinal ganglion cells. This is perhaps a necessary sequence
as astrocytes migrate into the retina through the optic nerve
along the ganglion cell axons. Once in the retina, astrocyte
progenitor migration may be independent of the presence of
ganglion cells [11]. However, other studies have shown a
direct role for ganglion cells in astrocyte development. Gan-
glion cells secrete PDGF-A, and astrocytes can respond to
PDGF-A through the expression of PDGF receptor a
(PDGFRa) [5, 12]. The simplest model suggests that astro-

cytes and/or their progenitors migrate into and proliferate
within the retina following the chemoattractant and mito-
genic signal, PDGF-A. In support of this model, studies
have shown that overexpression and ectopic expression of
PDGF-A from the lens results in an astrocytic hyperplasia
known as a hamartoma near the optic nerve head of the
retina [12]. PDGF-A has also been overexpressed in trans-
genic mouse retina using the neuron-specific enolase pro-
moter and the opsin promoter [5, 13]. In both models, there
was excessive accumulation of astrocytes in the retina. In
each of the overexpression models, the ectopic expression of
PDGF-A led to mislocalized astrocytes, suggesting that the
site of PDGF-A expression is important for migration cues
in normal development. PDGF-B, which can also bind and
activate the PDGFRa on astrocytes, can also induce their
mislocalization and hyper-proliferation [4]. Further studies
have shown that disruption of PDGF-A signaling by neu-
tralizing antibodies to PDGFRa disrupts the normal devel-
opment of retinal astrocytes [5]. These studies demonstrate
that PDGF-A is a potent chemoattractant and mitogen for
astrocytes and that its expression is required for normal
astrocyte migration in the retina. It is interesting to note that
retinal vascular development is dramatically impaired in all
of the mouse models overexpressing PDGF-A. These find-
ings clearly demonstrate that growth and development of
retinal astrocytes is important for the development of a func-
tional retinal vasculature.

Figure 3 Immunofluorescent staining using antibodies to S100 (A), which is expressed only 
in astrocytes in the P5 mouse retina, and fluorescence staining of the developing vasculature using
Griffonia simplicifolia isolectin B4 (B). S100 positive astrocytes are located throughout the retina;
however, the staining intensity is higher in the central retina (A). At this age, the developing vascu-
lature covers only the central region of the retina (B). The arrow in all panels marks the leading edge
of the developing vasculature. In the merged image (C), it is clear that astrocytes in contact with the
vasculature have higher expression of S100 than astrocytes in the avascular periphery. (see color
insert)
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Glossary

Astrocyte: A neuroglial cell of ectodermal origin with processes that
ensheathe vessels in the inner retina and brain, helping to establish the
blood–retinal or blood–brain barrier; they represent a supporting cell type
for neurons as well as the vasculature.

Pericyte: A vascular supporting cell of mesenchymal origin with con-
tractile properties that surrounds the vascular endothelium and helps regu-
late vascular integrity.

Platelet-derived growth factor A: A chemoattractant and mitogen for
astrocytes that is important in retinal vascular development.

Platelet-derived growth factor B: A proangiogenic factor that is nec-
essary for pericyte survival and migration and for normal retinal vascular
development.

Vascular endothelial cells: The cells that line the lumen of blood 
vessels.
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after become a fibrofatty residuum (involuted phase).
Hence, the life cycle of hemangioma encompasses both pro-
liferation and regression of blood vessels and, as such, pres-
ents a unique model system to study the regulation of
angiogenesis. The most common form of hemangioma
appears within two weeks after birth, yet some appear fully
grown at birth. These “congenital hemangiomas” fall into
two subgroups: one group regresses rapidly, within months,
whereas the second group fails to involute, suggesting that
the life cycle of hemangioma can be compressed or
extended. Understanding these variations on the more com-
mon form of infantile hemangioma will be fundamental to
deciphering the mechanisms that control involution and may
eventually pave the way for development of fast-acting ther-
apies that either speed up the involution process or prevent
the aberrant growth from occurring in the first place.

Location of Hemangiomas

Hemangiomas are most often cutaneous, found on the
head and neck (60%), trunk (25%), and the extremities
(15%). See examples of proliferating hemangiomas in Fig-
ure 1. About 20 percent of hemangiomas occur as multiple
tumors. The relationship of these multifocal lesions to each
other and how they differ from the more common single
lesion is not understood. Visceral hemangiomas also occur,
but these are rare and are likely to go undetected because
most hemangiomas are small and pose no threat or com-
plications. However, a subset of hemangiomas can grow

Hemangioma is a tumor of endothelium that occurs in 5
to 10 percent of caucasian infants. Often referred to as infan-
tile hemangioma, it follows a unique biological course: it
proliferates rapidly in the first year of life, regresses slowly
during early childhood, and never recurs. These features of
hemangioma distinguish it from other vascular tumors,
which do not regress and can occur in adults. Like many
vascular tumors, the endothelial cells that comprise heman-
gioma express a multitude of endothelial markers and angio-
genic growth factors. Endothelial cells from hemangiomas
are clonal and exhibit abnormal properties when compared
to normal human microvascular endothelial cells. These
findings strongly suggest that hemangiomas arise when a
somatic mutation occurs, within a single endothelial cell, in
a gene that controls endothelial cell proliferation and possi-
bly responses to angiogenic stimuli. The molecular mecha-
nisms underlying the rapid growth and the spontaneous
involution of hemangioma are yet to be discovered, but
when elucidated, are likely to yield unique insights into the
regulation of blood vessel formation and growth.

Clinical Features of Hemangioma

Growth and Regression

Hemangiomas typically appear soon after birth, grow
rapidly during the first year of life (proliferating phase),
regress slowly from age 1 to 7 (involuting phase), and there-
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dramatically during infancy. For these children, the nor-
mally benign tumor can be devastating, causing tissue
destruction, altering or impairing tissue function, and can
become life-threatening. Even a relatively small heman-
gioma can cause significant problems for the infant depend-
ing on the location. Children with endangering or
life-threatening hemangiomas are treated with corticos-
teroids, surgical resection, or with interferon-a. However,
some hemangiomas do not respond to these drug therapies
or respond so slowly that it is not clear if the drug acceler-
ated the normal involution process. Furthermore, neurologic
toxicity has been associated with interferon-a administra-
tion to infants with hemangioma.

Hypothyroidism in Hemangioma

Huang and colleagues discovered that severe hypothy-
roidism can be associated with large hemangiomas [1]. They
showed that the likely underlying cause was ectopic expres-
sion of type 3 iodothyronine deiodinase (D3) in proliferating
hemangiomas. D3 is widely expressed in fetal tissues and
some tumors, but after birth, its expression is restricted to
placenta and brain. D3 inactivates thyroid hormone and, in
the case described by Huang and colleagues, can lead to
consumption of therapeutic doses of hormone in a child with
a large hemangioma. The impact of hypothyroidism during
infancy is severe and irreversible; neurological damage in
particular can lead to loss of three to five IQ points per
month in children under one year of age with untreated
hypothyroidism. Hence, the aberrant proliferation of
endothelium that characterizes hemangioma can have dele-
terious systemic effects for a child in addition to the local
tissue destruction. The discovery of hypothyroidism in
hemangioma by Huang and colleagues, and subsequent case
reports by others, affirms the critical importance of under-
standing the cellular and molecular alterations in heman-
gioma and the need for better fast-acting therapies.

Genetics

Most hemangiomas occur sporadically, with only rare
examples of a hereditary predisposition. A large study of
identical and fraternal twins, conducted by Cheung and col-
leagues [2], found no evidence for Mendelian inheritance,
yet the authors speculated that a positive family history
could reflect susceptibility to other “factors”—such as envi-
ronmental or genetic factors—which in turn might lower the
threshold for development of hemangiomas. Examples of
factors that predispose one to hemangioma are being female
(hemangiomas are three times more common in females
compared to males), being fair-skinned, and being born pre-
maturely. However, despite the preponderance of sporadic
hemangiomas, Marchuk and colleagues reported evidence
for inherited hemangiomas in a small number of kindreds in
which hemangioma appears to be autosomal dominant [3].
An alternative scenario that could account for familial
hemangiomas would be an autosomal recessive mutation,
followed by acquisition of a somatic mutation in an endo-
thelial cell. This would explain how an inherited mutation
that would presumably affect all endothelial cells would
only be expressed in a localized fashion.

Other Vascular Tumors

Hemangioma is often used as a generic term and applied
to a wide array of vascular neoplasms and even vascular
malformations. Examples of vascular tumors that have been
called hemangioma are angiosarcoma, Kaposiform heman-
gioendothelioma, and pyogenic granulomas. Additionally,
congenital tumors, such as tufted angioma and heman-
giopericytoma, can be confused with hemangioma. Heman-
gioma is also a clearly distinct entity from vascular
malformations. Several reviews and chapters have been
written to clarify and classify human vascular anomalies,
including infantile hemangioma, and to establish a logical

Figure 1 Three Examples of Hemangioma in the Proliferating Phase. The third panel is an example of mul-
tiple hemangiomas. (see color insert)
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nomenclature based on clinical features, biological proper-
ties, and when possible, molecular markers. In 2000, North
and colleagues discovered that infantile hemangiomas could
be distinguished from other vascular tumors and vascular
malformations with high confidence by immunostaining tis-
sue sections with an anti-glucose transporter-1 (GLUT1)
antibody [4]. In a retrospective study, they reported intense
endothelial immunoreactivity with anti-GLUT1 antibody in
139 of 143 hemangiomas obtained from infants and young
children. In contrast, endothelial GLUT1 was not detected
in vascular malformation specimens, nor pyrogenic granu-
lomas or granulation tissue specimens. Furthermore,
GLUT1 was not detected in hemangioendotheliomas, a low-
grade malignant endothelial tumor, and only in a few cases
of angiosarcoma, a highly aggressive endothelial tumor. In a
subsequent study by North and colleagues, GLUT-1 was
also not detected in congenital hemangiomas, suggesting a
distinct eitiology from the more common form of heman-
gioma. Hence, the anti-GLUT1 antibody has proven to be a
valuable tool for characterizing hemangiomas among a wide
array of vascular tumors.

Life Cycle of Hemangioma

Proliferating Phase: Endothelial Progenitor Cells

Proliferating hemangiomas are highly cellular, with little
connective tissue and barely discernible vascular lumens;
proliferating endothelial cells are easily detected by histo-
logical methods. Because the tumor comprises endothelium,
it is not surprising that many studies have found high levels
of endothelial-expressed proteins. In Figure 2, tissue sec-
tions from proliferating and involuting hemangioma sec-
tions were double-labeled, with antibodies directed against

two well-known endothelial markers. Vascular endothelial
growth factor-receptor-2 (VEGF-R2), also known as kinase
insert domain-containing receptor (KDR), is the major
mediator of the angiogenic effects of VEGF on endothelial
cells. In addition to being expressed on mature endothelial
cells, KDR is also expressed by endothelial progenitor cells
(EPC). CD31, also known as platelet-endothelial cell adhe-
sion molecule-1 (PECAM-1), is a cell-cell adhesion mole-
cule expressed on virtually all continuous endothelium. As
seen in Figure 2, KDR is abundantly expressed in prolifer-
ating hemangioma; the green fluorescent signal is evident on
nascent vascular structures and on cells lining vascular
channels. CD31 is also expressed in proliferating phase
hemangioma; the red fluorescent signal strongly highlights
vascular channels. When the two signals are viewed simul-
taneously, it is clear that KDR and CD31 are co-localized,
providing strong evidence for endothelial cells within the
proliferating hemangioma. The same immunostaining pro-
cedure was performed on involuting hemangioma speci-
mens. KDR-positive/CD31-positive endothelial cells are
evident, but the cellular density is decreased and vascular
channels are more prominent. This change in endothelial
morphology suggests that nascent vascular structures pres-
ent in the proliferating phase differentiate into more well-
defined vascular channels as the involuting phase proceeds.
The speculation that proliferating hemangiomas contain
primitive angioblast-like cells has been put forth by many
investigators. In support of this concept, we recently
reported the detection of endothelial progenitor cells (EPC)
from 11 out of 12 proliferating phase hemangiomas [5]. 
No EPC were detected in involuting hemangiomas or in
venous malformation or lymphatic malformation tissue,
suggesting that the presence of EPCs in hemangioma is
unique and that EPC might contribute to the pathogenesis of
hemangioma. To our knowledge, our study was the first to

Figure 2 Expression of KDR/VEGF-R2 and CD31 in Hemangioma. Indirect immunofluores-
cence detection of KDR (panels a, c, d, f ) and CD31 (panels b, c, e, f ) in frozen sections from pro-
liferating phase (a–c) and involuting phase (d–f) hemangiomas. In panels a and d, the green
fluorescence (FITC) corresponding to KDR is seen. In panels b and e, the red fluorescence (Texas-
Red) corresponding to CD31 is seen. In panels c and f, both fluorescence signals were viewed simul-
taneously; cells expressing both proteins are seen as yellow or yellow/orange. (Yu and Bischoff,
unpublished data.) (see color insert)
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show direct evidence of human EPC in a human vascular
tumor.

Proliferating Hemangioma: Clonal Endothelial Cells

Two experimental approaches demonstrate that heman-
gioma is caused by an intrinsic defect in the endothelial
cells. First, Boye and colleagues isolated hemangioma-
derived endothelial cells from 10 different hemangioma tis-
sue specimens and showed that the endothelial cells were
clonal by examining X-chromosome inactivation patterns
[6]. Nonendothelial fibroblast-like cells that were co-
isolated from the tissue and separated from the endothelial
cells were not clonal, demonstrating that the clonal expan-
sion was restricted to the endothelial cells. In addition, the
hemangioma-derived endothelial cells exhibited abnormal
properties in in vitro assays that measure angiogenic activ-
ity. These results substantiate the hypothesis that heman-
gioma is caused by a somatic mutation in a single
endothelial cell (i.e., an intrinsic defect), in a gene that 
controls endothelial growth and differentiation. Two other
studies also support this hypothesis. Evidence for loss 
of heterozygosity on chromosome 5q in three out of six
hemangiomas suggested a somatic mutation in this region
may be the cause of sporadic hemangiomas. More recently,
Walter and colleagues showed that 12 of 14 informative
hemangioma lesions had nonrandom X-chromosome 
inactivation patterns—evidence for clonal endothelial
cells—and thus, a somatic mutational event [7]. Importantly,
their clonality assays were performed on DNA isolated 
from tissue sections, which avoids changes in cell com-
position that might occur during cell culture. In summary,
these studies provide strong support for the hypothesis 
that a somatic mutation in a single endothelial cell 
leads to clonal expansion of dysregulated endothelial 
cells, resulting in hemangioma. Formal proof of the hypo-
thesis awaits identification of the somatic mutation(s) and
functional demonstration that such mutation(s) cause
hemangioma.

Involuting Phase: Onset of Apoptosis

The involuting phase of hemangioma coincides with a
transformation to a more lobular architecture with organized
and recognizable vascular channels, which can be appreci-
ated in Figure 2. As involution proceeds, vascular channels
become larger and more prominent, and few interstitial cells
are evident. Increases in perivascular cells expressing a-
smooth muscle actin are consistent with the appearance of
mature blood vessels. Mast cells appear to be increased in
the involuting phase, and changes in extracellular matrix
occur. Interferon-b in the epidermis overlying involuting
and involuted hemangiomas has been proposed as a mecha-
nism for attenuating the abnormal proliferation in heman-
gioma [8]. The final, involuted phase is characterized by a
few remaining thin-walled vessels that resemble normal
capillaries, surrounded by fibrofatty tissue.

The cellular and biochemical mechanisms that drive the
involuting phase have been difficult to study because
endothelial cells from involuting hemangioma do not grow
in vitro [9]. Based on studies showing that increased apop-
tosis can offset cellular proliferation in murine tumor mod-
els, we examined cellular proliferation and apoptosis in a
series of 16 hemangioma specimens from infants to children
up to nine years of age, as well as normal infant skin for
comparison [10]. Consistent with previous studies, cellular
proliferation was high in hemangioma specimens obtained
from children up to 24 months of age. Apoptosis was
increased fivefold in hemangioma specimens from children
one to four years of age compared to proliferating heman-
gioma specimens from children under one year of age, late-
involuting/involuted hemangioma specimens from children
over four years of age, and normal skin from infants (see
Figure 3). Thus, the increase in apoptosis coincided pre-
cisely with the onset of the involuting phase. Double-
labeling tissue sections for apoptosis and the endothelial
marker von Willebrand Factor showed that 27 to 39 percent
of the apoptotic cells were endothelial. In summary, this
study suggests that regression of hemangioma involves
increased apoptosis even as cellular proliferation continues.
One might speculate that an agent that triggers apoptosis in
proliferating endothelial cells would be an effective treat-
ment for hemangioma.

Summary

The pathogenesis of hemangioma—its life cycle of
growth and involution—is still a mystery. The studies
described here support the hypothesis that sporadic heman-

Figure 3 Increased Apoptosis Coincides with the Onset of the Involut-
ing Phase. Apoptotic cells were quantitated using the TUNEL assay on 16
hemangioma specimens from children ranging from two months to nine
years of age. Normal skin from infants and young children (n = 8) was ana-
lyzed for comparison. On average, apoptotic nuclei in eight fields, viewed
at 630X magnification, were counted. Hemangiomas from children 13 to 48
months of age had a higher mean count of apoptotic nuclei compared to
hemangiomas from younger children (0 to 12 months) (p < 0.001) and
compared to hemangiomas from older children (> 48 months of age) (p =
0.002). There was no significant difference between younger (0 to 12
months) versus older (> 48 months) patients (p = 0.68). This figure is a
graphical summary of data from Razon et al. (1998). Microcirculation 5,
189–195.
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giomas are caused by a somatic mutation in a single
endothelial cell, possibly an immature endothelial cell or
endothelial progenitor, that leads to clonal expansion of
abnormal endothelial cells. It is likely that several somatic
mutations, in one or more genes, will be discovered in indi-
vidual hemangiomas, and that the assortment of mutations
will reflect the differences in severity and life span of the
individual tumors. Much progress has been made toward
distinguishing hemangioma from the many other types of
human vascular anomalies using cellular and biochemical
markers. The goals now are (1) to identify the genetic
defects that cause hemangiomas, so alterations in cellular
signaling and function can be studied at the molecular level;
(2) to develop animal models that recapitulate hemangio-
genesis, so that growth and regression can be studied in
vivo; and (3) to use the animal models to evaluate anti-
angiogenic therapies that will either prevent growth or
accelerate involution, so that better, fast-acting therapies can
be provided to children with endangering hemangiomas.

Glossary

Apoptosis: A mechanism by which cell death can occur. It is charac-
terized by morphologic changes in the nucleus and cytoplasm and chro-
matin cleavage at regularly spaced sites resulting in DNA fragmentation.
This mode of cell death is contributes to the regulation of the size of ani-
mal tissues and in mediating pathologic processes associated with tumor
growth.

Clonal expansion: A single cell undergoes multiple cell divisions to
give rise to a population of descendent cells.

Endothelial progenitor cells: immature endothelial cells that co-
express stem cell markers and endothelial lineage specific markers.

Immunohistochemistry: An indirect means of determining the expres-
sion and localization of a protein or antigenic determinant within a tissue.
Histological tissue sections are incubated with an antibody directed against
the protein of interest, followed by detection of bound antibody using a sec-
ondary antibody conjugated to a reporter.

Somatic mutations: Alterations in DNA sequence that cause defective
gene products in any cell in the body except germ cells.
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require smaller quantities of reagents because of their
smaller body weight. From the surgical point of view, rats
and hamsters are easier to work with than mice, but the lat-
ter have many advantages. The availability of comprehen-
sive genetic information on mice, immunodeficient and
genetically engineered mice, and murine reagents such as
surface markers or antibodies has made mice the most com-
monly used laboratory animals for modern biological
research. The dorsal skin chamber in mice is the most
widely used chamber preparation because the surgery is less
involved than some of the other preparations and because of
its longer history. The cranial window can be kept for up to
a year, compared to 30 to 40 days for the dorsal skin cham-
ber, and (along with the cheek pouch) is an immuno-
privileged site. The main disadvantage of the cranial win-
dow is that, in most cases, the visualization of microvessels
requires both epi-illumination and the injection of a contrast
agent such as a fluorescent marker.

The Rabbit Ear Chamber

In 1924, Sandison developed the first transparent window
(chamber) for implantation in the ear of a rabbit. Since then,
various modifications of this model have been used for
microcirculation studies. The model requires granulation tis-
sue formation within the chamber, and during this period it
is very useful for the study of the wound healing process.
The chambers can be used either for normal tissue studies or
for tumor implantation after the maturation of granulation
tissue.

Typically, a rabbit ear chamber is surgically implanted in
the 15-cm-long ears of New Zealand white rabbits (~3kg
body weight). Four holes are punched in the shaved ear:
three outer perforations (3.5mm in diameter) for the cham-
ber positioning and a central puncture (5.4mm diameter) for
the transparent window housing. A molded plate is placed
on the inside of the ear and aligned with the existing holes,

Introduction

The tissue preparations used for in vivo microscopy can
be grouped into three classes: (1) in situ preparations (e.g.,
mouse ear skin, bat wing, human nail bed, mouse tail lym-
phatics), (2) acute (exteriorized) tissue preparations (e.g.,
hamster cheek pouch; rat cremaster muscle; mouse, rat, cat,
or rabbit mesentery; internal organs such as the heart, lung,
stomach, intestine, pancreas, liver, kidney, ovary, breast,
spleen, lymph node, or Peyer’s patch), and (3) chronic trans-
parent windows (chambers). Each preparation has its
strengths and weaknesses. In situ preparation does not
require any invasive preparation, but accessible tissue is
very limited. Acute exteriorization can be applied to virtu-
ally any tissue with variable degrees of difficulty, but the
duration and frequency of the observation is limited, and the
preparation procedures may affect the microcirculatory
parameters.

Window models allow sufficient recovery time after the
implantation and permit chronic observation thereafter. Var-
ious window models are available today, and more are being
developed. This chapter discusses chronic window prepara-
tions and their usage for microcirculation research.

Chronic Window Preparations

Chronic windows developed to date include the rabbit
ear chamber, dorsal skin chamber, cranial window, hamster
cheek pouch, spinal window, rabbit bone chamber, mouse
abdominal window, mammary window, and lung window
(Table I). Each of these chronic windows has its advantages
and disadvantages. For example, the rabbit ear chamber is
perhaps the most optically clear. However, rabbits are
expensive to purchase and maintain, and it takes four to six
weeks to mature the granulation tissue before the study
begins. Mice, hamsters, and rats are less expensive and

Copyright © 2006, Elsevier Science (USA).
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while a thin (~200mm) cover of mica glass is positioned on
the outside of the cartilage. A thin granulation tissue bed
(with a thickness of ~40mm and a diameter of ~5mm) grows
in the chamber, sandwiched between the molded plate and
the mica glass. The granulation tissue develops at an aver-
age of 8 days after implantation, and reaches maturity at
approximately 40 days after implantation.

For tumor implantation, the cover glass, which forms the
top plate of the transparent chamber, is carefully removed. A
tumor (such as VX2 carcinoma) is excised from the flank of
a tumor-bearing host, minced, placed in 0.9 percent NaCl
solution, and spread uniformly over the cover glass. The
cover glass is replaced flush against the intact normal tissue.
Angiogenic response is observed 3 to 4 days post-implant,
and the tumor-bearing chamber is ready for intravital
microscopy approximately 10 days after implantation.

For intravital microscopy, the animal is placed in a dor-
sal recumbent position in a cradle that restricts head move-
ment while still maintaining proper circulation to the
chamber. The ear containing the chamber is extended hori-
zontally to the specimen plane of an intravital microscope.
The chamber is secured to the microscope stage with an alu-
minum adapter.

The Dorsal Skin Chamber

In the 1940s, Algire adapted the Sandison chamber to the
dorsal skin in mice and carried out pioneering studies of
angiogenesis during wound healing and tumor growth.
Algire’s original design and its modifications for other
species require granulation tissue growth similar to that in
the rabbit ear chamber model. Although this type of dorsal
skin chamber has better optical accessibility, the effects
associated with the wound healing process may hamper the

observation. Later development of new dorsal skin chamber
design minimized such effects by using intact skin, as
described below. This type of dorsal skin chamber has been
used for immunocompetent as well as immunodeficient
mice, rats, and hamsters. With the availability of genetically
engineered animals, the mouse dorsal skin chamber (Figure
1) has the broadest range of applications.

For the implantation of a transparent chamber into mouse
dorsal skin, the entire back of the animal is shaved and
depilated and two symmetrical titanium frames (weight 
3.2g) are implanted so as to sandwich the extended double
layers of skin. One layer of the skin is removed in a circular
area approximately 15mm in diameter, and the remaining
layer (consisting of epidermis, subcutaneous tissue, and stri-
ated muscle) is covered with a circular cover glass (11mm in
diameter) incorporated into one of the frames. Following
implantation of the dorsal skin chamber, animals are allowed
to recover from microsurgery for 48 hours before in vivo
microscopy studies or subsequent procedures are conducted.

To implant tissue, such as a tumor, the animals are posi-
tioned in a transparent polycarbonate tube (inner diameter:
25mm). The cover glass is carefully removed and a small
piece of tissue (approximately 1mm in diameter) or 2 ml of
dense cell suspension (~2 ¥ 105 cells) is implanted at the
center of the dorsal skin chamber. A new cover glass is then
placed on the chamber.

For microscopy on a dorsal skin chamber–bearing
mouse, the mouse is positioned in the polycarbonate tube. A
heating tape is wrapped around the plastic tube to maintain
the animal’s core temperature at a constant ~37°C during the
observations. To obtain microcirculatory parameters, cham-
bers are observed under an intravital microscope, which is
typically equipped with a high-sensitivity camera for fluo-
rescence imaging.

Table I Examples of Window Models for Microcirculation Studies.

Model Species Application

Ear chamber Rabbits Wound healing, tumor growth

Dorsal skin chamber Rabbits, rats, hamsters, mice Skin microcirculation, ischemia reperfusion, local
cytokine application, wound healing, tumor growth, 
angiogenesis assay, tissue growth

Cranial window Pigs, cats, rats, mice Cerebral and pial microcirculation, local cytokine
application, wound healing, tumor growth, angiogenesis
assay, tissue growth

Cheek pouch window Hamsters Cheek pouch microcirculation, wound healing, tumor 
growth

Spinal window Rats, mice Spinal microcirculation

Bone chamber Rabbits Bone microcirculation, ischemia reperfusion, wound
healing, stem cell homing

Abdominal window Mice Abdominal wall and pancreas microcirculation, tumor
growth

Mammary window Rats, mice Tumor growth

Lung window Rabbits, mice Lung and pleural microcirculation, tumor growth
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The Cranial Window

The closed transparent cranial window model has been
extensively used for cerebral microcirculation studies. After
the recovery of central nervous system fluid and intra-
cephalous pressure to normal levels, this model provides
direct optical access to cerebral blood vessels under physio-
logical condition. The cranial window is the most stable 
window model to date, allowing observation for as long 
as the entire natural life span of the animal; it is therefore
very useful for studies requiring relatively long duration.
Cranial windows are used for angiogenesis, vessel remodel-
ing, and maturation studies. Furthermore, this model pro-
vides a natural microenvironment for primary and metastatic
brain tumors. Various species, including mice, rats, cats, and
pigs, are used for the cranial window model. We will
describe the preparation of the mouse cranial window 
(Figure 2), but similar procedures are used for other species.

For cranial window implantation, a stereotactic apparatus
holds the head of the animal. The skin is cut in a circular
manner on top of the skull, and the periosteum underneath is
scraped off to the temporal crests. A 6-mm circle is drawn
over the skull, and a groove is made on the drawn circle

using a high-speed air-turbine drill with a 0.5-mm-diameter
burr tip. Drilling of the groove continues until the bone flap
becomes loose. Using a malis dissector, the bone flap is sep-
arated from the dura mater underneath. A nick is made close
to the sagittal sinus. Iris microscissors are passed through
the nick. The dura and arachnoid membranes are cut com-
pletely from the surface of both hemispheres, avoiding any
damage to the sagittal sinus. The window is sealed with a 
7-mm cover glass, which is glued to the bone with histo-
compatible cyanoacrylate glue.

For implantation of tumors or tissue constructs, the cover
glass is removed one week after the window implantation. A
small piece of tissue is inoculated at the center of the win-
dow. Alternatively, 3 to 5 ml of a thick single cell suspension
(1–5 ¥ 105 cells/ml) are implanted with a 28-gauge micro-
syringe (using a needle tip angle of 55 degrees and a depth
of 1.75mm).

For intravital microscopy, an animal is anesthetized and
put on a polycarbonate plate, with the head fixed by means
of a metal ring upper frontal tooth holder and a bilateral
plastic ear holder. A heating pad is placed under the animal
to maintain its temperature at ~37°C during in vivo
microscopy.

Figure 1 Mouse Dorsal Skin Chamber Model. An SCID mouse bearing a dorsal skin chamber (left) and a
macroscopic image of the mouse dorsal skin chamber (right). The frame is made of titanium (3.2 g). The window
is 11 mm across. (see color insert)

Figure 2 Mouse Cranial Window Model. Nude mouse bearing a cranial window (left) and a macroscopic
image of the mouse cranial window (right). The window is 7 mm across. (see color insert)
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Other Window Models

A spinal window has been made in rats (C5) and mice
(C1 to C7) with a laminectomy. The windows were sealed
with dental acrylic resin and a 7-mm cover glass (rats) or
gas-impermeable transparent membrane (mice). The dorsal
surface of the cervical cord was observed for leukocyte, T-
cell, and platelet interaction with spinal vessels.

The rabbit bone chamber is a hollow titanium-alloy
screw with quartz lenses embedded in its core. Vessels, fol-
lowed by bone tissue, grow in a 100-mm-thick chamber
between two flat quartz elements implanted in tibial bone.
Intravital microscopy in the bone chamber has been used to
study bone microcirculation, ischemia reperfusion injury in
bone, and stem cell homing to bone marrow.

An abdominal window model for the mouse pancreas has
been reported. A portion of the pancreas is gently exterior-
ized through a small laparotomy and kept within a space
surrounded by the outer side of the abdominal wall, a tita-
nium ring, and a circular glass cover slip (11mm in diame-
ter) held by the titanium ring. This model permits repeated
observation of microcirculation in the pancreas and of the
growth and treatment of pancreatic tumors.

The mammary window in rats and mice allows chronic
observation of tumors growing in the breast tissue. This
model requires removal of skin, nipple, and epithelium
before injection of tumors and placement of an acrylic disk.
Alternately, microcirculation in intact breast tissue and/or
tumors grown in the breast can be observed acutely by plac-
ing a surgically prepared tissue flap in a specially designed
microscope stage or chronically by using a mammary cham-
ber similar to the mouse dorsal skin chamber.

Lung windows in New Zealand White rabbits have been
used to study pulmonary microcirculation via intravital
microscopy. The smaller intact pleural window involves the
removal of the skin, intercostal muscles, and endothoracic
fascia to expose the costal pleura, through which the lung
surface is observed. The larger type of window requires the
removal of the thoracic wall, including ribs, over a 3-cm dis-
tance and the implantation of a transparent window with a
hollow cylinder to apply negative pressure. The lungs are
inflated by positive air pressure of 6mmHg, and the lung
surface is sucked onto the window. Hemodynamics and
short-term leukocyte/platelet-endothelial interactions were
studied using these rabbit lung window models.

On the other hand, the chronic thoracic window model in
mice allows temporal observation of the microcirculation of
tumors implanted in the lung. For the implantation, a 6-mm
ventral portion of the chest wall is removed, covered with a
circular glass cover slip (8mm in diameter), and sealed with
biocompatible cyanoacrylate adhesive and cement mixture.
Withdrawal of the remaining air in the chest cavity allows
the lung to inflate and attach to the cover slip. One week
later, a tumor fragment is implanted on the pulmonary pleu-
ral surface of the window. For intravital microscopy, the
animal is placed in the lateral position and the chest wall 

is attached to adjustable arms on the stage by cranial and
caudal sutures.

Utilization of Window Models

Window models generally allow long-term continuous
and/or repeated observation and are thus ideal for time-
course studies of physiological and pathological events.
Window models are best suited for intravital microscopy
and are used to study angiogenesis, microcirculation, tumor
and engineered tissue growth, disease process, and treat-
ment response.

Intravital Microscopy

Intravital microscopy is a powerful optical imaging tech-
nique that allows noninvasive monitoring of molecular and
cellular processes in intact living tissue with 1 to 10 mm 
resolution. Sophisticated animal models, such as window
models, are a prerequisite for this technique. With the use of
appropriate tracers, optics, and analysis algorithms, a wide
array of morphological and functional vascular parame-
ters—such as blood and lymph vessel architectures, blood
and lymph flow, vasomotion, vascular permeability, and
leukocyte/platelet-endothelial interactions—can be deter-
mined by intravital microscopy. In addition, endogenous
and exogenous probes, as well as genetically manipulated
cells and animals, can provide other important parameters
such as gene expression (promoter activity via GFP imag-
ing), interstitial/intracellular pH, interstitial and microvascu-
lar pO2, interstitial diffusion, convection and bindings, and
extracellular matrix structure (second harmonic generation
of collagen fiber).

Treatments and Manipulations

By observing the same vessels and/or regions repeatedly,
window models provide accurate dynamic information on
microcirculatory responses. In addition to monitoring the
therapeutic effects of systemic treatments, window models
are often used to assess the local effects of treatments or
manipulations. For example, the occlusion of feeding ves-
sels to the windows or the physical compression of tissues
within the windows induces ischemia, followed by reperfu-
sion after release; thus, windows are useful as models of
local ischemia reperfusion. For local treatments, test com-
pounds can be applied locally, either by topical application
after removal of the cover glass or by injection through a
port embedded in the window models. Alternately, a drug-
containing matrix can be implanted within the window for
continuous release of local treatments. Furthermore, the
application of specific optical powers or wavelengths can
activate certain drugs or carriers within the light-exposed
area.
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Cancer Research

A solid tumor is an organ-like structure that consists of
cancer cells and nonneoplastic host stromal cells embedded
in an extracellular matrix and nourished by a vascular net-
work. The application of intravital microscopy techniques to
tumors grown in window models (Figure 3) has provided
unprecedented insights into the inner workings of this organ.
It has been unequivocally demonstrated that the structure
and function of tumor vessels is heterogeneous. The chaotic
nature of tumor vessels forms a physiological barrier to the
delivery of therapeutic molecules to tumors and hinders the
efficacy of various tumor therapies. In vivo microscopy of
tumor window models has revealed that certain antiangio-
genic treatments can normalize the abnormal tumor vessels
so that they become more efficient. Normalization of tumor
vessels by antiangiogenesis treatment may overcome physi-
ological resistance to drug delivery and accelerate treatment
efficacy.

Angiogenesis Assay

To study angiogenesis, vessel remodeling, and matura-
tion, an extracellular matrix construct containing either

angiogenic factor(s) or vascular cells (such as endothelial
cells, pericytes, vascular smooth muscle cells, and their 
precursors) are implanted in window models (Figure 4).
Angiogenic matrix implants in window models allow for
noninvasive, real-time measurements of angiogenic vessel
structure and function, from early development to subse-
quent remodeling and maturation. Other types of animal
models also permit chronic monitoring of vessel formation
(e.g., the corneal micropocket assay in rabbits, rats and
mice; the anterior chamber/iris assay in frogs, rabbits,
guinea pigs, swines, goats and sheep; and the chick
chorioallantoic membrane model), but these models do not
typically use intravital microscopy and are thus unable to
provide detailed functional information.

Tissue Engineering

Tissues and organs, or their precursors (stem cells), can
be implanted into window models for the study of organo-
genesis and/or the growth, microcirculation, and biology of
the respective tissues. For example, preadipocyte implants
exhibit de novo fat tissue formation and reveal reciprocal
regulation of angiogenesis and adipose differentiation. Bone
implants permit the monitoring of bone regeneration and
angiogenesis as well as bone preferential metastasis such as
prostate cancer. A major challenge in tissue engineering and
regenerative medicine is the creation of stable vasculature.
Window models provide an ideal platform for the determi-
nation of vessel development and function in an engineered
tissue.

Future Perspectives

Intravital microscopy in window models has been pro-
viding useful insights into angiogenesis and microcircula-
tion. However, two key challenges remain. First, the most
widely used microscopy techniques are surface-weighted.
Multi-photon microscopy can provide images at depths of
up to ~700mm, depending on the tissue and tracer used.
Other optical methods, such as optical coherence tomogra-
phy, can image further deeper regions. Systems and applica-
tions of these techniques have been rapidly increased
recently. With more research in this area, we may someday
be able to obtain dynamic images of whole organs or tissues
with high spatial resolution.

The second limitation of window models is that they are
currently limited to organs accessible from outside of the
body. To study internal organs, surgical manipulation is
required, which allows only short-term observations. The
adaptation of microscopy techniques to use a fiberscope sys-
tem will enable internal organs to be studied with minimum
invasion. Alternately, the future advancement of optics and
transponder devices may allow for both the implantation
and chronic monitoring of internal organs.

Figure 3 Angiogenesis and Tumor Growth in a Window Model.
LS174T human colon cancer was implanted in an SCID mouse dorsal skin
chamber. At day 5 after tumor cell implantation, enlargement of host ves-
sels was observed, and by day 10 occasional hemorrhage and sprout for-
mation occurred. At day 15, tumor growth and further angiogenesis became
apparent. By day 20, the tumor was fully vascularized. (Adapted from Ref-
erence [3].) (see color insert)
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With these improvements, window models will continue
to offer new opportunities for discovery in microcirculation
research.

Summary

Transparent window (chamber) models are widely used
in microcirculation research. Because window models allow
direct optical access without further surgical manipulation,
they are especially useful for long-term monitoring of
microcirculation by intravital microscopy. These techniques
allow us to dissect physiological and pathophysiological
processes during blood and lymph angiogenesis, wound
healing, tissue engineering, tumor growth, and various ther-
apies. The rabbit ear chamber, the rodent dorsal skin cham-
ber, and the cranial window are the most commonly used
window models. In addition, windows for various organs
have been or are being designed. The continuing develop-
ment of window models, along with progress in imaging

techniques, analysis algorithms, molecular probes, and
genetically engineered animals, increases the variety, accu-
racy, and efficacy of our data collection and further expands
our knowledge of microcirculation.

Glossary

Cranial window: A transparent window in cranium of an animal.
Dorsal skin chamber: A transparent window model in dorsal skin of

an animal.
Intravital microscopy: Microscopy technique for in situ observation

of a living tissue.
Rabbit ear chamber: A transparent window model in a rabbit ear.
Transparent window (chamber) model: An animal model typically

consists of a frame (e.g., titanium, mold, endogenous bone), a transparent
window (e.g., glass, mica, quartz, acryl), and a tissue of interest.
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The Cremaster Muscle for
Microcirculatory Studies

Robert Hester
University of Mississippi Medical Center, Jackson, Mississippi

Anatomy

Anatomically the cremaster is a muscle covering the
spermatic cord and testes. The cremaster originates from the
internal oblique muscle as the spermatic cord passes from
the abdomen to the scrotum through the inguinal canal. The
physiological role of the cremaster is to retract the testes and
keep the testes warm and protect it from injury. The cre-
master muscle in rodents is a thin muscle, 200 to 400 mm in
thickness, comprising two muscle layers.

In adults rats or hamsters, the cremaster muscles com-
prise 60 to 80 percent of the total area as Type IIb fibers,
which are fast-twitch glycolytic, while 10 to 16 percent are
Type I slow-twitch fibers and 8 to 20 percent are Type IIa
fast-twitch oxidative-glycolytic fibers [4]. This percentage
has been shown to occur in both hamsters and rats, irrespec-
tive of age. The average size of the muscle fibers in young
rats and hamsters averages approximately 500 mm2 and
increases to 12 to 1500 mm2 in adult animals.

Nervous Supply

The major nerve supply to the cremaster is by both the
femoral and genital branches (L1 and L2) of the genito-
femoral nerve. The ilio-inguinal, the ilio-hypogastric, and
the lateral cutaneous nerves also supply the cremaster, and
sectioning of all four nerves is required to fully denervate
the muscle. The genitofemoral nerve can be accessed by an
abdominal incision and stimulated directly (0.1ms 1–5V) to
elicit contraction of the cremaster muscle. Direct field stim-
ulation using electrodes placed across the cremaster can also
be used to elicit muscle contraction.

Studies of the microcirculation have typically used thin
muscle preparations that are easily dissected. The cremaster
muscle has proven to be an easily prepared tissue for the
study of microvascular reactivity and mechanisms for the
control of striated muscle blood flow. The following will
provide information about the preparation of this muscle
and the associated cardiovascular parameters under both
normal and pathological conditions.

Animal Models

Rats and hamsters have been used for most microcircula-
tory studies involving the cremaster. The first mention of the
cremaster muscle for the study of blood vessels in vivo was
presented by Grant [1]. Subsequent studies provided
detailed descriptions of the dissection techniques including
“hints” [2]. This manuscript also presented information
about preparing the rabbit cremaster, although it was men-
tioned that the size of the scrotum in 2kg rabbits was simi-
lar to 250g rats. Therefore, although the technique is
applicable to the rabbit, it is more suitable in the rat. The
report by Baez [3] provided the first study using an opened
cremaster, which has become the classic paper for this
microcirculatory preparation. With the development of
transgenic mice, the mouse cremaster has become a popular
model for studying the mechanisms of inflammatory
responses or control of blood flow in an animal with a mod-
ified genotype. In mice the cremaster appears to be the only
microcirculatory model for skeletal muscle because of the
small size of the animal.

Copyright © 2006, Elsevier Science (USA).
159 All rights reserved.
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Blood Supply

The blood flow to the cremaster is supplied by the cre-
masteric artery, a branch of the inferior epigastric artery. The
cremaster muscle is normally supplied by a paired arteriole
(~100mm) and venule (~150mm). These vessels branch into
smaller vessels, which also give off side branches. The
paired arrangement, arteriole and venule, may continue to
the level of 30 to 40 mm arterioles. There is no apparent rela-
tionship between the arterioles and the orientation of the
muscle fibers. Arterioles continue to branch until terminal
arterioles give rise to capillaries. Groups of capillaries
(modules) appear to be the basic unit of vascular architec-
ture; that is, the flow to a group of capillaries is controlled
by the diameter of the upstream arteriole, and an increase in
capillary flow occurs throughout the module, not within a
single capillary. Normal vascular diameters are presented
below.

Dissection and Preparation

The ease of preparing the cremaster muscle is a strength
of this preparation. There are only minor differences across
species in the preparation of this muscle; therefore, the fol-
lowing directions for dissection can be easily adapted for
different species.

The animal should be anesthetized with an appropriate
agent, for example, sodium pentobarbital intraperitoneally
(40 to 60mg/kg, for rats and hamsters), and then supple-
mented with intravenous infusion, either through a jugular or
femoral vein. A tracheostomy should be performed to allow
removal of bronchial secretion but not to support mechani-
cal ventilation. As with any anesthetized animal, monitoring
of blood gases should be considered. Placement of a femoral
or carotid arterial catheter is needed only if blood pressure is
required. Core body temperature should be continually mon-
itored with an esophageal temperature probe.

The preparation and study of the cremaster muscle
requires a continuous flow of a physiological salt solution
over the muscle. This is accomplished by having a small
glass dripper placed over the muscle, allowing for a small
continuous flow of superfusate solution during the entire
dissection and experiment. A warm physiological salt solu-
tion (PSS), pH 7.35 at 34°C, containing (in mM) 131.9
NaCl, 4.7 KCl, 2.0 CaCl2, 1.2 MgSO4, and 20 NaHCO3 is
appropriate for superfusion. Because the solution is bicar-
bonate buffered, the superfusion solution must be equili-
brated with 5 percent CO2. The amount of oxygen in the
superfusion solution has varied between different laborato-
ries, but the oxygen delivery to the cremaster tissue should
be from the blood supply. Therefore, the superfusion solu-
tion should be equilibrated with a low percentage of oxygen,
0 percent or 5 percent. Thus, the superfusion solution should
be equilibrated with 5 percent CO2, 0 percent to 5 percent
O2, with a balance of N2.

The animal is placed on its back on a clear acrylic
(Lucite® or Plexiglass®) board. The animal’s feet should be

secured to the board with tape and then either the left or
right groin is shaved. To minimize urine contamination of
the cremaster, the bladder should be emptied by gentle pres-
sure, with a tie being placed around the penis. A round
acrylic pedestal or bath with a rim of silastic or silicone elas-
tomer (Sylgard®) allows for the cremaster to be pinned to
the silastic using insect pins.

Figure 1 illustrates the basic surgical procedure. First a 
5-0 suture is placed on the distal portion of the scrotum, and
the suture is pulled tight to secure the cremaster for surgery.
The tip of the scrotum is elevated, and the skin is cut in a
distal to proximal direction. At this time the PSS should be
flowing over the preparation. The connective tissue between
the testicle and the skin is then cut to free the testicle. The
testicle can either be removed (after ligating the blood sup-
ply) or the freed testicle is gently pushed through the
inguinal canal into the abdominal cavity. The solution flow-
ing over the cremaster will hydrate the connective tissue,
allowing for a better visualization of the connective tissue
for removal. The skin is then pulled proximal and either
removed, secured by ties, or pinned to the silastic around the
acrylic pedestal. The distal tip of the cremaster is then

Figure 1 This figure shows the basic surgical techniques for prepara-
tion of the cremaster muscle. (A) A suture is placed in through the distal
skin, and a distal to proximal cut is made. (B) The skin is retracted, the cre-
master is exposed, and a distal to proximal cut is made through the cre-
master to expose the testicle. (C) Following removal of the testicle, the
cremaster is stretched over a plexiglass pedestal. Care should be taken not
to overly stretch the cremaster muscle. (D) A microscope image of arteri-
oles and venules.
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pinned to the silastic and the cremaster is cut in a distal to
proximal direction. This will free the cremaster except for a
small set of blood vessels between the cremaster and the tes-
ticle. These can be occluded with forceps and gently pulled
in the middle with minimal bleeding. The connective tissue
is then cleared from the cremaster using fine-tipped scissors.
The cremaster is then gently stretched and pinned out, start-
ing from the distal direction. The entire animal can then be
moved to the microscope for observation at higher magnifi-
cation. The cremaster should be superfused with the PSS
through the experimental period.

An intact cremaster preparation can be prepared by an
abdominal removal of the testicle and replacement with a
clear Lucite insert. Although this technique has not been
used by a large number of investigators, the major advan-
tage is that disruption of the vasculature is minimized.

Cardiovascular Parameters

Tissue Blood Flow

The preparation of the cremaster muscle requires mini-
mal surgery. Even so, the surgery can result in a disruption
of the normal blood flow. Several studies have measured

total cremaster blood flow for rats and hamsters using
radioactive microspheres in both the surgically dissected 
tissue and the contralateral undisturbed cremaster muscle
(Table I). Blood flow in the dissected cremaster muscle was
similar to flow in the intact cremaster and similar to flow in
the biceps and gastrocnemius muscles [5]. Other studies
reported higher values in the dissected cremaster muscle
compared to the undisturbed contralateral muscle. From
these studies, it appears that surgery results in an elevated
blood flow in the cremaster, although the increased blood
flow may be limited to the outside areas exposed to surgical
trauma (Table I). At the current time, no measurements of
blood flow in the mouse cremaster muscle have been made.

Microvascular Parameters

The range of diameters of arterioles and venules are pre-
sented in the Table II. The size of each vessel will vary with
the age and size of the animal. The most common method
for identifying vessels is based on the feed vessel being clas-
sified as first order, and each branching vessel with a
decreasing size results in an increase in order number. There
are varying numbers of arterioles before capillaries, but
there are at least four branching orders of arterioles before
the capillaries. The terminal arterioles are located before the
capillaries and because of their small size, regulate flow
through the capillaries. The arterial vessels supplying the
cremaster provide significant resistance such that the pres-
sure in the first-order arterioles averages 40 percent of the
systemic pressure. Arteriolar diameter, red cell velocity, and
calculated blood flow for representative vessels are pre-
sented in Table III.

Models of Hypertension

There are numerous hypertensive rodent models, and the
cremaster muscle has been used to determine the effects of

Table I Cremaster Muscle Tissue Blood
Flow.

Animal Dissected tissue Intact tissue Reference
blood flow blood flow
ml/min/100g ml/min/100g

Rat 10 ± 2 9 ± 2 Morff and Granger 
1980 [5]

43 ± 3 24 ± 7 Proctor and Busija 
1985 [6]

Hamster 7.7 ± 2.3 3.3 ± 0.5 Klitzman and Duling
1979 [7]

Table II Normal Microvessel Diameters and Pressures.

Animal Systemic blood Vessel Resting Max diameter Microvascular Reference
pressure diameter mm pressure

Rat 91 ± 4 1st order 119 ± 7 46 ± 3 Meininger et al. 1984 [8]
2nd order 86 ± 5 43 ± 2
3rd order 31 ± 3 37 ± 3
3rd order vein 53 ± 7 11 ± 1
2nd order vein 141 ± 15 10 ± 1
1st order vein 218 ± 7 8 ± 1

Mouse 70–80mmHg 1st order 52 ± 3 67 ± 3 + Hungerford et al. 2000 [9]
2nd order 18 ± 2 40 ± 2
3rd order 8 ± 1 23 ± 2

Hamster + 1st order + + +
2nd order 35 ± 6 51 ± 3* Hester and Duling 1988 [10]
3rd order 22 ± 2 37 ± 3*

* arteriolar diameter response to tetanic stimulation.
+ not measured.
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hypertension on the microcirculation. Table IV provides
data for baseline arterial pressures, diameters, and microvas-
cular pressures in four models of hypertension. Venular data
is not presented because the values are similar to normal
values (Table I).

Advantages

As a result of the ease of preparation, the cremaster 
muscle preparation has been used extensively to study the
microcirculation. The total time for preparation of the mus-
cle is approximately one hour. With suitable surgical train-
ing, it is easy to have preparations that have substantial
vascular tone. The muscle will contract vigorously in
response to field stimulation, resulting in an increase in 
oxygen consumption, blood flow, and arteriolar diameter.

Disadvantages

The cremaster is not a true postural muscle, and the
arrangement of the muscle fibers is different from most 
postural muscles. The muscle fibers run oblique to each
other, and even though there are discreet areas supplied by
capillaries, this delineation is not readily observable. The
outside areas of the cremaster should be avoided for study
because these vessels are dilated as a result of the surgical
procedure.

Conclusion

The cremaster muscle has proven to be an excellent tis-
sue for the study of the microcirculation. Its ease of dissec-
tion, along with good visibility, provide a tissue that all
laboratories can use for the study of the microcirculation.
The availability of different hypertension models, along
with different species, allows investigators a wide range of
preparations to study microcirculatory function. The use of
the mouse cremaster in the study of microcirculatory func-
tion will undoubtedly lead to the development of new trans-
genic models.

Glossary

Arteriole: A small arteriole, one which, at its distal end, leads to a 
capillary.

Cremaster: One of the fascia-like muscles suspending and enveloping
the testicles and the spermatic cord.

Red cell velocity: The average speed of the blood in blood vessels.
The centerline velocity is measured by various optical techniques, and
average blood velocity is calculated as Velocityaverage = Velocitycenterline /
1.6.

Venule: A tiny vein which, at it most proximal end, collects blood
from capillaries.

Table III Normal Microvessel Red Cell Velocity and Blood Flow.

Animal Vessel Tissue blood flow Vessel Red cell Blood flow Reference
ml/min/100gm diameter mm velocity mm/sec nl/sec

Rat Arteriole 43 40 ± 4 9.0 ± 1.5 8.7 ± 2.0 Proctor and Busija 1985 [6]

Hamster Arteriole 44 ± 6 6.9 ± 2 11 ± 7 Hester and Duling 1988 [10]
8 30 ± 3 5.1 ± 0.8 5 ± 2 Klitzman and Duling 1979 [7]

Rat Capillary 5.1 ± 0.1 100 mm/sec Klitzman and Duling 1979 [7]

Table IV Cardiovascular and Microvessel Parameters in Hypertension Models.

Animal Condition Systemic Vessel Diameter mm Microvascular Reference
blood pressure pressure mmHg

Rat 1 kidney 164 ± 11 1st order 77 ± 5 60 ± 5 Meininger et al. 1984  [8]
1 clip hypertension 2nd order 53 ± 4 50 ± 6

3rd order 26 ± 3 39 ± 3

Rat 2 kidney 130 ± 8 1st order 92 ± 10 53 ± 6 Meininger et al. 1984 [8]
1 clip hypertension 2nd order 58 ± 6 41 ± 5

3rd order 24 ± 3 34 ± 4

Rat DOCA-salt 134 ± 17 1st order 67 ± 7 62 ± 12 Meininger et al. 1984 [8]
hypertension 2nd order 48 ± 6 55 ± 5

3rd order 18 ± 3 47 ± 3

Rat SHR hypertension 118 ± 12 1st order 88 ± 4 Falcone et al. 1993 [11]
3rd order 26 ± 2
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oping a vertebrate genetic model system comparable to the
fly. Streisinger had worked with bacteriophage at Caltech
during the critical foundation period of the molecular era,
when the basic DNA–RNA–protein story was being estab-
lished. His studies at Caltech involved a mutational
approach to evaluate the genetic code, including its structure
and the process of translation in the phage. These studies
helped show that in vitro proposed codons did translate to in
vivo specification of amino acid sequences based on specific
base sequences. The success of genetic studies such as these
in phage led Streisinger and others to wonder whether more
complex genetic and biological processes could also be
deciphered through mutational analysis. Taking this idea
forward, Streisinger and some of his Caltech colleagues
decided to attempt to study the nervous system using genetic
analysis. Sydney Brenner turned to Caenorhabditis elegans
for this purpose, while Seymour Benzer turned to the fruit
fly to address the questions of nervous system function and
behavior. Streisinger, however, was determined to find a
vertebrate genetic model and set upon the zebrafish as a 
vertebrate organism in which it would be feasible to use
mutational analysis to dissect biological (neurological in
particular) development. It was joked that he wanted to find
a phage with a backbone.

Why Zebrafish?

The zebrafish possesses some of the genetic and experi-
mental accessibility of the fly and nematode worm, but is
much more closely related to mammals. Some of the general

The zebrafish is a relatively recent addition to the field of
microvascular research, but it possesses a number of distinct
advantages for studies of blood vessel formation in vivo
including experimental and genetic accessibility and an
optically clear embryo. Because of its useful attributes, the
fish has already begun to contribute significantly to our
understanding of key factors involved in vessel growth, dif-
ferentiation, and maturation, as well as the mechanisms that
guide the patterning and function of the vasculature. In this
chapter we provide a historical background and brief
overview of the use of the fish for studies of blood vessel
formation.

Emergence of the Zebrafish as a Vertebrate 
Genetic Model

The zebrafish has become a popular model for research in
developmental and vascular biology during the past decade,
but it has actually been evolving as a model organism for
more than 30 years (see Figure 1 for a timeline of important
events). The late George Streisinger was probably responsi-
ble more than anyone else for developing the zebrafish into
the useful model organism that it is today.

From Phage to Fish

In the late 1960s George Streisinger began working with
zebrafish at the University of Oregon with the goal of devel-

Copyright © 2006, Elsevier Science (USA).
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features of the zebrafish that initially attracted Streisinger
were the large numbers of adult fish that could be main-
tained in a relatively small space (adult zebrafish are only an
inch long) and their year-round breeding in the laboratory.
Zebrafish mature in 3 months’ time, are capable of breeding
every 1 to 2 weeks, and can produce hundreds of eggs per
clutch. The external fertilization of the eggs permits in vitro
manipulation of ploidy and fertilization for genetic analysis.
Streisinger also realized the tremendous advantage afforded
by the optically clear embryo of the zebrafish, facilitating
screening for developmental phenotypes of interest even in
organs and tissues deep within the animal.

Streisinger’s Success

Streisinger’s efforts to establish the zebrafish as a genetic
model were not without risk. In the 1970s little was known
about the conservation of regulatory pathways, and the
question of translation from the fish to other vertebrates was
a serious concern. Fortunately, the environment at the Uni-
versity of Oregon was such that Streisinger had liberty to
pursue his interests without the risk of losing the support
and resources provided by the “community” at Oregon, and
he slowly began to make progress. He developed methods to
produce haploid and diploid gynogenotes, permitting reces-
sive mutations to be uncovered in a single generation with-
out elaborate and time-consuming inbreeding schemes. He
established a breeding program to remove lethal background
mutations from strains, and developed methods to efficiently
induce and recover new germ-line mutations. In 1981,
Streisinger published a paper in Nature [1] describing the
production of homozygous diploid clones of zebrafish.
Meanwhile, work in other model organisms was leading to
growing acceptance for forward-genetic analysis as a means

of dissecting developmental processes. Arguably the most
notable of these was the report published by Christiane
Nüsslein-Volhard and Eric Wieschaus describing large-scale
genetic analysis of Drosophila development [2]. As
Streisinger’s work with the zebrafish progressed, other fac-
ulty members at the University of Oregon also became inter-
ested in the zebrafish. In 1990 Charles Kimmel and
colleagues published a cellular fate map for the zebrafish, a
project that took nearly 10 years to complete [3]. This report
laid the groundwork and provided tools for further studies of
cell lineage and cell fate in the zebrafish. Monte Westerfield
helped open the door further to other groups interested in
working with zebrafish when he generated a protocol book
covering the housing, handling, and laboratory use of
zebrafish [4]. In 1988, Westerfield and colleagues also pub-
lished the first report of stable germ-line transmission of for-
eign DNA in the zebrafish [5], laying the foundations for the
subsequent very fruitful use of transgenic technologies in
the fish.

Two additional events helped to solidify the fish as a ver-
tebrate genetic model, by demonstrating its “relevance” to
mammals and other “higher” vertebrates. The first was the
molecular cloning of the zebrafish no tail mutant, which was
shown to result from a mutation in the zebrafish homolog of
the mouse T (Brachyury) gene and to cause phenotypically
similar defects [6]. This demonstrated the fundamental con-
servation of developmental processes between these diver-
gent vertebrate species. The second was publication of the
results of the “Big Screens” carried out by two groups in
Tübingen, Germany, and in Boston. Some 4,000 mutant
phenotypes were identified in these screens, whose results
were published in a single, historic volume of Development
[7]. Mutants were uncovered affecting a wide variety of ver-
tebrate developmental processes, including many modeling

Late 1960’s  
George Streisinger 
begins working 
with the zebrafish.  

1970  
Development of 
mapping and 
linkage methods 
initiated. 

Mid-1970’s 
Techniques for producing 
homozygous diploid 
offspring derived only from 
the maternal genome are 
developed. 

1981 
Streisinger publishes the 
genetic procedures for 
generating homozygous 
diploid clones of zebrafish, 
the first vertebrate clone! 

1982  
Kimmel characterizes 
the morphology and 
arrangement of 
embryonic neurons.  

1980’s 
Methods for 
performing 
mutagenesis 
regimes reported.  

1989 
First embryonic 
lethal mutant, 
spadetail, is 
published. 

1990  
The first zebrafish 
conference is held 
in Eugene, OR.  

Mid-1970  
The development of 
methods for mapping 
genes begins.  

1993  
Christiane Nusslein-
Volhard, Mark Fishman, 
and Wolfgang Driever 
begin the “Big Screen,” 
and the systematic 
production of embryonic 
lethal mutations. 

1990  
Kimmel 
publishes the 
zebrafish fate 
map.  

1997 
The Trans-NIH 
Zebrafish Initiative 
is launched.  

1988 
First transgenic 
germline is 
reported in the 
zebrafish. 

1994  
no tail is the first 
mutant identified 
molecularly and 
found to be the 
ortholous to the 
mouse gene for 
the Brachyury 
mutant.

1996  
Results of the “Big 
Screen” published in 
historical issue #123 
of Development.  

1998 
one-eyed pinhead 
is the first mutant 
to be positionally 
cloned. 

2000 
Morpholinos, 
antisense modified 
oligonucleotides, are
used to knock down 
gene expression 
levels.  

2000 
Sanger Institute 
initiates the 
zebrafish genome 
sequencing 
project.  

Figure 1 Major events that contributed to the success of the zebrafish. The zebrafish has been around for a number of years, but was not considered an
established model for biological study until the past decade. This timeline highlights some of the major events that have contributed to the establishment of
the zebrafish as a model organism. (see color insert)
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human congenital diseases, and analysis of these mutants
has led to many insights into the genetic pathways regulat-
ing early development. These screens demonstrated the fea-
sibility of large-scale forward-genetic analysis of vertebrate
development. Today the process of setting up and running a
zebrafish screen is almost routine, and numerous genetic
screens are being carried out targeting a wide variety of
developmental processes.

The Postscreen Era

Interest in the use of the zebrafish greatly increased after
publication of the results of the first large-scale screens in
1996, and development of additional tools and financial
investment accelerated. Efforts began to develop dense
genetic and physical maps of the genome, work that has led
to a much more rapid turnaround time between identifica-
tion of an interesting mutant phenotype and identification of
the gene responsible for the phenotype. In 1997 the NIH
established the Trans-NIH Zebrafish Coordinating Commit-
tee (TZCC) to help provide funding for zebrafish as a model
organism for the study of vertebrate development, physiol-
ogy, and disease. The efforts of this committee have been
instrumental in facilitating increased and better-targeted
channeling of NIH resources to the zebrafish community. A
whole-genome sequencing project was initiated by the
Sanger Institute, a project that has reached approximately
fourfold coverage of the genome to date. Anther important
advance was the development of targeted gene “knock-
down” technology using antisense, morpholino-modified
oligonucleotides (morpholinos, MOs) to inhibit translation
or splicing of target genes of interest [8]. Suspected mutant
sequences can now be confirmed with MO injections, con-
servation of gene function between fish and mice can be eas-
ily tested, and single and multiple gene knockdowns open
the door to epistasis experiments and serve as a valuable
complementary method to mutants for studying vertebrate
development and disease.

The Zebrafish as a Model Organism for
Studying Vessel Formation

The zebrafish is a useful model for studies of develop-
ment in general, but it offers particular advantages for stud-
ies of blood vessel development, including the ability to
isolate vascular-specific mutants by forward genetics and
use optical imaging methods to visualize blood vessels
within the living animal with very high resolution. Recently
the zebrafish has begun to yield novel insights into mecha-
nisms of blood vessel formation in vivo.

Cardiovascular Mutants 
in the Zebrafish

Among the mutants uncovered in the Tübingen and
Boston screens were a large number with circulatory system
defects. Mutations that significantly impair cardiovascular
development are readily identifiable in zebrafish because of
the transparency and small size of the developing zebrafish
embryo, which permits easy visualization of the heart and
blood vessels and allows the animal to receive enough oxy-
gen by passive diffusion to survive for 4 to 5 days in the
absence of a functional circulation. The cardiovascular
mutants from these and subsequent mutant screens included
a number of mutants specifically defective in the formation
of blood vessels. Table I provides a list of some of the 
vascular-specific mutants that have been published to date,
while Figure 2 illustrates the vascular defects associated
with a few of these mutants. Although vascular mutants 
represent a relatively small subset of the mutants reported
thus far, several large-scale genetic screens specifically tar-
geting blood vessel mutants have recently been undertaken
[9; also our unpublished results], and these new screens are
now yielding many new vascular-specific loci, providing an
important resource for future studies of vascular develop-
ment in the fish.

Table I

Mutant Phenotype Gene Reference

cloche Lack endothelial and circulating blood cells unknown Development (1997) 124, 381–389.

schwentine Loss of angioblasts (endothelial cell precursors) and Zebrafish ortholog of flk 1 Curr. Biol. (2002) 12(16), 1405–1412.
failure to undergo angiogenesis

gridlock Lack trunk and tail circulation due to improper Vascular bHLH factor related Science (2000) 287, 1820–1824.
assembly of the dorsal and lateral aortae to mammalian HRT2

violet beauregarde Massive enlargement of central cranial vessels and Alk1 (acvrl1) Development (2002) 129, 3009–3019.
improper arterial–venous connections

plcg(y10) Deficient in VEGF-mediated angiogenesis and Phospholipase C-g1 Genes Dev. (2003) 17(11), 
arterial differentiation 1346–1351.

kurzschluss Branchial arteries fail to form properly and arterial– unknown Development (1996) 123, 293–302.
venous shunts lead to loss of circulation in the trunk

Out-of-bounds Display premature sprouting and mispatterned PlexnD1 Development (2002) 129, 973–982.
growth of the trunk intersegmental vessels
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Transgenesis and Vascular Imaging 
in the Zebrafish

The application of transgenic technology to zebrafish
cardiovascular research has provided a number of powerful
tools for in vivo vascular imaging. Transgenic zebrafish
lines expressing green fluorescent protein [GFP or enhanced
(E)GFP] within vascular endothelial cells have been 
particularly useful for studying the formation of the vascu-
lature in vivo. A germ-line transgenic expressing EGFP
in the vasculature was generated using the zebrafish fli1
promoter (Figure 3; fli1 is a transcription factor expressed 
in the presumptive hemangioblast lineage, and later
restricted to vascular endothelium, cranial neural crest
derivatives, and a small subset of myeloid derivatives). 
This line expresses EGFP at high levels in vascular endothe-
lium, permitting very high resolution long-term time-lapse
analysis of developing blood vessels in vivo. Multiphoton
confocal time lapse imaging of Fli-EGFP transgenic
zebrafish has enabled detailed analysis of both normal 
vascular development and defective vessel formation due 
to genetic or experimental perturbations. Lawson and 

Weinstein [10] showed in vivo that growing blood vessels 
are extremely active, extending and retracting filopodial
processes up to tens of microns in all directions. In a sepa-
rate study Isogai et al. [11] used time-lapse imaging of 
Fli-EGFP animals to study how the earliest network of
angiogenic vessels (consisting of intersegmental and para-
chordal vessels) assembles in the trunk. This study revealed
a novel “two-step” mechanism for vascular network forma-
tion, with a primary vascular network forming first from
artery-derived sprouts followed by emergence of a set of
vein-derived secondary sprouts that interact dynamically
with the primary network to generate the final functional
“wiring” of the trunk network. The results of this study
showed that blood flow does not play an important role 
in the initial assembly and gross anatomical patterning of
this network, but is likely a critical determinant of the inter-
connections between primary and secondary vessels 
and their eventual arterial–venous identity. The Fli-EGFP
transgenic line also permits imaging of blood vessels in
adult zebrafish, as revealed in another recent study, of vas-
cular network reassembly in the regenerating zebrafish 
caudal fin [12].

Figure 2 Vascular-specific mutants in the zebrafish. A number of different mutants have been iso-
lated in zebrafish with defects in blood vessel formation. Cloche mutants lack virtually all blood
endothelium (A). In situ hybridization of wild type (top) and mutant (bottom) embryos with vascular
endothelial-specific probes such as Fli-1 reveals a lack of vascular staining except in a small patch in
the posterior trunk (24 hpf embryos, lateral views). Violet beauregarde mutants have defects in cra-
nial vessel patterning (B). Mutants (bottom) display highly enlarged primary cranial vessels and
reduced perfusion of secondary cranial vessels compared to wild type (top) embryos, as shown in
these angiographic images (2.5 dpf embryos, dorsal views of head). Gridlock mutants lack caudal cir-
culation due to a defect in proper formation of the dorsal aorta C). Mutants (right) have a normal pat-
tern of cranial vessels but lack perfusion of more caudal vessels in comparison to wild type (left)
animals (2.5 dpf embryos, lateral views of head and anterior trunk). (see color insert)
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genes (Notch, Delta, Jagged, and so or) in arterial but not in
venous endothelial cells. Murine knockout studies showed
that these molecules play an important functional role in the
vasculature, and their arterial-specific expression suggested
they might be playing a specific role in artery formation. A
number of recent studies in the zebrafish [14–16] have
demonstrated that Notch signaling promotes arterial differ-
entiation at the expense of venous differentiation during
vascular development. Notch signaling was repressed in
zebrafish embryos either genetically, using the neurogenic
mindbomb (mib) mutant, or experimentally, by injecting
mRNA encoding a dominant-negative DNA binding mutant
of Xenopus suppressor of hairless protein. In either case,
repression of Notch signaling resulted in loss of ephrinB2a
expression from arteries and ectopic expansion of normally
venous-restricted markers such as ephb4 and flt-4 into the
arterial domain. Conversely, activation of Notch signaling
[either by heat-shock promoter-driven ubiquitous expres-
sion of the Notch1a intracellular domain (Notch1a-ICD) or
by Fli1-promoter driven vascular-specific expression of
Notch5-ICD] suppressed expression of vein-restricted
markers and promoted ectopic expression of ephrinB2a
and other arterial markers in venous vessels. The vascular
specific expression of Notch demonstrated the vascular
endothelial cell-autonomy of Notch-ICD effects, confirming
that Notch is in fact acting at the level of the vascular
endothelial cell itself and not via indirect signals from some
other, adjacent Notch-responsive cells or tissues.

Lawson and colleagues further dissected the A-V differ-
entiation signaling hierarchy by demonstrating that sonic
hedgehog (shh) and vascular endothelial growth factor
(vegf) act upstream of Notch [15]. As in embryos lacking
Notch signaling, embryos lacking shh or vegf fail to express
ephrin-B2a within their blood vessels. Overexpression of
shh promotes ectopic arterial vessel formation in the trunk,
whereas overexpression of vegf via injection of vegf mRNA
suppresses expression of vein-restricted markers and results
in expression of ephrinB2a and other arterial markers in
venous vessels. By combining activation or inhibition of
each of the different signaling pathways in a series of
“molecular epistasis” experiments, it was found that shh
activity induces expression of vegf in the somites, which
then activates notch signaling in the adjacent endothelial
cells of the developing dorsal aorta, promoting arterial dif-
ferentiation. Genetic screening methods were also used to
identify genes functioning downstream from vegf in the
zebrafish [17]. A zebrafish mutant was uncovered that was
deficient in both angiogenesis and arterial differentiation as
a result of a defect in phospholipase C gamma-1 (plcg1).
Phospholipase C genes are known effectors of signaling via
receptor tyrosine kinases such as the vegf receptor Flk1, and
the vascular expression of plcg1 and vascular-specific phe-
notype of the mutant in this gene suggested that it might be
functioning downstream of vegf signaling. Indeed, further
experiments showed that plcg1 mutants were insensitive to
both angiogenic and arterial differentiation responses to
vegf overexpression. In support of the zebrafish findings

Studying Arterial–Venous Fate Determination 
Using the Zebrafish

One of the recent important contributions to the study of
microvasculature using the zebrafish has been the identifica-
tion of molecular pathways responsible for arterial–venous
(A-V) differentiation of endothelial cells. In the past, the
arterial–venous fate of endothelial cells was believed to fol-
low from physiological parameters such as differences in
blood flow and pressure, but recent work has shown that
early endothelial arterial–venous differentiation is in fact
genetically programmed. Initial evidence that arterial and
venous endothelial cells possess distinct molecular identities
came from work with ephrin and Eph genes in mice. Wang
et al. [13] described the expression of ephrin B2 (Efnb2), a
member of the ephrin family of membrane ligands. Prior to
the onset of flow, Efnb2 is expressed specifically in arterial
endothelial cells and is absent in venous endothelial cells,
whereas the ephrin B2 receptor, Ephb4, is preferentially
expressed in veins. Targeted gene deletion of each member
of this ligand–receptor pair resulted in similar cardiovascu-
lar abnormalities, demonstrating their necessity, and likely
direct interaction, for normal vascular development.
Although these previous studies demonstrated the existence
of functionally important molecular differences between
arterial venous endothelial cells, they did not reveal how this
fate choice was initially made. Zebrafish studies have been
critical in uncovering and dissecting the functional roles of
the upstream factors specifying arterial and venous endothe-
lial cell fates, identifying a signaling cascade consisting of
sequential hedgehog, vascular endothelial growth factor,
and notch signaling. The discussion that follows reviews
these findings.

A variety of studies in mammals and other vertebrates
had revealed the specific expression of Notch signaling

Figure 3 Blood vessels imaged in Fli-EGFP transgenic zebrafish. Vas-
cular endothelial cells and their angioblast precursors are brightly green flu-
orescent in Fli-EGFP transgenic animals (A). Image shown is a confocal
microangiogram of a 7 day-old transgenic zebrafish. Fine cellular details
can be discerned, including thin filopodial processes extending from grow-
ing intersegmental vessels in the trunk (B) and central arteries assembling
in the zebrafish hindbrain (C). Images shown are confocal microangiograms
from approximately 1.5 day-old transgenic zebrafish. (see color insert)



170 PART I Basic Science

regarding roles for hedgehog and vegf signaling in the vas-
culature, recent studies in mice have also implicated shh and
vegf signaling in regulating blood vessel growth and arterial
differentiation [18–21], demonstrating the conservation of
genetic programs between vertebrate species.

Conclusions

The lessons learned in the zebrafish are likely to be read-
ily transferred to other vertebrate organisms, including
mammals, since the complex circulatory system of the
zebrafish is in most respects quite similar to that of other
vertebrates. A comparison between the blood vessels of
zebrafish and other vertebrates presents a striking degree of
anatomical and functional conservation of vascular pattern
and anatomy, suggesting that vascular development is
directed by genetically programmed, evolutionarily con-
served control mechanisms. Indeed, it is clear from the
analysis of a variety of zebrafish orthologs of vascular-
specific genes first described in other species that most of
these genes have very similar spatial and temporal expres-
sion patterns in the fish. Some of the genetic control mech-
anisms responsible for regulating the expression of these
genes and for vascular differentiation and patterning have
now begun to be studied in the zebrafish. The specific
advances in our understanding of the A-V differentiation
pathway will be important in designing methods for direct-
ing organ-specific vessel growth for tissue regeneration, and
for targeting specific vessel components for inhibition of
growth. It is anticipated that our knowledge and understand-
ing in this area will only continue to grow with the zebrafish
as an integral component, resulting in the identification of
novel factors and the more subtle characterization of the
various vessel types and their growth.

Glossary

Clone: An exact copy of biological material such as DNA, a whole cell,
or a complete organism.

Diploid: A complete set of chromosomes, present in somatic (non-
sex-determining) cells, consisting of two copies of each chromosome.
Human beings have 46 chromosomes in their diploid cells.

Epistasis: The ability of a gene to mask the phenotypic effects of
another gene. A downstream gene is epistatic to any upstream genes that
produce the same effect.

Fate map: A map of an embryo showing areas that are destined to
develop into specific adult tissues and organs.

Genetic linkage map: A linear map of the relative positions of genes
along a chromosome. Gene distances are determined by the frequency at
which two gene loci are separated during chromosomal recombination.

Germ-line: The propagation of genetic information from one genera-
tion to the next via the germ cell. Germ-line mutation is one that has
occurred in a germ cell and will be passed to the next generation. Same
logic pertains to the term germ-line transmission.

Gynogenotes: Individuals that derive their chromosome number solely
from the maternal contribution, rather than half from each parent.

Haploid: A single set of chromosomes, present in the egg and sperm
cells of animals. Humans have 23 chromosomes in their reproductive cells.

Homolog: One member of a chromosome pair, or a gene similar in
structure and evolutionary origin to a gene in another species.

Morpholino oligonucleotides: Short, antisense sequences of DNA
(oligos) with a morpholino backbone that provides stability, and an
increased life span in vivo.

Ploidy: Refers to the number of single sets of chromosomes in a given
cell or organism.

Recessive mutations: Mutations affecting those genes require two
identical copies to be expressed.
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at the edge of the NF they can be seen the best, now hori-
zontal and showing their arterial, apical, and venular por-
tions of the loop.

In about 5 percent of the normal young adult population,
a highly visible and extensive subpapillary venous plexus
can also be observed below the superficial papillary capil-
laries. This visible venular plexus is often associated with
longer capillary loops, especially at the edge of the NF. The
overall length of the NF tends to be longer in these individ-
uals. Small sections of this plexus can sometimes also be
seen in other subjects near the edge of the NF.

Place of the Nail Fold in Human 
Microvascular Studies

Why the Nail Fold?

Most human studies of microvasculature have used the
technique of in vivo microscopy, taking advantage of the
fact that superficial microvessels of the skin can be visual-
ized by rendering the skin surface smooth by application of
oil. This noninvasive method, discovered in the beginning
of the 20th century, appealed to many investigators. O.
Müller in 1922 published his extensive observations from a
great number of areas of human skin, in both health and dis-
ease, illustrated by careful drawings that demonstrate the
considerable variability of skin microvasculature from site
to site.

Over time, however, NF became the favorite site because
it was easy to place a finger under the microscope, and serial
studies were facilitated, because the exact location of initial
observations could be easily identified.

The pattern of NF capillaries varies with age. In a normal
newborn baby only a plexus of microvessels can be seen;

Definition and Description of the Nail Fold

Anatomical Description

Nail fold (NF) is the skin fold surrounding the nail; it is
divided into proximal and lateral portions. Since only the
proximal NF has been the site of microvascular studies, the
adjective is usually dropped. A sagittal section of this fold,
which covers the root of the nail, is shown in Figure 1 [1].

NF has a dorsal epidermis, similar to the usual descrip-
tion of skin anatomy, having epidermal ridges and dermal
papillae alternating along the dermo-epidermal junction.
The ventral epidermis of the NF is flat, loosely adhering to
the nail. Between the two epidermal layers we find the der-
mal connective tissue with blood vessels, nerves, and other
structures, such as sweat glands. In the proximal part of the
NF the dermal papillae, containing capillaries, are perpendi-
cular to the skin surface; distally they gradually become
slanted and become parallel to the ventral epidermis at the
edge of the NF (Figure 1; see also Figure 4b).

The thickness of the NF, the slope of the decreasing dis-
tance between the two layers of the epidermis from the
proximal NF to its edge, and the length of the NF vary con-
siderably between individuals and also from finger to finger.

View by in Vivo Microscopy

Superficial blood vessels in the skin can be visualized by
depositing oil on its surface. In an average healthy adult,
there is a relatively uniform distribution of capillaries in the
NF, as seen by in vivo capillary microscopy (Figure 2, bot-
tom). Only the tips of the capillary loops are visible in the
proximal NF, where they are perpendicular to the skin sur-
face. Gradual sloping of dermal papillae in more distal NF
allows visualization of capillaries partially from the side and

Copyright © 2006, Elsevier Science (USA).
173 All rights reserved.
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Figure 1 Sagittal section of a finger nail fold in a normal healthy subject.

Figure 2 The wide-field view of the nail fold in a scleroderma patient and a normal control. (Left) Characteristic scleroderma-type capillary loops of
various sizes and moderate to extensive loss of capillaries. (Right) Capillary distribution in the NF of a normal subject.

there are no papillary capillaries. Gradually over the first
months of life a papillary layer of microvessels appears.
Their density is less than in an adult and the subpapillary
plexus can still frequently be seen. It appears as a polygonal
network, different from the subpapillary venual plexus seen
in later life. The latter appears to be a genetic trait, transmit-
ted as Mendelian dominant, but may also be related to dis-
ease or to drugs used for treatment. In aged subjects, a
decreased density of NF capillaries can occur, often associ-
ated with disease rather than aging per se.

The endrow capillaries (those in the terminal row) tend to
have larger diameters than more proximally located capil-

laries. Because of their horizontal position, they can be seen
to a greater length. Thus, it is possible to perform measure-
ments of capillary diameters, observe red blood cell (RBC)
flow, and also use minimally invasive procedures, such as
capillary pressure recordings in this location.

If not otherwise indicated, NF refers to the NF of the fin-
ger, where the majority of the human microvascular studies
have been performed. Not much can be found in the litera-
ture on the toe NF, despite the fact that a large number of
publications are devoted to the lower leg and foot. The clos-
est observations reported are usually from the dorsal skin of
the distal phalanx of the toes, close to, but not necessarily
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involving the NF and the endrow loops. Reportedly the
mean width of the toe NF loops is significantly larger than
in the finger.

Limiting Factors

The drawback of capillary observations in the skin,
including the NF, relates to the problem of illumination:
Only reflected light can be used here. Compared to micro-
scopy performed with transmitted light, conventional capil-
laroscopy allows capillaries to be seen only by the presence
of RBC columns within them.

Only a few investigators have been able to obtain other
details. Ehring and Schumann [2] succeeded in visualizing
the capillary wall of NF capillaries by using a specialized
optical and illumination system of Vonwiller. Mahler et al.
[3] used fluorescein-tagged human albumin that helped to
visualize plasma space and thus obtain a better estimate of
the total intraluminal dimensions. Conventional measure-
ments of NF capillary dimensions have been based on RBC
columns.

In addition, reflections from the oil deposited on the skin
interfere with photography, as does the very limited depth of
field especially at low magnification. It should also be
remembered that NF is a very specialized area of the skin
that may not necessarily closely reflect microvascular struc-
ture and function elsewhere in the body. Despite all these
shortcomings, NF capillary microscopy has yielded consid-
erable information on human microvasculature in health and
disease.

Methods

In Vivo Microscopy

RECORDING OF CAPILLARIES AND THEIR BLOOD FLOW

Most studies of the human NF have been performed by in
vivo microscopy, also called capillaroscopy, because usually
the focus has been on capillaries only. A variety of micro-
scopes, illumination techniques, and photographic systems
have been used over the years to obtain well-focused, sharp
still pictures.

To record capillary blood flow, by measuring RBC veloc-
ity, additional instrumentation was developed: first cine-
matographic, then video systems. Computer technology
now allows automated analysis of these data. Normal RBC
velocity ranges from 0.1 to 2.8mm/sec, with an average of
0.6mm/sec.

Unfortunately, the measurements are often taken from
selected, nonrandom, capillaries: those that happen to be
well focused. Therefore, the number of capillaries per NF
and the number of nail folds studied vary.

CAPILLARY PRESSURE

Instrumentation for capillary pressure measurement
needs to be used in combination with capillaroscopy to

properly introduce the micropipette into the capillary loop.
Unlike the completely noninvasive approach just discussed,
minimal trauma is necessary, because the hard keratin layer
is difficult to penetrate. The normal capillary pressure
ranges from 10 to 22mmHg.

CAPILLARY PERMEABILITY

Sodium fluorescein has been used most often to estimate
capillary permeability. Although this agent also diffuses out
in normal subjects, pathological changes can be estimated
by the speed and pattern of this diffusion compared to
healthy subjects.

LASER DOPPLER BLOOD FLOW MEASUREMENTS

This technique has often been performed on the dorsum
of the distal phalanx, or on the proximal part of the NF con-
currently with capillaroscopy. It is believed to measure skin
blood flow in deeper layers and not the capillary blood flow.

More detailed information on methodology can be found
in the book by Bollinger and Fagrell [4] and in a review arti-
cle by Shore [5].

Biopsy

NF biopsy has been rarely performed, but, as seen in 
Figure 1, it can show NF structure better than the schematic
illustrations often used. At higher magnification, finer
details of capillary wall, dermoepidermal junction, and so
on can be studied and compared to in vivo observations
obtained in the same NF just before the biopsy [6].

Data Obtained

Most of the data on the NF microvasculature has been
obtained from the endrow capillaries, in both morphological
and function studies. Only a relatively few studies focus on
the total area of NF.

Morphology

ENDROW CAPILLARIES

NF endrow capillaries show variations in shape, size, and
density even in normal healthy subjects; these variations
increase in pathological states. Variation is seen not only
between individuals, but also between fingers. Also, within
an NF not all capillaries are of the same size and shape.
However, over time, in a normal subject, the overall picture
of NF capillaries in a given finger has been reported to
remain as constant as a fingerprint.

(a) Shape. A normal capillary is usually described as a hair-
pin-like loop. The deviant capillary loops have been
described as tortuous, meandering, branched, bushy,
coiled, and so on. Often the same term is used for dif-
ferent shapes and different terms for the same shape by



176 PART I Basic Science

different investigators. (A better definition with ade-
quate illustration should be used to make comparisons
of results possible.) These data have been analyzed
semiquantitatively by counting the number of deviant
capillary loops per NF.

It should be noted here that vigorous “pushing 
back” of the cuticle during manicure can considerably
distort the “normal” U-shaped capillaries at the edge of
the NF.

(b) Size. Endrow loops have been classified subjectively as
normal, slightly or moderately enlarged, markedly or
extremely enlarged, and giant. Measurement data
include diameters of arterial and venular limbs of the
capillary loop, the caliber of the apical portion, the
length of the capillary loop, and the total width of 
the loop. The ranges for normal measurements reported
are arterial, 6 to 19 mm, and venular, 7 to 20 mm.

The problem here is the sampling of capillary loops:
Usually they are not all studied. For any measurements,
the capillaries have to be sharply focused, but because
of technical difficulties this is not always the case. The
other selection criteria may be the location within the
edge of NF or a subjective preclassification into normal,
enlarged, or giant loops.

(c) Density. The density is expressed as number of
loops/mm. The normal range is reported as 12 to
17/mm.

(d) Capillary hemorrhages. These are frequently encoun-
tered in certain diseases. In normal persons, they are
present only in response to obvious injury or micro-
trauma.

2. Total Area of NF

(a) Density. Capillary distribution proximal to the endrow
is relatively uniform and can be measured as number of
capillaries per mm2. The normal density has been
reported as 40 to 50/mm2. A uniform decrease in capil-
lary density in certain conditions can be measured the
same way.

(b) Localized loss of capillaries. In some pathological con-
ditions the loss of capillaries is not uniform: There may
be an extensive loss, including the endrow and extend-
ing to a considerable distance proximally, or there may
be discrete areas near the endrow. The loss may be com-
plete, resulting in completely avascular areas, or may be
relatively avascular, i.e., showing a few capillary loops
but less than 8/mm2. These areas can be measured quan-
titatively and expressed in mm2.

A semiquantitative scale has also been used: slight,
moderate, and extensive. A blind comparison of this
scale with quantitative measurement has shown the fol-
lowing: slight 0.4 to 2mm2, moderate 2 to 4mm2, and
extensive more than 4mm2 per NF.

Some authors have used the term “drop out” to note
the local loss of capillaries. They refer to endrow loops
only and require two “dropped-out” loops to define cap-
illary loss or avascularity.

(c) Visibility of subpapillary venous plexus (SPVP). The
extent of this feature (SPVP) can be measured by a
semiquantitative scale, i.e., the plexus visualization
score (PVS). PVS ranges from 0 to 4 per finger and 0 to
40 per subject. Normal range is 0 to 10.

(d) Pattern. The view of the total NF (magnification 12 to
14¥) allows us to appreciate the overall pattern of
change from the normal one. The loss of capillaries is
especially striking and sometimes associated with
“bushy formations” (Figure 3 [7]) near the junction of
avascular and normal NF capillary bed.

This total view helps to locate and identify special
features to be studied with higher magnification and
help to relocate them on serial studies. Observation of
the total NF also makes it easier to notice the abnormal
appearance of the cuticle: Normally completely trans-
parent, it may show yellow-orange discoloration and
varied patterns of outgrowing capillary hemorrhages in
the cuticle.

(e) Detection of microinjury. The total NF observation
helps to determine whether certain microvascular fea-
tures are due to local trauma and inflammation rather
than related to disease.

Experimental Studies

An Overview

Data presented in the previous section were obtained
from NF by microvascular techniques in baseline condi-
tions, i.e., without intervention by experimental stimuli or
change in environmental conditions. Here we summarize
data of microvascular responses to selected agents likely to
affect the microvasculature of the NF.

Most human studies have been clinically oriented and
often used for diagnosis, differential diagnosis, or correlated
with laboratory data. Investigators aimed to understand
pathophysiology by assuming that the same microvascular
abnormalities seen in NF may be present in internal organs.
They have correlated NF data with those of internal organs
that were involved in a given disease, and attempted to study
the prognostic significance of microvascular changes.

Selected Stimuli

COLD EXPOSURE

(a) Whole-body exposure. In normal subjects exposed to
cold in an experimental chamber, NF capillary blood
flow may slow down but will not come to a complete
standstill, even after more than 30 minutes. In certain
disease states, severe slowing of capillary flow occurs in
NF loops within a matter of minutes and rapidly comes
to a standstill in all the endrow loops and beyond. Tem-
peratures used range from 10 to 20°C between investi-
gators. Other factors are also important, such as time of
the day, clothing, and meals.
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also been reported in both types of diabetes, especially in
response to arterial occlusion producing reactive hyperemia.
Transcapillary and interstitial diffusion of IV injected
sodium fluorescein has been shown to be significantly faster
in long-term diabetes than in normal controls.

2. HYPERTENSION

Capillary density is reportedly lower (rarefaction) and
capillary pressure higher in patients with hypertension; cap-
illary flow velocity may be reduced.

3. RAYNAUD PHENOMENON

(a) Primary RP. Capillary morphology is within normal
range in this disorder and so is the capillary density.
Capillary flow, as measured by RBC velocity, is lower
than normal in baseline conditions and responds
strongly to cold stimuli (local or whole body) leading to
a flow stop of variable duration (measured in seconds or
minutes, “complete” standstill or stop being defined 
differently by different investigators). During an RP
attack, NF capillaries usually remain filled by RBC.
Transcapillary diffusion of sodium fluorescein in NF
capillaries is within normal limits.

(b) Secondary RP. There are a large number of disorders
reportedly associated with RP, i.e., these disorders are
considered primary, leading to a secondary RP. They 
are too numerous to review here and may or may 
not include microvascular studies. The most important
group of secondary RP is found in connective tissue dis-
ease (CTD), especially in scleroderma (SD).

4. SCLERODERMA SPECTRUM

Scleroderma spectrum (SDS) disorders: Scleroderma
(SD) and related disorders, such as CREST (calcinosis, RP,
esophageal dysfunction, sclerodactyly, and telangiectasis),
MCTD (mixed connective tissue disease), and UCTD
(undifferentiated connective tissue disease), form a spec-
trum with many similarities in clinical and laboratory
parameters including microvascular pathology. Dermato-
myositis (DM, a closely related disease) shows similar but
more acute, microvascular pathology. An overlap between
SD and DM sometimes occurs.

Only in this disease group is the nail fold microvascular
pathology highly specific and helpful for diagnosis.
Enlarged NF capillaries have been described in other disor-
ders, but what is characteristic here is the presence of capil-
laries in the NF that are enlarged in all three portions of the
loop (arterial and venous limbs and the apex), resulting in a
considerable increase in the total width of the loop (Figure
2, left). Other capillaries with less specific changes in size
and shape may also be present.

These characteristic loops are located mainly along the
edge of the NF but in an irregular manner: sometimes
between quasi-normal-looking capillaries or in groups of
variable size. The dimensions of these capillary loops vary
considerably from slightly enlarged to giant loops; the size

(b) Local cold exposure. Cooling of the finger can be
accomplished by blowing cold air on the NF, using
Peltier element and other techniques, while controlling
the finger skin temperature carefully to keep it in de-
sired range and to avoid injury. A short flow stop (meas-
ured in seconds) can also occur in normal subjects.

(c) Immersion of contralateral hand in cold water. This has
also been used but is less effective.

REACTIVE HYPEREMIA

An arterial occlusion of finger blood flow in normal sub-
jects produces cessation of blood flow followed by reactive
hyperemia overshooting the basal flow rate. This response
curve can be modified in certain disease states. This test has
been used with a variety of microvascular techniques, such
as RBC velocity measurement and laser Doppler flux.

RESPONSE TO DRUGS

(a) Responses to vasomotor agonists injected IA or IV and
to their antagonists.

(b) Responses to drugs used in treatment of certain diseases
in which microcirculation is deemed important.

The reader can find more details on experimental studies
from works of Bollinger and Fagrell and of Shore [4, 5].

Clinical Studies

An Overview

NF capillary microscopic studies have been performed in
a large number of disease groups by a variety of microvas-
cular techniques. The authors wished to determine the rea-
son for the development and/or persistence of microvascular
changes in disorders in which NF abnormalities were pres-
ent. Serial studies to document progression or regression of
pathological changes in the NF, as related to the evolution of
the disease or to the effect of therapy, have also been per-
formed. Data obtained from the NF studies in various dis-
eases are presented here as a short summary.

Selected Disorders

Since NF capillaroscopic studies in human disease range
from every subspecialty of medical and surgical fields to
mental disorders, genetics, and epidemiology, only some
selected disorders are listed here: disorders in which some
concordance exist between the findings of different investi-
gators and in which high specificity has been found for diag-
nosis, or microvascular findings have helped to subdivide a
clinical entity or help with differential diagnosis.

1. DIABETES MELLITUS

Capillary density is within normal range in both type 
I and II diabetes, but capillary pressure has been reported 
to be increased in type I, especially in those with poor
glycemic control. Abnormalities in capillary perfusion have
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They can be recognized even at low magnification. At
higher magnification, they show many thin capillary loops
springing from an arteriole or the deep end of the arterial
limb. On serial photographs, they seem to be associated with
filling in of an avascular area by capillaries [8]. Therefore,
they are believed to be indicators of capillary regeneration.
These “bushy formations” should not be confused with ram-
ified or branched capillaries described by other authors in
other disorders and even in normal subjects.

A yellow-orange discoloration of the cuticle is also asso-
ciated with SD and DM. It corresponds to deposits of
macromolecules (immunoglobulins, fibrinogens) in the cuti-
cle demonstrated by biopsy (Figure 4 [6]) and reflects the

Figure 4 Cuticle deposits in a scleroderma patient compared to a normal control. (a) A scleroderma patient showing severe cuticle deposits (grade 6,
arrows). (b) A normal control subject showing a grade 1 cuticle deposit (arrow), the most extreme encountered in the normal population. Bar = 100 mm.

Figure 3 A “bushy formation” in a patient with dermatomyositis in the active phase of the disease.

and number of such loops vary within an NF or between
NFs of the same patient. The number of capillaries per mil-
limeter is greatly decreased because of their size, but also
because they are often associated with small avascular areas
along the NF edge, sometimes called dropout. However,
capillary loss often extends into the proximal part of the NF
and can be measured in mm2. This characteristic pattern can
be recognized even without measurements. (Pattern recog-
nition is well known to be quite reliable.)

Other specific abnormalities, not always present but more
often seen during an active phase of the disease, are “bushy
formations” (Figure 3) adjacent to avascular areas (seen
more often in DM than in SD).



CHAPTER 27 The Significance of the Nail Fold in Clinical and Experimental Studies 179

permeability change of both the capillary wall and the 
dermoepidermal junction. In these cases, the capillary hem-
orrhages, often seen in SD and DM patients, do not remain
self-limited when gradually growing out with the cuticle as
in normal subjects, but the heme products diffuse widely
throughout the cuticle.

Studies with video microscopy after injecting sodium flu-
orescein show an abnormally rapid diffusion of this dye, but
not with a homogenous pattern as seen in long-term dia-
betes, but diffusing out through only certain parts of the cap-
illary wall.

The capillary blood flow can be slow even at an average
room temperature in the classical SD and has a striking
response to local or whole-body cooling, leading to a com-
plete standstill in the whole NF area at 16°C. This can actu-
ally be better appreciated by continued watching and
scanning the field of NF than by automated systems. A com-
plete stop of capillary flow can be easily recognized by
standstill of all RBCs in an NF loop by observing it for at
least 1 minute. When this is repeated in other loops and the
whole endrow, as well as more proximal NF, scanned for
any RBC movement for a total time of about 3 minutes, a
conclusion of total shutoff the NF capillaries can be reached.
This has not been observed in other vasospastic conditions,
such as RP; its observed flow stop is of much shorter dura-
tion, intermittent, and not present in the whole NF.

CREST, a more benign variant of SD, shows similar NF
capillary abnormalities but in a slightly different pattern:
Giant loops at the edge of the NF are more prominent and
numerous while avascular areas are quite limited or non-
existent. These patients also show characteristic capillary
telangiectases elsewhere on the fingers, especially on the
finger pads. These telangiectases can be microscopic, but in
most cases many are large enough to be detected with the
naked eye. “Bushy formations” are absent. Their capillary
blood flow response to cold is similar to that of SD.

MCTD shows SD-pattern NF capillary abnormalities and
more “bushy formations” than in classical SD.

UCTD also has SD-type NF capillary patterns, but usu-
ally fewer fingers are involved and show fewer abnormali-
ties. There are some patients, however, with active disease
who show marked loss of capillaries and rapid progression
to definite diagnosis of SD. Both MCTD and UCTD can
show capillary flow dysfunction when exposed to cold.

DM shows more extreme avascular areas and more numer-
ous “bushy formations” than any of the conditions described
earlier; the cuticular deposits and capillary hemorrhages 
with diffuse extension into the cuticle are also frequent. 
These lesions can vary from finger to finger; patients may
show even completely normal NF capillaries in some fingers,
and abnormalities can return to normal in remission [8].

5. OTHER CONNECTIVE TISSUE DISEASES

(a) Rheumatoid arthritis. An extensive visible subpapillary
plexus may be present in a relatively large proportion of
these patients.

(b) Systemic lupus erythematosus. Most patients with this
disorder have NF capillaries within the normal range. In
the acute phase, they may show a peculiar pattern of
disappearance of all superficial (papillary) capillaries in
most of the NF area, with only subpapillary venous
plexus visible. The capillaries reappear in remission.
SD–SLE overlaps also occur.

(c) Discoid lupus erythematosus. In this form of lupus, the
proximal NF may be completely devoid of capillaries,
showing only a prominent venular plexus; at the edge of
the NF there are large looplike formations, which are
probably part of the edge of the venular plexus rather
than capillaries. These microvascular lesions are not
present on all NFs and correspond most likely to discoid
lesions occurring in the NF area.

6. HEREDITARY HEMORRHAGIC TELANGIECTASIA

This disease is mentioned here because numerous capil-
lary telangiectases are present on skin, lips, fingers, and NF,
which may sometimes need differential diagnosis with
CREST.

7. SCHIZOPHRENIA

This disorder was studied by NF capillaroscopy soon
after Müller’s work. Many of these patients show an exten-
sive subpapillary plexus on most of their fingers having a
PVS of more than 10 (often 20 to 40 on a semiquantitative
scale). This subgroup of schizophrenia also has a signifi-
cantly lower finger blood flow and appear to correspond
clinically to so-called process schizophrenics (those with
negative symptoms). It is interesting to note that, although
there is a higher than normal frequency of high PVS in both
schizophrenia and RA, these disorders appear to be mutually
exclusive.

Conclusions

The in vivo microvascular studies have been most fruit-
ful clinically in SDS, not only for diagnosis and subgroup-
ing of patients, but also in early differential diagnosis in RP
subjects between primary RP and those at risk for SD. Over
90 percent of SD patients have RP, but RP usually precedes
the diagnosis of SD by years. SD pattern NF capillary
changes are present early and allow detection of patients at
risk for SD. It has even been possible to pick out SDS
patients from random samples from the general population
“blindly” with the technique of in vivo microscopy and have
independent confirmation of diagnosis later by clinical and
laboratory examinations. This technique also allows distinc-
tion between the slowly developing CREST, acute SDS
cases, and early SD with severe prognosis.

In schizophrenia research, NF capillaroscopy has been
helpful to distinguish between two types of schizophrenia
(those with negative versus positive symptoms) with possi-
bly different etiopathology and prognosis.
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Glossary

Capillaroscopy: In vivo microscopic examination of capillaries in the
skin

Microvessels: Arterioles, capillaries, and venules
Nail fold: Skin fold surrounding the finger or toenail
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The allantoic vesicle enlarges very rapidly from days 4 to
10: an extensive morphometric investigation has shown
rapid extension of the CAM surface from 6cm2 at day 6 to
65cm2 at day 14. In this process the mesodermal layer of the
allantois fuses with the adjacent mesodermal layer of the
chorion to form the CAM. An extremely rich vascular net-
work connected to embryonic circulation by the allantoic
arteries and veins develops between the two layers. Imma-
ture blood vessels scattered in the mesoderm and lacking a
complete basal lamina and smooth muscle cells grow very
rapidly until day 8, giving rise to a capillary plexus. The
plexus associates with the overlaying chorionic epithelium
and mediates gas exchange with the outer environment.

Capillary proliferation continues rapidly until day 10
(mitotic index equal to 23 percent). Then, the endothelial
cell mitotic index declines rapidly to 2 percent and the vas-
cular system attains its final arrangement on day 18, just
before hatching. Besides sprouting angiogenesis that char-
acterizes the early phases of CAM development, late CAM
vascularization is supported by intussusceptive microvascu-
lar growth in which the capillary network increases its com-
plexity and vascular surface by insertion of transcapillary
pillars. At day 14, the capillary plexus is located at the sur-
face of the ectoderm adjacent to the shell membrane. The
blood circulation and the position of the allantois immedi-
ately adjacent to the porous shell confer a respiratory func-
tion to the highly vascularized CAM. In addition to the
respiratory interchange of oxygen and carbon dioxide, the
allantois also serves as reservoir for the waste products
excreted by the embryo—mostly urea at first, and chiefly
uric acid later.

The chick embryo chorioallantoic membrane (CAM) is
an extraembryonic membrane. It serves as a gas exchange
surface through the eggshell and its function is supported by
a dense capillary network. Because of its extensive vascu-
larization and easy accessibility, the CAM has been broadly
used to study the morphofunctional aspects of the angio-
genesis process in vivo and to investigate the efficacy 
and mechanisms of action of pro-angiogenic and anti-
angiogenic natural and synthetic molecules. Also, because
of the lack of a fully developed immunocompetence system
in the chick embryo, the CAM represents a host tissue for
tumor engrafting suitable to study various aspects of the
angiogenic and metastatic potential that characterizes
human malignancies.

Developmental Anatomy of the Blood Vessels 
of the CAM

The allantois of the chick embryo appears at about 3.5
days of incubation as an evagination from the ventral wall of
the endodermal hind gut. During the fourth day, it pushes
out of the body of the embryo into the extraembryonic
coelom. Its proximal portion lies parallel and just caudal to
the yolk sac. When the distal portion grows clear of the
embryo it becomes enlarged. The narrow proximal portion
is known as the allantoic stalk, the enlarged distal portion as
the allantoic vesicle. Fluid accumulation distends the allan-
tois so that its terminal portion resembles a balloon in com-
plete embryos (Figure 1).

Copyright © 2006, Elsevier Science (USA).
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Structure of the Blood Vessels of the CAM

On day 4, all CAM vessels have the appearance of undif-
ferentiated capillaries. Their walls consist of a single layer
of endothelial cells lacking a basal lamina. By day 8, the
CAM displays small (10 to 15 mm in diameter), thin-walled
capillaries beneath the chorionic epithelium and larger ves-
sels (10 to 115 mm in diameter) in the mesodermal layer.
Large vessels have a layer of mesenchymal cells surround-
ing the endothelium and are completely wrapped by a basal
lamina. Starting from day 12, capillaries contain endothelial
cells and a few mesenchymal cells (presumptive pericytes)
closely applied to the endothelial abluminal side. Desmin-
positive cells are evenly distributed all over the CAM and
are located in close association with the capillary plexus.
The mesodermal vessels are now distinct arterioles and
venules (Figure 2). In addition to the endothelium, the walls
of arterioles (10 to 85 mm in diameter) contain one or two
layers of mesenchymal cells and increased amounts of 
connective tissue. Venules (10 to 115 mm in diameter) are
surrounded by an incomplete investment of mesenchymal
cells. Mesenchymal cells are presumed to be developing
smooth muscle cells, and the walls of arterioles also develop
a distinct adventitia containing fibroblast-like cells.

At days 4 to 8 the endothelial cells form punctuate junc-
tional appositions and a few plasmalemmal vesicles are
observed. Between days 9 and 13 the arteriolar endothelium
displays more extensive junctional complexes with multiple
membrane contact points. In contrast to the arterioles,
endothelial junctional appositions of the CAM venules
remains punctuate. The venules possess multiple sites of
interendothelial contact with areas of junctional dilations,
while the arterioles display complex interdigitating cell
junctions.

CAM arterioles and venules are accompanied by a pair of
interconnected lymphatics. Veins are also associated with
lymphatics and larger veins are surrounded by a lymphatic
plexus. Lymph is drained by trunks of the umbilical stalk
into the coccygeal lymphatics and the lymph hearts of the
embryo. CAM lymphatic capillaries have no basal lamina
and an extremely thin endothelial lining that specifically
expresses vascular endothelial growth factor receptor-3
(VEGFR-3, Quek-2, flt-4) whereas VEGFR-2 (Quek-1, kdr,
flk-1) is expressed by both vascular and lymphatic endothe-
lial cells.

Endogenous CAM Modulators of 
Blood Vessel Formation

The development of the vascular system of the CAM is a
complex, highly regulated process that depends on genetic
and epigenetic factors expressed by endothelial and non-
endothelial cells.

Endothelial cell interaction with extracellular matrix
(ECM) plays an important role in angiogenesis. Accord-
ingly, ECM modifies its properties during CAM develop-
ment in terms of expression of several components (e.g.
fibronectin, laminin, type IV collagen, Secreted Protein
Acidic Rich Cysteine (SPARC)), distribution of specific gly-
cosaminoglycans, and production of lytic enzymes.

Fibronectin accumulates in the ECM beneath the chorion
at early stages of development when the subepithelial capil-
lary plexus is not yet formed, possibly promoting the migra-
tion of endothelial cells merging by sprouting from the
mesodermal blood vessels. In contrast, type IV collagen
appears in the late stages of CAM vascular development
concomitantly with the terminal differentiation of endothe-
lial cells and maturation of basement membrane. Laminin
immunoreactivity is present instead during all stages of
CAM vessel formation, in keeping with its role in the early

Figure 1 Allantoic sac (a) of a 5-day embryo (e) showing in ovo dis-
tribution pattern of allantoic vessels (av). Original magnification: ¥25.

Figure 2 Image of the CAM arteriovenous and capillary systems after
casting of the vasculature (provided by Dr. V. Djonov, University of Berne,
Switzerland). Original magnification: ¥100.
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formation and later differentiation of the subendothelial
basement membrane. Finally, ialuronic acid plays a crucial
role in the formation, alignment, or migration of the capil-
lary plexus, while heparan sulfate, chondroitin sulfate, and
dermatan sulfate are important in the differentiation and
development of arterial and venous vessels.

In spite of the evidence that several growth factors, such
as fibroblast growth factor-2 (FGF-2), VEGF, placenta
growth factor (PlGF), platelet-derived growth factor
(PDGF), transforming growth factor beta-1 (TGF b-1),
angiogenin, and erythropoietin (Epo), stimulate blood vessel
formation when applied to the CAM (see later discussion),
the role of their endogenous counterparts in the develop-
ment of the CAM vascular system is poorly understood. The
expression of VEGFRs suggest that, in analogy with other
developmental models, endogenous VEGF may play a role
in CAM vascularization. Accordingly, neutralizing anti-
VEGF antibodies prevent CAM vessel development. Also,
direct experimental evidences implicates endogenous FGF-
2 in this process.

FGF-2 protein levels change in the CAM during devel-
opment and peak between days 10 and 14. At early stages of
development, FGF-2 is expressed by chorionic epithelial
cells and may trigger a paracrine loop of stimulation by
inducing an angiogenic response in undifferentiated vessels
of the CAM mesoderm. At later stages, FGF-2 mRNA
expression predominates in endothelial cells forming the
capillary plexus, suggesting an autocrine function in late
vessel growth and maintenance. Accordingly, neutralizing
anti-FGF-2 antibodies fully prevent neovascularization
when applied to the CAM at day 8 of incubation. They also
decrease fibroblast density within the mesoderm, but do not
affect epithelial cells of the chorion and allantois. Thus,
FGF-2 plays a rate-limiting role in the maturation of stroma
and blood vessels during CAM development.

The proteolytic plasmin/plasminogen activator system is
also involved in CAM vascularization, possibly affecting
the invasive behavior of sprouting endothelium and by mod-
ulating the activity of endogenous modulators. For instance,
endogenous urokinase plasminogen activator (uPA) medi-
ates the formation of angiogenic SPARC-derived peptides,
whereas exogenous uPA can induce neovascularization by
increasing the mobilization of endogenous FGF-2 from
ECM-associated reservoirs.

CAM as a Model to Study the Modulation 
of Angiogenesis

A. Tumor Angiogenesis and Metastasis

The CAM is a suitable site for transplanting tissues
because the chick embryo immunocompetence system is 
not fully developed and the conditions for rejection have 
not been established. Transplants survive and develop by
peripheral anastomoses between graft and original CAM
vasculature or by new angiogenic vessels grown from the

CAM and invading the graft. The formation of peripheral
anastomoses between host and preexisting donor vessels is
the main, and the most common, mechanism involved in 
the revascularization of embryonic grafts. At variance, the
growth of CAM-derived vessels into the graft is stimulated
by tumor implants.

The CAM has long been a favored system for the study
of tumor angiogenesis and metastasis. Tumor grafts remain
avascular for 72hours, after which they are penetrated by
new blood vessels and a phase of rapid growth begins. The
rate of growth during this vascular phase is greater for
implants on days 5 and 6 to decrease at later days of implan-
tation. The CAM may also be used to assess the ability of
antiangiogenic molecules to inhibit growth and neovascu-
larization of tumor xenografts.

Studies using the tumor cells/CAM model have also
focused on the invasion of the chorionic epithelium and 
the blood vessels by tumor cells. The cells invade the epi-
thelium and the mesenchymal connective tissue below,
intravasate into the dense bed of blood vessels, and may
invade the chick embryo.

Finally, delivery of tumor cells onto the CAM allows the
fine study of the effects of tumor-derived angiogenic growth
factors on blood vessel structure and functionality. For
instance, tumor cell lines overexpressing FGF-2 or VEGF
induce a quantitatively similar vasoproliferative response
when grafted onto the CAM. However, in keeping with the
different ability of FGF-2 and VEGF to modulate endothe-
lial cell morphology and vascular permeability, an increased
endothelial fenestration characterizes the blood vessels of
the CAM stimulated by VEGF transfectants.

B. Molecules with Angiogenic and 
Anti-angiogenic Activity

The CAM is used to study molecules with angiogenic
and anti-angiogenic activity following their delivery in ovo
(Table I). Many protocols have been envisaged to deliver
macromolecules and low-molecular-weight compounds
onto the CAM by using silostatic rings, methylcellulose
disks, silicon rings, filters, and plastic rings. Also, collagen
and gelatin sponges treated with stimulators or inhibitors of
blood vessel formation have been implanted on growing
CAM. The gelatin sponge is also suitable for the delivery of
cell suspensions onto the CAM surface and the evaluation of
their angiogenic potential. This latter experimental condi-
tion allows the slow, continuous delivery of growth factors
released by few implanted cells (20,000 cells per sponge or
fewer). As compared with the application on the CAM of
large amounts of a pure recombinant angiogenic cytokine in
a single bolus, implants of cells overexpressing angiogenic
cytokines enables the continuous delivery of growth factors,
following a more “physiological” mode of interaction with
the CAM vasculature.

Besides in ovo experimentation, a number of shell-less
culture techniques have been devised, involving cultures of
avian embryos with associated yolk and albumin outside 
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of the eggshell. Shell-less cultures facilitate experimental
access and continuous observation of the growing embryo.

Typically, an angiogenic response occurs 72 to 96hours
after stimulation in the form of an increased density of ves-
sels that converge radially toward the implant like spokes in
a wheel. Conversely, when an angiostatic compound is
tested, the vessels become less dense around the implant and
eventually disappear (Figure 3). Alternatively, the molecules
can be directly inoculated into the cavity of the allantoic
vesicle so that their activity reaches the whole vascular area
in a uniform manner.

Several semiquantitative and quantitative methods are
used to evaluate the extent of vasoproliferative response or
angiostatic activity at macroscopic and microscopic levels.
Quantification of the CAM vasculature has been performed
with the use of morphometric point-count methods, radio-
labeled proline incorporation to measure collagenous pro-
tein synthesis, and fractal analysis of digital images.

Many techniques can be applied within the constraints of
paraffin and plastic embedding, including histochemistry
and immunohistochemistry. Electron microscopy can also
be used in combination with light microscopy. Moreover,
unfixed CAM can be utilized for biochemical studies, such
as the determination of DNA, protein, and collagen content,
and for reverse transcriptase–polymerase chain reaction
(RT-PCR) analysis of gene expression. Recently, studies of
intracellular signaling pathways mediating the angiogenic
response to growth factors and cytokines have been suc-
cessfully performed. This has allowed the demonstration of
the role of extracellular signal-regulated kinases (ERKs) and
avb3 integrin engagement in FGF-2-mediated angiogenesis
and of JAK2/STAT-3 pathway during neovascularization
induced by GM-CSF.

Table I Pro-Angiogenic and Anti-Angiogenic
Molecules in the CAM Assay.

Pro-angiogenic molecules Anti-angiogenic molecules

Fibroblast growth factor-2 Anti-FGF-2 antibodies
(FGF-2)

Vascular endothelial growth Anti-VEGF antibodies
factor (VEGF)

Placenta growth factor-1 Anti-PlGF-1 antibodies
(PlGF-1)

Angiogenin Anti-angiogenin antibodies

Tumor necrosis factor alpha Interleukin-2 (IL-2)
(TNF-a)

Transforming growth factor Angiostatin
beta (TGF-b)

Platelet derived growth factor Endostatin
(PDGF)

Erythropoietin (Epo) Heparan sulfate

Osteogenic protein-1 (OP-1) Modified heparins

Leptin Heparanase inhibitors

Adrenomedullin Protamine sulfate

CC chemokine I-309 Platelet factor-4 (PF-4)

Osteopontin/Eta-1 Pentosan polysulfate
Non- or low-sulfated saccharides
Arylsulfatase inhibitors
Sulfated polysaccharide peptidoglycan
a-, b-, g-cyclodextrin
Suramin
Spironolactone
Tyrosine kinase receptor inhibitors
Adhesion molecule antagonists
Matrix metalloproteinase inhibitors

Figure 3 Modulation of CAM vascularization: numerous vessels develop radially in a “spoked-wheel” pattern toward the stimulus triggered by an
angiogenic cytokine (a); in contrast, very few vessels are recognizable around the implant of an angiostatic molecule (b). Original magnification: ¥50.
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Concluding Remarks

One of the most important technical problems facing the
study of angiogenesis and anti-angiogenesis is the difficulty
of obtaining meaningful assessments of efficacy. In vivo
angiogenesis assays, such as those performed in the CAM,
have allowed important progress in elucidating the mecha-
nisms of action of several angiogenic factors and inhibitors.
Nevertheless, some limitations characterize this experimen-
tal model. Nonspecific inflammatory reactions may develop
as a result of grafting, inducing a secondary vasoprolifera-
tive response hardly distinguishable from a direct angio-
genic activity of the test material; rearrangement of existing
vessels following membrane contraction may mimic neo-
vascularization; and vasodilatation/vasoconstriction may
result in apparent pro/anti-angiogenic effects, respectively
(all these drawbacks may be overcome by detailed histolog-
ical analysis). Finally, species-specific differences and the
lack of avian-specific reagents (as well as limited genomic
information) may represent serious disadvantages.

However, recent progress has contributed to improving
the usefulness of the CAM as a model. For instance, retro-
viral, lentiviral, and adenoviral vectors have been used in
the past few years to infect the CAM (as well as the whole
chick embryo), leading to the expression of the viral trans-
gene. This allows the long-lasting presence of the gene
product that is expressed directly by CAM cells, which
makes feasible the study of the effects of intracellular or
membrane-bound proteins as well as of dominant-negative
gene products. Such an approach will shed new light on the
mechanisms of blood vessel formation and inhibition in
physiologic and pathologic conditions.

Glossary

Angiogenesis: The formation of new blood microvessels from preex-
isting ones.

Chorioallantoic membrane: Extraembryonic membrane originated by
the fusion of the mesodermal layer of the allantois with the adjacent meso-
dermal layer of the chorion. It mediates gas exchange between the avian
embryo and the outer environment.

FGF-2: A pleiotropic growth factor endowed with a potent angiogenic
activity in vitro and in vivo. It interacts with signaling tyrosine kinase
receptors and heparan-sulfate proteoglycans on target cells.

VEGF: Endothelial cell growth factor crucial for embryonic vasculo-
genesis and angiogenesis. It acts also as a potent vasopermeability factor. It
is involved in physiologic and pathologic angiogenesis.
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and to detach the testicle from the flap [4]. He was then able
to spread out the flap and transilluminate it under a micro-
scope. Miller and Wiegman introduced a tissue bath to pro-
vide better control of the microcirculatory environment [5].
This standard cremaster preparation was further developed
in our laboratory in such a way that the cremaster muscle
was completely isolated on its neurovascular pedicle, as an
island flap [6]. In this model the cremaster muscle circula-
tion is solely dependent on one feeding artery and one out-
flowing vein, excluding all other sources of vascular supply.
This procedure simulates the conditions encountered during
surgery of free tissue transfers, where the main vessels of
the flap undergo microsurgical anastomosis and changes
occurring downstream from the site of vascular repair can
be monitored. These microcirculatory observations can add
to our understanding of variables that can directly affect flap
failure and survival.

The cremaster muscle flap isolated on the neurovascular
pedicle expands significantly our ability to study micro-
circulation in relation to (1) reactivity of the microvessels
[1, 6], (2) ischemia-reperfusion injury [7], (3) assessment of
microcirculatory responses to muscle denervation [8], (4)
chronic observation of the microcirculation using a chamber
model [7], (5) observation of the microvascular events 
following tumor implantation, and (6) monitoring of
microvascular responses to isograft and allograft transplan-
tation [9, 10].

Surgical Technique

Male rats weighing between 80 and 150g are used,
because at this weight range the cremaster fascia is thin
enough to allow for optimal visualization of the microcircu-
lation of the transilluminated muscle. Also, the iliac artery is

Background

Despite major advances in the field of reconstructive
microsurgery, complications and failures after free tissue
transfer and replantation surgery remain as a significant
clinical problem. The nature of these failures is often multi-
factorial and the pathophysiology is still not completely
understood. Different research approaches and animal 
models were developed to improve our understanding of
changes occurring at the tissue microvascular level [1].

Previously, most studies applied techniques that allowed
quantifying microcirculatory perfusion by implementation
of the indirect methods of measurement, such as the use of
staining techniques. These methods, however, did not reveal
accurate information about the dynamics of the microvascu-
lar network, which is in a constant state of change. Research
discoveries improved significantly after application of mod-
ern microcirculatory techniques and models that allowed for
direct in vivo observation of hemodynamics of vascular
pathophysiology. These models included hamster cheek
pouch, rabbit ear chamber, the cat tenuissimus muscle, bat
wing, and various mesenteric preparations [1].

The rat cremaster muscle preparation has a relatively
recent history of application to microcirculatory studies
[2–4]. One of its advantages is that the cremaster muscle
flap is structurally and functionally similar to other skeletal
muscles. Thus, all changes observed in the microcirculation
of this small flap could be applied to larger muscle flaps
used in clinical microsurgery. Majno and Palade were the
first to introduce the cremaster muscle model in their histo-
logical and electron microscopy studies on inflammation
[2]. This model was accepted for microcirculatory observa-
tion by in vivo microscopy after modifications made by
Grant [3]. Baez was the first to open the cremaster muscle

Copyright © 2006, Elsevier Science (USA).
187 All rights reserved.



188 PART I Basic Science

large enough to allow for controlled dissection, transection,
and repair under surgical microscope magnification.

Anesthesia is induced with intraperitoneal administration
of pentobarbital (60 to 70mg/kg) with additional supple-
ments as needed. Core body temperature is maintained
between 35° and 37°C. The animal’s genital area and thighs
are shaved; the rat is prepped and placed in a supine 
position.

Isolation of the Cremaster Muscle Flap

During flap dissection the tissues should be kept moist
using saline solution. An operating microscope (Zeiss
OPM6-SD, Zeiss, Germany) is used for pedicle dissection
and isolation. A longitudinal incision is made from the tip of
the scrotum to its base. From this point the incision is car-
ried laterally toward the anterior iliac spine. The subcuta-
neous tissue over the groin area and the scrotum is then
carefully dissected. The cremaster is visualized as a thin tis-
sue layer covering the testis. This dissection is continued
carefully on the ventral as well as dorsal surface of the mus-
cle until the muscle is completely detached from the scro-
tum. A traction suture is placed through the distal tip of the
cremaster muscle to facilitate atraumatic dissection (Figure
1A). The pedicle of the flap is visualized on the dorsal
aspect of the muscle. A longitudinal incision is then made on
the ventral surface of the cremaster muscle flap origin
including the full thickness of the muscles of the abdominal
wall and is directed parallel to the inguinal ligament (IL).
The vascular pedicle of the testicle and the deferens duct are
exposed and ligated with 5-0 silk sutures. The testicle is
pulled from the scrotum and is carefully separated from the
muscle. Next the testicle is removed, and the empty cre-
master muscle tube flap is now ready for dissection of the
neurovascular pedicle.

Isolation of the Neurovascular Pedicle

The dissection is performed in the groin area, with expo-
sure of the femoral artery and vein and the IL. The medial
insertion of the IL is then divided from the pubic bone
attachment, and the ligament is mobilized from medial to
lateral, exposing the genito-femoral nerve, and the external
iliac artery and vein (EIA and EIV). All nonrelevant
branches of the EIA are either coagulated or ligated with 
9-0 nylon sutures, leaving the intact pudic-epigastric trunk,
which now provides the only blood supply to the cremaster
muscle flap. The frontal wall of the cremaster muscle tube
flap is then opened from proximal to distal. The remaining
attachments connecting the flap to the groin region are tran-
sected and the cremaster muscle is totally isolated on its vas-
cular pedicle, as an island muscle flap.

Preparation of the Cremaster Flap for
Microcirculatory Monitoring

The animal is placed on a Plexiglas observation platform.
The prepared cremaster muscle is extended and is held in

place with 5-0 silk sutures (Figure 1B). The muscle is irri-
gated with saline solution and covered with a plastic film to
avoid dehydration (Saran Wrap presoaked with distilled
water overnight). Figure 1C shows the schematic map of the
microvessels that can be monitored in this preparation.

Direct In Vivo Microcirculatory Observations

The cremaster muscle is then transilluminated from
below and the microcirculation is observed and monitored
using an intravital microscope (Nikon Optiphot-2, Japan)
equipped with a color video camera (Sony CCD-
IRIS, Japan), a 19-inch monitor (Sony Trinitron, Japan), 
and a videotape recorder (Panasonic AG-1730, Japan).
Using this standardized setup, the following microcircula-
tory parameters can be directly observed, measured, and
recorded on the videotape over time for repeated observa-
tions (Figure 2):

1. Vessel diameter. The diameter and the endothelial wall
thickness of the cremaster arterioles and venules are
measured by using a video image measurement system
(VIA-150, Boeckeler, Tucson, AZ).

2. Red blood cell (RBC) velocity. A custom-made optical
Doppler velocimeter (Texas A&M, College Station, TX)
is adapted to the system. It allows the measurement of
RBC velocity in millimeters per second in the main arte-
rioles and venules of the cremaster muscle flap.

3. Capillary density. The capillary perfusion or functional
capillary density is defined as the number of capillaries in
which RBCs are constantly flowing. Three regions of the
cremaster muscle flap with a good capillary perfusion
and clear visualization are chosen, in the proximal,
medial, and distal area of the flap. Each visual field—as
seen in the monitor—represents an area of tissue of 
0.18mm2. Nine fields in each of three flap regions are
monitored and counted for a total of 27 fields, and the
average number from all fields represents the overall
state of capillary perfusion of the cremaster muscle
microcirculation.

4. Leukocyte–endothelial interactions. The postcapillary
venules are chosen for the observation of leukocyte
behavior. These vessels have a diameter of 20 to 40 mm
and are identified in the proximal, medial, and distal
regions of the flap. Rolling, “sticking” (remaining sta-
tionary for more than 20seconds), transmigrating neu-
trophils and lymphocytes are observed and counted
during a 2-minute period in each flap region using a hand
counter (Figure 2).

5. Endothelial-edema index. The external and internal
diameters of the postcapillary venules are measured
using the VIA-150. The ratio between the two numbers is
defined as endothelial edema index and is used in some
studies to indicate vascular occlusion caused by leuko-
cyte aggregation within the venular lumen, causing 
vessel wall damage, and microvascular injury leading to
increased tissue permeability.
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Figure 1 (A) Isolated cremaster muscle flap. (B) Cremaster muscle flap
dissected and set up for microcirculatory studies. (see color insert) (C)
Schematic representation of the cremaster muscle flap microvascular net-
work for the measurements of microcirculatory hemodynamics. V1,
venule; A1, first-order arteriole; A2, second-order arterioles; A3, third-
order arterioles; A3-1, third-order arteriole (the branch of A2-1); A3-2,
third-order arteriole (the branch of A2-2).
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6. Thrombus formation. The transilluminated cremaster
muscle can be used to directly visualize and quantify
thrombus formation. The pedicle artery is viewed with 
an inclinable head stereoscope (Zeiss OpMi6, Zeiss, 
Germany) and at the same time the downstream cremas-
ter is observed with a compound microscope. By incor-
porating the two systems it is possible to image the
upstream and the downstream microcirculation side by
side on the same video monitor, simultaneously. This
allows the correlation of thrombus formation upstream
with the appearance of the dislodged platelet emboli in
the downstream microcirculation.

Evaluation of the Microvascular Permeability

1. Fluorescein microscopy setup. A Zeiss 20T fluorescein
microscope (Carl Zeiss, Germany) is used. An illumina-
tion system with a 460 to 490nm blue light band excita-
tion filter from a mercury arc lamp (Mercury Power
Supply, Model 1200, OpticQuip Inc, NY) is used to stim-
ulate the fluorescein isothiocyanate. The closed circuit
video recording system consists of an MTI silicon-inten-
sifying target camera (MTT SIT-68), a Panasonic AG-
1290 video recorder, and a 19-inch monitor. The gain,
sensitivity, and black level of the SIT camera allow the
detection of very low light levels.

2. Microvascular permeability assessment technique and
analysis of macromolecule leakage. Macromolecular
leakage reflects vascular permeability. Albumin conju-
gated with fluorescein isothiocyanate (FITC) is injected
intravenously to assess the microcirculatory permeability
in the cremaster muscle flap. Postcapillary venules are
selected for measurements, which are taken at zero time
and after 30 minutes. The albumin appears as bright
white on the video monitor. Venules without leaks look

like white columns against a black background. Leaks
appear as white streaks outside of the vessels. These
images are digitized using a Kontron Elektronik KS 300
V2.00 image analysis system (Kontron Elektronik
GmbH, Eching, Germany). Three segments in the lumen
of the venule and of the interstitium are selected. An
index of vascular leakage (permeability index, PI) is
computed from the images. A relatively high positive PI
indicates increased leakage from the postcapillary venule
as result of endothelial injury. If the Kontron system is
not available, the live images recorded can be captured
by the computer using the Studio DC Plus software (ver-
sion 3.1, Pinnacle System, Mountain View, CA) and a
capture card. The images are then analyzed with the
Image Pro-Plus software (version 2.1, Media Cybernet-
ics, Silver Spring, MD).

Application of the Cremaster Muscle Island Flap for
Ischemia-Reperfusion and Related Studies

There has been an increased awareness and interest in
reperfusion injury or the no-reflow phenomenon. Unfortu-
nately, the pathogenesis of this phenomenon is still not
completely understood. Many hypotheses have been postu-
lated, such as vasospasm, oxygen free radicals, platelet-
plugging microthrombus formation, and changes in the
vascular permeability leading to the interstitial edema. The
direct observation of these highly dynamic mechanisms is
important since it may explain many of the clinical events
happening during postoperative follow-up in many
microvascular and vascular surgery procedures.

All important parameters involved in ischemia/reperfu-
sion injury can be evaluated using the cremaster muscle flap.
They include measurements of vasospasm, vessel diameters,
thrombus formation, presence of microembolism, functional
capillary density, leukocytes–endothelial interaction, and
microvascular leakage. Furthermore, the cremaster chamber
model allows for chronic observation of the microcircula-
tory events, which is critical for monitoring consequences of
ischemia/reperfusion.

Technique. The cremaster muscle flap dissection
described earlier can be modified for application to the
ischemia/reperfusion injury studies.

In order to match the events of reperfusion injury associ-
ated with the vasospastic phenomenon and decrease in cap-
illary perfusion, the cremaster flap has been applied as a
microsurgery ischemia model. Technically, the cremaster
vascular pedicle is transected and re-anastomosed, and the
flap is further assessed by microcirculatory monitoring An
important observation from this ischemia model was the
description of concept of the cremaster flap risk zones by
simultaneous assessment of the site of vascular anastomosis
and peripheral microcirculation. The zones were divided
into the upstream risk zone (anastomotic site) and a down-
stream risk zone (the microcirculation) [1]. The events mon-
itored within these zones were directly related: A process

Figure 2 Intravital microscopy setup for microcirculatory monitoring.
(see color insert)
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occurring within the upstream zone such as thrombus for-
mation was influencing events at the downstream zone,
causing decrease in capillary perfusion. Other observations
from this model have shown that the ischemia time that is
the period needed to perform the microvascular anastomosis
induced a profound vasospasm peripherally, specifically in
the third-order arterioles of the cremaster flap. Some authors
suggested that this mechanism is most probably related to
microcirculatory response to anesthetic drugs, poor micro-
surgical technique of vessel repair, and tissue hypoxia and
acidosis.

The cremaster flap can be also used as a clamp-ischemia
model. In this model homodynamic changes occurring at the
microcirculatory level following clamp application to the
flap feeding artery can be compared to the ischemia-induced
events during free tissue transfer procedures. The technique
involves clamping the cremaster vascular pedicle for a dif-
ferent periods ranging from 2 to 6 hours with subsequent
monitoring of the microcirculatory conditions. This was
specifically of interest in studies related to ischemic precon-
ditioning and its effects on the microcirculation. This model
is also applicable for simulation of reduced flow states, in
which instead of clamp application a silk suture is placed
around the pedicle, reducing blood flow to the flap.

The response of leukocyte–endothelial interactions to
ischemia/reperfusion injury has been extensively studied.
Upon reperfusion, a cascade of events takes place, leading
to activation, adherence, and transmigration of the leuko-
cytes, ultimately resulting in decreased blood flow,
increased capillary permeability, and subsequent tissue
damage and microcirculatory failure. Substances such as
anti-ICAM and anti-PECAM antibodies, growth factors,
interferon gamma, dehydroepiandrosterone, and cyclo-
sporin and many more have been tested in our laboratory in
different experimental scenarios of tissue ischemia, reperfu-
sion, denervation, and preconditioning. The ability to reduce
the effects of the ischemia/reperfusion injury after adminis-
tration of different pharmacological agents has opened new
horizons in the field of reconstructive microsurgery leading
to better understanding and improvement of the free tissue
transfer flap survival.

Application of the Cremaster Muscle for Chronic
Observation of the Microcirculation

Previously, the cremaster muscle preparation was applied
only for acute microcirculatory observation lasting no
longer than 6 hours [1]. However, it is well known that some
of the events altering the flow hemodynamics in the flap
feeding artery and peripheral microcirculation of transferred
tissues can occur later most often within 72 hours and no
longer than 7 days after flap transfer. Therefore, the cremas-
ter muscle flap model was modified to allow for observation
of the microcirculation for prolonged periods of time, still
maintaining the accuracy of the measurements [7]. Two
models for chronic observation were developed.

The Cremaster Muscle Chamber for Continuous
Observation of the Microcirculation

The main advantage of the cremaster chamber applica-
tion is the ability of repeated measurements of hemody-
namic changes within the same muscle flap for a period of
up to 3 days. This period is accepted as critical time for flap
survival or failure after microvascular repair [7]. After 3
days this model is less applicable since neovascularization
from the surrounding tissues takes place and can obscure
visibility under intravital microscopy. Also, with prolonged
chamber application there is a possibility of the cremaster
pedicle stretching or damage.

Technique. The cremaster muscle island flap is dissected
and spread on the bottom of the Plexiglas chamber. The
muscle is bathed in saline solution, then covered with a
round cover glass and with the top frame of the chamber.
This keeps the flap moist and free from atmospheric oxygen
throughout the experiment. The base of the chamber is fixed
with a suture to the body of the animal along the inguinal
canal (Figure 3). Observations start at 30 minutes following
chamber application to eliminate the immediate effects of
surgical trauma on the flap microcirculatory response.
Hemodynamic measurements can be taken at 1-hour inter-
vals for the first 24 hours and as needed thereafter up to 3
days after chamber application. Extension of time between
the measurement intervals permits the rats to recover from
the anesthesia.

In our experience, the chamber is well tolerated by the
animals, and the cremaster muscle preparation remains
viable during the entire observational period. There is no
significant pressure exerted by the use of the chamber, as
evidenced by the flow measurements. Furthermore, the

Figure 3 Schematic drawing of the cremaster muscle flap chamber
model.
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chamber model allowed to perform microcirculatory meas-
urements comparable with standard cremaster muscle island
and tube flap model recordings [7].

The Cremaster Muscle Tube Flap Model for Chronic
Observation of the Microcirculation

If even longer periods of observation are necessary for
the understanding of the microcirculatory mechanisms, the
cremaster muscle tube flap is used. With this model the
microcirculatory events can be observed for periods up to 
14 days.

Technique. The cremaster is dissected as described
before. However, after removal of the testis the empty cre-
master muscle tube raised on the neurovascular pedicle is
preserved (Figure 4). Next a subcutaneous tunnel is created
in the anteromedial aspect of the hind limb. The flap is

buried in this tunnel, secured distally with a pull-out suture,
and kept in the tunnel until the day of microcirculatory
measurements. At this time the flap is opened, spread over
the top of the Plexigas platform, and set up for the measure-
ments. This tube flap model is well tolerated by the animal,
and the muscle viability is not affected by the staged surgi-
cal procedure required for monitoring.

This model has been successfully applied in research
requiring longer periods of observation [7], such as studies
on the long-term effects of flap denervation, evaluation of
hemodynamic effects of pharmacological agents, and stud-
ies monitoring acute phases of allograft rejection.

Microcirculatory Responses to Cremaster
Muscle Denervation

Since the cremaster muscle flap is an isolated axial pat-
tern flap in which all collateral vessels are transected, it is
the ideal model to study the effects of muscle denervation
including influence of neurogenic factors on the microcircu-
latory response. Applying this model it is also possible to
test the microvascular response to the topical application of
the vasoactive substances. In such scenarios the cremaster
muscle flap can be applied as an acute or as a chronic model.

1. Technique—acute model. After cremaster muscle flap
dissection on the neurovascular pedicle, the denervation
procedure is performed by resecting a 1-cm segment of
the genitofemoral nerve in the groin area leading to flap
sympathectomy. Next, the adventitia of both the iliac and
femoral artery and vein are excised circumferentially just
above and below the pudic-epigastric pedicle resulting in
somatic denervation of the flap. The flap is then prepared
for microcirculatory evaluation.

2. Technique—chronic models. We have developed chronic
models for long-term microcirculatory recordings. The
cremaster muscle tube flap could be modified by the two-
stage denervation procedure. In the first stage an incision
is made in the groin, and the iliac and femoral vessels and
genitofemoral nerve are exposed. Next, the standard den-
ervation procedure of 1cm of nerve segment resection
and excision of the femoral artery and vein adventitia is
performed. The flap denervation can be carried out from
24 hours up to 14 days. At this point the second-stage
procedure of standard surgical dissection of the cremas-
ter muscle flap on the tissue bath is performed and micro-
circulatory measurements revealing the effects of flap
denervation are recorded. As a result of these observa-
tions a triphasic sequence was observed, starting with (1)
an acute hyperadrenergic phase, followed by (2) a non-
adrenergic phase (vasodilatation) and (3) a sensitized
phase where increased capillary perfusion and hyper-
responsiveness to vasoactive substances was observed.
Based on these observations it was evident that micro-
circulation can be significantly improved by muscle 
sympathectomy and somatic denervation [8].

Figure 4 Steps in the hind limb–cremaster transplantation procedure:
(A) Extraction of the testis from the cremaster muscle, (B) dissection of the
cremaster tube flap on the neurovascular pedicle, (C) preparation of the
subcutaneous tunnel for the preservation of the muscle flap for chronic
observations, (D) insertion of the muscle flap into the tunnel, transection of
the vascular pedicle at the iliac level, and limb amputation at the mid-
femoral level.
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A Model of Cremaster Muscle Isograft and 
Allograft Transplant

After transplantation, two patterns of tissue damage 
can occur during allograft rejection. One is caused by cell-
mediated or antibody-mediated damage. The second is due
to the tissue ischemia and surgical trauma causing microvas-
cular destruction [9]. Since these patterns are dependent on
the interactions between the allograft endothelium as well as
allograft and recipient immune systems, a quantitative
assessment of the microvascular events occurring during
allograft rejection is crucial. The cremaster muscle flap was
introduced to transplantation studies to serve as a “window”
for direct microcirculatory measurements of the hemody-
namic events occurring due to ischemia/reperfusion injury
and the acute phase of allograft rejection following muscle
transplantation. The cremaster tube flap can be transplanted
alone as a free flap, or it can be incorporated into the donor’s
limb as a part of a composite tissue graft. This allows a mon-
itoring sequence and timing of cremaster muscle allograft
transplant rejection at the microcirculatory level. Further,
the advantages of this cremaster flap preparation include the
possibility of comparing differences between hemodynamic
and cellular responses among the transplant donor and
transplant graft recipient and to investigate the changes
occurring within the intra- and extravascular compartments.

1. Technique of the cremaster muscle free flap transplanta-
tion model. The cremaster muscle tube flap is designed
based on the iliac and femoral vessels, which are tran-
sected above the cremaster vascular pedicle take-off. The
dissected cremaster muscle free flap is next transplanted
to the recipient animal, and the pedicle is anastomosed to
the femoral vessels of the recipient. Next a tunnel is cre-
ated in the medial border of the hind limb, into which the
flap is inserted for long-term observations. The trans-
planted tube flap allograft is then removed from the limb,
opened, and spread on the tissue bath for the microcircu-
latory observation of allograft acceptance/rejection at the
designated times.

2. Technique of the combined hind limb–cremaster muscle
transplantation. This model allows study of microcircu-
latory response to composite tissue allografts across the
MHC barrier. The rat hind limb is dissected together with
the cremaster muscle, which is incorporated as a tube
flap into the medial border of the limb. Transplantation
from donor to recipient involves the four-step procedure.
First, the hind limb of the recipient animal is amputated
[10], followed by preporation of the hind limb–cremaster
graft of the donor animal and preparation of the cremas-
ter muscle tube flap implantation for chronic observa-
tions, as outlined in Figure 4. Next, the iliac vessels are
exposed, ligated, and transected. The hind limb is then
amputated. The hind limb–cremaster composite tissue
graft is transplanted into the designated recipient (iso- or
allograft), and the cremaster muscle tube graft is dis-
sected and prepared for microcirculatory measurements.

The cremaster flap has proven to be a reliable tool for
monitoring microcirculatory hemodynamics during com-
posite tissue graft rejection. At the microcirculatory level the
rejection process after allotransplantation begins as early as
24 hours posttransplant. It is characterized by a decrease of
capillary perfusion and marked increase in the activation of
adherent and transmigrating leukocytes, proceeding clinical
the signs of allograft rejection [9, 10]. These observations
were significant and added to our understanding of com-
posite tissue allograft rejection as well as allowing us to 
distinguish between events occurring as a result of the 
transplantation trauma and rejection phenomenon.

Cremaster Muscle Model for Tumor Implantation

Since the cremaster muscle flap is a well-vascularized tis-
sue it is applicable to solid tumor implantation. Following
implantation, tumor growth and angiogenesis, along with
molecular transport within the tumor and the delivery of
genetic vectors and anticancer therapeutic agents, can be
studied. Also, this model allows direct control of the inflow
and outflow of the substances into the cremaster micro-
circulation, which is important during evaluation of tumor
biology and drug testing.

Technique. Through an incision on the anterior surface of
the exposed cremaster muscle, the testicle pedicle and sper-
matic cord are isolated and dissected. The testis is removed
from the cremaster pouch and retracted into the abdominal
cavity. The tumor cell suspension is then injected directly
into the cremaster muscle. The incision is then closed, and
the cremaster tube flap is implanted into the medial border
of the limb. It is withdrawn from the limb only at the time
of microcirculatory measurements. Intraarterial injection of
substances of interest is done directly into the pudic-
epigastric pedicle after clamping of the iliac and femoral
vessels.

To summarize, the cremaster muscle flap model has been
proven to be a novel model for cancer research with broad
applicability and with specific value for the study of tumor
biology and angiogenesis.

Glossary

Blood rheology: The study of the flow and deformation of red blood
cells.

Cremaster muscle: Thin (200 microns) skeletal muscle covering 
testicles. Innervated by the genitofemoral nerve and vascular supply 
provided by pudic-epigastric vessels. Because of its thin muscle layers, the
cremaster may be transilluminated and used for intravital microscopic
observations.

Hemodynamics: The study of physical aspects of blood circula-
tion, including cardiac function and peripheral vascular physiology 
characteristics.

Intravital microscopy observation: Observation performed under
magnification of the light microscope upon a living tissue, in this case the
cremaster muscle flap observed under 1,800¥ magnification.

Leukocyte–endothelial interaction: The relation between leukocytes
present within the vessels and the vascular endothelium that can be altered
in physiological and pathological states.



194 PART I Basic Science

Microcirculation: Circulation of blood in the most distal part of the
circulatory system, within the smallest vessels of the body such as arteri-
oles, venules, and capillaries.
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CHAPTER 30

The Hamster Cheek Pouch as a
Research Model of Inflammation
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picture recording of blood flow, vessel wall caliber, and
intravascular behavior of blood cells by Fulton, Jackson,
and Lutz in 1946. The early observation that the cheek
pouch of an anesthetized hamster can be brought out and
applied on a stage for intravital microscopy with minimal
interference with their blood flow resulted in its applica-
tion for physiological studies of arterioles, capillaries, and
venules. The cheek pouch can also be studied in situ by
introducing a light rod through the mouth into the pouch and
applying an acrylic chamber on top of the light rod after a
skin incision. It appears that these two methods of preparing
the HCP for intravital microscopy give equivalent results.
The way to prepare the HCP for physiological studies of the
microcirculation was developed and refined by Duling in
1973 using the everted cheek pouch. Ever since dextrans
labeled with fluorescein isothiocyanate—FITC dextrans—
became available as intravital markers of vascular perme-
ability in 1970, the HCP has been used in numerous studies
of inflammation as induced by a large number of different
inflammatory mediators or procedures, such as bradykinin,
histamine, adenosine diphosphate (ADP), serotonin,
prostaglandins, or leukotrienes; by temporary ischemia of
the pouch (IR); or by application of live parasites (Try-
panosoma cruzi, Leishmania donovani) (Table I).

Detailed descriptions of the morphology of the cheek
pouch have been given by Priddy and Brodie in 1948 and by
Handler and Shepro in 1968. Briefly, the cheek pouches of
the golden hamster are invaginations of the oral mucosa,
extending beneath the subcutaneous tissue down to the
shoulder region, and they can be characterized histologi-
cally as skinlike. The length of the distended cheek pouch is
approximately 2.5 to 5.5cm, and the width is about 1cm. All
parts except the distal portion of the pouch have longitudi-

Acute inflammation is characterized by increased
microvascular permeability to plasma proteins and leuko-
cyte recruitment into inflammatory sites at postcapillary
venules but not in arterioles or capillaries. The hamster
cheek pouch as prepared for intravital microscopy has
become a versatile model for studies of the very first events
(within seconds, minutes, and hours) of inflammation as
indicated by instant changes in blood flow (arteriolar con-
striction or dilation), number of blood-perfused capillaries,
increased leukocyte rolling and adhesion, and macromolec-
ular leakage in postcapillary venules following the applica-
tion of a great variety of inflammatory stimuli. Its value 
for studying the effects of proinflammatory mediators on
plasma exudation or macromolecular leakage as well as
leukocyte adhesion in postcapillary venules has been estab-
lished by a large number of studies.

Morphology

Hamster cheek pouches are bilateral invaginations of the
oral mucosa and can be everted from the anesthetized ham-
ster with their blood flow intact. They are therefore well
suited for intravital microscopy. The cheek pouch tissue is
transparent and the anatomical elements of the microcircu-
lation, arterioles, capillaries and venules can be easily iden-
tified (Figure 1). Cheek pouches, as prepared for intravital
microscopy, have been used for studies of inflammation,
tumor growth, vascular smooth muscle function, blood flow
regulation, and leukocyte behavior—rolling and adhesion—
at the microcirculatory level. The hamster cheek pouch
preparation (HCP) was described for the first time as a “nat-
ural window” for microscopic observation and motion 
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nal muscle fibers. The pouch is provided with a long retrac-
tor muscle and a sphincter-like arrangement around its aper-
ture. There are no specific regional lymph nodes, and the
nonmuscular part of cheek pouch lacks lymphatic drainage
and has been characterized as an immunologically privi-
leged site. Three layers are distinguishable in the pouch
membrane. The epithelium is devoid of hair follicles and
glands. The pouch is attached to the subcutaneous tissue by
loose areolar connective tissue. The cheek pouch vascula-
ture is mainly supplied by branches of the external carotid
artery, via three saccular arteries. Blood is also supplied via
the arteries of the retractor muscle. Terminal arterioles 
supply capillaries, which drain into postcapillary venules,
which in turn empty into collecting venules. Arteriole-to-
arteriole and venule-to-venule anastomoses are often seen,
but there are no arteriole-to-venule anastomoses. The arteri-
oles and, to a lesser extent, the venules are surrounded by
numerous mast cells that appear to promote the oriented
migration of leukocytes from the venules into the extravas-
cular space.

Cheek Pouch Preparation

For microscopic observation, the single layer pouch
preparation is performed essentially as described by Duling
(1973). Alternatively the pouch may be studied in situ after
insertion of a light rod and an acrylic skin chamber. There
are no discrepancies reported for results achieved with
either of these two procedures. However, the everted cheek
pouch offers better optical conditions and a larger area
(about 1cm2) for observations of the microvasculature. A
hamster is anesthetized by intraperitoneal injection of pen-
tobarbital and is then placed on a heating pad controlled by

Table I Mediators or Procedures That Have
Been Shown to Increase FITC-Dextran

Leakage in Postcapillary Venules.

Mediator or procedure Effective concentration

Histamine, serotonin 10-6 M

Bradykinin, substance P 10-7 M

ADP, adenosine, inosine 10-5 M

Prostaglandins E1, E2 and E2a <10-8 M

Leukotrienes C4, D4, E4, B4 <10-9 M

Complement C3a, C5a <10-9 M

Cytokines – IL-1b 1 mg/ml

Platelet activating factor (PAF) <10-9 M
Fibrin-derived peptides

VEGF (vascular endothelial <10-9 M
growth factor)

Polyarginine, polylysine, major <5 · 10-9 M
basic protein (MaBP)

oxLDL, apolipoprotein B 0, 1 mg/ml
derived peptides

Ischemia/Reperfusion (I/R) 30 min ischemia

ROS (reactive oxygen species)

Oxidant injury (tertiary-butyl- 10-4 M
hydroperoxide, TBOOH)

Immune aggregates (ovalbumin [OA] <1 mg/ml of OA
immunized hamsters)

Phorbol ester (PDBu) 10-6 M

Smokeless tobacco extract

Endotoxin 7 mg/ml

Trypsin, cruzipain, gingipain >10-8 M

Live parasites—Trypanosoma cruzi, 107/ml
Leishmania donovani

A B C

Figure 1 Fluorescent micrograph of the hamster cheek pouch after IV injection of FITC-dextran. Same area
before (A), 5 minutes after (B), and 30 minutes after (C) topical application of bradykinin (4 ¥ 10-7 M). More than
25 leakage sites at postcapillary venules are shown by extravasation of FITC-dextran at postcapillary venules.
(see color insert)
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a rectal thermistor. A tracheal tube is inserted to facilitate
breathing and a femoral vein is catheterized for administra-
tion of supplemental anesthetic or other intravenous drugs.
The experimental setup of the hamster cheek pouch prepa-
ration is illustrated in Figure 2. The animal is placed on an
acrylic stage in the middle of which there is a well with a
circular silicon rubber ring surrounding a transillumination
window. The cheek pouch is everted with the aid of a moist
cotton stick, the distal nonmuscular part of the pouch is
identified and pinned to the silicon ring, and the pouch is
dissected under a stereomicroscope at 10¥ magnification. A
central area is selected with no major arterioles or venules
and an incision is made in the top layer, which then is moved
aside and pinned to the silicon ring. Now the loose areolar
connective tissue is exposed and can be removed to have a
single-layer preparation with the best optical conditions.
During the preparation, and throughout the experiment, the
cheek pouch is constantly superfused with a bicarbonate-
buffered saline solution that is continuously bubbled with 
5 percent CO2 in N2 at 37°C, and thus provides a physio-
logical level of oxygen, temperature, and acidity (pH). For
studies of vascular permeability changes, an intravascular
marker such as fluorescein-labeled albumin can be used.
Alternatively, an intravascular marker with a molecular
weight similar to that of albumin namely fluorescein-labeled
dextran (FITC-dextran), is used in a dose that has minor if
any effect on platelet function and blood clot formation.
FITC-dextran 70,000 or 150,000 Da is dissolved in normal
saline and injected i. v. in a dose of 50 to 100mgkg-1 body
weight. Properly mounted and dissected, the cheek pouch is
a noninflamed preparation as judged from the presence of

vascular tone and absence of sites with FITC-dextran leak-
age (as seen in Figure 1), and absence of excessive leuko-
cyte rolling and adhesion in postcapillary venules; the
preparation can be utilized for intravital microscopy for sev-
eral hours.

Changes in Vascular Permeability

In a classical electron microscopy study by Majno and
Palade (1961), it was shown that postcapillary venules of 
20 to 30mm diameter leaked carbon particles through gaps
formed between endothelial cells as a result of histamine
stimulation and endothelial cell contraction. Such gaps have
been confirmed to exist in the HCP after bradykinin stimu-
lation. Studies combining intravital microscopy with subse-
quent electron microscopy of the same cheek pouch showed
that interendothelial gaps had formed at sites where extrava-
sation of FITC-dextran already had been observed in vivo,
as in Figure 1B. The advantage of FITC-dextran as a marker
is that it can first be observed in living tissue and then can
be traced as dark precipitates after the fixation of the tissue,
which demonstrates the pathway through interendothelial
gaps taken by macromolecules in inflammation. The gaps
are formed as a result of mediator-induced (e.g., bradykinin)
contraction of endothelial cells in the postcapillary venules.
Supportive evidence for endothelial cell contraction as a
mechanism for gap formation can be found in the pharma-
cological studies of smooth muscle relaxant drugs that
maintain the intracellular level of cAMP (adenyl cyclase
activators, b2-adrenoreceptor stimulants) or block its break-

Figure 2 Schematic illustration of the experimental setup for the hamster cheek pouch model. The bicar-
bonate buffer superfusing the cheek pouch is heated and equilibrated with 5 percent CO2 and 95 percent N2. A
peristaltic pump keeps buffer flow to microscope stage and fluorimeter constant.
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down (phosphodiesterase inhibitors), which counteracts the
mediator-induced contraction, the subsequent gap forma-
tion, and thus, the macromolecular leakage (Table II).

There has been some controversy in the past on the
nature of endothelial gaps, intracellular or intercellular, but
the controversy was resolved in a study by McDonald et al.
(1999) on the formation of interendothelial gaps and their
function as a route for plasma leakage in inflamed rat tra-
chea. Using five different methods to examine normal and
inflamed tissue samples, the researchers concluded that
most of the openings in leaky venules were intercellular
gaps, not transcellular holes, and that the formation and clo-
sure of gaps are likely to be energy dependent, while the
process of plasma leakage is not, provided there is adequate
driving force for extravasation. The cellular mechanisms of
gap opening and closure still remain to be elucidated.

The mean diameter of postcapillary venules in the HCP
most prone to leak on mediator stimulation varies between
8 and 15mm, and the interendothelial gaps formed after
stimulation with bradykinin vary between 0.08 and 1.4 mm
in width.

For studies of macromolecular leakage at postcapillary
venules, it is sufficient to use a magnification of 40¥ to 50¥

and for measurements of arteriolar diameter and for studies
of leukocyte rolling and adhesion a water-immersible lens is
recommended with a magnification of 200¥ to 400¥. Illumi-
nation with a 50- to 100-W mercury lamp and filtering of 
the light with proper excitation and emission filters clearly
shows the intravascular FITC-dextran and its extravasation
after stimulation (see Figure 1). Epi-illumination gives bet-
ter contrast between fluorescent and nonfluorescent tissue.
Inflammatory mediators and drugs that may affect macro-
molecular leakage can be added to the superfusion buffer
before it flows over the cheek pouch. The microvascular
permeability increase or macromolecular leakage following
the addition of bradykinin to the superfusion buffer is imme-
diate; can be seen as early as at 30 seconds after its applica-
tion; and reaches a maximum between 2 and 5 minutes after
its application. The macromolecular leakage is measured by
counting the number of leaking postcapillary venules (leaks)
per cm2 with 2-minute intervals until the maximal value is
reached. The maximal number of leaks per cm2 correlates
with the fluorescent light intensity as measured with a 
photomultiplier on top of the microscope and also with the
amount of FITC-dextran eliminated by the superfusing
buffer and measured by in fluorimetry. The HCP is cleared

Table II Inhibitors of Mediator-Induced Macromolecular Leakage in the HCP.

Inhibitor Concentration, M Mediator or procedure
or dose

b2-adrenoceptor agonist (terbutaline, salbutamol) 10-6 M Histamine, bradykinin, LTB4, adenosine, phorbol ester, 
oxidant injury, I/R

Phophodiesterase inhibitors (Rolipram, milrinone) 10-5 M Bradykinin

Theophylline (adenosin receptor agonist) 10-5 M Histamine

Glucocorticoids (budesonide, methylprednisolone, dexamethasone) 10-7 M Histamine, bradykinin, LTB4, LTC4, PAF, immune 
aggregates, oxidant injury, I/R, phorbol ester, endotoxin

Calcium antagonist (verapamil) 10-5 M Histamine, bradykinin

Bradykinin-2-receptor antagonists (HOE 140, NPC 17647) 10-5 M Bradykinin

Triglycylvasopressin, 1-desamino-8D-argininvasopressin 10-8 M Histamine, bradykinin

H1-receptor antagonist (mepyramine, dimethpyrindene) 2 · 10-6 M Histamine

5HT2-receptor antagonist (ketanserin) 5 · 10-7 M Serotonin, histamine

Staurosporin (protein kinase C inhibitor) 10-9 M Phorbol ester (PDBu)

NOS-inhibitors (L-NA, L-NAME, L-NMMA) 10-5 M Histamine, bradykinin, I/R, PAF, endotoxin

Prostacyclin, iloprost 10-10 M I/R

CuZn-SOD, EC-SOD (superoxid dismutases) 25 mg/kg, i.v. I/R, oxidant injury

Tocopherol 10-5 M 1 mg/kg/day I/R, oxidant injury (TBOOH)

Ascorbic acid 10-5 M I/R, oxidant injury (TBOOH)

Flavonoids:hydroxylrutoside, diosmin, ruscus extract (Cyclo 3 Fort) 5–80 mg/kg/day I/R, oxidant injury (TBOOH)

Glibenclamide, gliclazide (sulfonylureas, diabetes drugs) 10-8 M I/R

WEB 2170 (PAF-antagonist) 10-5 M PAF, oxLDL

Ropivacain (local anestetic) 10-5 M LTB4

Melatonin I/R

Ketoprofen (COX-inhibitor) > 10-5 M IL-1b, bradykinin

Nedocromil Histamine, LTB4

Lipoxin LTB4

Dextran sulfate 1, 75 mg/kg LTB4, polylysine
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from the extravasated FITC-dextran at 30 minutes after a
permeability increase and appears as before the increase
(see Figure 1C). A linear dose–response relationship has
been shown to exist between the number of leaks and the
logarithmic dose of bradykinin, histamine, and several
leukotrienes and also between the maximal number of leaks
and the amount of FITC-dextran eliminated by the superfu-
sion buffer over the course of 30 minutes.

Another characteristic of the response to certain inflam-
matory mediators such as bradykinin, histamine, and
leukotriene B4 is that on repeated stimulation with the same
submaximal dose at 30-minute intervals, there is apparently
no downregulation of receptor function and thus only slight
reduction in the macromolecular leakage response over a
time period when measured as number of leaks. Therefore,
the HCP can be used with the first application of the media-
tor as a control followed by as many as seven subsequent
applications together with different inhibitors. Certain medi-
ators and procedures can make the HCP resistant to a sec-
ondary stimulation of the same kind. Thus a secondary
application of ischemia/reperfusion (I/R), platelet activating
factor (PAF), or parasites to the cheek pouch will result in a
response which is 30% or less of the first. There is no com-
plete understanding of the mechanisms behind this state of
preconditioning to secondary stimulation, but a detailed
study on the subject has been published by Korthuis et al.
(2003).

Altogether, these data suggest that the HCP can be very
useful in physiological and pharmacological studies on the
regulation (inhibition or potentiation) of macromolecular
leakage via interendothelial gaps induced by a mediators
acting on the endothelial cells in postcapillary venules.

Inhibition of Mediator-Induced 
Macromolecular Leakage

Pharmacological inhibition of mediator (bradykinin)
induced macromolecular leakage in the HCP was first
shown with the b2-adrenoreceptor terbutaline. Since then a
variety of drugs have been studied for their potential to
inhibit plasma leakage in the HCP as listed in Table II. The
listed drugs represent different physiological and phar-
macological principles as exemplified by selective receptor
blockers (mepyramin, HOE 140, theophylline, ketanserin),
calcium antagonists (verapamil), glucocorticoids (budes-
onide, methylprednisolone, dexamethasone), nitric oxide
synthetase (NOS) inhibitors (L-NA, L-NAME, L-NMMA),
antioxidants (ascorbic acid, tocopherol, flavonoids), potas-
sium channel blockers (glibenclamide, gliclazid, for treat-
ment of diabetes) and drugs interfering with leukocyte
adhesion or activation (antioxidants, prostacyclin, NOS-
inhibitors, superoxide dismutase, dextran sulfate).

b2-Adrenoreceptor stimulants (terbutaline, salbutamol)
and phosphodiesterase inhibitors (rolipram, milrinone) will
cause arteriolar dilation on application to the HCP. Never-

theless they all inhibit macromolecular leakage in postcapil-
lary venules, thus emphasizing that in spite of increased
blood flow and perfusion pressure in the arterioles that
should favor plasma leakage from the venules, the effect of
the drug localized to receptors on the endothelial cells of the
postcapillary venules is the dominant factor in the regulation
of plasma leakage in inflammation. Neutrophil-induced
changes in vascular permeability are the result of a complex
interaction between adhesive proteins expressed on the 
surface of leukocytes and endothelial cells, selectins, and
integrins, which finally results in the firm adhesion of 
leukocytes in postcapillary venules. It is possible to interfere
with the leukocyte–endothelial cell interaction at different
steps. Monoclonal antibodies against adhesion glycopro-
teins have been used to elaborate mechanisms of leukocyte
rolling and adhesion. Dextran sulfate, and possibly also
heparin, acts by neutralizing charged peptides released from
the LTB4-activated neutrophil, thereby inhibiting macro-
molecular leakage by 85 percent. Ropivacain, a local anes-
thetic with anti-inflammatory properties, may reduce the
rolling and firm adhesion of LTB4-stimulated neutrophils
and also the macromolecular leakage, see Table II. These
effects could be explained by a shedding of selectins on the
surface of leukocytes. Studies on neutrophil or leukocyte
induced macromolecular leakage illustrate that the final
result of inhibitor action is localized to the venular endothe-
lial cells in the postcapillary venules. Antioxidants such as
ascorbic acid, tocopherol, flavonoids, and SODs may not
exert any constriction or dilation, but they may neutralize
products released from adhering and activated neutrophils.
Asthma and diabetes are today recognized as inflammatory
diseases, and asthma drugs, which have been studied in the
HCP (b2-adrenoreceptor stimulants, theophylline, glucocor-
ticoids, chromoglycate), all have a significant inhibitory
effect on histamine-induced macromolecular leakage. The
antidiabetic drugs, glibenclamide and gliclazide, may coun-
teract I/R-induced inflammatory effects in the HCP.

Conclusions

Increased macromolecular leakage through widened 
gaps between contracted endothelial cells of postcapillary
venules is an important event in inflammation. It is induced
by a direct action on the venular endothelium of mediators
released from mast cells or from activated leukocytes. Cell-
mediated (polymorphonuclear leukocyte) macromolecular
leakage, like that caused by leukotriene B4 is reversible and
can be reproduced at 30-minute intervals but that induced by
I/R-, PAF-, or parasite-application may cause a state of pre-
conditioning. The HCP is a practicable model for studies on
the very first events of inflammation as indicated by the
increased rolling/adhesion of leukocytes and macromolecu-
lar leakage in postcapillary venules for several reasons: (1)
the effects of inflammatory mediators and anti-inflammatory
drugs in the HCP have been confirmed in other animal mod-
els; (2) measurement of rolling/adhesion of leukocytes and
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macromolecular leakage can be made simultaneously; and
(3) monitored superfusion of the HCP facilitates mediator
administration and drug treatment with great accuracy.
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tortuous pathway for fluid flow through the cleft. The path
length is therefore greater than the cleft length, and the
radius is smaller than the cleft width, but greater than the
space between the tight junction molecules.

How Can Lp Be Measured?

CELL CULTURE MODELS

Lp can be measured of endothelial cells in culture. A
monolayer grown on polycarbonate filters is pressurized and
the flow rate through the monolayer measured. The area of
the monolayer and the pressure difference are known, so Lp
can be calculated. Two main problems with this technique
are the lack of formation of a perfect monolayer and the
compression of endothelial cells and the underlying base-
ment membrane onto the filter (sealing). The Lp of mono-
layers is up to two orders of magnitude greater than in vivo.

MEASUREMENT OF Lp IN SINGLE VESSELS IN VIVO

Lp can be measured in single arterioles, capillaries, and
postcapillary venules using the Landis–Michel technique. A
single microvessel in a thin flat tissue such as the mesentery
is cannulated and perfused with a solution of known oncotic
pressure and containing flow markers (erythrocytes). The
vessel is then occluded by a glass rod, and the rate of filtra-
tion per unit area of vessel wall per unit pressure (Lp) is
determined from the rate of movement of the flow markers,
the radius of the vessel, and the length of the vessel.

MEASUREMENT OF FILTRATION CAPACITY IN WHOLE ORGANS

Lp can be estimated in whole tissues by measuring the
gain of weight or volume induced by an increase in fluid 
filtration after an increase in capillary pressure. The venous

Introduction

The rate at which fluid and solutes cross the vascular wall
is determined by the driving forces for exchange (pressure
or diffusion gradients), the surface area available for
exchange, and the permeability of the vascular wall to fluid
or solute. This permeability is regulated by the cells forming
the capillary walls—the endothelium—and is dynamic in
both time and space.

Microvascular Permeability to Water: 
Hydraulic Conductivity (Lp)

Although cell membranes are freely permeable to the 
diffusion of water, they have a high resistance to fluid 
flow down a hydrostatic pressure gradient. Lp is given by the
fluid flow per unit pressure per unit area.

What Is the Site of the Resistance to Fluid Flow?

The main pathway of fluid flow across the walls of con-
tinuous capillaries is the intercellular cleft, and in fenes-
trated endothelium through fenestrae. The conductance is
determined the viscosity of the fluid (h), the path length
(Dx), and the fourth power of the radius of the pathway (r4).
The cleft of most endothelial cells in the capillary and post-
capillary beds is approximately 20 to 30nm wide through-
out its length (see Figure 1) with at least one tight junction.
Breaks in the tight junction strand, approximately every 2 to
3mm and usually 50 to 200nmlong and overlapping junc-
tional strands further into or out of the cleft, give rise to a

Copyright © 2006, Elsevier Science (USA).
203 All rights reserved.
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pressure of the tissue can be increased, either by cannulating
the draining vein or by inflating a cuff. The increase in
weight or volume of the tissue per unit pressure is the capil-
lary filtration coefficient (CFC, or Kf), which is the product
of the mean Lp and the surface area available for exchange.

Microvascular Permeability to Solutes

Lipophilic versus Hydrophilic Solutes and 
the Importance of Flow Limitation

The solute permeability (Ps) of the capillary wall is
dependent on the oil:water partition coefficient, the diffu-
sion coefficient of the solute, Dx, the radius of the solute rel-
ative to the pore, and the pore area. Fat-soluble molecules
are therefore very permeable across the capillary wall (Ps
for oxygen is 1–10 ¥ 10-3 cms-1). The concentration gradi-
ent across the capillary wall can only be maintained by 
relatively high blood flows. Highly permeable solutes are
therefore flow limited rather than diffusion limited. Small
hydrophilic molecules are also flow limited, even though
their transport is predominantly through extracellular path-
ways. Larger molecules such as plasma proteins have a Ps
that is normally so low that the concentration gradient along
the vessel is maintained independently of the rate of flow for
most perfused vessels, and is therefore diffusion limited.
Intermediate-sized solutes such as glucose move from flow
limitation to diffusion limitation as the Ps of the vessel
changes.

The Sites of Solute Permeability

In continuous capillaries the location of the barrier to
solute movement is in the endothelial cell cleft. There are at

least three possible barriers to solute flux—the glycocalyx,
the tight junctional strands, and the adherens junctions of the
cleft. There is still some support for the concept of transcel-
lular movement of protein and other large solutes through
the vesicular system of endothelial cells. Fused vesicle clus-
ters attached to the lumen have been seen to cross the entire
width of the cell and fuse with vesicle clusters attached to
the abluminal side of the cell, thereby providing a potential
route for solute movement.

Measurement of Permeability to 
Water-Soluble Solutes

PROBLEMS COMMON TO METHODS OF

SOLUTE PERMEABILITY MEASUREMENT

Ps can be determined by measuring the solute flux across
the vascular wall and calculating Ps based on known driving
forces for solute flux, in a manner analogous to that for Lp.
The Ps of a membrane to a particular solute is set by Fick’s
law—the rate of diffusive flux per unit concentration differ-
ence per unit surface area. However, the total solute flux
across the vascular wall depends upon diffusive and con-
vective fluxes—that is, the rate of solute movement carried
along in the flow of fluid that is also crossing the vessel wall.
Furthermore, the concentration gradient across the vessel
wall is also set by the balance of the diffusive and con-
vective solute fluxes. The interstitial solute concentration
depends upon solute flux relative to water flux. This ratio of
diffusive to convective solute flux must be used to calculate
the true driving force for diffusive solute movement. It is
only possible to use the measurement of solute flux to accu-
rately calculate Ps when all these parameters are known. Ps
has been measured in cell culture models, in whole organs,
and in single vessels. Most methods for measuring Ps use
labeled solutes. These include radiolabeled (e.g., 125I-
albumin, 57Cr-EDTA), or fluorescently labeled molecules
(e.g., FITC-albumin), or dyes that bind to specific molecules
(e.g., Evans blue, which binds albumin). All these methods
suffer from two potential problems—dissociation of the
marker from the test molecule and alteration of the test mol-
ecule by the marker.

1. Tracer dissociation. This can lead to a marked overesti-
mation of Ps. For instance, Evans blue has a molecular
weight of 960, albumin 66,000. Therefore for every 
molecule of EB that dissociates, Ps is 69-fold overesti-
mated—if 1 percent of the EB dissociates, then 69 per-
cent of the Ps will be that of EB, not that of albumin.
Moreover, free EB is flow limited rather than diffusion
limited. Therefore changes in EB transport occur far
more easily by changing blood flow. This is also true 
for FITC and radiolabeled molecules that undergo 
radiolysis—125I-albumin usually has 0.01 to 2.5 percent
dissociated 125I. This can be avoided by the use of 
tracers that do not readily dissociate, such as TRITC, or
by nonnative tracers that are themselves detectable, such
as green fluorescent protein or fluorescent dextrans.

EC 1 Lumen

Tight
junctions

EC 2

Figure 1 Three-dimensional reconstruction of an endothelial cell cleft
from ultrathin serial sections. Endothelial cell 1 (EC1) has been cut away
to reveal the tight-junction structure of endothelial cell 2 (EC2) to be 
visible in the cleft. Tight junction strands run along the cleft and have 
small breaks in them that allow fluid and solutes through.
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2. Alteration of the test molecule. The process of labeling
molecules may also alter their characteristics. Albumin is
denatured when labeled with FITC, resulting in a change
of charge and pH, and it has a different Ps than when it is
labeled with other fluorescent molecules. Although this
may have a small effect on Ps under normal conditions,
it may be highly significant in conditions where albumin
is endogenously modified (e.g., diabetes).

CELL-CULTURE MODELS

There are numerous problems measuring Ps of endothe-
lial monolayers in cell culture. These include those outlined
earlier concerning measurement of Lp. Because Ps of the
monolayer is so much higher than in vivo, basement mem-
brane can significantly contribute in vitro. This can be con-
trolled by measuring Ps after removal of endothelial cells.
Since cells are grown on a synthetic insert, the path length
between the junction and the nearest pore in the membrane
can also change. The average endothelial cell surface area
and shape can be determined to eliminate this possibility. It
is also necessary to ensure that there is not a significant
decrease in the solute concentration difference between the
endothelial cell and the pore, or the endothelial cell and the
lower chamber. Calculation of true Ps (in cms-1) should be
carried out rather than solute flux (mgs-1).

MEASUREMENT OF SOLUTE PERMEABILITY IN

SINGLE VESSELS

Ps can accurately and effectively be measured in individ-
ual microvessels by determining solute flux under known
conditions of diffusive and convective driving forces. A ves-
sel is cannulated with a pipette divided by a septum. The
two halves are perfused at separate pressures and one side
filled with a fluorescent tracer. The perfusate is switched
rapidly to the fluorescently labeled one, thereby giving 
a known concentration difference. The total fluorescence 
of and around the vessel is measured. With small molec-
ular weight solutes (convective flux being negligible) the
rate of increase of fluorescence can be used to calculate
solute flux per unit concentration gradient per unit area—Ps.
For larger solutes (or for small solutes in very tight vessels
such as the blood–brain barrier), solute flux can be measured
at a variety of pressures such that convective flux can be
measured.

MEASUREMENT OF SOLUTE PERMEABILITY IN

WHOLE TISSUES

Permeability–surface area product (PS) is usually meas-
ured in whole tissues, since it is difficult to measure the 
surface area. PS can be measured using radiolabeled, 
colorimetric, or fluorescent tracers—bearing in mind the
measurement problems discussed earlier. Assuming that the
tracers are effectively labeled, do not dissociate, and do not
denature the compound, PS can be accurately assessed using
a double-labeled tracer technique. This involves perfusing
animals for increasing amounts of time with a tissue tracer
(e.g., 125I-albumin), followed by injection of a second 

reference tracer (e.g., 131I-albumin) for 1 minute to allow
circulation. The animal is then killed, a blood sample is
taken, and the tissue is excised and weighed. The lungs are
then dried completely and water content determined. The
reference tracer (Vr) distribution volume is calculated from
the plasma concentration and the reference tracer tissue
counts. Tissue distribution volume (Vt) is calculated from
the tissue tracer counts and the blood. The albumin distribu-
tion volume (Va) can be calculated from Vr and Vt. Va will
increase over time as solute moves from vascular to tissue
so the time experiments are used to calculate initial solute
flux. Va is measured under normal conditions and during
increased filtration rate. The relationship between filtration
rate and solute flux can be used to calculate the PS. A com-
mon mistake in this method is to divide rather than subtract
the first tracer from the second. This results in the calcula-
tion of a meaningless ratio dependent on blood flow rather
than PS.

Reflection Coefficient (s)

The reflection coefficient of a membrane to a solute is the
osmotic pressure exerted by that solute across the membrane
as a fraction of the osmotic pressure across an ideal mem-
brane (it is a function of the mean pore area relative to the
mean cross-sectional area of the solute). s for albumin, for
instance, in normal capillaries is close to 1: It exerts almost
its full osmotic pressure. An increase in the pore diameter
(which would also increase solute Ps) would drastically
reduce s to albumin.

MEASUREMENT OF s IN SINGLE MICROVESSELS

Reflection coefficient to macromolecules can be meas-
ured using the Landis–Michel technique [1]. A single vessel
is cannulated and perfused as described for Lp. s can be cal-
culated as the root of the ratio of the pressure required to
balance filtration to that of the colloid osmotic pressure
determined across an ideal membrane by a colloid osmome-
ter. s has been determined in a number of capillary beds
using these techniques.

MEASUREMENT OF s IN WHOLE ORGANS

Under conditions of high filtration rates the interstitial
protein concentration, when expressed as a fraction of the
plasma protein concentration, approximates to the permitted
fraction, or 1 - s. Thus if filtration rate is raised and inter-
stitial fluid can be sampled, s can be estimated. One way of
doing this is to cannulate a lymphatic draining the tissue and
measure the protein concentration under conditions of high
filtration rate, after equilibration.

Normal—or Baseline—Vascular Permeability

Hydraulic Conductivity—Lp

Lp of microvascular beds is heterogeneous under normal
conditions, and the mechanisms that regulate baseline 
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permeability are not clear. The number of tight junction
strands is greater in vascular beds with lower Lp and Ps (e.g.,
blood–brain barrier). Some signaling pathways have been
shown to be able to increase junctional strand number in
endothelial cells in culture and to decrease Lp in vivo. Intra-
cellular cAMP can stimulate the formation of tight junction
strands by PKA-mediated phosphorylation of junctional
associated proteins. The degree of filling of Ca2+ stores in
the endothelial cells may regulate baseline Lp, although the
link between Ca2+ stores and cAMP mediated pathways has
not yet been determined. Nitric oxide has been implicated,
since inhibition of NO synthase results in a transient
increase of baseline Lp. The presence of fenestrations will
result in a much greater baseline Lp, as is seen in renal, 
salivary, and synovial capillary beds, to name a few.

Solute Permeability—Ps

Little is known of the intracellular signaling cascades
that regulate normal Ps, but for small solutes this is likely to
be the same as that governing Lp. For larger molecular
weight solutes, despite many decades of research, it is still
not clear what are the contributions to basal Ps of the differ-
ent signal transduction pathways.

Oncotic Reflection Coefficient—s

Regulation of reflection coefficient is dependent on the
functional pore radius. Diaphragms in fenestrae decrease the
pore radius such that fenestrated endothelium has a high s
despite a high Lp. Little is known concerning the signaling
pathways that regulate fenestrations, although the isolation
of the protein that forms diaphragms across fenestrae of
caveolae—PV-1—should mean that regulation of fenestra-
tions will become more clearly understood.

Agonist-Mediated Increased Vascular Permeability

Mediators of Increased Permeability

G-PROTEIN-COUPLED RECEPTOR AGONISTS

Vascular permeability to both water and solutes can be
increased by inflammatory mediators released by neurons
(e.g., substance P), mast cells (e.g., histamine), and platelets
(e.g., ATP). These agonists act through stimulation of seven
transmembrane domain G-protein coupled receptors, 
resulting in phospholipase C-b activation, inositol 1,4,5-
trisphosphate production, release of Ca2+ from intracellular
stores, and subsequent Ca2+-mediated Ca2+ entry across the
cytoplasm. This Ca2+ increase is common to many agonists
that increase Ps. It leads to a series of intracellular signaling
events, the relative roles of which are still being established.
It appears that activation of nitric oxide synthesis, produc-
tion of NO, and subsequent activation of guanylyl cyclase 
is critical in many agonist-mediated increases in both Lp
and Ps.

TYROSINE KINASE RECEPTOR AGONISTS

Other factors that increase permeability include growth
factors such as VEGF that act through receptor tyrosine
kinases and result in activation of phospholipase C-g, and
hence diacylglycerol production and Ca2+ entry but in this
case, independently of Ca2+ stores.

PHYSICAL FORCES

Ps to small and intermediate-sized solutes, such as K+

and glucose-sized molecules, can be increased by shear
stress. Ps to albumin and Lp are not affected. These increases
in permeability are NO dependent and can be abolished by
increasing cAMP concentrations. Recent evidence has
implicated the activation of NO through a VEGF-R2 
mediated signaling pathway possibly involving an integrin-
mediated activation of Src.

The Site of Increased Permeability

There are a number of ultrastructural alterations in
endothelial cells in vessels in which permeability is
increased. These include intercellular gaps (between sepa-
rate endothelial cells), transcellular gaps (through individual
endothelial cells), induction of fenestrations, collections 
of vesicle-like structures known as vesiculo-vacuolar
organelles (VVOs), vacuole formation, and reduction in
cleft length and tight junction overlap. Each of these ultra-
structural events has been linked to increased permeability
stimulated by one or more agonists, but the molecular mech-
anisms regulating these are not yet clear.

THE CLEFT

The molecules that contribute to the formation of the
cleft—the occludins in the tight junction, and the cadherins
in the adherens junctions—can be regulated by anchoring
proteins on the cytoplasmic side of the membrane. These
proteins, such as ZO-1 and the catenins, are phosphorylated
in response to many permeability enhancing agonists. Fur-
thermore, prevention of their phosphorylation can prevent
permeability increases in some model systems—particularly
in vitro. Although there is some evidence that this may also
be true in vivo, the significance of phosphorylation of these
proteins is still not clear.

GAPS

Endothelial gaps were for many years thought to be inter-
cellular, indicating a breakdown in the cleft. However, in the
vast majority of these studies only single sections have been
examined using transmission electron microscopy or scan-
ning electron microscopy. Serial section reconstruction is
necessary to prove that a gap is between rather than through
the cell. When serial sections have been carried out, both
intercellular and transcellular gaps have been shown, and
the relative frequency of these appears to alter with the ago-
nist. Some agonists, such as VEGF, result primarily in intra-
cellular gaps, whereas others, such as substance P, appear to
create intercellular gaps.
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FENESTRATIONS, VACUOLES, AND

VESICULOVACUOLAR ORGANELLES

The induction of fenestrations by release of paracrine
factors has been shown in response to VEGF, but does 
not appear to be a widespread mechanisms for inducing
increased permeability. The induction of clusters of vesicles
(or caveolae), or the formation of large vacuoles that span
the cell occurs in response to VEGF and in tumor vessels,
presumably formed from a Ca2+-mediated fusion of vesicles
to form continuous pathways through the cell. Ferritin tracer
experiments show that these caveolae are open to perfusing
substances. VVOs, vacuoles, fenestrations, and transcellular
gaps may all be part of a single cascade, resulting from
Ca2+-mediated activation of vesicle fusion.

Glossary

Hydraulic conductivity (Lp): The convective permeability of the ves-
sel wall to fluid flow. Can be defined as the filtration rate per unit pressure
difference per unit area. Dependent on relative viscosity of fluid as it flows
through the cleft, the functional pore radius (to the power 4), and the path
length.

Oncotic reflection coefficient (s): The ratio of the osmotic pressure
exerted by a molecule across the vascular wall to that exerted by the solute
across an ideal semipermeable membrane. Is a function of the solute area
relative to the pore area, or the true solute concentration in the pore relative
to the free concentration.

Solute flux (Js): The rate of solute movement across the vessel wall.
This is driven by both convection (dependent on filtration rate, reflection
coefficient, and plasma solute concentration), and diffusion (dependent on
the concentration gradient, the surface area, and the solute permeability).

Solute permeability (Ps): The diffusive permeability to a solute. Can
be defined as the diffusive solute flux per unit concentration gradient per
unit area for small solutes. Depends on the restricted diffusion coefficient,
the equilibrium partition coefficient, the mean pore area, and the path
length.
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caused by heart propulsions ranges within 5 to 10 percent.
Pulmonary circulation is characterized by lower hydrostatic
pressure and shear stress. Whereas a large body of literature
exists on the effects of shear stress in endothelial cells, very
little is known about effects of mechanical stretch on 
pulmonary endothelium. Although the degree of lung cell
stretching is not known precisely in critically ill patients
submitted to mechanical ventilation, many in vitro studies
have used cyclic uniaxial strain in the range of 5 to 30 per-
cent elongation to mimic physiological and pathological
reactions of cell stretching, which correlated with vascular
stretching caused by mechanical ventilation at high tidal
volumes (20–25%). Thus, cyclic strain (or stretch) is more
prominent factor in the cells of the alveolar capillaries in the
lung, whereas shear forces may have differential effects on
various potions of the vascular bed with gradient decline
from the arterial endothelium in systemic circulation to the
capillaries from systemic and pulmonary vascular beds.

Shear Stress

In large arteries, the mean wall shear stress is typically in
the range of 20 to 40dyn/cm2 in the regions of uniform
geometry and away from branch vessels. Estimated shear
rates in the pulmonary artery are 10 to 20dyn/cm2. The
actual values of shear stress for different segments of human
pulmonary vascular tree have not been yet determined; how-
ever, calculations using data obtained from animal models
suggest that the range of shear stress in lung arterial tree is
0.1 to 4dyn/cm2.

Vascular endothelial cells play significant roles in regulating
vascular functions in health and disease. Mechanical forces
such as shear stress and cyclic stretch sequentially activate
mechanosensors, intracellular signaling pathways, specific
transcription factors, cytoskeletal remodeling, and the
expression of genes and proteins and, as result, profoundly
modulate endothelial cell functions. This article describes
the nature of mechanical forces acting on vascular endothe-
lium in physiological conditions and pathological settings
and discusses signaling pathways of mechanotransduction,
as well as the effects of physiological and pathological
mechanostimulation on gene expression patterns in vascular
endothelium.

Mechanical Forces Acting on 
Vascular Endothelium

Mechanical forces in the form of shear stress imposed by
blood flow and mechanical strain resulting from heart
propulsions and hydrostatic pressure affect all vasculature in
the organism and play an important role in physiological and
pathological vascular responses. However, differences in
hemodynamics and additional mechanical forces resulting
from respiratory cycles form unique mechanical environ-
ment experienced by pulmonary vascular endothelial cells
(ECs). In systemic circulation, vascular endothelium experi-
ence higher hydrostatic pressure and shear rates (15–40
dyn/cm2), and estimated amplitude of vessel distension

Copyright © 2006, Elsevier Science (USA).
209 All rights reserved.
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The pathological role of disturbed flow in atherogenesis
is manifested by the focal distribution of atherosclerotic
lesions in the bifurcations and curved regions of the arterial
tree where blood flow is disturbed by flow separation, and
the rates of shear stress are low and unsteady in these 
lesion-prone areas. Direct correlation was found between
decreased shear rates and turbulent flow with increased local
permeability of ECs. Experimental manipulations with flow
rates and patterns in situ and in cell culture models suggest
increased endothelial permeability and lipid deposition in
the areas of reduced or disturbed laminar flow and com-
pletely preserved barrier properties of endothelial mono-
layer in the areas with normal or elevated flow. Although
both pulmonary and systemic circulation are constantly
exposed to varying levels of shear, lung endothelial cells
experience variable flow patterns in vivo under physiologi-
cal and pathological conditions that are dictated by unique
features of the pulmonary circulation. For example, the dis-
tribution of blood flow throughout the human pulmonary
vasculature is nonuniform and decreases from the base to
the apex of the lung. In pathological situations, such as
severe hypovolemia or mechanical ventilation at excessive
airway pressure, apical pulmonary arterial pressures may
fall below alveolar pressures, resulting in capillary collapse
and cessation of blood flow. Cessation of pulmonary flow
through defined segments is observed after thromboem-
bolism, or in response to hypoxic vasoconstriction, a condi-
tion unique to the pulmonary circulation, which may result
in capillary collapse. Thus, the differences in systemic and
pulmonary flow patterns may dictate different mechanisms
of flow-induced regulation of endothelial functions in these
systems.

Mechanical Strain

Mechanical strain experienced by endothelial cells from
systemic and pulmonary circulation is a superposition of
pulsatile and tonic components. Tensile stress is imposed on
the vascular wall by hydrostatic pressure counteracted by
tonic contraction of vascular smooth muscle cells and 
elastic components. In addition, cyclic stretch is imposed by
heart propulsions. Pulsatile distension of the arterial wall in
systemic circulation normally does not exceed 10 percent to
12 percent, whereas various vasomotor reactions may
change diameter of smaller caliber “resistance” arteries may
reach 60 percent of initial diameter or more and last minutes
or hours. Chronically increased blood pressure and vascular
transmural stress activates vascular cell proliferation 
and collagen and fibronectin synthesis, which results in
thickening of the vascular wall as a feature of hypertension-
induced vascular remodeling. Direct measurements of inter-
stitial/vascular distension in the mechanically ventilated
lung are not currently available because of the complexity of
local distension patterns in the lung parenchyma further
complicated by uneven regional lung distension observed
during inflammation and lung injury. However, studies by S.
Margulies’ group [1] suggest that if lung volume increases

from 40 to 100 percent of total lung capacity, alveolar
epithelial cell basal surface area increases by 34 to 35 per-
cent. Pathological lung distension observed in ventilator-
induced lung injury (VILI) induces alveolar and vascular
barrier dysfunction, increased inflammatory cytokine pro-
duction, macrophage activation, and acute inflammation that
may culminate in pulmonary edema or acute respiratory dis-
tress syndrome. Several groups including ours have estab-
lished cell culture models related to in vivo VILI conditions
and reproduced in cell culture models cellular responses
such as cytokine production and exacerbation of agonist-
induced endothelial barrier dysfunction by high-amplitude
cyclic stretch observed in the injured lung (Birukov et al.,
2003; Dos Santos and Slutsky, 2000; Pugin et al., 1998; Vla-
hakis et al., 1999) [2–5]. These models are now intensively
utilized in studies of pathophysiological mechanotransduc-
tion and gene expression, which will be described later.

Mechanosensors and Signal Transduction Pathways

Cell membranes, cell attachment sites, and cytoskeletal
network directly experience hemodynamic forces, and most
likely serve as primary mechanosensors, as was shown in
pioneering work by the groups of P. Davis and J. Shyy
(Davies, 1995; Shyy and Chien, 2002) [6, 7]. Cells adhere to
neighboring cells and to the extracellular matrix via trans-
membrane receptors of cadherin (cell-to-cell) and integrin
(cell-to-substrate) families. In the cytoplasmic domain,
these receptors are coupled to protein complexes, which link
receptors with cytoskeleton and also mediate mechanical
signal transduction via activation of signaling molecules
such as tyrosine (focal adhesion kinase, p60Src) kinases,
serine (Erk-1,2, JNK, and p38 MAP kinases) protein
kinases, inositol lipid kinases (phospholipase C), and some
growth factor receptors (VEGF and PDGF receptors). 
Activation of mechanoreceptors triggers multiple signal 
cascades with ion channels (Na+ channel, K+ channel, 
chloride-selective channel) and heterotrimeric G-proteins
(Gaq) being activated within seconds of mechanical stimu-
lation, and protein kinases (protein kinase C, MAP kinases,
nonreceptor protein tyrosine kinases) activated within min-
utes of stimulation. Protein kinase–mediated phosphoryla-
tion of specific cytoskeletal and cell contact proteins, other
enzymes, and transcription factors induces cytoskeletal
remodeling and stimulates gene expression in vascular cells.
Figure 1 summarizes major signal pathways and cellular
responses induced by shear stress and cyclic stretch.

Although most putative mechanosensors and mechan-
otransduction pathways are stimulated by both shear stress
and stretch, the nature of mechanical forces and amplitude
may still differentially affect certain signaling systems. 
For example, shear stress exposure selectively activates
small GTPase Rac, which results in peripheral translo-
cation of actin polymerization proteins and specific cortical
actin remodeling, whereas cyclic stretch stimulates small
GTPase Rho without affecting Rac and induces cytoskeletal
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Figure 1 Major signal pathways and cellular responses induced by shear stress and cyclic stretch. Activation of mechanoreceptors triggers multiple 
signal cascades with ion channels (Na+ channel, K+ channel, chloride-selective channel) and heterotrimeric G-proteins (Gaq) being activated within 
seconds of mechanical stimulation, and protein kinases (protein kinase C, MAP kinases, nonreceptor protein tyrosine kinases) activated within minutes of
stimulation. Protein kinase–mediated phosphorylation of specific cytoskeletal and cell contact proteins, other enzymes, and transcription factors induces
cytoskeletal remodeling and stimulates gene expression in vascular cells.
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remodeling distinct from shear stress. Furthermore, most
protein kinases and ion channels involved in mechano-
chemical signaling exhibit amplitude-dependent activation 
that may alternatively regulate gene expression described
hereafter.

Effect of Mechanical Stimulation on Endothelial
Phenotype and Gene Expression Profile

Shear Stress–Regulated Gene Expression

Research on the regulation of endothelial gene expres-
sion by flow began more than 10 years ago, when expression
of specific proteins and transcription of individual genes
was compared between static cultures and cells exposed 
to laminar or disturbed flow. These studies revealed major
groups of shear stress–responsive genes, which include tran-
scription factors, cytokines, growth factors, adhesion mole-
cules, enzymes, and cytoskeletal proteins. Analysis of shear
responsive promoters identified to date showed that ability
to respond to applied shear stresses can be directly linked to
the presence of specific, cis-acting sequence elements,
termed shear stress responsive elements (SSRE), which
were discovered by M. Gimrone’s group. Two negative and
two positive SSREs within promoter regions of shear
stress–regulated genes have been identified so far. In addi-
tion, two distinct groups of transcription factors mediate
flow-induced induction and suppression of specific gene
expression. More recently, endothelial gene regulation by
shear stress was documented by several groups using DNA
microarray technology [8–11]. These studies compared gene
expression profiles in endothelial cells exposed to high-
shear steady laminar flow, which represents “athero-
protective” flow conditions, and low-shear, nonsteady,
nonunidirectional flow (disturbed flow) that simulates con-
ditions in the atherosclerosis-prone areas of the arterial cir-
culation. As result, thousands of endothelial genes were
screened, and more than 100 shear stress–regulated genes
including genes with not-yet-known function have been
detected. The principal conclusions of these studies were as
follows: (1) Acute shear stress transiently activates the
expression of genes related to the activation of endothelium;
(2) chronic laminar shear stress promotes expression of a
subset of endothelial genes that can exert potent antithrom-
botic, antiadhesive, antiproliferative, and antioxidant effects
in endothelial cells; (3) disturbed flow is not simply the
absence of laminar flow, but in fact represents a distinct bio-
mechanical stimulus that has profound impact upon the gene
expression profile of endothelial cell culture; and (4) under
chronic (24hours) conditions of laminar flow, more genes
are suppressed than induced, whereas disturbed flow dra-
matically induces proatherogenic, proinflammatory genes 
such as E-selectin, VCAM-1, ICAM1, PECAM-1, throm-
bospondin, and MCP-1. These findings support the notion
about a specific shear stress–mediated EC phenotype that
may play an important role in the development of vascular

pathologies and responsiveness of the EC monolayer to
external chemical and mechanical stimuli.

Cyclic Stretch–Regulated Gene Expression

Similar to flow, mechanical strain is also a potent regula-
tor of gene expression. Phenotypic responses of vascular
cells exposed to cyclic stretch in vitro include increased

Table I Selected Genes Differentially
Regulated by Low- and High-Amplitude

Cyclic Stretch.

Fold change Fold change
at 5% at 18%

Signal transduction
Inducible T-cell kinase — 17.1

Nuclear receptor subfamily 1, — 3.2
group D, member 2

Angiopoietin 2 1.8 2.1

HMG-CoA-synthase NC 4.0

Proteinase-activated receptor 2 1.4 2.1

Proteinase-activated receptor 1 NC -1.2

Rho B GTPase 1.87 2.1

Rho C GTPase NC 1.4

Cell adhesion
Gap junction protein, alpha 5 — 2.8 

Intercellular adhesion molecule 1 NC 2.0
(CD54)

Beta 3 Integrin 1.5 2.1

Beta-catenin NC 2.1

Cadherin-13 8.5 1.7

Cell–cell signaling
Placental growth factor, 1.8 2.0

VEGF-related

Ephrin A1 1.2 2.1

Ephrin B2 1.7 2.0

Cytoskeleton
Smooth muscle myosin heavy chain NC 1.4

Filamin NC 1.7

Inflammation/remodeling
Human cyclooxygenase-2 NC 3.0

TGF-b superfamily protein 1.6 2.3

Proteinase-activated receptor 2 1.4 2.1

ZIP-kinase 1.3 1.7

Expression profiling was performed using the Affymetrix GeneChip
system. Samples obtained from cells exposed to 5 percent or 18 percent
cyclic stretch (48hours) were hybridized to the Affymetrix HGU95Av2
Array (~12,000 full-length genes). Affymetrix Microarray Suite software
was used to determine relative gene expression. GeneSpring and
MAPPFinder software was used for microarray data analysis. Results rep-
resent fold increase in cDNA signal in cyclic stretch-preconditioned cells
over static control. NC, no change; —, signal absent.
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expression of contractile and cytoskeletal proteins (myosin
light chain kinase, smooth muscle myosin heavy chains,
desmin, h-caldesmon) and increased expression of thrombin
receptor PAR1 in vascular smooth muscle cells. A number
of bioactive proteins regulated by cyclic stretch have been
also identified in endothelial cells and macrophages and
include IL-8, TGF-beta, VEGF, and monocyte chemotactic
protein-1. Analysis of vascular gene expression regulated 
by mechanical strain reveals differential responses to phy-
siological and pathophysiological (increased) levels of
mechanical strain. For example, release of FGF-2, a growth
factor involved in cellular repair after injury, is induced in
vascular smooth muscle cells stretched at 14 percent and 33
percent elongation, but not at 5 percent elongation. Signifi-
cant increase in IL-8 production is observed in endothelial
cells exposed to cyclic stretch at 15 percent elongation,
whereas stretch at 6 percent elongation did not affect IL-8
levels. In pulmonary circulation, pathological overdisten-
sion of the lung may induce inflammatory process–triggered
mechanical activation of macrophages and epithelial and
endothelial cells, which may cause alveolar and endothelial
barrier dysfunction and vascular leak and culminate in pul-
monary edema. Recently, microarray DNA technologies
have been applied to assess time and amplitude dependence
of cyclic stretch effects on gene expression profile in human
pulmonary endothelial cells [2]. The results showed that
cyclic stretch at physiologically relevant and pathological
amplitudes (5% and 18% elongation, respectively) induced
distinct expression patterns of genes involved in signal
transduction, cytoskeletal remodeling, cell adhesion, inflam-
matory responses, and regulation of endothelial barrier
function (Table I).

Concluding Remarks

Shear stress and tensile forces are now well recognized 
as factors that regulate endothelial signaling, cytoskeletal
remodeling, gene expression, and physiological responses.
A rapidly growing body of evidence indicates that endothe-
lial cell discriminate between laminar and spatial gradients
of shear stress, steady and pulsatile laminar flow, and low-
and high-amplitude cyclic stretch. Moreover, the pattern of
mechanical stimulation determines whether endothelial cells
will develop pro- or anti-inflammatory cell response and
also may differentially regulate endothelial barrier proper-
ties (Figure 2). Experimental and analytical tools are being
developed to assess the stress distribution throughout cell
structures that might be involved in mechanotransduction.
Further studies will address the role of specific patterns of
mechanical forces experienced by endothelium in physio-
logical and pathological conditions (acute injury, inflam-
mation, hypertension, ventilator-induced lung injury) and
will identify key cellular targets for drug design and gene
therapy.

Glossary

Mechanical strain or stretch: Change in length in relation to initial
length.

Shear stress: Force per unit surface area in the direction of flow
exerted at the fluid–surface interface.

Stress: Force per unit area.
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observation by Furchgott and Zawadzki [1] that the
endothelium can actively induce changes in vascular 
tone by the release of a labile relaxing factor. In fact, an
obligatory role of endothelial cells in sensing changes in
blood flow signals and transducing them into vasodilator
responses was demonstrated in large conduit arteries in situ
as well as in arteries in vitro. Furthermore, clinical studies
revealed that the flow-dependent dilation, which occurs 
in different vascular beds in humans, is reduced or even 
abolished by hypercholesterolemia and arteriosclerosis.
Although there are a number of additional endothelium-
derived vasodilator and vasoconstrictor autacoids [endothe-
lin-1, prostacyclin (PGI2), prostaglandin H2, the superoxide
anion (O2

-), and the endothelium-derived hyperpolarizing
factor: EDHF], none of these autacoids play as central a role
in the regulation of vascular tone and homeostasis as the
free radical nitric oxide (NO).

Nitric Oxide

In endothelial cells NO is generated from the amino acid
L-arginine by the endothelial NO synthase (eNOS), which is
a constitutively expressed membrane-bound enzyme. Func-
tional eNOS is a homodimer whose activity is determined
by its interaction with a group of eNOS-associated proteins
that include calmodulin, caveolin-1, and heat shock protein
90 (hsp90), as well as by intracellular levels of Ca2+

([Ca2+]i), and the phosphorylation of several regulatory 
serine and threonine residues.

Distinct signaling pathways modulate the activity of
eNOS in response to agonists and hemodynamic stimu-
lation. Whereas the former is largely a Ca2+-dependent
process, the activation of eNOS by fluid shear stress does
not require a maintained increase in [Ca2+]i but is dependent
on the activation of the phosphatidylinositol 3-kinase and

Autacoid Production by Hemodynamic Forces

In all higher organisms the cardiovascular system repre-
sents an elaborated transport network, which is essential for
the maintenance of vital functions by supplying oxygen and
nutrients to tissue and removing by-products of metabolism.
In order to adapt to the varying demands of the tissues, the
circulatory system has evolved central and local control
mechanisms that act in concert to maintain an adequate
blood flow. At a given blood pressure, the blood flow to each
organ is determined by the peripheral vascular resistance of
this organ, which is adjusted by a variety of local mecha-
nisms affecting the tone of the smooth muscle cells in the
so-called resistance vessels, that is, small terminal arteries
and large and small arterioles. Endothelial cells, situated 
at the interface between blood and the vessel wall, play a
crucial role in controlling vascular tone and homeostasis,
particularly in determining the expression of pro- and anti-
inflammatory genes. Many of these effects are mediated by
the generation and release of endothelium-derived auta-
coids, which are generally short-lived and locally acting
vasoactive compounds. In vivo, endothelial cells are con-
stantly subjected to mechanical stimulation by the viscous
drag generated at the luminal surface of endothelial cells by
the streaming blood (wall shear stress) and the cyclic 
strain of the vascular wall, which results from the pulsatile
changes in blood pressure. Such stimuli not only determine
acute autacoid production but can also affect the expression
of autacoid-producing enzymes.

Endothelium-Derived Autacoids

The potential role of endothelial cells in flow-dependent
dilation gained considerable interest after the pioneering

Copyright © 2006, Elsevier Science (USA).
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the subsequent activation of the serine kinase Akt, which
phosphorylates eNOS on Ser1177 (Figure 1). This step
increases enzyme activity two- to four-fold and thus
increases NO production. Provided the stimulus is main-
tained, Akt remains activated for several hours, as does the
production of NO. The NO-dependent relaxation of vascu-
lar smooth muscle cells involves the activation of the solu-
ble guanylyl cyclase and the subsequent increase in cyclic
GMP levels, which, via the activation of G kinase, elicits a
decrease in vascular smooth muscle cell [Ca2+]i.

NO is, however much more than a vasodilator and is 
generally thought to play a central role in maintaining the
endothelium in a noninflammatory phenotype by influenc-
ing the activity of several transcription factors and thus
attenuating the expression of proinflammatory genes such 
as the adhesion molecules E-selectin and vascular cell 
adhesion molecule-1 (VCAM-1). With the progression of
vascular disease, NO-dependent vasodilatation becomes
impaired, partly as a consequence of the interaction of NO
with O2

- generated by enzymes such as NADPH oxidase, 
to generate the strong oxidant peroxynitrite (ONOO-) and
partly as a consequence of eNOS uncoupling. The latter
phenomenon relates to a switch from the production of NO
to the generation of O2

- by eNOS and has been linked 
to decreased cellular levels of the essential cofactor tetra-
hydrobiopterin. The consequence of these changes is a
decrease in the bioavailability of NO and a reduction in the

vasodilator response to agonists such as acetylcholine as
well as the activation of redox-sensitive transcription factors
(e.g., nuclear factor kappa B [NF-kB]), the activation of
which is normally suppressed by NO.

Prostacyclin

Cyclo-oxygenase (COX) is the key enzyme in the syn-
thesis of prostanoids, and two COX isoforms (COX1 and
COX-2) have been identified in endothelial cells. Although
these enzymes catalyze the same reaction, they have distinct
pharmacological profiles and biological roles. COX-1 is
constitutively expressed in endothelial cells, whereas COX-
2 is expressed in other cell types in response to proinflam-
matory stimuli. The availability of the COX substrate,
arachidonic acid, which is released from membrane phos-
pholipids by phospholipase A2 (PLA2), is the rate-limiting
step in prostaglandin synthesis, and PGI2 is the major 
product of the subsequent COX pathway in all arterial and
venous endothelial cells studied so far. As a consequence of
the Ca2+ sensitivity of PLA2, the synthesis of PGI2 by
endothelial cells is a Ca2+-dependent process. This codepen-
dency on Ca2+ means that in many circumstances NO, PGI2,
and EDHF can be generated simultaneously.

The apparent redundancy in the major vasoactive 
autacoid generating pathways means that the loss of one
vasodilator can be compensated for by one of the others. For

Figure 1 Endothelial cell activation by fluid shear stress increases eNOS phosphorylation and
activity. In unstimulated endothelial cells the eNOS dimer is associated with caveolin, which inhibits
its activation, which means that NO output is low (A). In response to the application of fluid shear
stress, the phosphatidylinositol 3-kinase (PI 3-K) is activated and in turn activates Akt, which asso-
ciates with the eNOS scaffolding protein hsp90 and phosphorylates eNOS on Ser1177 (B). This step
elicits the dissociation from caveolin and increases NO production. Shear stress–induced increases
in endothelial NO production can be abrogated by preventing the activation of PI 3-K (C). (see color
insert)
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example, in wild-type mice flow-dependent vasodilatation
in gracilis muscle arterioles appears to be mediated by NO.
However, in male eNOS-/- mice, flow-induced vasodilata-
tion of these arterioles can be attributed to the generation 
of PGI2.

The Endothelium-Derived Hyperpolarizing Factor

In various blood vessels, endothelium-dependent 
relaxations can be accompanied by the endothelium-
dependent hyperpolarization of smooth muscle cells. These
endothelium-dependent relaxations and hyperpolarizations
can be partially or totally resistant to inhibitors of COX and
NO synthases and could be observed without an increase in
intracellular levels of cyclic nucleotides in the smooth mus-
cle cells. Therefore the existence of an additional pathway
that involves smooth muscle hyperpolarization was sug-
gested and attributed to an endothelium-derived hyperpolar-
izing factor. The contribution of EDHF-mediated responses
as a mechanism for endothelium-dependent relaxation
increases as the vessel size decreases, apart from the coro-
nary and renal vascular beds in which EDHF also plays a
major role in conduit arteries. Different mechanisms appear
to underlie EDHF-mediated responses in different arteries;
however, experimental evidence favors three explanations
for the EDHF phenomenon (Figure 2):

1. K+ ions are released from stimulated endothelial 
cells through Ca2+-activated K+ (KCa) channels and 
subsequently elicit relaxation by activating K+ channels
and/or the Na+/K+-ATPase on vascular smooth muscle 
cells, thus inducing hyperpolarization and decreasing the

open probability of voltage-operated Ca2+ channels,
through which the Ca2+ required for contraction enters
the cell.

2. An increase in endothelial [Ca2+]i triggers the activation
of a phospholipase A2 that liberates arachidonic acid
from membrane phospholipids. The arachidonic acid is
then metabolized by cytochrome P450 epoxygenase(s) to
epoxyeicosatrienoic acids (EETs), which either con-
tribute to the hyperpolarization of endothelial cells or are
released from endothelial cells to activate K+

Ca channels
on underlying vascular smooth muscle cells.

3. Direct transfer of an electrical signal (i.e., endothelial cell
hyperpolarization) to vascular smooth muscle cells via
myo-endothelial gap junctions. This mechanism appears
to be particularly important in the microcirculation.

The majority of the work performed to date that has led
to the characterization of EDHF-mediated responses has
involved the use of receptor-dependent agonists such as
acetylcholine and bradykinin. However, the limited studies
that have addressed the response to hemodynamic stimuli
suggests that pulsatile stretch is a particularly important
stimulus for the generation of EDHF. This phenomenon may
be related to the fact that pulsatile stretch elicits much larger
and more prolonged increases in [Ca2+]i in endothelial cells
than fluid shear stress does. Indeed, KCa channel-dependent
hyperpolarization is preferentially stimulated by pulsatile
flow as opposed to steady flow, and pulsatile stretch/cyclic
strain has been reported to increase the generation of EETs
by native porcine coronary endothelial cells as well as to
increase the expression of the EET-generating cytochrome
P450 epoxygenase.

Figure 2 Three models contributing to endothelium-derived hyperpolarizing factor-mediated relaxation. (A) The K+ ion hypothesis. In response to the
receptor (R)-dependent activation of endothelial cells (EC), intracellular concentration of Ca2+ ([Ca2+]i) increases and activate Ca2+-dependent K+ (K+

Ca)
channels, which results in the efflux of K+ ions into the subintimal space and endothelial cell hyperpolarization (lightning symbol). The increase in extra-
cellular K+ activates inwardly rectifying K+ channels (K+IR) and/or the Na-K-ATPase which elicit vascular smooth muscle cell (VSMC) hyperpolarization
and decrease the open probability of voltage-dependent Ca2+ (VOC) channels. As a consequence [Ca2+]i in the smooth muscle cells decreases and relax-
ation occurs. (B) The cytochrome P450 hypothesis. An increase in [Ca2+]i activates a phospholipase A2, which liberates arachidonic acid (AA) from mem-
brane lipids. Arachidonic acid is then metabolized to epoxyeicosatrienoic acids (EETs) by a cytochrome P450 2C (CYP 2C) epoxygenase. EETs then
increase the open probability of K+

Ca in the underlying smooth muscle cells to elicit hyperpolarization and relaxation. (C) The gap junction hypothesis.
Endothelial cell activation as described elicits endothelial cell hyperpolarization by activating K+

Ca channels. This hyperpolarization is, however, transferred
to smooth muscle cells via myo-endothelial gap junctions rather than by the release of an endothelium-derived factor. The final steps are the same, that is,
inhibition of Ca2+ entry into smooth muscle cells and relaxation. (see color insert)
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Hemodynamic Forces and the Endothelium

Shear Stress

Blood flow through a vascular segment generates a vis-
cous drag at the luminal surface of endothelial cells (Figure
3), which can be expressed as shear stress (t) and calculated
according to Poiseuille’s law:

t = 4hQ/r4p

(where h = viscosity, Q = blood flow, r = internal vessel
radius).

This relation highlights the fact that relatively small
decreases in vessel diameter at constant flow can markedly
increase shear stress at the endothelial surface. It should be
noted, however, that shear stress is calculated under the
assumption that the flow profile is parabolic, a situation that
is never realized in vivo because of the pulsatile nature of
blood flow and the fact that blood vessels are distensible.
Branching and bifurcations along the vascular tree together
with a gradual decrease in diameter also disfavor the estab-
lishment of a stable flow profile.

Pulsatile Stretch/Cyclic Strain

Although it is sometimes assumed that pressure per se is
a proper physiological stimulus for the vascular wall, it must

be emphasized that the application of pressure in the physi-
ological range (below 1atm) to a tissue that is essentially
incompressible because of its high water content has no
direct effect on cell function. Rather, the pressure exerted on
a compliant tissue elicits deformation, that is, either disten-
sion (stretch) or compression. As a result of pulsatile pres-
sure changes, cells within the vascular wall are subjected to
three-dimensional cyclic strain in the radial, longitudinal,
and circumferential directions. There are also cell–cell-
generated forces that are influenced by hemodynamic 
stimuli but that cannot be expressed by a simple physical
relationship. One example is the isometric contraction in
which the development of contractile force within the
smooth muscle cell layer counteracts the distending trans-
mural pressure. Under such conditions there is a relative dis-
placement of opposing cell layers within the vascular wall
(e.g., smooth muscle cells versus elastic lamina and
endothelial cells), despite the fact that no net movement
occurs. Although the displacement induced may be subtle,
the close physical arrangement of endothelial focal adhesion
contacts and the smooth muscle would tend to suggest that
the forces developed at the abluminal surface of endothelial
cells may be greater than those generated by shear stress on
the luminal surface.

In principle, the relative contribution of pulsatile stretch
and wall shear stress to the adjustment of local vascular tone
is likely to depend on a number of factors including vessel

Figure 3 Scheme illustrating the hemodynamic forces affecting endothelial cells. Note that, because of the
pulsatile nature of flow, the flow profile is flattened compared to the parabolic flow profile present under steady-
state conditions, resulting in a greater shear stress at the endothelial cell surface. The simultaneous pressure (P)
pulse distends the vessel diameter (D) and stretches endothelial cells in the range of 1–5% strain. These stimuli
result in a redistribution of force across the endothelial cell cytoskeleton and the activation of signaling mole-
cules (including integrins) at the abluminal and luminal cell surfaces as well at sites of cell-cell contact. Adapted
from Busse, R., and Fleming, I. (2003). Regulation of endothelium-derived vasoactive autacoid production by
hemodynamic forces. Trends Pharmacol. Sci. 24, 24–29, reprinted with permission from Elsevier Science Ltd.
(see color insert)
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architecture, moment-to-moment changes in smooth muscle
activity, and the ability of endothelial and smooth muscle
cells to sense hemodynamic stimuli and to produce 
vasoactive factors. Although it is tempting to break down
hemodynamically generated forces into singular physical
components such as circumferential stretch/strain and wall
shear stress, it must be emphasized that such a procedure is
purely theoretical, as changes in pulsatile stretch and shear
stress are inextricably linked.

Mechanochemical Coupling

The term mechanochemical coupling describes how
endothelial cells translate physical stimuli into intracellular
signals and ultimately into changes in autacoid production.
Initially, one or more mechanoreceptors were suggested to
sense changes in fluid shear stress at the endothelial cell sur-
face; however, the endothelial cell cytoskeleton itself can be
regarded as a mechanoreceptor. The cytoskeletal frame of an
endothelial cell is composed of actin filaments, intermediate
filaments, and microtubules that transverse the cells and end
in characteristic adhesion complexes at the luminal cell sur-
face (caveolae), at the abluminal surface (focal adhesion
points), or at cell–cell boundaries. Signaling molecules are
clustered around and inherent in these sites so that it is con-
ceivable that fluid shear stress acting on the luminal surface
of the endothelial cell is transmitted through the entire cell
by the cell cytoskeleton to activate signal transduction 
cascades in specific signaling hot spots.

Other possible mechanisms by which endothelial cells
may sense shear stress are through mechanosensitive ion
channels and the glycocalyx, a layer of glycoproteins
extending into the extracellular space, which may be dis-
placed by shear stress to elicit an intracellular response.
Alternatively, flow induces changes in the concentrations of
endothelial agonists (e.g., ATP, ADP, and bradykinin) in the
unstirred boundary layer at the cell surface, and thus may
affect intracellular signaling pathways.

Integration of the Vascular Response 
(Ascending Dilatation)

The resistance network that controls blood flow to skele-
tal muscle comprises terminal arterioles, as well as larger
arterioles and the small (feeder) arteries from which they
derive. In small (terminal) arterioles the products of energy
metabolism are effective dilators, but the accumulation of
metabolites alone has relatively little effect on vascular
resistance. The reason for this is that in order to achieve
optimal vascular conductance, both small arterioles and the
larger arterioles feeding them must dilate in concert. More
than 70 years ago the German physician A. Schretzenmayer
provided the first experimental evidence for flow-induced
dilation. In the hind legs of anesthetized cats he showed that
whenever blood flow to the leg was increased, there was a

concomitant increase in the diameter of the feeding femoral
artery. It was concluded that this flow-dependent dilator
response, which improves conductivity of feeding vessels,
was due to a tissue-derived signal transmitted along the 
vascular tree. Since distal transection did not impede the
dilation of conduit arteries in response to flow, it became
evident that this dilator response was a locally generated
phenomenon of the vascular wall. Further studies led to the
concept of an “ascending or conducted dilation” in conduit
arteries under conditions of high tissue oxygen demand.
This coordinated longitudinal transmission of vasomotor
responses is essential for the optimization of vascular con-
ductivity and organ perfusion.

Experimentally, ascending dilatation can be studied in
vivo and in vitro by assessing the response to a vasoactive
substance at the point of application (local response) as well
as at a remote site. This conducted vasodilatation can travel
bidirectionally and the amplitude of the conducted vasodi-
latation is generally smaller than that of the local response.
Although there is a gradual decline in the conducted vasodi-
latation along some arterioles, there is no obvious decay of
the conducted response along feed arteries.

Conducted responses have been intensively investigated,
but the exact mechanism remains to be clarified. Most
researchers agree that NO does not play a major role in this
response. Indeed, conducted vasodilatation in response to 
a number of stimuli is not affected by NOS inhibitors and
the response is apparently intact in eNOS-deficient mice.
Changes in membrane potential appear to be central to the
phenomenon of ascending dilatation, and responses are gen-
erally attributed to the propagation of a hyperpolarization
along the vascular wall that is linked either to the actions of
an EDHF or to the direct transmission of an electrical signal
between vascular cells. Over the past few years evidence has
accumulated to suggest that homocellular as well as hetero-
cellular gap junctional communication are involved in the
phenomenon of conducted dilatation.

At this point, it is necessary to note that not all vessels
within one vascular bed respond in the same way in
response to an accumulation of vascular metabolites or to
mechanical stimuli (transmural pressure and shear stress).
Metabolic control exerts a dominant influence on the small-
est arterioles (< 20mm), but is a generally less important
stimulus in more upstream vessels. The pressure-induced
myogenic response dominates in middle-sized arterioles,
whereas its influence wanes upstream in relatively large
arterioles (100–200 mm) in which fluid shear stress predom-
inantly governs tone.

Glossary

Ascending dilation: In a contracting skeletal muscle, low PO2 and
vasoactive metabolites elicit a local response and initiate a conducted
vasodilatation that “ascends” the vascular tree to induce the simultaneous
vasodilatation of the feed arteries as well as branch arteries and thus
increase blood flow. This coordinated longitudinal transmission of vaso-
motor responses is essential to achieve optimal organ perfusion.
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Autacoid: From the Greek autos [self] and akos [remedy]. 
Endothelium-derived autacoids such as NO, PGI2, and O2

- are generally
short-lived and locally acting.

Endothelium-derived hyperpolarizing factor: Describes 
endothelium-dependent relaxation that is not mediated by either nitric
oxide or prostacyclin but is temporally correlated with endothelial cell
hyperpolarization and followed shortly thereafter by smooth muscle cell
hyperpolarization and relaxation.

Myogenic tone: An intrinsic mode of control of activity in which 
the stretch of the vascular smooth muscle cell membrane results in the 
activation of stretch-sensitive channels. The result is depolarization and
contraction.
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(Table I). These include one or more varieties of voltage-
gated Ca2+ channels, at least four different classes of K+

channels, several types of nonselective cation channels and
at least two classes of Cl- channels. All of these channels
arise from multigene families that also display splice varia-
tion. Table I shows the isoforms of channel proteins that are
thought to underlie the ion channels present in arteriolar
vascular smooth muscle and endothelium. In addition,
blockers or inhibitors of the channels are shown. Please 
note that with the exception of a few substances, such as the
scorpion toxin, iberiotoxin, that selectively blocks large-
conductance Ca2+-activated K+ channels, most of the 
substances listed show only limited selectivity. For example,
all of the inhibitors of Ca2+-activated and swelling-activated
Cl- channels also inhibit voltage-gated Ca2+ or nonselective
cation channels, such that their use in functional studies is
very limited.

Voltage-Gated Ca2+ Channels

Voltage-gated Ca2+ channels in smooth muscle cells play
a major role in the regulation of arteriolar tone. Importantly,
they transduce changes in vascular smooth muscle mem-
brane potential (produced by other ion channels and trans-
porters) into changes in Ca2+ influx and intracellular Ca2+.
Signals that depolarize smooth muscle open voltage-gated
Ca2+ channels, allowing Ca2+ to diffuse into cells down their
electrochemical gradients, raising intracellular Ca2+, leading
to smooth muscle contraction and increased arteriolar tone.
Conversely, hyperpolarization of smooth muscle closes
these channels, reducing intracellular Ca2+ and leading to
decreases in arteriolar tone.

The dominant voltage-gated Ca2+ channels expressed in
vascular smooth muscle cells are nifedipine-sensitive, L-
type Ca2+ channels that begin to activate at -50mV under
physiological conditions. Smooth muscle cells in some arte-
rioles also express other types of voltage-gated Ca2+ chan-
nels. These include T-type channels that are insensitive to

Introduction

Arteriolar tone refers to the degree of contraction of
smooth muscle cells that wrap around these microvessels.
Smooth muscle contractile activity (i.e., arteriolar tone)
determines the diameter of the arteriolar lumen, which, in
turn, sets the hydraulic resistance of these microvessels to
blood flow. Thus, arteriolar tone importantly contributes 
to regulation of systemic vascular resistance and blood 
pressure; the distribution of blood flow to and within the
body’s tissues and organs; and regulation of solute and 
water exchange in downstream capillaries and venules.
Arteriolar smooth muscle cells integrate a myriad of excita-
tory and inhibitory stimuli from blood pressure, circulating
hormones, neurotransmitters, local metabolites, and
endothelium-derived factors to determine arteriolar tone,
and hence arteriolar diameter and resistance. Ion channels,
proteins that form ion-selective, water-filled pores in the
plasma membrane of cells, in both smooth muscle and
endothelial cells, play a central role in determining and reg-
ulating arteriolar tone. Ion channels provide the major
source of intracellular Ca2+ that activates contractile pro-
teins in smooth muscle and stimulates the synthesis and
release of vasoactive substances from endothelial cells. In
addition, ion channels significantly contribute to the deter-
mination and regulation of membrane potential. Membrane
potential, in turn, modulates Ca2+ influx through ion 
channels, the release of Ca2+ from intracellular stores, and
cell Ca2+ sensitivity. Ion channel–mediated changes in
membrane potential also are transmitted along microvessels
to modulate arteriolar tone at distant sites. Thus, ion chan-
nels participate in all aspects of regulation of arteriolar tone.

Ion Channels Expressed in Arterioles

Vascular smooth muscle and endothelial cells in the 
wall of arterioles express a large number of ion channels

Copyright © 2006, Elsevier Science (USA).
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nifedipine, activate at very negative membrane potentials 
(-70mV), and inactivate rapidly, and nifedipine-insensitive,
high voltage-activated Ca2+ channels (R-type Ca2+) with
activation properties similar to those of L-type channels.

The presence of voltage-gated Ca2+ channels in endothe-
lial cells remains controversial. Studies of endothelial cells
from conduit arteries have uniformly failed to demonstrate
their presence. However, a few studies of microvascular
endothelial cells have demonstrated the presence of both 
L-type and T-type voltage-gated Ca2+ channel currents. 
The generality of these findings has not been established and
the physiological function of endothelial cell voltage-gated
Ca2+ channels in the regulation of arteriolar tone is
unknown.

K+ Channels

Arteriolar smooth muscle cells express at least four 
different classes of K+ channels in their membranes. 
These include large conductance, Ca2+-activated K+ (BKCa)

channels, several types of voltage-gated K+ (KV) channels,
ATP-sensitive K+ (KATP) channels, and inward rectifier K+

(KIR) channels. All appear to contribute to the regulation of
arteriolar tone in the microcirculation. As in other cells in
the body, K+ channels play a major role in determining
membrane potential. Opening of K+ channels causes K+ ions
to diffuse out of cells, down their electrochemical gradients.
This loss of positive charge causes membrane hyper-
polarization, closure of voltage-gated Ca2+ channels, and
decreased arteriolar tone. Conversely, closure of open K+

channels leads to membrane depolarization and opening of
voltage-gated Ca2+ channels, leading to increased arteriolar
tone.

Microvascular endothelial cells also express multiple
types of K+ channels including two types of Ca2+-activated
K+ channels, KV channels, KATP channels, and KIR channels.
These K+ channels also significantly contribute to the regu-
lation of membrane potential in endothelial cells that, itself,
can act as a signal to regulate arteriolar tone (see later dis-
cussion). In addition, membrane potential determines the

Table I Ion Channels in Arteriolar Smooth Muscle and Endothelial Cells.

Ion VSMb ENDOc Additional Conductance Primary stimuli Inhibitor(s)d

channela subunits (pS)

L-type Ca2+ CaV 1.2b — or ?e b, a2d 25 Depolarization (> -50mV) Nifedipine, diltiazem, verapamil, 
Cd2+ > Ni2+

T-type Ca2+ CaV 3.1 or 3.2? — or CaV 3.1 a2d, g? 8 Depolarization (> -70mV) Kurtoxin, mibefradil, pimozide, 
flunarizine Ni2+ > Cd2+

R-type Ca2+ CaV 2.X?e — or ? b, a2d? 13 Depolarization (> -50mV) Nimodipine, amiloride, mibefradil,
Cd2+ > Ni2+

SOC TRPC 1 TRPC 1? TRPC 4 or 5? 16 Release of Ca2+ from 2-APB, Ni2+, Cd2+, Gd3+, La3+

internal stores, PKC

SAC TRPC 6 or ? ? 25–30 Membrane stretch, PKC G. spatulata venom, SKF 96365,
TRPM4 amiloride, Gd3+, La3+

ROC TRPC 6? ? ? 25–30 DAG, PKC? SKF 96365, amiloride, Gd3, La3+

BKCa Slo1 — or ? Slo b 250 Depolarization, ≠[Ca2+]in, Iberiotoxin, charybdotoxin, penitrem
NO, CO, EETs A, paxillin, 1mM TEA

sKCa — or ? SK3 Calmodulin 4–20 ≠[Ca2+]in Apamin, d-tubocurarine, TBA

IKCa — IK1 Calmodulin 20–80 ≠[Ca2+]in TRAM-39, TRAM-34, charybdotoxin,
clotrimazole, TBA

KV KV 1.5, 1.6? KV 1.5, 1.6? KV b 5–8 Depolarization 4-aminopyridine, correolide,
Agitoxin-2

KATP KIR 6.1 KIR 6.1 or 6.2? SUR2b 50–100? ØATP, ≠ADP, PKA, PKG Glibenclamide, tolbutamide, TPA,
Ba2+

KIR KIR 2.1 KIR 2.1 — 20 Hyperpolarization, ≠[K+]out Ba2+, quinidine, phencyclidine

ClSW — or CLC 3? ? ? 1? ≠Cell volume, membrane Tamoxifen, DIDS, niflumic acid, IAA-
stretch 94, 9-AC, NPPB

ClCa ClCA 4? ? ? 1–3 ≠Ca2+ Niflumic acid, flufenamic acid, 9-
AC DIDS, NPPB

a See text for definitions of channel abbreviations.
b Vascular smooth muscle.
c Endothelium.
d Inhibitor abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; TEA, tetraethylammonium; TBA, tetrabutylammonium; TPA, tetrapentylammonium;

DIDS, 4,4¢-diisothiocyanatostilbene-2,2¢-disulfonic acid; IAA-94, indanyloxyacetic acid; 9-AC, 9-anthracenecarboxylic acid; NPPB, 5-nitro-2-(3-phenyl-
propylamino)benzoic acid.

e —, Not present; ?, present, but specific isoform unclear, or mechanism unclear.
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electrochemical gradient for Ca2+ influx through nonselec-
tive cation channels, that contributes to the production of
endothelium-derived vasodilators such as NO, prostacyclin,
and epoxides of arachidonic which also participate in the
regulation of arteriolar tone (see Figure 4). Potassium chan-
nels also may allow changes in membrane potential to be
conducted, in a nondecremental fashion, along the length of
arterioles, further contributing to the regulation of arteriolar
tone.

BKCa CHANNELS

Large-conductance, Ca2+-activated K+ channels repre-
sent one of the most abundant K+ channels expressed in
smooth muscle membranes. These channels open with
membrane depolarization and increases in intracellular Ca2+

and are modulated by a number of cell signaling pathways.
They play a major role in the negative feedback regulation
of smooth muscle membrane potential during vasoconstric-
tion (see Figure 2) and participate in the mechanism of
action of several vasodilators (see Figure 3). Like many ion
channels, BKCa channels exist in signaling complexes with
voltage-gated Ca2+ channels, protein kinases (protein kinase
A, cGMP-dependent protein kinase, protein kinase C),
phosphatases, and other signaling proteins (Figure 1). These
macromolecular signaling complexes also appear to be
located adjacent to smooth endoplasmic reticulum Ca2+-
activated, Ca2+-release channels (ryanodine receptors,
RYR) such that focal release of Ca2+ from RYR triggered by
Ca2+ influx through voltage-gated Ca2+ channels (i.e., Ca2+

sparks) can activate BKCa channels in smooth muscle.
Microvascular endothelial cells likely do not express BKCa
channels in vivo.

SKCa AND IKCa CHANNELS

Native endothelial cells in arterioles express two types of
Ca2+-activated K+ channels: small conductance, sKCa chan-
nels, and intermediate conductance, IKCa channels that are
distinct from BKCa channels. These channels are responsible
for agonist-induced hyperpolarization of endothelial cells
and thus play an important role in regulation of arteriolar
tone. In addition to having much smaller single channel 
conductances, both channels are insensitive to the highly
selective BKCa channel blocker, iberiotoxin, and are not
voltage-gated such that they are easily distinguished from
BKCa channels. Both sKCa and IKCa channels require
calmodulin to display Ca2+-dependent modulation, unlike
BKCa channels that bind Ca2+ directly.

KV CHANNELS

Arteriolar smooth muscle cells express a number of dif-
ferent KV channels and there are species and regional dif-
ferences in the specific gene products that are expressed. As
their name implies, KV channels are activated by membrane
depolarization. These channels participate in the regulation
of resting membrane potential, the negative feedback regu-
lation of membrane potential during vasoconstriction (Fig-
ure 2), and may participate in the mechanism of action of

both vasoconstrictors (Figure 2) and vasodilators (Figure 3).
As noted in Table I, most KV channels expressed in arterio-
lar smooth muscle can be blocked by aminopyridines such
as 4-aminopyridine. In addition, KV 1 family members can
be selectively inhibited by the triterpene correolide. Agi-
toxin-2 also blocks KV 1 family channels with the notable
exception of KV 1.5 and can be used to distinguish between
KV 1.5 and other KV 1.X–mediated responses. Microvas-
cular endothelial cells also may express KV channels that
function in the negative feedback regulation of membrane
potential to limit depolarization.

KATP CHANNELS

Both arteriolar smooth muscle and endothelial cells
express KATP channels. These channels open when intracel-
lular ATP levels decrease; hence their name. However, they
also may be activated by elevated nucleotide diphosphates,
reduced intracellular pH, and phosphorylation by pro-
tein kinase A (PKA) and cGMP-dependent protein kinase
(PKG). In both smooth muscle and endothelial cells, they
may act as sensors of the metabolic status of cells, opening
during ischemic or hypoxic conditions in response to 

Figure 1 Ion channels form signaling complexes. Simplified schematic
diagram of a signaling complex in a smooth muscle cell consisting of 
voltage-gated Ca2+ channels (VGCC), G-protein-coupled receptors, adenyl
cyclase (AC), protein kinase A (PKA), protein phosphatase 2A (PP2A), and
large-conductance Ca2+-activated K+ channels (BKCa). The VGCC and
BKCa channels are functionally coupled to ryanodine receptors (RYR) in
the membranes of smooth endoplasmic reticulum (SER) adjacent to the
plasma membrane. 1, Ca2+ influx through VGCC increases local Ca2+ con-
centration in the sub-plasmalemmal space. 2, This local increase in Ca2+

triggers Ca2+-induced Ca2+ release from the SER through RYR. 3, This
Ca2+ release results in a focal increase in subplasmalemmal Ca2+ (a Ca2+

spark). 4, The Ca2+ spark, along with Ca2+ entry through VGCC activates
BKCa channels. 5, The resultant K+ efflux hyperpolarizes the membrane. 6,
The hyperpolarization closes VGCC providing negative feedback 
control of the system.
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elevated ADP, reduced ATP, and reduced intracellular pH.
Endogenous vasodilators such as adenosine, prostacyclin,
epinephrine acting through b-adrenergic receptors, and 
calcitonin-gene-related peptide (CGRP) open these channels
(Figure 3), whereas vasoconstrictors tend to close KATP
channels (Figure 2). In skeletal muscle and coronary arteri-
oles they play an important role in the regulation of smooth
muscle resting membrane potential and tone, participate in
functional hyperemia, and mediate, in part, hypoxia-induced
vasodilation in these tissues.

KIR CHANNELS

Arteriolar smooth muscle and endothelial cells also
express KIR channels. These channels open with small,

physiological increases in extracellular K+ concentration
(Figure 3) and may participate in functional hyperemia in
skeletal muscle, cardiac muscle, and the brain. As implied
by their name, KIR channels show strong inward rectifica-
tion due to intracellular block of the outward current flow
through the ion-conductive pore by Mg2+ and polyamines at
membrane potentials positive to the K+ equilibrium poten-
tial. More importantly, these channels may display an “N”-
shaped current–voltage relationship such that between the
potassium equilibrium potential and potentials 10 to 20mV
more positive, KIR channels conduct small outward K+

currents. It is these small outward currents that allow KIR
channels to contribute to the regulation of arteriolar tone.
Endothelial KIR channels also are stimulated by increased

Figure 2 Ion channels and vasoconstriction. Simplified schematic diagram showing the role played by ion channels in contrac-
tion of arteriolar smooth muscle cells. Solid lines and arrows indicate stimulatory effects, whereas dashed lines represent inhibitory
effects. 1, Vasoconstrictors such as norepinephrine, angiotensin II, vasopressin or endothelin, bind to G-protein-coupled receptors
to activate effector proteins such as phospholipase C-b (PLC-b). 2, Activated PLC-b then acts on membrane phospholipids to form
inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). 3, IP3 binds to IP3 receptors (IP3R) on the smooth endoplasmic reticu-
lum, releasing stored Ca2+, and raising intracellular Ca2+. 4, The DAG formed and the presence of increased [Ca2+]in activate pro-
tein kinase C, which then phosphorylates a number of ion channels including store-operated channels (SOC), stretch-activated
channels (SAC), voltage-gated Ca2+ channels (VGCC), ATP-sensitive K+ channels (KATP), voltage-gated K+ channels (KV), and
large-conductance Ca2+-activated K+ channels (BKCa). 5, In addition to activating PKC, DAG also can activate receptor-operated
channels (ROC). 6, The release of Ca2+ from intracellular stores, through, or in addition to, activation by PKC, opens SOC chan-
nels. 7, The influx of Ca2+ and Na+ through SAC, SOC, and ROC, along with Cl- efflux through Ca2+-activated Cl- channels (ClCa),
depolarizes the smooth muscle cell membrane. 8, This depolarization is supported by PKC-dependent closure of KATP channels, KV

channels, and BKCa channels, Rho-kinase-dependent inhibition of KV channels, and downregulation of BKCa channels by the tyro-
sine kinase cSRC. 9, Membrane depolarization along with stimulatory effects of PKC and cSRC on VGCC open these channels and
provide a major source of steady-state Ca2+ influx. 10 and 11, The released Ca2+, along with Ca2+ influx through SAC, SOC, ROC,
and VGCC, raise intracellular Ca2+ leading to smooth muscle contraction and vasoconstriction. 12, The increase in [Ca2+]in along
with membrane depolarization activate BKCa channels, and the depolarization also activates KV channels. 13, The resulting efflux
of K+ provides a negative feedback signal that limits membrane depolarization and appears to prevent overactivation of the muscle
and vasospasm. Other abbreviations: PLB, phospholamban; SERCA, smooth endoplasmic reticulum Ca2+ ATPase.
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shear stress (Figure 4). In both smooth muscle and endothe-
lial cells, KIR channels are probably modulated by protein
kinases, although this has not been studied in the 
microcirculation.

Nonselective Cation Channels

Vascular smooth muscle cells and endothelial cells
express a number of nonselective cation channels that likely
all arise from the transient receptor potential (TRP) family
of ion channels originally described in the photoreceptors 
of the fruit fly, Drosophila. All of the TRPC isoforms
expressed in smooth muscle and endothelial cells (see 
Table I) form nonselective cation channels that conduct 
Na+ and Ca2+ into cells, and none appear to be voltage-

gated. This large family of proteins forms channels that
open when intracellular Ca2+ stores are depleted (store-
operated channels, SOC), open with membrane stretch
(stretch-activated channels, SAC), or open upon receptor
activation (receptor-operated channels, ROC). They con-
tribute to the regulation of arteriolar tone by providing a 
regulated pathway for entry of Ca2+ into both smooth mus-
cle and endothelial cells. In smooth muscle, Ca2+ entry
through SOC and ROC contributes to vasoconstrictor-
induced increases in arteriolar tone, and Ca2+ influx through
SAC importantly contributes to pressure-induced changes in
arteriolar tone (Figure 2). In endothelial cells, SOC are the
source of maintained increases in intracellular Ca2+ that
contribute to the steady-state production of endothelium-
derived autacoids (Figure 4).

Figure 3 Ion channels and vasodilation. Simplified schematic diagram of the role played by ion channels in the mechanism
of action of vasodilators on arteriolar smooth muscle cells. Solid lines and arrows indicate stimulatory effects, whereas dashed
lines represent inhibitory effects. 1, Vasodilators such as adenosine, prostacyclin (PGI2), epinephrine, and calcitonin-gene-related
peptide (CGRP) all bind to G-protein-coupled receptors and activate adenyl cyclase (AC) to form cAMP, which then activates
protein kinase A (PKA). 2, PKA phosphorylates and activates KATP channels, KV channels, BKCa channels, and VGCC. The acti-
vation of the K+ channels tends to hyperpolarize smooth muscle, closing VGCC, reducing Ca2+ influx, lowering [Ca2+]in, and
leading to smooth muscle relaxation and vasodilation. 3, Vasodilators such as NO, CO, and atrial natriuretic peptide (ANP) stim-
ulate guanylyl cyclase (GC) to form cGMP, which then activates cGMP-dependent protein kinase (PKG). 4, PKG targets KATP,
KV, and BKCa channels, leading to hyperpolarization and, ultimately, vasodilation. 5, In some instances NO, CO, and epoxides of
arachidonic acid may directly activate BKCa channels. 6, Phosphorylation of VGCC by PKG is inhibitory and contributes to
cGMP-PKG induced vasodilation. 7, Both PKA and PKG also phosphorylate other proteins such as phospholamban (PLB) and
phospholipase C-b (not shown in figure). Phosphorylated PLB disinhibits the smooth endoplasmic reticulum Ca2+ ATPase
(SERCA) reducing [Ca2+]in and refilling SER Ca2+ stores. 8, This latter effect closes store-operated channels (SOC) as indicated.
Phosphorylation of phospholipase C-b reduces production of DAG and IP3, leading to reduced activity in both stretch-activated
channels (SAC) and receptor-operated channels (ROC) contributing to the reduction in [Ca2+]in. 9, The reduced [Ca2+]in also
closes Ca2+-activated Cl- channels, removing another depolarizing current, and tends to close BKCa channels, limiting their effect.
10, In some arterioles, smooth muscle cells are electrically coupled to endothelial cells such that hyperpolarization of endothelial
cells (ENDO) can also hyperpolarize smooth muscle leading to vasodilation. 11, Inward-rectifier K+ channels (KIR) may be
recruited during membrane hyperpolarization. These channels are also activated by increases in extracellular K+ ([K+]out).
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Cl- Channels

Vascular smooth muscle and endothelial cells also
express chloride channels. These include Ca2+-activated Cl-

(ClCa) channels and swelling or volume-activated Cl- (ClSW
channels). The molecular identity of the Cl- channels
expressed in vascular smooth muscle and endothelial cells
remains unclear as indicated in Table I. In both smooth mus-
cle and endothelial cells, the intracellular concentration of
Cl- is such that opening of channels conducting these anions
leads to diffusion of Cl- out of the cells, and membrane

depolarization. Calcium-activated Cl- channels are acti-
vated by increases in intracellular Ca2+. In smooth muscle,
they contribute to vasoconstrictor-induced membrane depo-
larization (Figure 2). Their function in arteriolar endothelial
cells has not been established. In endothelial cells and in
smooth muscle cells, ClSW channels play an important 
role in the regulation of cell osmolarity and volume and
likely participate in the regulation of resting membrane
potential. Smooth-muscle ClSW channels may play a role in
pressure (stretch)-induced membrane depolarization and
increases in tone.

Figure 4 Ion channels and endothelial hyperpolarization. Simplified schematic diagram of the role played by ion chan-
nels in the mechanism of action of endothelium-dependent vasodilators, shear-stress and elevated extracellular K+ (([K+]out).
1, Endothelium-dependent vasodilators such as acetylcholine, bradykinin, ATP, and histamine bind to G-protein-coupled
receptors to activate phospholipase C-b (PLC-b) leading to the formation of inositol 1,4,5-triphosphate (IP3) and diacyl-
glycerol (DAG, not shown). 2, IP3 binds to IP3-receptors (IP3R) on the smooth endoplasmic reticulum, releasing stored Ca2+.
3, This causes a rapid rise in intracellular Ca2+. 4, The increased [Ca2+]in then binds to calmodulin (CAM) associated with
a number of proteins including intermediate (IKCa) and small (sKCa) conductance Ca2+-activated K+ channels, leading to
membrane hyperpolarization. 5, The release of Ca2 from intracellular stores activates store-operated channels (SOC). 6, The
membrane hyperpolarization caused by opening of IKCa and sKCa channels increases the electrochemical gradient for dif-
fusion of Ca2+ into the cells through SOC, and amplifies this current. 7, This amplified Ca2+ influx yields a sustained ele-
vation in [Ca2+]in. 8, The hyperpolarization induced by IKCa and sKCa channels can activate inward rectifier K+ channels,
augmenting the hyperpolarization. 9, This effect may be enhanced by increases in shear-stress or elevated [K+]out, both of
which activate KIR channels. 10, The elevated Ca2+, through Ca2+-CAM then activates proteins such as NO-synthase 
(e-NOS) and phospholipase A2 (PLA2). Activation of e-NOS leads to production of NO, while activation of PLA2 liberates
arachidonic acid (AA) from membrane phospholipid stores. 11, Released arachidonic acid is then rapidly metabolized by
cyclooxygenase (COX) to prostacyclin (PGI2) and other vasodilator prostaglandins, and to epoxides (EETs) by cytochrome
P-450 (P450). 12, In some arterioles, smooth muscle cells (VSM) are electrically coupled to endothelial cells through
myoendothelial gap junctions (MEGJ), such that endothelial hyperpolarization, per se, in the absence of another mediator,
can lead to vasodilation. 13, In addition, endothelial cells in arterioles are electrically coupled so that hyperpolarization can
be conducted for long distances along the length of arteriolar endothelium. 14, All of these signals (hyperpolarization, NO,
PGI2, EETs) are integrated by overlying smooth muscle cells to yield vasodilation.
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Membrane Potential and Arteriolar Tone at Rest

Arterioles in the microcirculation at rest display substan-
tial tone largely due to the impact of blood pressure on the
smooth muscle. Under these conditions, smooth muscle 
and endothelial cells have a membrane potential of about 
-30mV. This relatively depolarized membrane potential
results from the outward flow of K+ through K+ channels 
(a hyperpolarizing current) that is balanced by efflux of 
Cl- ions and inward flow of Na+ and Ca2+ ions (all depolar-
izing currents). There appear to be substantial regional 
and species differences in the specific ion channels that 
contribute to resting membrane potential. However, general
patterns appear.

In arteriolar smooth muscle cells at rest, membrane
potential is determined by K+ efflux through KV channels,
cation (Na+ and Ca2+) influx through SOC, and probably Cl-

efflux through ClSW channels. In skeletal muscle and coro-
nary vascular beds, KATP channels also contribute to resting
membrane potential. In vivo studies suggest that voltage-
gated Ca2+ channels and BKCa channels may not be active at
rest. The mechanisms responsible for the apparent lack of
activity of voltage-gated Ca2+ channels at rest in vivo have
not been established. However, it is likely that the low rest-
ing activity of arteriolar BKCa channels in vivo reflects the
low activity of voltage-gated Ca2+ channels, with which the
BKCa channels are functionally coupled (Figure 1), along
with a high Ca2+ threshold of microvascular BKCa channels.
Inward rectifier K+ channels do not contribute to resting
potential because of the relatively depolarized membrane
potential (-30mV) found in arteriolar smooth muscle cells.
Calcium-activated Cl- channels appear silent at rest due to
their high Ca2+ threshold.

The ion channels that contribute to resting membrane
potential in arteriolar endothelial cells have not been estab-
lished. However, similar to the overlying smooth muscle
cells, KV channels, Clsw channels and nonselective cation
channels probably contribute to the relatively depolarized
membrane potential in endothelial cells in resting arterioles
(-30mV). In addition, blood flow over the endothelium may
activate endothelial KIR channels through a shear-stress
dependent mechanism, such that these K+ channels may 
also contribute to resting membrane potential of arteriolar
endothelial cells. Also, because smooth muscle and endothe-
lial cells may be electrically coupled by myoendothelial gap
junctions in some arterioles, both smooth muscle and
endothelial ion channels may contribute to the membrane
potential of the other cell type.

Ion Channels and Vasoconstriction

In general, endogenous vasoconstrictors such as norepi-
nephrine, angiotensin II, vasopressin, and the endothelins
tend to activate smooth muscle cation influx through volt-
age-gated Ca2+ and nonselective cation channels, activate
Cl- efflux through ClCa channels, and inhibit K+ efflux

through K+ channels, resulting in membrane depolarization,
net Ca2+ influx, and an increase in intracellular Ca2+ leading
to smooth muscle contraction (Figure 2). In addition to the
mechanisms outlined in Figure 2, the vasoconstrictor-
induced increase in intracellular Ca2+ bolsters depolariza-
tion by activation of the Ca2+-dependent phosphatase 2B
(PP2B, calcineurin), which dephosphorylates KV and KATP
channels to reduce their activity (not shown in Figure 2).
Although the activity of KV and BKCa channels is somewhat
blunted by the inhibitory mechanisms outlined in Figure 2,
the membrane depolarization and, in the case of BKCa chan-
nels, the elevated intracellular Ca2+ lead to net activation of
both KV and BKCa channels. This K+ channel activity impor-
tantly limits the depolarization and provides an effective
negative feedback signal so that overstimulation and
vasospasm do not occur. Thus, ion channels play a key role
in vasoconstriction.

Ion Channels and Vasodilation

Vasodilators tend to have effects on smooth muscle ion
channels that oppose those of vasoconstrictors (Figure 3). In
general, they reduce Ca2+ influx by a number of mechanisms
(see Figure 3), leading to a reduction in intracellular Ca2+,
smooth muscle relaxation, and vasodilation. The only
exceptions to this pattern are vasodilators that act through
the cAMP-PKA signaling cascade. Voltage-gated Ca2+

channels are phosphorylated by PKA, leading to their acti-
vation. Although counter to the general Ca2+-lowering trend
induced by most dilators, this increased activity in voltage-
gated Ca2+ channels may provide local Ca2+ to maintain the
activity of BKCa channels (see Figure 1), despite a general
lowering of intracellular Ca2+ by other means.

In skeletal muscle, cardiac muscle, and the brain,
increases in tissue activity lead to release of K+ ions from
the active cells, resulting in elevation of the extracellular
concentration of K+ from 5mM to between 8 and 20mM.
Such increases in extracellular K+ can activate smooth mus-
cle KIR channels leading to membrane hyperpolarization
and vasodilation (Figure 3). In arterioles where smooth 
muscle cells are electrically coupled to endothelial cells by
myoendothelial gap junctions, endothelial KIR channels may
contribute to K+-induced hyperpolarization and vasodilation
through a similar mechanism (Figure 4).

Vasodilators such as acetylcholine, bradykinin, ATP, and
histamine lead to relaxation of vascular smooth muscle and
decreases in arteriolar tone in intact arterioles by stimulating
the release of vasodilator substances from endothelial cells.
Ion channels play an important part in this process, as out-
lined in Figure 4. Calcium-dependent activation of sKCa and
IKCa channels hyperpolarizes endothelial cells and aug-
ments Ca2+ influx through SOC, providing a maintained
increase in intracellular Ca2+ to support endothelial autacoid
production. In addition, the endothelial hyperpolarization,
per se, may be transmitted through myoendothelial gap
junctions to hyperpolarize and relax the overlying smooth
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muscle (Figure 4). Shear stress and increases in extracellu-
lar K+ may also hyperpolarize endothelial cells by activation
of KIR channels. These channels may also be recruited by
membrane hyperpolarization caused by activation of other
K+ channels serving to amplify the initial hyperpolarization.
Hyperpolarization-induced activation of KIR channels also
may allow conduction of hyperpolarization from endothelial
cell to endothelial cell, that are coupled by gap junctions,
providing a means to transmit hyperpolarization for long
distances along arterioles. Similar to their effects on smooth
muscle, vasodilators such as adenosine also may activate
KATP channels on endothelial cells, providing another path-
way for endothelial cell hyperpolarization and regulation 
of arteriolar tone (pathway not shown in Figure 4). Thus, ion
channels significantly contribute to the mechanism of action
of vasodilators both in smooth muscle and in endothelial
cells.

Ion Channels and Disease States

Diseases such as hypertension and diabetes appear to
affect ion channel expression or function and contribute to
altered arteriolar tone associated with these pathologies. In
hypertension there appears to be an upregulation of voltage-
gated Ca2+ channels, nonselective cation channels, and
BKCa channels, but decreased function of KV and KATP
channels that likely contribute to altered arteriolar tone and
reactivity observed in this disease. Similarly, in diabetes
there is a depression of BKCa, KV, and KATP channel func-
tion that may contribute to diabetic vascular dysfunction.
Conversely, sepsis is associated with a large increase in 
the activity KATP channels that may underlie the systemic
vasodilation and reduced arteriolar tone associated with this
condition. Thus, ion channels participate in both physiolog-
ical and pathophysiological regulation of arteriolar tone.

Glossary

Depolarization: Refers to cell membrane potential becoming more
positive.

Electrochemical gradient: The driving force that determines the
direction of net diffusion of ions through ion channels. Its magnitude is
determined by the difference between the cell membrane potential (which
determines the electrical force on the ion) and the concentration difference
for the ion that exists across the membrane (which determines the chemical
“force” on the ion). Its magnitude can be calculated as the difference
between the membrane potential and the equilibrium potential for a given
ion.

Equilibrium potential: Theoretical membrane potential that would be
required to exactly oppose diffusion of an ion down a given concentration
gradient. It is also referred to as the Nernst potential.

Hyperpolarization: Refers to cell membrane potential becoming
more negative.

Myoendothelial gap junctions: Gap junctions between endothelial
cells and smooth muscle cells that allow ions and small molecules to dif-
fuse between the two cell types. They allow electrical activity in one cell
type to be transmitted to the other cell type.
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(flow, acetylcholine, bradykinin, and so on), the vascular
bed studied (coronary, cremaster, gracilis, mesentery), the
species (human, rat, mouse, hamster), and more recently, the 
number of endothelial–smooth muscle interconnections
(i.e., myo-endothelial gaps). In eNOS (-/-) mice, the 
local vasodilatory actions of acetylcholine or flow induced
changes in blood flow are not diminished, because of 
compensation by upregulation of nNOS, endothelium-
derived hyperpolarizing factor (EDHF), and vasodilatory
prostaglandins [1, 2]. However, the local vasodilatory action
of histamine was absent from second order arterioles in
eNOS (-/-) mice [3]. These are only a few of the many
examples highlighting some of the differential response to
NO as aforementioned. Another theory imparting NO as an
important factor in microvascular blood flow control is the
concept that NO bound to hemoglobin in red blood cells can
serve as a stable NO adduct for delivery at sites of resist-
ance. Clearly NO binds to the heme moiety of hemoglobin
while a reactive thiol, cysteine b 93, and hemoglobin can
undergo allosteric changes in structure initiated by a drop in
arteriolar pO2, and release NO from these sites [4]. Although
this principle can be demonstrated in model systems, the
physiological role of NO via its release from hemoglobin 
in regulating blood flow in the microcirculation remains
controversial [5]. An alternative, emerging theory of how
the endothelium may control microvascular blood flow is
through another endothelium-dependent vasodilator, EDHF.
In systems where NOS is blocked or absent, EDHF may
subserve a role as a key regulator of microvascular blood
flow control.

Introduction

Nitric oxide (NO), a free radical gas produced by the NO
synthase (NOS) family of proteins, is a ubiquitous second
messenger in diverse physiological responses in the cardio-
vascular system including vasodilation, anticoagulation,
vascular remodeling and angiogenesis. In vitro and in vivo
studies using NOS inhibitors or more recently, using mice
deficient in each of the three mammalian isoforms, 
namely (1) endothelial NOS (eNOS), (2) cytokine-inducible
NOS (iNOS), or (3) neuronal NOS (nNOS), have shown
definitive roles of NO and its sources in the cardiovascular
system. The purpose of this review is to highlight the evi-
dence supporting various functional roles of NO in the
microcirculation.

NO and Vasodilation

NO is clearly the major endothelium-dependent vasodila-
tor produced by large blood vessels (Figure 1). In the aorta
or carotid arteries of mice deficient in eNOS (eNOS -/-
mice), endothelium-dependent vasodilation is eliminated,
thus supporting eNOS derived NO as the source of the
relaxing factor that led to the Nobel Prize–winning experi-
ments by Furchgott, Murad, and Ignarro awarded in 1998.
However, the vasodilatory roles for NO in arterioles and
venules appear less unanimous, and the importance of NO
as a vasodilatory agent (deciphered by the sensitivity of the
response to blockage of NOS) depends on the stimulus

Copyright © 2006, Elsevier Science (USA).
229 All rights reserved.
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NO and the Homeostasis of the Blood Cell
Interaction with the Vessel Wall

Preserving a Nonthrombogenic Surface 
of the Endothelium

In addition to the role of NO as a vasodilator, NO in the
microcirculation can prevent platelets from adhering to the
endothelium and can assist with the disaggregation of acti-
vated platelets to the endothelium or underlying basement
membrane (Figure 1). More recently, this concept was
unequivocally demonstrated in mice deficient for eNOS [6,
7]. Bleeding times were decreased in eNOS (-/-) mice and
platelet adhesion to venules was increased in response to
bacterial lipopolysaccharide (LPS) when a NOS inhibitor
was given. Similarly, mice deficient in eNOS, but not iNOS
or nNOS, also exhibited increased platelet adhesion. In both
instances, eNOS in the endothelium as well as in the platelet
per se contributed to the antiplatelet actions of eNOS-
derived NO.

Maintaining an Anti-inflammatory State 
of the Vessel Wall

Inflammation can be described as the physiological
response of the microcirculation to injury or infections.

Designed to close off or destroy injured tissue, inflammatory
response is hallmarked by increases in leukocyte–
endothelium interactions. Recently, NO has emerged 
as a crucial endogenous anti-inflammatory mediator in a
number of pathophysiological states including hypercholes-
terolemia and ischemia-reperfusion injury. More specifi-
cally, NO can act by downregulating cytokines, resulting 
in the downregulation of endothelial cell adhesion mole-
cules (ECAMs). The mechanism of leukocyte recruitment 
is mediated by these ECAMs such as the selectin family 
(P- and E-selectin), which are important modulators of
leukocyte–endothelium interaction via leukocyte rolling
along the endothelium and adhesion to the endothelium.
Once the cells begin to roll, they can then firmly attach to
the endothelium via integrin interaction with endothelial
intercellular adhesion molecules (ICAMs) to promote
leukocyte adhesion.

Pharmacological studies have shown that NOS inhibitors
could increase leukocyte adhesion, an effect that can be
reversed by large amounts of exogenous L-arginine. Similar
studies using eNOS (-/-) mice confirmed that upon acti-
vation of an inflammatory response, eNOS derived NO is
critical for reducing leukocytes adhesion and the extent of
tissue injury. Recent data suggest that NO is derived from
eNOS and nNOS, but interestingly, iNOS may be an
endogenous inhibitor of P-selectin. eNOS and nNOS (-/-)

Figure 1 The role of NO in the microcirculation. NO, a gaseous free radical, can exert multiple effects in
the microcirculatory bed and is a major player in regulating the cardiovascular system. Studies have shown the
vasodilatory effect of NO in large blood vessels as well as in the arterioles and venules. This mainly occurs when
NO synthesized by the endothelium diffuses to the surrounding vascular smooth muscle, activating guanylyl
cyclase (GC), thereby increasing cytosolic cGMP to produce smooth muscle relaxation. NO can also regulate
homeostasis of the blood vessel wall by preventing platelet adhering and disaggregation from the endothelium.
Furthermore, NO can negatively regulate leukocyte-endothelium interaction by downregulating cytokines and
ECAMs such as P-selectin that are important for leukocyte rolling and adhesion to endothelial cells. Thus, NO
serves as an anti-inflammatory mediator in pathological conditions such as hypercholesterolemia or as a car-
dioprotectant in myocardial ischemia-reperfusion injuries. In addition, NO is a crucial regulator of microvascu-
lar permeability. Controversy exists to whether NO promotes or inhibits basal versus stimulated changes in
vascular permeability. (see color insert)
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mice exhibited increased expression of P-selectin in their
mesenteric venules as well as increased leukocyte rolling
and adhesion that can be blocked by both the P-selectin neu-
tralizing antibody and a high-affinity P-selectin ligand [8].
This supports previous findings that NOS inhibition by NOS
inhibitors caused a significant increase in P-selectin expres-
sion in the postcapillary venules. Using another inflamma-
tory model, namely the myocardial ischemia-reperfusion
injury, NO was also shown to provide a protective role in the
injury cascade leading to inflammation. In particular, other
studies by the Lefer group have shown that eNOS-deficient
mice exhibited exacerbated reperfusion injury compared to
wild-type mice, an effect associated with upregulated P-
selectin expression and enhanced infiltration of neutrophils.
Recently, transgenic mice overexpressing eNOS in the
endothelium have been generated. In accordance with the
findings from eNOS (-/-) mice, overexpression of eNOS in
these transgenic mice exhibited an ameliorated response to
myocardial infarction with a 33 percent reduction in infarct
size without changes in systemic hemodynamics or differ-
ences in baseline ventricular morphology and function.
Taken together, these findings are in agreement with previ-
ous observations of the cardioprotective role by NO in the
myocardial microcirculation using exogenous NO donors
and the exacerbated injury when animals were treated with
NOS inhibitor.

Role of NO in Regulating Vascular Permeability

One of the initial events in an acute inflammatory
response is increased extravasation of fluid and protein from
postcapillary venules at sites of tissue injury. Under physio-
logical conditions, microvascular fluid exchange is prima-
rily determined by blood flow, Starling forces, and the
perfused surface area. The perm-selectivity barrier to solute
flux is determined by multiple factors including the identity
of the endothelium (tissue bed), composition of tight versus
adherens junctions, and extracellular matrix.

Using cannulated, venular microvessels in the mesentery,
a variety of inflammatory agents such as ATP, ionomycin,
bradykinin, histamine, and VEGF stimulated increases in
[Ca2+]i slightly preceding the initial peak in vascular leak-
age. The delay of the onset of changes in permeability 
suggests that in addition to the initial increase of [Ca2+]i,
calcium-dependent signaling cascades (i.e., eNOS) may
contribute to vascular permeability. Furthermore, NOS
inhibitors can reduce ATP-induced increases in single vessel
permeability, while 8-Br-cGMP, a membrane-permeable
cGMP analog, can potentiate ATP driven increases in per-
meability. These agents, however, did not affect the ATP
induced rise in [Ca2+]i, which further suggests that the
increase in [Ca2+]i was necessary for an agonist-induced
increase in permeability but not entirely sufficient.

Over the years, studies on the action of NO in regulating
vascular permeability have yielded conflicting observations
(Figure 1). Early studies using NO donors and NOS

inhibitors demonstrated the negative regulatory effect of NO
in microvascular permeability. For example, administration
of a NOS inhibitor, Nw-nitro-L-arginine-methyl ester (L-
NAME), increased transvascular fluid and protein flux,
whereas subsequent NO donors such as sodium nitroprus-
side (SNP) reversed this effect in the intestinal circulation.
The increase in permeability was not due to hemodynamic
alteration, a phenomenon in which L-NAME has been sug-
gested to play a role. Many other studies using NOS
inhibitors or NO donors also demonstrated that NO nega-
tively regulates permeability in response to a host of inflam-
matory agents including bradykinin, carrageenan, substance
P, and mustard oil. In addition, increases in intracellular lev-
els of cGMP by NO donors or activators of guanylate
cyclase (sGC) have also been associated with a decrease in
endothelial permeability.

On the other hand, the NO-sGC-cGMP pathway can pos-
itively regulate microvascular permeability. Upon receptor
activation and subsequent stimulation of phospholipase C
(PLC), increase in cytosolic calcium can lead to activation
of eNOS and NO production. NO activates guanylate
cyclase (GC) and increases cGMP production, resulting in
protein kinase G (PKG) activation and phosphorylation of
proteins that regulate the contractile apparatus or cytoskele-
ton. In cannulated porcine coronary venules, VEGF and his-
tamine can induce increases in permeability, as measured by
the rate of FITC-albumin transfer into the extravascular
space in a cGMP-PKG dependent manner. Administration
of the NO donor SNP increased permeability similar to that
induced by histamine, and this increase can be blocked 
completely by an inhibitor of guanylate cyclase.

Recent studies have examined the effect of eNOS in
modulating vascular permeability using eNOS (-/-) mice or
using a synthetic peptide that inhibits eNOS activity. A piv-
otal study by Jain’s laboratory [9] demonstrated that eNOS
(-/-) mice, but not iNOS (-/-) mice showed impairment in
VEGF-induced increases in permeability, further confirming
the importance of eNOS as the predominant NOS isoforms
in the regulation of VEGF induced vascular permeability. To
further examine the role of eNOS in regulating vascular per-
meability, our laboratory has generated a synthetic fusion
protein containing the eNOS inhibitory domain of caveolin-
1 and a cell permeable peptide that facilitates the uptake 
of cargo proteins/oligonucleotides [10]. This peptide, which
we termed cavtratin, can inhibit acetylcholine-induced,
endothelium-dependent relaxation, thereby reducing the
amount of NO generated block eNOS and not iNOS activ-
ity. Furthermore, it can specifically. Administration of this
peptide in vivo can block both carrageenan- and mustard
oil–induced inflammation and edema formation. Further-
more, this peptide, which did not have an antiangiogenic or
cytostatic effect, can selectively block tumor microvascular
permeability, leading to decreased tumor progression.
Recently, cavtratin has been shown to block PAF-mediated
increases in hydraulic conductivity in venules, thus validat-
ing the antileak actions of the peptide [11]. Combined with
our observations that eNOS (-/-) mice exhibited decreased
tumor permeability and progression, these studies may pro-
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vide novel insights into development of new antipermeabil-
ity drugs to target tumor growth.

Conclusions

The discovery of NO has led to the identification of mul-
tiple physiological roles for this gaseous second messenger
in the microcirculation. We surmise that the local autocrine
actions of NO that govern inflammation and vascular per-
meability in the microcirculation may be as important as its
vasodilatory role in conduit vessels. Furthermore, the
diverse function of NO may extend beyond the vascular bed.
Recent findings using NOS inhibitors and eNOS (-/-) mice
revealed an important role of endothelial derived nitric
oxide in mediating lymphatic fluid flow in the microlym-
phatic network (new reference #12). Therefore, future
mechanistic studies and the development of novel reagents
to faithfully manipulate the NO-sGC-PKG pathway will
help dissect the physiological importance of NO in the
microcirculation and microlymphatic beds.

Glossary

Endothelium: The innermost layer of cells lining all blood vessels.
Nitric oxide: A free radical gas produced by the enzyme nitric oxide

synthase.
Permeability: The leakage of fluid or proteins from the circulation

after tissue injury.
Vasodilation: Dilation of a blood vessel to increase blood flow.
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Rheology of Blood Flow in 
the Microcirculation
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of g. and hematocrit for the microcirculation in the normal
flow state. At a given shear rate, blood viscosity rises expo-
nentially with increasing red blood cell (RBC) concentration
(hematocrit), to an extent dependent upon prevailing g. . Vis-
cosity of the suspending medium (plasma) has been shown
to be invariant, with g. (Newtonian) and is dependent mainly
upon protein content and temperature.

Within the circulation, in large diameter vessels repre-
sentative of the macrocirculation (i.e., > 100mm), blood may
be treated as a homogeneous continuum with intrinsic prop-
erties characterized by an “apparent viscosity.” The term
apparent viscosity is used since viscosity of a homogenous
fluid (e.g., water, molasses) is a material property that may
be dependent upon shear rate, is invariant with the size of
the vessel through which it flows and is dependent mainly
on temperature. In vitro viscometric studies have revealed
that apparent viscosity (h) rises as shear rate (g. ) is reduced.
The decrease in h with increasing g. depends strongly on lev-
els of hematocrit. A comparison of this “shear thinning” of
blood in the presence and absence of aggregating agents
suggests that about 75 percent of the decrease is a result of
the disruption of red cell aggregates, and 25 percent is due
to red cell deformation in response to increased shear
stresses. In vivo, the particulate nature of blood affects this
relationship. The dominance of noncontinuum effects in the
smallest microvessels result in an effective blood viscosity
that is strongly dependent upon microvessel diameter.

Microvascular Hematocrit

It is evident that microvascular hematocrit may be the
dominant determinant of apparent viscosity in microvessels.
Because of the particulate nature of blood, three hematocrits

Introduction

It is widely acknowledged that the resistance to flow
within individual microvessels (R) results from the effective
viscosity (h) of blood and geometric factors, where the 
latter is often referred to as vascular hindrance (z). Under
idealized conditions of fluid flow with a constant viscosity
(i.e., a Newtonian fluid) and Poiseuille flow (parabolic
velocity profile), z is proportional to vessel length (L) and
inversely proportional to D4, yielding the relationship that R
~ hz. It has been shown that over the broad range of diame-
ters encountered as blood traverses the microvascular net-
work, the principal determinant of resistance in the normal
flow state is the relationship that R/L ~ 1/D4 and that sub-
stantial departures from this behavior in the low-flow state
and pathological conditions arise from the rheological prop-
erties of blood [1].

Rheology (from Greek rheo, flow) is the study of the flow
and deformation of materials. The general aim of rheologi-
cal studies is to characterize the intrinsic mechanical prop-
erties of a fluid or solid in terms of the resistance it offers to
deformation under a given load, or shear at a prescribed rate.
The viscous properties of blood in large-bore tubes and vis-
cometric instruments have provided a foundation for under-
standing the rheology of blood in microvessels. With the
assumption that blood is a homogenous fluid with an intrin-
sic viscosity, these devices have revealed that blood viscos-
ity falls as shear rates (g. ) rise (shear thinning) from on the
order of 0.1 to 1,000seconds-1, in contrast to the behavior 
of a Newtonian fluid with constant viscosity. The intrinsic
viscous properties of bulk suspensions are typified by a
parametric set of curves of viscosity (h) versus shear rate
(g. ), as illustrated in Figure 1 for cat blood using a cone-plate
viscometer. The shaded area represents the general regime

Copyright © 2006, Elsevier Science (USA).
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must be considered when describing blood flow in small-
bore tubes or microvessels: (1) the feed hematocrit (HFEED),
(2) the discharge hematocrit (HDISCH), and (3) the tube or
microvessel hematocrit (HTUBE or HMICRO). The feed hema-
tocrit represents the packed cell fraction contained in the
suspension that supplies the small blood vessels and is
equivalent to the red cell fraction present in large vessels of
the macrocirculation, typically larger than 100 mm in 
diameter. The discharge hematocrit is the volume fraction of
red cells found in a hypothetical collection container that
receives flow from the exit of a microvessel or small tube.
In the absence of any cell screening events at the tube
entrance, HFEED = HDISCH. The tube or microvessel hemat-
ocrit is defined as the packed cell fraction resident within the
lumen of the tube at any instant of time and is determined by
suddenly stopping the flow and assaying the packed cell
fraction of RBCs within the tube. Given that RBCs flow
through a tube with an average velocity of VRBC, it has been
shown that VRBCHTUBE = VMEANHDISCH, where VMEAN is the
mean velocity of blood (cells plus plasma) calculated by
dividing the volumetric flow rate (Q) by the cross-sectional
area (A) of the tube, that is, VMEAN = Q/A. These relation-
ships lead to a hypothetical minimum value for HMICRO if it
is assumed that Poiseuille’s law governs the flow of blood.
That is, for Poiseuille flow with a parabolic velocity profile
within the tube, VMEAN is 1/2 the maximum velocity that
occurs along the tube center line, VCL. Hence, if all RBCs
were infinitesimally small and traveled along the vessel cen-
terline, the lowest value of HMICRO attainable would be 1/2
that of HDISCH. In contrast, the theoretical maximum value
of HMICRO that could be attained within a tube is governed
by packing considerations for rigid particles of volume
equivalent volume to that of red cells. For a rigid spherical

particle, the maximum volume fraction would be about 
53 percent, whereas for a rigid RBC it would be about 64
percent.

Within the microvasculature, HMICRO has been shown 
to span a much broader range of values under normal and
pathological conditions. Direct measurements of HMICRO
reveal that as microvessel diameter falls throughout succes-
sive divisions, HMICRO falls to on the order of 25 percent of
systemic values (HSYS) as blood approaches microvessels
comparable in diameter to the characteristic size of an RBC.
The average capillary hematocrit has been found to vary
among tissues as a result of different topographical patterns
of blood vessels and luminal diameters within a given
microvascular division, as illustrated in Figure 2 for the cre-
master muscle (rat). Two processes give rise to this fall: the
Fåhraeus effect and plasma skimming.

Since the pioneering studies of Robin Fåhraeus (1929;
see Ref. [2]) it has been recognized that hematocrit in tubes
comparable in size to that of the red cell may be reduced
dramatically below the feed hematocrit that supplies a tis-
sue. This behavior has been attributed to rapid changes in
the mean velocity of red cells relative to that of plasma, as
summarized by Cokelet [3]. As tube diameter is diminished
toward the size of a red cell, the velocity of red cells
increases relative to the mean velocity of plasma. Hence, to
maintain conservation of red cell flux, the tube hematocrit
falls and fewer red cells travel through the tube at a faster
than normal speed (relative to plasma) to maintain the same
red cell volumetric flow. With further reductions in tube
diameter to the point where red cells must undergo large
deformation to gain entry to the tube, the Fåhraeus effect
reverses, as evidenced by increasing HTUBE with diminish-
ing diameter as the motion of RBCs becomes hindered and
their sequestration in the tube leads to increases in HMICRO
above HSYS.

Direct measurements of HMICRO by cell counting or spec-
trophotometry within single microvessels have revealed a

Figure 1 Apparent viscosity (h) versus shear rate (g. ) at various levels
of hematocrit was obtained in a large scale cone-plate viscometer. The
cross-hatching delineates the typical range in microvessel hematocrit, h,
and g. found in the microcirculation in the normal flow state. Redrawn from
a study of cat blood by Lipowsky et al. (1980). Microvasc. Res. 19,
297–319.

Figure 2 Representative distribution of microvessel hematocrit 
(HMICRO), normalized with respect to systemic values (HSYS), measured in
the cremaster muscle of the rat for microvessels ranging from arterioles to
venules of the indicated luminal diameter. HMICRO falls below HSYS because
of the Fåhraeus effect and plasma skimming at arteriolar branches. From
the data of House and Lipowsky (1987). Am. J. Physiol. 252, H211–H222.
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heterogeneous distribution of HMICRO within any given divi-
sion of the network [4] indicative of hematocrit reductions
due to other effects. The principal mechanism leading to fur-
ther reductions in HMICRO is that of skimming off of plasma
by daughter branches at bifurcation points within the 
network, as first observed by Poiseuille [5]. It has been 
suggested that HMICRO is relatively uniform across the
lumen (radial direction) of an arteriole or venule, compared
with the heterogeneity associated with successive branch-
ings. However, the presence of a thin annulus of plasma sur-
rounding the core of RBCs within a microvessel facilitates
an uneven distribution of RBCs at arteriolar branchings [3].
The proportions of RBCs from the core, and the cell-free
plasma layer that is captured by an arteriolar branch at a
bifurcation, is dependent upon the relative magnitudes of
total volumetric flow from parent to daughter branch at a
bifurcation. At the final ramifications of the arteriolar net-
work, red cell entry into capillaries is dependent upon the
presence of a sufficient pressure gradient that can sustain red
cell deformations at the capillary entrance and hence the
capillary branch with the fastest stream (greatest pressure
gradient) captures the majority of red cells. In concert with
the Fåhraeus effect, plasma skimming contributes to the
markedly lower than systemic hematocrits in the capillary
network.

Other mechanisms of hematocrit reduction have been
implicated as a source of the low capillary hematocrit. It has
been suggested that irregularities in the capillary lumen, due
to departures from a circular cross-section, introduce sub-
stantial errors in computing HCAP that may result in system-
atically low values. Uncertainties in observing the luminal
surface of the capillary endothelium may also introduce sig-
nificant errors in estimating HCAP. The presence of a thick 
(~ 0.5mm) surface layer of carbohydrates and proteins on
the surface of the endothelium (the glycocalyx) may also
affect estimation of HCAP. Removal of the endothelial sur-
face layer by enzymatic degradation of the glycocalyx (see
review by Pries et al. [6]) has resulted in a substantial rise in
capillary hematocrit.

The observed low capillary hematocrits have raised crit-
ical questions on the role of hematocrit in oxygen transport
to tissue. It is generally accepted that the potential for oxy-
gen transport from blood to tissue is related to the concen-
tration of RBCs within the microvasculature. However, the
low levels of microvessel hematocrit are inconsistent with
the fact that for a given level of oxyhemoglobin, oxygen
content is proportional to the product of mean corpuscular
hemoglobin concentration and HMICRO. Attempts to account
for all of the factors contributing to reduced hematocrit
(Fåhraeus effect, plasma skimming, uncertainties in capil-
lary diameter, and so on) have not resolved the disparity
between HSYS and HCAP. This situation may have persisted
because hematocrit measurements do not consider the flow-
weighted flux of red cells within individual microvessels. In
contrast, the flow-weighted estimates of red cell fraction
obtained using techniques of indicator dilution (with fluo-
rescently labeled RBCs and plasma) have revealed average

tissue hematocrits approaching systemic values, which are
substantially greater. Nonetheless, the importance of 
HMICRO rests in that it remains a major determinant of the
apparent viscosity of blood in microvessels, and hence of
resistance to blood flow.

In addition to the dynamic processes that affect RBC
apportionment at branch points, RBC mechanical properties
may dramatically affect capillary hematocrit. Pathologically
stiff red cells (e.g., in sickle cell disease, the thalassemias, 
or hereditary spherocytosis) may affect the distribution of
cells. Because of cell–cell interactions, less deformable
RBCs have a tendency to become trapped within networks
with nontube-like vessels, such as the lung, spleen, liver, or
bone marrow. The permeability characteristics of the
microvessel wall may also affect hematocrit. In the classical
study of disruption of the permeability of the small blood
vessels leading to complete vascular stasis, as first described
by August Krogh [1], the hyperpermeable vessel wall may
allow compaction of RBCs to hematocrits approaching 100
percent.

Apparent Viscosity

The bulk viscosity of blood obtained by in vitro viscom-
etry (Figure 1) does not fully address the viscous properties
that determine microvessel perfusion for a given pressure
gradient. In microvessesls larger than 20mm in diameter, it
has been demonstrated that at low physiological hematocrits,
and in the normal flow state, the apparent viscosity (h) varies
linearly with HMICRO (see Zweifach and Lipowsky [1]). 
In vitro studies of blood behavior in small-bore tubes 
have demonstrated that reductions of HMICRO attendant to
diameter reductions result in a decrease in effective viscos-
ity as well, which has been referred to as the Fåhraeus-
Linqvist effect [2]. In vivo, increased viscosity occurs with
reductions in g. , suggesting that the heterogenous perfusion
of the microvasculature in the low flow state may arise in
part due to substantial elevations in h. However, in vitro
studies with small tubes do not reflect these trends and sug-
gest that additional mechanisms may contribute to shear-
dependent resistance increases in small blood vessels [7].

Red Cell Aggregation

The effect of red cell aggregation (RCA) on the resist-
ance of flow in vivo has also been fraught with controversy.
Infusing aggregating agents such as high-molecular-weight
(500kDa) dextran into animals results in some studies in
systemic effects indicative of increased resistance to flow
caused by RCA. However, other studies demonstrate a
reduction in regional resistance in isolated tissues, sugges-
tive of reductions in systemic hematocrit attendant to RBC
sequestration in other regions. In vitro studies of RCA in
vertically positioned small-bore glass tubes have shown that
the apparent viscosity of blood decreases with increasing
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degrees of RCA. However, in vivo measurements in the
low-flow state suggest a dramatic rise in apparent viscosity
with reductions in g. . The sequestration of red cell aggregates
in regional networks has been shown to dramatically
decrease systemic hematocrit, the extent of which is
strongly dependent on the strength the aggregating agents.

Two mechanisms have been implicated in aggregate 
formation: osmotic depletion, which results in hydrostatic
pressures that tend to force apposing cells together in the
presence of macromolecules, and molecular cross-bridging,
whereby solutes cause the binding of one cell to another.
Modeling and experimental studies reveal that with weaker
aggregating forces, red cells assume the configuration of
rouleaux (Figure 3A), which may be disrupted by shearing
forces at branch points in the arteriolar network. With
stronger aggregating forces, clumps of cells are formed that
appear to be more easily trapped at microvascular branch
points (Figure 3B).

Blood Cell Deformability

Blood cell deformability is a major source of the resist-
ance to flow. Increases in bulk viscosity of RBCs in suspen-
sion clearly result from reductions in the ability of RBCs to
deform under shear (g. ). However, these abnormalities in h
are small compared with the dramatic rise in resistance to
flow as individual cells enter the true capillaries. In most
species, blood cellular elements (erythrocytes and leuko-
cytes) are similar in size or slightly larger than the true cap-
illaries, and they must be deformed by prevailing pressure
gradients to gain entry into a capillary. The pressure gradi-
ent required to propel RBCs and WBCs into a capillary of a
given diameter is strongly dependent on the ratio of cell
diameter (DCELL) to capillary diameter (DCAP), that is,
DCELL/DCAP. As DCELL/DCAP is reduced, small increases in
cell stiffness may inhibit its entry into a capillary. As a
result, RBCs and WBCs tend to traverse the microvascular
network through pathways of least resistance, with the
larger and less deformable WBCs bypassing the smallest
diameter capillaries. As shown in Figure 4, plasma, red
cells, and leukocytes traverse the capillary network through
different pathways that are dictated by their ability to enter
a vessel of a given diameter.

Resistance to Blood Flow in Microvessels

The behavior of small blood vessels in response to
vasoregulatory stimuli and pathological disturbances affect
the rheological state of blood within the microvasculature.
The principal determinants of the apparent viscosity (hema-
tocrit and shear rate) are directly influenced by levels of
flow and alterations in vascular diameter. These physiologi-
cal responses are inseparable from the viscous properties of
blood. Several shear-dependent mechanisms of vasoregula-
tion (e.g., those mediated by prostacycline and nitric oxide)
are strongly dependent on levels of shear stress (t) which is
related to h by Newton’s law of friction, t = hg. . Thus,
changes in vascular diameter may affect the apportionment
of flow (Q) throughout successive microvascular divisions
and the fraction of the overall arteriovenous pressure drop
that appears along individual microvessels. These pressure
gradients, in turn, dictate flow and wall shear rates within a
single vessel. If blood behaves as a Newtonian fluid, and
Poiseuille’s law governs the relationship between pressure
gradient and flow, then wall shear rate would be given by 
g. = 32Q/pD3. This relationship serves to couple the intrinsic
properties of blood to microvessel flow (Q) and diameter
(D) via the relationship between h and g. .

The relationship among hemodynamic resistance, flow
and viscosity has suggested that an optimal hematocrit may
exist that maximizes the delivery of oxygen to tissue. As
HMICRO is increased, elevations in h will result in increased
resistance and hence reductions in flow. Although RBC 
content (and hence oxygen carrying capacity) would be
increased, the convective flux of oxygen (~ Q ¥ HMICRO)

Figure 3 Red cell aggregates at the entrance of precapillary vessels in
the low-flow state. Two levels of aggregation are shown, corresponding 
to (A) rouleaux formation in the presence of elevated fibrinogen (0.7 g%)
and (B) clumping in response to 3 g% high-molecular-weight dextran 
(500 kDa). The apparently stronger clumps are formed as apposing RBC
membranes are linked by dextran cross-bridging with the result that clumps
are readily trapped within the entrance to small microvessels. From Pear-
son and Lipowsky (2004). Microcirculation 11(3), 295–306.
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may be reduced. Conversely, reductions in HMICRO may
decrease resistance (h) and thus increase Q, while diminish-
ing the red cell content (HMICRO). It has been demonstrated
that there exists an optimum level of hematocrit that serves
to maximize red cell flux through the microvascular net-
work. With changes in HMICRO above or below its optimum
value, red cell flux may fall dramatically. Measurements of
red cell flux in various organs reveal a paraboloid maximum
dependent on HMICRO, with a relationship that is affected by
the state of vasodilation or constriction with the arteriolar
network.

The long-standing hypothesis that decreased viscosity
will enhance oxygen transport by improving flow has
recently been challenged by developers of blood substitutes
[8]. It has been shown that elevations in blood substitute vis-
cosity serve to elicit a vasodilatory response to increased
shear stresses and thus enhance microvascular blood flow.
The inverse relationship between resistance to blood flow
and the fourth power of vascular diameter (Poiseuille’s law;
see Sutera and Skalak [5]) serves as a dominant determinant
of microvascular perfusion [1].

Interactions of the RBCs and WBCs with the microves-
sel wall may also affect the resistance to flow. In some
pathological disorders, such as sickle-cell disease, RBCs
have a tendency to adhere to the microvessel wall, and if
levels of flow are low enough, their adhesion may impair
perfusion of the network by obstruction of the microvessel
lumen. The receptor-mediated adhesion of WBCs to the
venular walls of postcapillary venules may also have a dra-
matic effect on resistance to flow. During the inflammatory
process, WBC adhesion may proceed to an extent where it
can obliterate the venular lumen. It has been demonstrated
that as few as 12 WBCs adhering to the wall of a postcapil-
lary venule per 100 mm of venular length may double the
resistance to flow within that vessel. Indirect studies of hind-
limb perfusion have suggested that the presence of WBCs
within the capillaries may affect the distribution of red cells
and thus adversely increase resistance. However, removal of
WBCs from the circulation has shown only a 5 percent
decrease in resistance at the capillary level. In the low-flow

state, the entrapment of WBCs at the entrance to capillaries
may also adversely affect resistance to flow and diminish the
throughput of flow from arteriole to venule. The extent to
which these effects impair microvascular perfusion has been
shown to be dependent upon the rate of accumulation of
WBCs, the stiffness of the WBC, and the influence of
inflammatory mediators that affect WBC deformability.

Although a wealth of in vitro and in vivo rheological
studies have served to characterize the intrinsic mechanical
properties of blood cell suspensions and blood cellular ele-
ments, new mechanisms have come to light that may affect
the resistance to flow in microvessels. It has been suggested
that low levels of red cell aggregation (as may occur in 
fibrinogenemia) may enhance the contact of WBCs with
postcapillary endothelium and thus promote elevation of
leukocyte–endothelium adhesion [9], leading to increased
resistance to flow. Studies of the function of the endothelial
glycocalyx have suggested that its removal may result in
diminished resistance to blood flow [6]. Recent studies have
demonstrated that components of the endothelial glycocalyx
may be shed during inflammation and ischemia, resulting in
diminished resistance due to increases in the vascular
lumen, or increased resistance due to elevations in WBC
adhesion to venular endothelium [10]. It is clearly evident
that in order to understand the rheological determinants of
the resistance to flow within the microcirculation proper,
greater attention needs to be given to blood interactions with
the endothelial cell surface at the molecular level.
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An Additional Mechanism of 
Vasodilatation, EDHF

In the mid-1980s, it became apparent that endothelium-
dependent vasorelaxation could not always be completely
accounted for by the actions of PGI2 and NO. It had been
known for some time that isolated arteries could be 
relaxed (or dilated) by factors such as acetylcholine (ACh),
bradykinin (BK), and adenosine diphosphate (ADP). 
However, whereas the relaxation could be abolished by 
the removal or damaging of the endothelial layer, the relax-
ation was not always completely blocked by the combined
inhibition of PGI2 and NO synthesis. It was further noted
that the PGI2/NO-independent relaxation was associated
with smooth muscle hyperpolarization. These findings
prompted some investigators to conclude that an additional
relaxing factor must exist; they termed it endothelium-
derived hyperpolarizing factor (EDHF) [1].

Mechanism of EDHF-Mediated Vasodilatation

Although the proposed mechanism of EDHF-mediated
vasodilatation is continually evolving, the following repre-
sents a general understanding at this time (see Figure 1). (1)

The Endothelium as a Modulator of 
Vascular Tone

A single thin layer of endothelial cells comprises the
innermost layer of all blood vessels from capillaries to large
arteries and veins. One of the more recently discovered
functions of the endothelial cell layer is that of a modulator
of vascular tone. Endothelial cells are capable of responding
to numerous physiological stimuli (such as circulating
humoral factors, sheer stress, and so on) by producing
vasoactive substances that are then released to the adja-
cent smooth muscle cells. Two of the most well known
endothelium-derived vasoactive substances, prostacyclin
(PGI2) and nitric oxide (NO), are capable of producing
vasodilatation upon reaching the smooth muscle. PGI2 is
one of several potential products produced by the cellular
metabolism of arachidonic acid. NO is a gaseous factor pro-
duced from the conversion of L-arginine to L-citrulline by
nitric oxide synthase. NO (or an NO-containing compound)
was identified as endothelium-derived relaxing factor
(EDRF). The physiological importance of these two
vasodilatory factors was recognized by the awarding of the
Nobel Prize in Physiology/Medicine in 1982 and 1998 for
work leading to the discovery and physiological role for
PGI2 and NO, respectively.

Copyright © 2006, Elsevier Science (USA).
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Figure 1 Cartoon depiction of the role of endothelial cytosolic Ca2+ ([Ca2+]i) in EDHF-mediated
vasodilatation. Abbreviations: Endo, endothelial cell; SMC, smooth muscle cell; R, receptor; IK, 
intermediate-conductance KCa channel; SK, small-conductance KCa channel; VOC, voltage-operated Ca2+

channel; ChTx, charybdotoxin; Apa, apamin. Possible Ca2+-sensitive mechanisms that could modulate the
EDHF-dependent mechanism are represented by “?.”
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An agonist binds to its receptor on the endothelium. This
binding initiates a cascade of events that leads to an eleva-
tion of endothelial cytosolic free calcium ([Ca2+]i). Calcium
ionophores, such as A23187, have also been demonstrated
to initiate EDHF-mediated dilations by producing an
increase in endothelial [Ca2+]i. (2) Elevated endothelial
[Ca2+]i stimulates endothelial calcium-sensitive K channels
(KCa) and promotes hyperpolarization of the endothelium.
Elevated endothelial [Ca2+]i also results in activation of
other pathways that may be important modulators of the
EDHF-dependent mechanism. (3) The endothelial hyper-
polarization then promotes smooth muscle hyperpolariza-
tion by a mechanism that is still quite controversial. One of
the prevailing ideas is that hyperpolarization is conducted
directly via myoendothelial gap junctions, which form 
electrical couplings between adjacent smooth muscle and
endothelial cells. There is pharmacological, electrophysio-
logical, and histological evidence in support of such a 
mechanism. Another idea is that K+ ions extruded from
basolateral KCa channels stimulate smooth muscle inwardly
rectifying K channels (Kir) and/or Na+/K+-ATPase. A small
elevation in extracellular K+ has been shown to stimulate
smooth muscle Kir channels and Na+/K+-ATPase, and could
thus promote smooth muscle hyperpolarization in this way.
Although the evidence in support of the latter mechanism is
much less prevalent, it could be partly due to the technical
difficulties in measuring K+ in the small intercellular space
between endothelial and smooth muscle cells. (4) Smooth
muscle hyperpolarization promotes the closure of voltage-
operated Ca2+ channels (VOC). The smooth muscle VOCs
are inactivated at hyperpolarized membrane potentials and
thus significantly reduce smooth muscle Ca2+ influx. The
reduced Ca2+ influx combined with Ca2+ extrusion and rese-
questration results in a reduction in smooth muscle [Ca2+]i
and subsequent relaxation or vasodilatation.

Although it was initially believed that EDHF-mediated
dilations were the result of a transferable factor (similar to
NO and PGI2-mediated responses), recent studies suggest
otherwise. Instead, it appears much more likely that EDHF-
mediated dilations reflect a process by which endothelial
hyperpolarization is translated into smooth muscle hyperpo-
larization (see previous discussion). For this reason, some
investigators have begun referring to the mechanism as
endothelium-dependent hyperpolarization (EDH). It should
be noted that more than one EDHF-dependent mechanism
may exist. For instance, the mechanism in coronary and
renal arteries may critically involve the cytochrome P450-
dependent production of epoxyeicosatrienoic acids (EETs).
For the purpose of this article, however, only the former
(and seemingly more prevalent) mechanism will be
reviewed.

Role of KCa Channels in EDHF-Mediated Dilation

There are three classes of KCa channels, large-
conductance KCa (BKCa), intermediate-conductance KCa

(IKCa), and small-conductance KCa (SKCa), named based on
their respective unitary channel conductance [2]. The con-
ductances for BKCa, IKCa, and SKCa channels are 200–250
pS, 20–80pS, and 2–20pS, respectively. All of the channels
are activated by Ca2+, though the IKCa and SKCa channels
are activated at much lower Ca2+ concentrations than the
BKCa channels (250–500nM versus 1–10 mM). The chan-
nels also differ in that the BKCa channels are voltage sensi-
tive (activated upon depolarization) whereas the IKCa and
SKCa channels are voltage insensitive. There are three
known isoforms of SKCa channels, SK1, SK2, and SK3,
whereas the IKCa channel (IK1) does not have any addi-
tional known isoforms.

One of the hallmarks of EDHF-dependent responses is
the sensitivity to certain KCa channel inhibitors. For most
peripheral arteries, complete inhibition of the response
requires combined inhibition of IKCa (charybdotoxin) and
SKCa channels (apamin) [3, 4]. In the cerebral circulation,
complete inhibition appears only to require inhibition of
IKCa channels. Inhibition of the BKCa channels alone (iberi-
otoxin) or in combination with SKCa channels does not
affect the EDHF-dependent response.

Because charybdotoxin is a nonspecific blocker (inhibits
BKCa, IKCa, Kv1.2, Kv1.3), earlier studies inferred the
involvement of IKCa channels based on sensitivity to
charybdotoxin and lack of sensitivity to iberiotoxin (BKCa
selective) or other Kv channel blockers. The recent develop-
ment and application of apparently IKCa-specific inhibitors
(such as TRAM-34) has provided direct confirmation of the
critical involvement of IKCa channels in EDHF-mediated
responses.

Role of Endothelial [Ca2+]i in 
EDHF-Mediated Vasodilatation

The critical role for endothelial [Ca2+]i in EDHF-
mediated responses initially gained wide support based on
the following evidence: (1) agonists known to produce
EDHF-mediated responses produced elevations of endothe-
lial [Ca2+]i in cultured endothelial cells, (2) Ca2+ ionophores
(such as A23187) produced endothelium-dependent smooth
muscle hyperpolarization, and (3) removal of Ca2+ from 
the bathing medium reduced or eliminated endothelium-
dependent smooth muscle hyperpolarization. The evidence
supporting the critical involvement of endothelial Ca2+ is
discussed further hereafter.

Chen and Suzuki were among the first to demonstrate the
Ca2+-dependency of EDHF-mediated responses [5]. By
measuring rabbit carotid artery smooth muscle membrane
potential by sharp electrode, they were able to demonstrate
that ACh-mediated smooth muscle hyperpolarization con-
sisted of two components (see Figure 2). When ACh was
applied to endothelium-intact arteries in PSS with a standard
Ca2+ concentration ([Ca2+]o) of 2.5mM, ACh produced a
significant smooth muscle hyperpolarization that was sus-
tained for several minutes (top trace). However, in the pres-
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ence of nominally Ca2+-free (no Ca2+ added to the PSS) or
Ca2+-free/EGTA solution (Ca2+ chelator added to remove
any residual Ca2+), ACh produced only a transient hyper-
polarization (middle and bottom traces). Application of ACh
to arteries from which the endothelium was destroyed or
remove produced no smooth muscle hyperpolarization.
Additionally, application of the Ca2+ ionophore, A23187,
promoted smooth muscle hyperpolarization that was simi-
larly dependent upon an intact endothelium. Thus, it was
concluded that endothelium-dependent hyperpolarization of
the smooth muscle consisted of two components, a transient
hyperpolarization that utilized intracellular store Ca2+ and a
sustained hyperpolarization that was dependent on Ca2+

influx from the extracellular medium.
Early on in the study of EDHF-mediated responses, it

was noted that the involvement of an EDHF-dependent
mechanism varied greatly in the vessels studied. For
instance, whereas some vessels appeared to utilize
EDRF/NO and EDHF-mediated mechanisms, others
appeared to utilize only the EDRF/NO-mediated mecha-
nism. It was therefore questioned why EDHF-mediated
responses occurred in some vessels but not others. One
hypothesis that was put forth by Nagao et al. speculated that
the reason was due in part to differences in endothelial
[Ca2+]i attained in a particular artery [6]. The principal evi-
dence for this conclusion was from an experiment in which
A23187 was administered to rat mesenteric arteries in the
absence or presence of an inhibitor of nitric oxide synthase
(NOS). The authors found that A23187 was able to promote
vasorelaxation in both conditions; however, it required a
higher concentration of A23187 to do so in the presence of
the NOS inhibitor. Thus, assuming that the increased con-
centration of A23187 resulted primarily in an increase in

endothelial [Ca2+]i, it appeared that the EDHF-mediated
response required a higher endothelial [Ca2+]i than the
EDRF/NO-mediated response. Thus, one possible explana-
tion for the heterogeneity of EDHF-mediated responses was
that the ability of the agonists to increase endothelial [Ca2+]i
varied in the different preparations.

A subsequent study by Marrelli investigated a possible
Ca2+ threshold for EDHF-mediated responses more directly
[7]. In that study, Marrelli selectively measured endothelial
[Ca2+]i in response to agonists that have been shown to pro-
duce or not produce EDHF-mediated responses in rat cere-
bral arteries. It was demonstrated that EDRF/NO-mediated
dilations were initiated at a threshold of 220nM Ca2+ (rest-
ing = 145nM), whereas EDHF-mediated dilations were not
initiated until 340nM Ca2+ (see Figure 3). The threshold for
EDHF-mediated dilation was similar for both a receptor-
dependent agonist (uridine triphosphate; UTP) or a receptor-
independent mechanism to increase endothelial [Ca2+]i
(Br-A23187). Interestingly, the study also demonstrated that
a “non-EDHF-dependent” agonist could be made to elicit an
EDHF-mediated dilation if the Ca2+ response was 
augmented. For instance, stimulation of endothelial P2Y1
receptors with 2-methylthioadenosine triphosphate (2MeS-
ATP) produced maximal dilations through an exclusively
EDRF/NO-dependent mechanism. Dilations were com-
pletely abolished in the presence of a NOS inhibitor. How-
ever, if the baseline endothelial [Ca2+]i was elevated or
primed with a low concentration of UTP or Br-A23187
(though not enough to elicit EDHF-mediated dilation by
itself), subsequent addition of 2MeS-ATP resulted in a
greater increase in endothelial [Ca2+]i and an EDHF-
mediated dilation. These experiments indicated that EDHF-
mediated dilations are not inherently linked to certain 

Figure 2 Acetylcholine (ACh)-induced hyperpolarization generated in different 
[Ca2+]o solutions. [Ca2+]o = 2.5 mM (A), 0 mM (B), and 0 mM with 0.2 mM EGTA (C). ACh
(10-5 M) was applied at the arrow in each trace. Reproduced with permission from Chen
and Suzuki (1990). J. Physiol. 421, 521–534.
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logical, and molecular techniques. Native endothelial cells
do not appear to express BKCa channels. Native smooth
muscle cells express BKCa channels as well as certain SKCa
channels, but they may not express IKCa channels under nor-
mal conditions. From these data, it would appear likely that
the KCa channels involved in the EDHF-mediated response
are located on the endothelial cells.

Admittedly, activation of KCa channels is not the only
outcome of elevated endothelial [Ca2+]i. One Ca2+-
dependent enzyme that has been demonstrated to be
involved in the EDHF-mediated response of some arteries is
cytosolic phospholipase A2 (cPLA2). The cPLA2 enzyme is
a Ca2+-dependent lipase that catalyzes the hydrolysis of the
sn-2 linkage of diacyl glycerophosphates, releasing fatty
acids such as arachidonic acid. Significant activation of
cPLA2 has been demonstrated at Ca2+ concentrations of 230
to 450nM, a concentration range that brackets the endothe-
lial [Ca2+]i concentration for initiating EDHF-mediated
responses. One possible explanation of the cPLA2 depend-
ence of EDHF-mediated dilations in some arteries is simply
that arachidonic acid or one or more of its numerous
metabolites is the EDHF. In coronary arteries in particular,
epoxygenase metabolites of arachidonic acid may act as
hyperpolarizing factors. However, an alternative explana-
tion is that arachidonic acid or its metabolites modulate the
EDHF-dependent mechanism—but are not the EDHF them-
selves. For instance, arachidonic acid has been demon-
strated to activate endothelial transient receptor potential
cation channels (TRPV4), which are capable of carrying
inward Ca2+ currents. Thus, one conceivable mechanism
could involve cPLA2-dependent release of arachidonic acid,
activation of TRPV4 by arachidonic acid, increased Ca2+

influx, and subsequent sustained activation of endothelial
IKCa and SKCa channels. In this hypothetical scenario, the
sensitivity of the mechanism to cPLA2 inhibition could 
vary depending on several tissue-specific variables such as
TRPV4 channel prevalence, relative contribution of other
Ca2+ regulation mechanisms, KCa channel Ca2+ sensitivity,
and so on. If one therefore considers that cPLA2 can partic-
ipate in a modulating role, the degree to which it is able to
modulate the EDHF-dependent mechanism could vary con-
siderably between arteries and might thus explain the het-
erogeneity of effects seen with PLA2 inhibitors. Although
the preceding scenario is still hypothetical, it is intended to
emphasize the point that a number of EDHF candidate fac-
tors should also be considered as potential modulators of
endothelial KCa channels—and therefore EDHF-mediated
vasodilatation.

A Relationship between Endothelial Membrane
Potential (Vm) and Endothelial [Ca2+]i?

A number of studies have been performed to evaluate 
the relationship between endothelial membrane potential
(Vm) and endothelial [Ca2+]i. The bulk of these studies have
been performed with cultured endothelial cells while only a

receptor systems that either are or are not capable of elicit-
ing EDHF-mediated responses. Rather, the ability of a
receptor system to produce an EDHF-mediated response
depends more on its potential to increase endothelial [Ca2+]i.

How Does Elevated Endothelial [Ca2+]i
Produce Vasodilatation?

The interpretation of the role of endothelial Ca2+ in
EDHF-mediated responses has recently undergone signifi-
cant revision. At one time, it was widely held that elevated
endothelial [Ca2+]i served primarily to activate a putative
“EDHF synthase” (or to trigger release of a stored EDHF).
More recent studies, however, indicate that the essential role
of elevated endothelial [Ca2+]i may instead be to promote
endothelial hyperpolarization via stimulation of endothelial
KCa channels, in particular the IKCa and SKCa channels. This
idea is further supported by the fact that the endothelial
[Ca2+]i required to initiate EDHF-mediated dilations 
(340nM Ca2+) falls right within the range of [Ca2+] 
reported to activate IKCa and SKCa channels (~250–500nM
Ca2+) [2, 7].

The type and location of the KCa channels involved in
EDHF-mediated responses is still being worked out. How-
ever, recent data points to involvement of IKCa channels
alone (cerebral arteries) or in combination with SKCa
channels (peripheral arteries) located on the endothelium.
Endothelial cells have been demonstrated to possess both
IKCa and SKCa channels by pharmacological, electrophysio-

Figure 3 Comparison of the endothelial [Ca2+]i threshold for nitric
oxide (NO)- and EDHF-mediated vasodilatation. Data are presented as the
mean  SE [Ca2+]i required to elicit a 15% dilation. In the concentrations
used and in the absence of L-NAME (nitric oxide synthase inhibitor), UTP
and 2-MeS-ATP produced vasodilatation through the production of NO
(gray bars). In the presence of L-NAME plus indomethacin (cyclooxyge-
nase inhibitor), UTP and Br-A23187 produced a dilation through the pro-
duction of EDHF (black bars). There is a significantly higher threshold for
EDHF-mediated vasodilatation compared with that of NO. *P < 0.05
between the indicated groups by one-way ANOVA. Reproduced with per-
mission from Marrelli (2001). Am. J. Physiol. Heart Circ. Physiol. 281,
H1759–H1766.
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handful of studies have evaluated the relationship in
endothelium from intact arteries. In cultured endothelial
cells, Ca2+ influx has been shown to be notably modulated
by endothelial Vm. As the endothelial cell becomes more
hyperpolarized, the driving force for Ca2+ entry is increased
and greater Ca2+ influx results following agonist stimulation
[8]. If this relationship were to hold true for endothelium
within intact arteries, then one possible effect of stimulating
endothelial KCa channels (and thus hyperpolarizing the
endothelium) would be to promote greater Ca2+ influx in
response to EDHF-dependent agonists. In this scenario, the
effect of KCa channel blockers on the EDHF-mediated
response could be to prevent endothelial [Ca2+]i from reach-
ing a critical threshold. However, from the few studies that
have addressed this issue in intact arteries, the relationship
between endothelial Vm and endothelial [Ca2+]i is uncertain.
When high K+ has been used to nonselectively inhibit all K+

channels, agonist-mediated increases in endothelial [Ca2+]i
were shown to be either reduced [9, 10] or unaltered [11].
However, when charybdotoxin plus apamin was adminis-
tered to block the KCa channels, agonist-mediated increases
in endothelial [Ca2+]i were shown to be undiminished,
despite complete inhibition of the EDHF-mediated relax-
ation/dilation [9, 11] (see Figure 4). These findings support
the conclusion that the essential role of endothelial KCa
channels is not to promote or maintain adequate Ca2+ entry
for EDHF-mediated dilation. Instead, the essential role of
the endothelial KCa channels appears to be to produce
endothelial hyperpolarization, entirely downstream of
endothelial Ca2+, and thus promote smooth muscle hyper-
polarization more directly. This conclusion is supported by
a study by Marrelli et al. in which an IKCa channel agonist
(1-EBIO) was administered selectively to the endothelium
in intact pressurized cerebral arteries [11]. 1-EBIO produced
significant hyperpolarization of the endothelium and vasodi-
latation despite no change in endothelial [Ca2+]i. Thus,
endothelium-dependent hyperpolarization of the smooth
muscle can be produced without any elevation of endothe-
lial [Ca2+]i if endothelial KCa channels are activated by some
other means. Taken as a whole, it appears that the primary
role of endothelial Ca2+ in the EDHF-dependent mechanism
may be that of the principal physiological activator of the
IKCa and SKCa channels.

Role of Endothelial [Ca2+]i in EDHF-Mediated
Responses in Pathology

An increasing number of studies demonstrate potentiated
EDHF-mediated responses following a variety of patholog-
ical conditions, including ischemia/reperfusion (I/R), 
hypercholesterolemia, and congestive heart failure. The
mechanism by which this potentiation occurs remains
largely unknown. However, in cerebral I/R, the potentiated
EDHF-mediated dilations are accompanied by augmented
endothelial [Ca2+]i responses [12]. In this case, for a given
agonist concentration, there was a greater increase in

endothelial [Ca2+]i in the I/R endothelium compared with
control. It was speculated that the greater Ca2+ responses
following I/R might have resulted from some dysfunction 
in endothelial Ca2+ handling. It remains to be determined 
if endothelial Ca2+ is similarly altered in other patho-
logical situations in which EDHF-mediated responses are
potentiated.

Summary of Endothelial [Ca2+]i in 
EDHF-Mediated Vasodilatation

EDHF-mediated vasodilatation appears to require the
activation of endothelial IKCa and SKCa channels in order to

Figure 4 Role of endothelial K+ channels in endothelial [Ca2+]i

response. Summary of simultaneous measurements of diameter (A)
and endothelial [Ca2+]i (B) in response to UTP (10-7 to 10-5 M). All 
experiments were performed in the presence of L-NAME and
indomethacin. Responses to UTP were performed in the presence of L-
NAME/indomethacin alone (control), with luminal 60 mM K+ (high K+,
nonselective K+ channel inhibitor), and in the presence of charybdo-
toxin/apamin (ChTx/Apa; combination blocks all KCa channels). Diameter
responses for both high K+ and ChTx/Apa were significantly different 
compared with control (two-way repeated-measures ANOVA). *Individual
differences (P < 0.05, Tukey’s test). Reproduced with permission 
from Marrelli et al. (2003). Am. J. Physiol. Heart Circ. Physiol. 285,
H1590–H1599.
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promote smooth muscle hyperpolarization and subsequent
vasodilatation. The role of endothelial [Ca2+]i in this mech-
anism appears to be as the principal physiological activator
of those channels. Therefore, factors that significantly affect
the endothelial [Ca2+]i response should be able to variably
modulate IKCa and SKCa channel activation, and thus
EDHF-mediated vasorelaxation.
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and basal barrier function. The actin microfilament cytos-
keleton is a dynamic structure that undergoes rearrangement
under the control of various actin binding, capping, nucleat-
ing, and severing proteins and is focally linked to multiple
membrane adhesive proteins such as cadherin molecules,
glycocalyx components, functional intercellular proteins of
the zona occludens and zona adherens, and focal adhesion
complex proteins. More than 80 actin-binding proteins have
been identified and are critical participants in cytoskeletal
rearrangement and tensile force generation, and serve to
provide a high level of fine tuning of cell shape, adhesion,
and orchestrated cell migration as well as regulation of
endothelial junctional stability [1]. Edemagenic agents, such
as thrombin, initiate cytoskeletal rearrangement character-
ized by the loss of peripheral actin filaments with a con-
comitant increase in organized F-actin cables that span the
cell as “stress fibers” (Figure 2). One actin binding protein,
cofilin for example, exerts actin-depolymerizing activity
critical to cortical actin rearrangement that is inhibited 
by Rho GTPase pathway activation during stress fiber 
formation [1]. In addition, reduction in either expression 
or activity of the abundant actin-severing protein gelsolin
significantly decreases stress fiber–dependent contraction in
cultured cells. Another actin-binding protein involved in
cellular contraction is the 27-kDa heat shock protein, hsp27,
whose actin binding properties are altered by phosphoryla-
tion through a p38 MAP kinase-driven pathway. Reduction
of hsp27-induced inhibition of actin polymerization alone
can produce stress fiber formation.

Introduction

No single cellular organizational element has com-
manded so much attention in the endothelial cell recently 
as the group of proteins known as the cytoskeleton. As
depicted in Figure 1, the endothelial cytoskeleton is
involved in multiple critical endothelial biologic processes
including angiogenesis, mechanotransduction, apoptosis,
and critical elements of the inflammatory response including
leukocyte diapedisis and barrier regulation. The cytoskele-
ton is composed of three primary elements—actin microfil-
aments, intermediate filaments, and microtubules. Each will
be discussed in the context of microvascular endothelial
activation and dysfunction.

Microfilament Cytoskeleton Overview

Endothelial cells (ECs) contain an abundance of the
molecular machinery necessary to generate tension via an
actomyosin motor—actin and myosin, the key components
of the microfilamentous cytoskeleton, represent a major 
portion of the total endothelial cellular protein content
(15–20%). G-actin is a globular monomer that assembles
reversibly to form polymerized actin fibers (or F-actin) con-
ferring strength on structural elements regulating cell shape,
particularly when accompanied by phosphorylated myosin.
F-actin filaments within peripherally distributed cortical
bands are essential for maintenance of endothelial integrity

Copyright © 2006, Elsevier Science (USA).
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Manjno and Palade first observed ultrastructurally that
lung EC exhibit a rounded morphology producing paracel-
lular gaps during inflammatory edema [2], a finding simi-
larly observed after thrombin or histamine challenge. This
dramatic cell shape change was an early implication of
direct involvement of endothelial structural components,
particularly the dynamic actin-containing microfilament EC
cytoskeleton. Focally distributed changes in tension/relax-
ation can be accomplished by regulation of the level of
myosin light chain (MLC) phosphorylation and actin stress
fiber formation. Formation of cytoplasmic stress fibers, 
critical to cellular contraction and increased intracellular
tension, occurs via the coordinate activation of the small
GTPase Rho and Ca2+/CaM-dependent myosin light chain
kinase, which together increase the level of phosphorylated
myosin light chains in a spatially distinct manner. The

resultant increases in actin stress fiber formation and acto-
myosin cellular contraction disrupt the barrier-regulatory
balance with tethering forces and destabilize cytoskeletal-
junctional linkages culminating in increased vascular per-
meability [1]. Direct inhibition of either MLCK or Rho
kinase as well as Ca2+/calmodulin antagonism attenuates
thrombin-induced MLC phosphorylation, gap formation,
and barrier dysfunction as well as the increased vascular
permeability observed in many but not all models of lung
edema.

Endothelial Cell MLCK Isoform

EC MLCK is an ATP- and Ca2+/calmodulin-dependent
enzyme essential for generation of centripetal cellular 
tension via its ability to enhance actomyosin motor activity
[1]. EC MLCK appears to be enriched in microvascular
endothelium compared to macrovascular cells, likely a
reflection of the diversity of function within that tissue.
Gene expression studies have noted that expression of the
EC MLCK gene distinguishes micro- from macrovascular
endothelium. Myosin light chain kinase (MLCK)-dependent
stress fiber formation results in EC contraction and inter-
cellular gap formation with decreased transmonolayer
endothelial resistance (TER) and increased fluid and solute
translocation [1]. Nonskeletal-muscle MLCK exists as 
high-molecular-weight (~210kDa) and low-molecular-
weight (130–160kDa) isoforms that are derived from a 
single gene. Human ECs express only the high-molecular-
weight form (EC MLCK) cloned by our group, with multi-
ple splice variants also detected by RT-PCR. The two most
predominantly expressed variants (EC MLCK 1 and 2) dif-
fer only by a single exon deletion (encoding AA# 436–505),
which results in EC MLCK 2 containing 69 fewer amino
acids than EC MLCK 1. This deleted region contains two
sites for p60src-catalyzed tyrosine phosphorylation (Y464,
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Figure 1 Role of the Cytoskeleton in Endothelial Cell Responses. (see
color insert)
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Figure 2 Actin microfilaments distribution is altered by agents that affect vascular endothelial cell perme-
ability. Human lung endothelial cells contain randomly distributed filamentous actin (red) in a stable monolayer
(A). Edemagenic agents, such as thrombin, cause cytoskeletal rearrangement resulting in thick actin bundles
“stress fibers” which span the cell. Increase intracellular tension and contraction results in formation of intercel-
lular gaps (B, arrows). Platelet derived-phopholipids such as sphingosine 1-phophate are barrier protective and
result in an increase in cortical actin at the cell periphery (C). (see color insert)
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Y471) that serve to produce differential regulation of EC
MLCK splice-variant activity.

The EC MLCK isoform, like the endothelial cytoskeleton
in general, is highly multifunctional and serves as an impor-
tant effector in numerous endothelial processes. In multiple
in vitro and in vivo models of EC permeability, increased
MLCK activity produces increased MLC phosphorylation
within newly formed stress fibers, intracellular tension, cell
rounding, paracellular gap formation, and subsequent EC
barrier disruption. Inhibition of EC MLCK attenuates or
prevents vascular leak produced by ischemia reperfusion,
neutrophils, TGFB, thrombin, and mechanical stress as well
as neutrophil influx in response to LTB4 or FMLP. More
recently, we have described increased MLC phosphoryla-
tion in a cortical distribution during EC barrier enhancement
[3], suggesting possible spatially-defined MLCK activation
that can differentially regulate permeability. EC MLCK has
been implicated in TNF-induced endothelial cell apoptosis,
mechanotransduction, and calcium signaling.

Rho Family GTPases and the Cytoskeleton

The Rho family of small GTPases are intimately
involved in cytoskeletal rearrangement and the distribution
and assembly intercellular adherens complexes and focal
adhesions. We and others have shown that over expression
of constitutively active Rac enhances peripheral actin poly-
merization in the cortical ring [3]. Rac activation induces
lamellipodia formation, membrane ruffling, the formation of
cortical actin filaments, and the spreading of ECs, whereas
inhibition of Rac GTPase leads to increased monolayer per-
meability and enhances the thrombin-mediated barrier dys-
function response through a variety of signaling proteins.
We recently reported the critical importance of Rac GTPase-
dependent cortical actin rearrangement in the augmentation
of pulmonary endothelial cell (EC) barrier function by
sphingosine 1-phosphate (S1P), HGF, shear stress, simvas-
tatins, and oxidized phospholipids. Ligation of cell surface
S1P receptors triggers a complex signaling cascade medi-
ated by intracellular G-proteins that activate Rac GTPase
and modulate molecular trafficking to and enzymatic activ-
ity at the cell periphery, resulting in peripheral cytoskeletal
enhancement and the formation of functional adherens junc-
tion complexes.

Furthermore, Rac GTPase is essential for translocation of
cortactin, an F-actin binding protein that stimulates actin
polymerization and stabilizes the filamentous actin network,
an event necessary for the peak barrier enhancing response
to S1P in vitro [3]. Conversely, dominant negative Rac pre-
vents the translocation of cortactin and subsequent actin
polymerization in the cell periphery, and attenuates barrier
enhancement by simvastatin, sphingosine 1-phosphate, and
shear stress. Src kinase-mediated phosphorylation of cor-
tactin alters the binding of cortactin, via its SH-3 domain, to
MLCK, a molecule potentially important for the organiza-
tion of filamentous actin in the cortical ring. Finally, Rac

inactivates the actin severing protein, cofilin, in the cell
periphery through a signaling cascade involving PAK-1 and
LIM kinase. Clearly, multiple signaling proteins contribute
to modulate dynamic cytoskeletal arrangements, which play
a key role in the maintenance or disruption of endothelial
barrier integrity.

Microtubule Cytoskeleton Overview

Microtubules (MTs) are cylindrical polymeric 25-nm
tubes composed of parallel bundles of 13 linear protofila-
ments made up of a/b tubulin heterodimers. Uniform 
orientation of the protofilaments within the tubule conveys
polarity to the entire microtubule. Microtubules continually
undergo cyclic polymerization and depolymerization,
known as dynamic instability. Post-translational modifica-
tions of tubulin molecules, such as acetylation and detyrosi-
nation, as well as capping of the microtubules’ plus ends, are
thought to stabilize and mature microtubules. Microtubules
have critically important roles in mitosis, cell migration, and
intracellular transport of a large number of proteins and
organelles via microtubule-associated proteins (MAPs).

Multiple aspects of endothelial cell motility, including
migration, morphological changes, and proliferation as well
as control of endothelial cell intracellular tension and 
contractility, involve cross-linking between the MT and
actin microfilament networks. Microtubule distribution 
and dynamic instability regulate the activity of small
GTPase-mediated signal transduction cascades that control
microfilament network dynamics due in part to nonmotor
MAPs known as MT-associated guanine-nucleotide
exchange factors (GEFs), a family of proteins that regulate
activity of Rho GTPases. Furthermore, MT depolymeriza-
tion results in activation of Rho, stress fiber formation and
apoptosis. Inversely, multiple signaling molecules associate
with MT and may regulate MT dynamics including Rac1,
proteins upstream of Rac1, and mDia1 [4]. It is clear that
microtubule distribution and state of assembly/disassembly
has a significant impact on the state of endothelial cell intra-
cellular tension and contractility.

Microtubules and Vascular Barrier Function

Control of vascular endothelial cell barrier function
results from a delicate balance between contractile and teth-
ering forces that is significantly regulated by cross-linking
of MT and actin cytoskeletal networks. Disruption of the
MT network appears to set off a cascade of downstream
effects on Rho-dependent mechanisms, including release of
MT-bound GEFs and subsequent activation of the small
GTPase Rho and Rho kinase, which ultimately results in a
significant increase in MLC phosphorylation and subse-
quent contractile force.

Multiple factors regulate the actomyosin and MT-
dependent effect on EC permeability. These include the 



250 PART I Basic Science

barrier-protective effect of the cAMP-dependent protein
kinase A (PKA) which likely stabilizes the MT network and
retards Rho kinase activation by RhoGEFs [5].

Inflammatory cytokines such as tumor necrosis factor
(TNF)-a that are secreted by macrophages and endothelial
cells increase EC permeability. Presence of TNF-a also
induces destabilization of microtubules. TNF-a induces
MLC phosphorylation accompanied by microfilament
rearrangement; however, subsequent EC permeability
appears to be independent of MLCK and Rho kinase. Micro-
tubule disassembly most likely affects TNF-a induced actin
network changes and EC permeability.

Microtubules and Response to Shear Stress

Vascular endothelial cells are exposed to constant physi-
ological shear stress from blood flow. Microtubules con-
tribute to the stability of microvascular cells via intracellular
distribution changes concomitant with EC migration and
motility. Within the endothelial cell in an intact quiescent
monolayer, microtubules are distributed in an extensive
array radiating from the centrosome, or MT organizing 
center (MTOC), which is randomly oriented around the
nucleus. Stress on the monolayer, such as wounding or 
fluid shear, is accompanied by alterations in the MT network
distribution such as temporary displacement of the MTOC
and realignment of the microtubules [6]. Shear stress also
causes EC to undergo morphological changes such as lamel-
lipodia extension and directional migration that appear to
require active MT dynamics. Chemical stabilization of MT
depolymerization causes a reduction in EC migration, as
well as attenuated lamellipodial protrusion in response to
flow.

Microtubules and Tube Formation

Angiogenesis is a multistep process including the
directed migration of endothelial cells (EC) in response 
to chemotactic signals. Each of the key steps in angiogene-
sis (sprouting, branching, lumen formation, and barrier sta-
bilization) involves a major role for the cytoskeleton in
regulation of the signaling events, especially via the Rho
GTPase pathway. MT are involved in cell motility dynamics
during tube and lumen formation as well as maintenance of
the 3-D nascent tube postangiogenesis (Figure 3). MT desta-
bilizing drugs that limit tumor growth via inhibition of mito-
sis in both tumor cells and vascular EC are an important part
of antitumor therapy. Interference with MT dynamics by 
stabilization or depolymerization results in capillary 
tube collapse due to loss of EC structural integrity. This 
phenomenon involves the Rho GTPase pathway since
inhibitors of Rho activity results in blockage of capillary
tube collapse [7].

Intermediate Filament Cytoskeleton Overview

Intermediate filaments (IFs) represent the third major
element involved in EC cytoskeletal structure. Despite
greater diversity than the highly conserved components of
either actin microfilaments or microtubules, IF proteins
share a common dimer structure containing two parallel a-
helices which combine to form apolar fibrils that associate
with an array of IF-binding proteins while connecting to the
nuclear envelope, peripheral cell junctions, and other
cytoskeletal components. IF proteins are expressed in a
highly cell-specific manner. Vimentin is the primary IF pro-
tein found in EC and other cells of mesenchymal origin.
These data suggest that potential roles for IF in EC
cytoskeletal structure, and more specifically barrier func-
tion, are likely to be subtle and subject to compensation by
biologic redundancy.

IFs were defined on the basis of their 7- to 12-nm 
filament structure, which distinguished them from microfil-
ament and microtubules. Helical polymers of IF proteins 
are made up of conserved central rod domains flanked by
variable C- and N-terminal domains. In vivo studies of
vimentin assembly resulted in characterization of three dis-
tinct, progressive structural assembly intermediates (parti-
cles, squiggles, and long filaments) that exist in a state of
equilibrium between subunits and longer polymers. IF dis-
tribution in spread, interphase cells is predominantly
arranged in long filaments extending from the nucleus to the
cell surface, with particles and squiggles apparent at the
extreme periphery of the cell. Evidence shows that the
assembly of IFs is a complex process, which most likely is
highly regulated by signaling cascades associated with cell
motility.

Vimentin IFs are very dynamic structures undergoing
constant assembly/disassembly, as well as anterograde and
retrograde movements. Microtubule-based movement of IF
is thought to be critical for assembly and maintenance of the
vimentin IF network [8]. Most likely, the dynamic proper-
ties of vimentin IF network in the vascular endothelial cell
is important in regulation of cell shape and resistance to
hemodynamic stress that accompanies blood flow.

Mechanical Strain, Shear Stress, and Flow

Vascular endothelial cells withstand constant mechanical
shear force of blood flow and can adapt in response to acute
and chronic changes in hemodynamic forces. These physio-
logical changes in the vascular wall are regulated by the IF
cytoskeleton and IF-associated proteins, which not only
serve as internal scaffolding for the endothelial cell, but are
also linked to the plasma membrane, contacts to adjacent
cells and to the basement membrane. Vimentin protein
expression is higher in macrovascular endothelial cells lin-
ing vessels subjected to the highest hemodynamic strain,
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such as the aorta, compared to EC lining vessels under less
shear stress. The physical properties of vimentin IF suggest
that they are responsible for resistance to shear strain.
Although rigid microfilaments are first to break or fluidize
under high strain, vimentin IFs are a more resilient protein
polymer with bimodal elastic properties such that vimentin
IFs have a higher elasticity under conditions of low strain
but become harder and more resistant under higher strains.
Presence of a flexible vimentin intermediate filament net-
work is important for maintaining not only the structural
integrity of individual cells but also the integrity of the
endothelial cell monolayer lining the microvessel. Specifi-
cally, vimentin IFs are critical for maintaining the structural
integrity of endothelial cells under shear stress, and may
also be a conduit for signaling cascades triggered by
mechanical force.

Vimentin phosphorylation occurs rapidly in thrombin- 
or phorbol-stimulated endothelium; however, the role of
vimentin in EC structure and resultant barrier function
remains unclear. Although vimentin IF disassembly results
in dramatic alteration of actin and microtubule filaments in
cultured cells, fibroblasts derived from vimentin knockout
mice displayed normal actin and microtubule architecture.
While the vimentin knockout animals themselves developed
normally without gross blood vessel abnormalities, absence
of vimentin in walls of mesenteric arteries reduced vessel
dilation in response to flow [8]. Downstream responses to
flow may be the result of intracellular mechanosignaling
events triggered by deformation of the IF cytoskeleton.
Adaptation of the EC vimentin IF network occurs in
response to changes in flow. Vimentin IF networks display
rapid directional displacement within minutes of initial

Figure 3 Microtubules are involved in endothelial cell dynamics during capillary-like tube and lumen for-
mation. Human lung microvascular (HLMV) endothelial cells were plated on extracellular matrix (Matrigel,
BD Biosciences) and labeled with antibodies specific for tubulin (green). In the early stages of capillary-like
tube formation (1–4 hr) HLMV EC are grouped together and display a spread morphology with microtubules
arrayed in a radial pattern (A, arrowheads) and begin to migrate into a linear arrangement (B). In the middle
stage of tube formation (5–9 hrs), HLMV EC have elongated into capillary-like cords of cells with more elon-
gated microtubule arrays (C). In late capillary-like tube formation (>12 hrs), a lumen is visible (D, arrowheads)
between the HLMV EC with compressed linear microtubule distribution. (see color insert)
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exposure to unidirectional laminar flow. Over a period of
hours, cytoskeletal filaments align themselves in the direc-
tion of flow. Primary IF network displacement due to the
onset of laminar flow imposes a significantly larger change
in the vimentin IF above the nucleus compared with dis-
placement that is occurring in the cytosol closer to the sub-
strate. These observed spatial changes may be a means of
distribution of local shear force transmission throughout the
cell and therefore convey cell signaling messages via a
mechanosignaling pathway.

Intermediate Filaments and Microvascular
Endothelial Cell–Cell Junctions

Microvascular permeability and barrier function are
dependent on maintenance of tight cell–cell intercellular
junctions. Adjacent cells assemble junctions composed of
transmembrane proteins linked to cytoplasmic multiprotein
plaques that anchor microfilament or IF cytoskeletal 
networks to the plasma membrane. Microvascular EC 
junctional adhesive plaques maintain cell morphology, 
tissue integrity, and a semipermeable barrier and partic-
ipate in cell signaling pathways. Endothelial cells contain
microfilament-associated adherens junctions and tight 
junctions. Vascular endothelial cadherin (VE-cad) is an
important component of the Ca2+-dependent EC adherens
junction and, along with other junctional proteins such as
desmoplakin and b- and g-catenin (plakoglobin), link the
actin and vimentin intermediate filament networks of adja-
cent cells.

Inflammatory factors affect vascular permeability by dis-
turbing cell–cell junctions and the vimentin IF network. His-
tamine decreases EC barrier function, most likely by rapidly
increasing phosphorylation of multiple junctional proteins
including VE-cadherin and vimentin and inducing a rapid
reorganization of the vimentin IF. Biochemical studies
reveal that the histamine treatment decreases association
between the vimentin cytoskeleton and VE-cadherin, but not
actin and VE-cadherin [9]. The IF network may then partic-
ipate structurally and also appears to be involved in assem-
bly and function of microvascular endothelial cell–substrate
and cell–cell attachment that effects endothelial cell 
function.

Intermediate Filaments and Microvascular
Endothelial Cell–Matrix Junctions

Endothelial cell–extracellular matrix adhesion is medi-
ated by focal contacts and vimentin-associated matrix 
adhesions (VMAs) at the basal cell surface where the
cytoskeleton is linked to heterodimeric clusters of a/b
integrin proteins. Heterodimeric integrin pairing appears to
convey functional diversity. Focal contacts are not only
mechanical anchors but also participate in cell–matrix sig-
naling. Along with microfilaments, vimentin IF can also

insert into focal contacts composed of a6b4 laminin binding
integrins in microvascular endothelial cells. Bone marrow
microvascular cells are attached to the basement membrane
via avb3 integrin-containing vimentin-associated matrix
adhesions. Vimentin IFs are likely to have a structural/func-
tional role in EC focal contact organization. Vimentin IFs
appear to stabilize and regulate cell–matrix adhesions 
since VMAs became larger, greater in number, and showed
increased association with vimentin IFs in ECs subjected to
hemodynamic shear stress or flow. Functionality of IF
attachment to focal contacts has been further demonstrated
by the reduction of the size of VMAs in ECs with reduced
vimentin IFs by means of vimentin-silencing RNA. These
vimentin knockdown cells display drastically reduced adhe-
sion under physiological flow rates. Vimentin IFs in
endothelial cells both stabilize and regulate the size of FCs,
which allows regulation of cell–matrix adhesion and resist-
ance to flow [10].

Summary

The roles of actin microfilaments, microtubules, and
intermediate filaments in EC function are becoming increas-
ingly defined and appreciated as increasingly complex. 
The actin cytoskeleton is intimately involved in numerous
endothelial cell biologic processes of critical importance to
the function of the organ and the entire organism as well.
Historically viewed as separate and distinct cytoskeletal 
systems, microtubules and actin filaments are now known 
to interact functionally during dynamic cellular processes.
Microtubule disruption induces rapid assembly of actin fila-
ments and focal adhesions, isometric cellular contraction
that correlates with the level of MLC phosphorylation,
increased permeability across endothelial cell monolayers,
and increased transendothelial leukocyte migration, while
microtubule stabilization attenuates these effects. The mech-
anisms involved in these effects are poorly understood but
are likely to be mediated through interaction with actin 
filaments, suggesting significant microfilament–microtubule
crosstalk and an intriguing role for the microtubule
cytoskeleton in EC barrier regulation. The exact roles 
of intermediate filaments such as vimentin await further
exploration.

Glossary

Cadherin: A cell type specific calcium-dependent transmembrane pro-
tein present in adherens junctions.

Cortactin: An actin-bundling protein that is phosphorylated by tyro-
sine kinase pp60src.

Endothelial permeability: Dynamic process that involves alteration
and contraction of cytoskeletal structure as well as loosened adhesive junc-
tions to allow intercellular passage of fluid.

MLCK: ATP- and Ca2+/calmodulin-dependent kinase that phosphory-
lates myosin light chain.

Rac GTPase: Members of large family of signaling proteins, which
hydrolyze GTP to GDP and have roles in regulation of motility.
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Rho GTPase: Members of large family of signaling proteins which
hydrolyze GTP to GDP and are involved in signaling cascades linking
extracellular stimuli to dynamic actin cytoskeletal rearrangement including
stress fiber formation.

Tubulin: Globular protein that exists as a heterodimer in polar linear
polymers that compose microtubules.

Vimentin: Type III intermediate filament protein expressed in cells of
mesenchymal origin.
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(1)

where JSd is the net transport of solute from the microvascu-
lar blood into the tissues in the absence of net fluid flux
through the vessel wall, S is the area of microvascular wall
through which transport occurs, Cc is the mean solute con-
centration inside, and Ci is the mean solute concentration
immediately outside the microvessel. The condition that net
fluid movements between the blood and the tissue should be
zero is especially important when Pd is being estimated for
macromolecules. It is of less importance when permeability
is high, as it is for small molecules (see later discussion).
The number of perfused capillaries in a tissue determines S,
and this varies independently of permeability. Ci is often
unknown and estimates of Pd are often made under condi-
tions where Ci can be assumed to be approximately zero. Cc
is a function of the arterial and venous concentrations and
also of microvascular blood flow and of the permeability
itself (see later discussion).

Pd is dependent on the lipid solubility, molecular size,
and charge of the solute. Lipid-soluble molecules have high
permeabilities, as they can pass through cell membranes and
so can exchange through the entire area of the microvascu-
lar walls. Oxygen, nitrogen, and carbon dioxide have high
enough fat solubilities to fall into this category. The Pd val-
ues of lipid-soluble molecules may be greater that 0.1cm
sec-1

. Water-soluble molecules are confined to specialized
pathways through the endothelium and their values for Pd
are nearly always less than 10-3 cmsec-1. In most tissues
(e.g., skin, connective tissues, muscle, nerves) the special-
ized pathways are located between the endothelial cells and
pass through occasional breaks in the junctional strands. In
tissues associated with secretory and absorptive epithelia
(e.g., intestinal mucosae, kidney, exocrine and endocrine
glands) the permeability pathways are fenestrations, disk-
like openings (400 to 700Å in diameter) through thinned
areas of endothelium covered with a fine diaphragm with an
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Introduction

Microvascular permeability is a collective phrase to
describe the barrier properties of microvascular walls in
terms of the ease with which fluid and solute molecules are
transported between blood and tissues. The higher the
microvascular permeability to a particular solute, the lower
the barrier of the microvascular walls to that solute.

Permeability is measured quantitatively in terms of per-
meability coefficients whose values are determined by the
properties of pathways through the endothelium. In many
experimental studies, changes in permeability are inferred
from changes in solute transport from blood to tissues.
When this is done the results should be examined critically,
because several factors in addition to permeability may
influence blood tissue transport. Only changes in the perme-
ability coefficients yield information that may be interpreted
unambiguously in terms of changes in permeability.

Permeability Coefficients

For practical purposes, there are three permeability co-
efficients. Two of these describe the permeability to a 
particular solute (the diffusional permeability and the solute
reflection coefficients) and the third describes fluid perme-
ability (the hydraulic permeability).

The Solute Diffusional Permeability Coefficient

The solute diffusional permeability, Pd, is defined under
conditions where there are no net movements of fluid
through microvascular walls. It is the transport of the solute
through unit area of microvascular wall divided by the con-
centration difference of that solute between the fluid inside
and that immediately outside the microvessel. Pd has units
of velocity (cmsec-1). Writing the definition of Pd as an
equation:

Copyright © 2006, Elsevier Science (USA).
255 All rights reserved.
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overlying layer of glycocalyx (cell coat). In intact microves-
sels, values for Pd of water-soluble molecules fall more rap-
idly than their values for diffusion coefficient as molecular
size increases (see Figure 1A).

Solute Reflection Coefficient

Solutes are also transported through microvascular walls
by fluid filtration and reabsorption. This convective compo-
nent of solute transport is proportional to net fluid flow and
to the solute reflection coefficient, s. If net fluid filtration

from plasma to tissues is JV and the mean plasma concen-
tration of the solute inside the microvessel is Cc, the con-
vective component of transport, JSc, is

(2)

The reflection coefficient is therefore the fraction of
solute that is reflected or rejected at microvascular walls
during ultrafiltration and (1 - s) is the fraction of the solute
molecules that is transported. The reflection coefficient 
also determines the effective osmotic pressure that the solu-
tion of a particular solute can exert across a particular 

J J CSc V c= -( )1 s

Figure 1 Microvascular permeability to fluid and hydrophilic molecules. (A) Diffusional permeability (Pd) to solutes of varying molecular radii in
mesenteric capillaries (open circles) and muscle capillaries (closed squares). Data are plotted as log10 values to cover the range of Pd. Note how Pd for the
the two capillary types differ by > 10-fold for the smallest molecules but converge as log radius approaches 1.6 (~40 Å). (B) Log Pd to NaCl (open trian-
gles) and inulin (closed circles) plotted against log LP. The slopes of the relations do not differ significantly from direct proportionality. [Modified from
Michel and Curry (1999). Physiol. Rev. 79, 703–761.] (C) Reflection coefficient (s) for hydrophilic molecules for capillaries of cat skeletal muscle (open
squares), rat limb capillaries (crosses), and frog mesentery (solid circles) plotted against molecular radius. The high values of s to the smallest molecules
differ in cat muscle capillaries suggest a large aquaporin pathway in these vessels [data of Wolf and Watson (1989). Am. J. Physiol. 256, H282–H290]. (D)
Reflection coefficient to serum albumin (sAlb) against log10 LP for capillaries of different tissues. The lowest values of LP are for skeletal muscle and the
highest are for glomerular capillaries [based on Michel, C. C. (1988). J. Physiol. 404, 1–29].
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membrane. Thus the osmotic pressure of a 5-mM solution of
glucose may be 127cm H2O in an osmometer fitted with a
membrane impermeable to glucose molecules in agreement
with van’t Hoff’s law. A 5-mM difference in glucose con-
centration across the walls of a mesenteric capillary, how-
ever, exerts an effective osmotic pressure less than one tenth
of this. This is because 90 percent of the glucose molecules
pass relatively freely through capillary walls and only 10
percent are reflected, that is, s for glucose is just less than
0.1. This leads to an alternative definition of s in terms of
the total (or van’t Hoff) osmotic pressure and the effective
osmotic pressure that a solution of a particular solute exerts
across a particular membrane, that is,

(3)

Strictly speaking, s defined in Eq. (3) is the osmotic
reflection of the solute (sd) and that defined in Eq. (2) is the
solvent drag reflection coefficient (sf). The values of sd and
sf are identical for solutions where the relations between
concentration and osmotic pressure are linear. Small differ-
ences are present for sf and sd of macromolecules where
osmotic pressure rises as a second order power function of
concentration. For all solutes at all membranes, s has a max-
imum value of 1.0 when the membrane is completely imper-
meable to solute but permeable to solvent. For water-soluble
molecules of biological solutions, s has a minimum value of
zero. Because s describes a fraction or a ratio, it has no
units.

Hydraulic Permeability

The hydraulic permeability, LP, is also referred to as the
hydraulic conductivity, hydraulic conductance, water per-
meability, and filtration coefficient. It is defined as the net
fluid flow through unit area of microvascular wall per unit
difference in pressure between the lumen of the vessel and
its abluminal surface. Thus if net fluid filtration or reabsorp-
tion, JV, occurs between blood and tissue through an area of
capillary wall, S, then:

(4)

where DP and sDP are the differences in hydrostatic pres-
sure and effective osmotic pressure, respectively, between
the inside and outside of the microvessel. The hydraulic per-
meability has units of velocity per unit pressure difference,
such as cmsec-1 cm H2O

-1. In microvessels with fenestrated
endothelia, water passes through the fenestrations with
water-soluble molecules. Similarly, in vessels with nonfen-
estrated endothelia, water shares the pathways between the
cells with hydrophilic solutes, but here there is an additional
(water only) pathway through cell membranes via aquaporin
channels. In most nonfenestrated vessels the water-only
pathways contribute 10 percent or less to LP, though there is
evidence in some skeletal muscle capillaries their contribu-
tion may be as high as 40 percent.
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Permeability Coefficients of Microvessels in 
Different Tissues and Their Interpretation

Permeability coefficients have been measured in single
microvessels mainly in mesentery but also in other tissues
including skeletal muscle, brain, lung, and kidney. Estimates
of microvascular permeability have also been made for cap-
illary beds in different organs and tissues. Because many
millions of capillaries may contribute to net transport here,
values are obtained for the products PdS and LPS. The value
of S, the area of microvascular wall, may be estimated from
the histology of the tissue assuming that the number of per-
fused vessels per unit volume is same in the tissue prepared
for histology and in that where the permeability measure-
ments were made. (For methods of permeability measure-
ment, see article in this volume on “Regulation of Vascular
Permeability” by D. O. Bates.)

There is reasonably good agreement between estimates
of Pd and LP obtained from whole tissues and organs and for
single vessels in the same tissue. There is, however, great
variation between the mean values of LP and Pd to the
smaller hydrophilic solutes in different microvascular beds.
In vessels with fenestrated endothelium, LP and Pd for low-
molecular-weight water-soluble solutes vary directly with
the number of fenestrations per unit area of endothelium.
Values for the Lp of fenestrated vessels are different in 
different tissues. Thus in the fenestrated ascending vasa
recta in the renal medulla, Lp may exceed 10-5 cmsec-1 cm
H2O

-1, whereas in fenestrated vessels of the intestinal
mucosa, Lp is in the range of 10-6 cmsec-1 cm H2O

-1,
reflecting the lower density of the endothelial fenestrations
on the intestinal capillaries. The LP of vessels with continu-
ous nonfenestrated endothelium varies between 10-6 and
10-9 cmsec-1 cm H2O

-1, depending on the tissue of origin,
and similar variations are seen in Pd. Here, the ultrastruc-
tural basis of variable permeability is less obvious. Although
electron micrographs of muscle capillaries and mesenteric
capillaries look similar, both types of vessel appearing as
tubes of flattened endothelial cells lacking fenestrations and
joined by junctions of similar ultrastructure, LP values for
mesenteric capillaries are 20 to 50 times greater than LP for
muscle microvessels. Similar differences are seen for values
of Pd to NaCl in mesenteric and muscle microvessels (see
Figure 1A). The differences in permeability reflect different
frequencies of breaks in the strands of tight junctions that
join adjacent cells. At present, detailed ultrastructure of the
intercellular junctions is known only for heart muscle and
mesenteric capillaries. The sieving properties of these two
types of vessel, however, are very similar and in both vessel
types, Pd falls rapidly as solute molecular radius approaches
40Å.

Although microvascular LP and Pd for small water-
soluble molecules vary greatly from one tissue to another,
LP bears a constant relation to Pd for a given solute (e.g.,
inulin). Figure 1B shows that variations in Pd to NaCl and
inulin in different tissues are directly proportional to varia-
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tions in LP. This is strong evidence that the permeability
pathways for small hydrophilic solutes are principally those
used for fluid exchange.

By contrast, s to macromolecules is very similar in all
normal microvessels. The value for serum albumin is
between 0.85 and 0.99 in nearly all microvascular beds (see
Figure 1D). Such values are essential for normal fluid bal-
ance (see later discussion). This is indicative of a common
structure in all microvascular walls that is responsible for
molecular sieving. At present, the favored candidate for this
structure is the luminal glycocalyx of the endothelial cells,
and this hypothesis has been boosted by several recent
reports.

A fall in s and a rise in LP is characteristic of the increase
in permeability seen in acute inflammation.

While s for macromolecules approaches unity as molec-
ular radius approaches 40 to 50Å, finite permeabilities have
been measured for all naturally occurring macromolecules.
These lie in the range of 10-9 to 10-8 cmsec-1. Whereas
smaller hydrophilic molecules pass through channels in
microvascular walls that have a limiting size of 40 to 50Å
(molecular radius), macromolecular permeability involves
different pathways. There is evidence for two mechanisms:
transcytosis by endothelial caveolae that act as shuttles
across the cell; or convection through a minute number of
large pores (radius ~250Å) consisting of transcellular chan-
nels formed by fusion of caveolae or by occasional open
intercellular junctions.

Permeability and Exchange of Fluid and 
Solute between Blood and Tissues under

Physiological Conditions

Fluid Exchange

Fluid transport is determined by the differences in hydro-
static and the effective osmotic pressures across microvas-
cular walls. This is Starling’s principle and when written as
an equation it is:

(5)

where JV is net fluid transport (filtration) from blood to tis-
sue, S is surface area of microvascular wall through which
filtration is occurring, DP is the mean hydrostatic pressure
difference across the walls of the exchange vessels, and
SnsnDPn is the summation of the effective osmotic pres-
sures set up across the exchange vessel walls by all the
solutes present in the plasma. Note that when fluid is being
reabsorbed into the blood, JV has a negative sign, indicating
that the tissues are losing fluid.

Starling, in 1896, first appreciated that the effective
osmotic pressure difference was determined by macromole-
cules. He pointed out that while these solutes make a small
contribution to the total osmotic pressure of the plasma, they
represent the only solutes that are normally present at dif-
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ferent concentrations in the plasma and in the interstitial 
fluids. For all other solutes, DP is zero across most
microvascular walls. Furthermore, we now know that unlike
the other solutes of the plasma, the macromolecules nor-
mally exert more than 85 percent of their full osmotic pres-
sure (s > 0.85).

Microvascular walls are slightly but measurably perme-
able to all the macromolecules that contribute to the effec-
tive osmotic pressure term. This means that the difference in
macromolecular concentration between the plasma and the
tissue fluid (and hence the effective osmotic pressure term)
is itself a function of the permeability and the fluid filtration
rate. In most tissues, the concentration difference depends
on fluid entering the tissue spaces faster than macromole-
cules, diluting the pericapillary macromolecules to concen-
trations well below those of the plasma. Drainage of tissue
fluid by the lymph at the same rate as it is being formed 
by microvascular ultrafiltration keeps the interstitial fluid
volume constant. Net fluid uptake from the tissues into 
the plasma (reabsorption) accelerates the equilibration of
macromolecules across microvascular walls, diminishing
their effective osmotic pressure. Thus fluid reabsorption can
occur for only limited periods in most tissues before the
effective osmotic pressure difference across the microvessel
walls is reduced to less than the hydrostatic pressure differ-
ence. Reabsorption then ceases and a low level of filtration
develops. One important consequence of this is that the 
popular textbook diagram illustrating Starling’s principle of
microvascular fluid balance, where fluid is filtered from the
arterial end of a capillary and is reabsorbed at the venous
end, bears little relation to reality.

Continuous reabsorption of fluid does occur in tissues
such as the intestinal mucosa and the kidney. Here the inter-
stitial concentration of macromolecules is kept low by the
continuous secretion of protein-free fluid into the intersti-
tium by the adjacent epithelial cells. For a full discussion of
microvascular fluid exchange, the reader should consult the
references by Levick (1991) or Michel (1997), listed at the
end of this chapter.

Solute Exchange

CONVECTION AND DIFFUSION

The transport of solute through microvascular walls is
the sum of transport of the solute by diffusion and by con-
vection. This addition is slightly complicated for when
solute and fluid are being carried in the same channels
through microvascular walls; convection of solute in the
same direction as diffusion reduces the concentration gradi-
ent at the entry to the channels so that the mean gradient is
no longer the difference in concentration across the wall
divided by wall thickness. Convection in the opposite direc-
tion to diffusion increases the gradient. This effect of con-
vection on the diffusion gradient is expressed in terms of the
ratio of the velocity of solute transport by convection to its
velocity by diffusion through the membrane. This ratio is
the Péclet number, Pe, and here it is defined as:
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(6)

Using Pe to modify the expression for the diffusional 
component, the total solute transport by diffusion and con-
vection from micro-vessel to tissues becomes (see Curry
1984):

(7)

where (CC - Ci) is the mean concentration difference across
the walls of the exchange vessels. Taylor, Renkin, and their
colleagues have used expressions of the general form of Eq.
(7) to analyze macromolecular transport between the plasma
and lymph.

MEAN CONCENTRATION IN THE EXCHANGE VESSELS

In many microvascular beds, small highly diffusible mol-
ecules have very low Péclet numbers and convective solute
transport is negligible. Under these conditions, JS may be
described by the simple diffusion expression

(8)

CC, the mean concentration in the microvessels, lies
between the arterial concentration, Ca, and the venous con-
centration, CV, by an amount that is determined by the blood
flow, F, and the permeability–surface area product, PdS.
Writing this as an equation we find

(9)

When Ci is constant, Renkin showed that Cc falls exponen-
tially between Ca and Cv. For the special case of Ci = 0, Cv
is related to Ca by the expression

(10)

Various forms of Eqs. (9) and (10) have been used to
develop methods for measuring permeability to small mole-
cules. Because microvascular permeability to macromole-
cules is usually low, their concentrations fall negligibly
between entry and exit of exchange vessels and for these
solutes, CC approximates to Ca. This approximation may not
be valid when permeability is increased.

CLEARANCE AND EXTRACTION

Renkin also pioneered the use of Eq. (10) for examining
how F and PdS influence blood–tissue exchange. At the
same time he clarified the terms solute clearance and solute
extraction showing how they would vary with blood flow
and solute permeability.

The clearance of a solute from the blood into the tissues
supplied by a microcirculation is the net rate of solute 
transport divided by its arterial concentration, that is, 
JS/Ca. Clearance from the tissues to blood is JS/Ci. Renkin
argued that blood–tissue clearance could be thought of
being the product of blood flow and extraction where the
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-( )1 s extraction was the arteriovenous concentration difference

divided by either Ca (for clearance blood to tissue) or Ci for
clearance between tissues and blood. Using Eq. (10), he
argued that

(11)

where the extraction is (1 - e-PdS/F) = (Ca - Cv)/Ca. From
this it follows that when PdS is large compared with F, 
clearance is determined largely by blood flow, but when F
exceeds PdS, clearance approximates more and more closely
to PdS as F increases. These predictions are consistent with
experiments where the blood and tissue clearances of dif-
fusible solutes have been investigated over a wide range of
blood flows.

The permeability of microvascular walls to macromole-
cules under normal conditions is very low compared with F.
The unidirectional clearance of macromolecules from blood
to tissue does not, however, yield a value of PdS. From Eq.
(7), unidirectional clearance (i.e., clearance when Ci is close
to zero) is

(12)

Only when JV is small relative to PdS does clearance approx-
imate to PdS.

Clearance is sometimes used as a measure of microvas-
cular permeability, but Eqs. (11) and (12) show that this is
valid for small molecules only when blood flow is large rel-
ative to PdS and for large molecules only when filtration rate
is small relative to PdS. Furthermore, it is important to
remember that PdS is not permeability but the product of
permeability and surface area. This means that when look-
ing for changes in permeability, Pd and S have to be sepa-
rated before a change in permeability can be inferred from a
change in PdS.

Glossary

Clearance of a solute from blood to tissues: The net transport of
solute per unit time (flux) divided by the arterial (inflowing) concentration.
Clearance of a solute from tissues to blood is the net flux divided by the tis-
sue concentration. Clearance is also the product of extraction and blood
flow.

Extraction, E, of a solute from blood into tissues: The difference
between the arterial and venous blood (or plasma) concentrations divided
by the arterial concentration. Extraction of a solute from tissues to blood
(when the arterial concentration is zero) is the venous concentration of that
solute divided by the tissue concentration.

Hydraulic permeability, LP: Net fluid flow per unit area of microvas-
cular wall divided by the difference in hydrostatic pressure across the wall.
It is determined by both the frequency and the dimensions of the channels
that transmit fluid through the wall.

Solute diffusional permeability, Pd: Net transport per unit time of a
specific solute through unit area of microvascular wall divided by the con-
centration difference of that solute across the wall. For hydrophilic solutes,
Pd is determined by both the number of channels per unit area of wall and
the molecular radius of the solute relative to the dimensions of the 
channels.
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Solute reflection coefficient, s: Has two definitions. It is either the
fraction of molecules of a specific solute that are reflected at (i.e., not car-
ried through) the microvascular wall during ultrafiltration of fluid through
the wall, or it is the ratio of the effective osmotic pressure that a given con-
centration difference of the solute exerts across the microvascular wall to
the osmotic pressure that the same concentration difference would exert
across a membrane that was impermeable to the solute but permeable to
water. For hydrophilic molecules, it is determined by the size of the chan-
nels to solute and to water and is independent of the frequency of channels.
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Endothelial cell activation by inflammatory stimuli is often
accompanied by enhanced cellular contraction and forma-
tion of intercellular gaps, major events leading to increased
vascular permeability and pulmonary interstitial edema.

Tumor Necrosis Factor-a

Tumor necrosis factor-a (TNF-a) is a major proin-
flammatory cytokine secreted in increased amounts by
macrophages and endothelial cells in situations linked pul-
monary edema formation, such as pneumonia, sepsis, sys-
temic inflammation and injury. TNF-a has been implicated
in endothelial cell activation, endothelial cell death by apop-
tosis, and increased vascular permeability. The mechanisms
by which TNF-a triggers endothelial barrier disruption
include contraction of the intracellular actin microfilaments
and formation of inter-cellular gaps that parallel in time the
development of trans-endothelial permeability [2]. The
rearrangement of the actin-based cytoskeleton is the result
of actin–myosin movement, which, as in muscle cells, fol-
lows the phosphorylation of the myosin light chains. TNF-a
induces significant actin microfilaments contraction via
myosin light chain phosphorylation, a reaction catalyzed by
both myosin light chain kinase (MLCK) and Rho kinase.
However, inhibition of either enzyme does not prevent TNF-
a-induced endothelial barrier dysfunction [2], suggesting
that MLCK-independent microfilament changes and/or
other cytoskeletal structures, such as intermediate filaments,
microtubules, and adherens junctions, may be involved.

The endothelial cell cytoskeleton was long believed to
merely constitute a scaffolding cellular structure. Recent
research highlights an active role of cytoskeletal structures
in the cellular metabolism, as well as in its response to exter-
nal stresses. In this chapter we show how the endothelial cell
microtubule cytoskeleton participates in endothelial barrier
dysfunction induced by a proinflammatory cytokine, tumor
necrosis factor-a.

Endothelial Barrier Function

The main role of the pulmonary vascular tree is in 
respiration: the uptake of oxygen and the elimination of car-
bon dioxide. At the alveolar level, blood vessels are 
lined only by endothelial cells that come in close proximity
with epithelial cells, on the luminal side of the airways. The
endothelial cells lining the vessels are in contact with each
other, making the vascular wall a tight barrier. Any breach in
the endothelial cells barrier results in leakage of fluid from
the lumen of the vessels into the interstitial tissue and/or
alveolar lumen, severely impairing gas exchange. Disrup-
tion of the vascular barrier is a prominent feature of acute
lung injury syndrome and results in pulmonary edema for-
mation and subsequent respiratory dysfunction or failure.
The endothelial barrier integrity is the result of a balance
between the tethering and contractile forces acting on
endothelial cells, which are critically dependent upon
cytoskeletal components, including the actin-based micro-
filaments, intermediate filaments, and microtubules [1].

Copyright © 2006, Elsevier Science (USA).
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Microtubules

Microtubules are highly dynamic cytoskeletal polymers
that reside in all eukaryotes and are essential for a wide vari-
ety of processes, including intracellular signal transduction,
vesicular and organelle transport, development and mainte-
nance of cell shape and cell locomotion, and regulation of
cell division. The individual microtubule is formed by a lin-
ear association of protofilaments, which are composed of
tubulin heterodimers a and b assembled in “head to tail”
structure. Thus, each microtubule itself has a polarity, and
the two ends have structural and kinetic differences. The
“plus end” is characterized by a much more extensive dura-
tion of growing and shortening than the opposite “minus
end”; thus the processes of polymerization and depolymer-
ization of microtubules occur preferentially at the plus end.
Microtubules form a lattice network of rigid hollow rods
and undergo continual assembly and disassembly by the
reversible addition and loss of tubulin dimers at the ends of

microtubules. The linkage between the microtubule network
and the contractile cytoskeleton has not been fully explored.
However, an active crosstalk between microtubules and
actin is required to control microtubule dynamics. This
interplay has a key role in determining the cell polarity and
regulation of migration. The microtubule–actin interaction
is essential in regulation of endothelial integrity and wound
repair [3–5]. The microtubule cytoskeleton is emerging as
an important modulator of TNF-a-induced pulmonary
endothelial permeability (Figure 1). A role for microtubule
dynamics in permeability has been also demonstrated for
other agents known to cause endothelial barrier damage
such as nocodazole and hydrogen peroxide. The mecha-
nisms by which TNF-a induces changes in the microtubule
cytoskeleton are only beginning to be elucidated. TNF-a
treatment induces microtubule destabilization and a de-
crease in the acetylated tubulin [6]. Microtubule stabiliza-
tion by taxol or epothilone B inhibits actin rearrangement,
vascular endothelial (VE)-cadherin redistribution, and 

Figure 1 The effects of microtubule stabilization and p38 MAPK inhibition on TNF-a-induced endothe-
lial permeability. (A, C) Representative tracings of normalized electrical resistance measured across endothe-
lial cell monolayers (TER). Endothelial cells were exposed to vehicle (control) and TNF-a [20 ng/ml], where
the gray arrow on the abscissa indicates the time of challenge. TNF-a induced TER reduction was evident at
4 hours with a maximal effect at 10 hours of exposure. (A) Microtubule stabilization by paclitaxel (black
arrow) significantly inhibits TNF-a-induced decreases in resistance. (C) P38 MAPK inhibition by SB203580
inhibits TNF-a induced permeability. (B) Bar graph demonstrating the effect of the microtubule-stabilizing
agents paclitaxel end epothilone B on the maximal TNF-a-induced decrease in TER. No significant differ-
ence was noted between the two agents (p = 0.44). (see color insert)
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intercellular gap formation in response to TNF-a [6], sug-
gesting first important crosstalk among the microtubule
cytoskeleton, the actin microfilaments, and the zonula
adherens proteins and second, that microtubules are oppos-
ing cellular contraction. This effect has been confirmed by
the finding that microtubule disassembly leads to instant
Rho kinase activation and cell contraction, potentially trig-
gered by the release of Rho activating factors bound to
microtubules ([7] and unpublished data).

The Role of the Mitogen Activated Protein Kinase
(MAPK) Pathway

(a) The mechanisms by which TNF-a triggers microtubule
network disassembly, followed by actin cytoskeleton
rearrangement and intercellular junction changes,
include the activation of the MAPK pathways. The
MAPK pathways are important intracellular signaling
pathways that are activated by TNF-a-induced ligation
of the TNF receptors, TNFR1 (p55) and to a lesser extent

TNFR2 (p75). Each component of the MAPK pathways
is differentially recruited by specific stimuli resulting in
kinase-specific signaling and regulation of cell growth,
differentiation, and apoptosis. There are three main
MAPK signaling pathways, the p42/p44 MAPK, the
(Jun activated) JNK MAPK, and the p38 MAPK.

(b) The p38 MAPK is a stress-activated MAPK family that
consists of four isoforms: p38-a, p38-b, p38-g, and 
p38-d. P38-a and b, isoforms inhibitable by cytokine-
suppressive anti-inflammatory drugs, appear to be criti-
cal mediators of TNF-a-induced microtubule disassem-
bly, actin microfilament rearrangement, and endothelial
permeability. How p38 MAPK regulates microtubule
dynamics in not well understood, but may involve direct
phosphorylation of microtubule-associated proteins.
Potential candidates are tau, a substrate for p38-g,
which when phosphorylated has decreased ability to
promote microtubule assembly [8], and stathmin, a sub-
strate for p38-d, which can regulate the dynamics of
microtubules [9]. In addition, p38 MAPK inactivates
kinesin, an ATPase that mediates plus end–directed
transport of organelles along microtubules.

Figure 2 Schematic representation of putative pathways of TNF-a-triggered endothelial cell permeability. TNF-a acts via p38
MAPK to trigger microtubule disassembly and subsequent actin microfilament rearrangement and cell–cell contact disruption. Addi-
tionally, the p38 MAPK engages microtubule-independent cytoskeletal mechanisms of barrier dysfunction. (see color insert)
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(c) The effects of p38 MAPK activation may encompass
multiple cellular pathways, in addition to the micro-
tubule cytoskeleton (Figure 2). The actin cytoskeleton
function is regulated by p38 MAPK via direct activation
of MAPK-activated protein kinase-2 (MAPKAP
kinase-2), which in turn phosphorylates and activates an
actin-binding protein, heat shock protein-27 (HSP-27).
Nonphosphorylated HSP-27 normally exists in high-
molecular-weight multimers that serve as chaperones.
Serine phosphorylation of HSP-27 results in the disso-
ciation of HSP-27 into monomers and dimers with
redistribution of HSP-27 to the actin cytoskeleton and
subsequent actin reorganization into stress fibers.

This brief review of endothelial cytoskeletal pathways
engaged by TNF-a and their crosstalk with signaling path-
ways that regulate vital endothelial cell responses highlights
the complex regulation of pulmonary vascular permeability.
Elucidation of the complex orchestration of the endothelial
barrier function will lead to potential therapies for the pul-
monary edema seen in acute lung injury syndromes.

Glossary

Microtubules: Components of the intracellular cytoskeleton. They are
organized intro a network that spans the cytoplasm and connects with other
cytoskeletal structures. The dynamic function of the microtubule regulates
the position and function of other intracellular proteins and organelles.

Mitogen activated protein kinases (MAPK): Important intracellular
serine–threonine kinases. These enzymes are organized into signaling path-
ways that are activated by specific stimuli and lead to the downstream acti-
vation of specific cellular responses, such as gene transcription and cellular
apoptosis.

TNF-a: A cytokine secreted by cells in increased concentrations in sit-
uations of stress, injury, and inflammation. It acts on cells by ligating spe-
cific receptors, which then trigger intracellular proinflammatory responses.
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of an endothelial barrier restricts the effects of circulating
vasoactive molecules. In addition, the lack of precapillary
smooth muscle sphincters, which control local perfusion in
most other tissues, suggests that retinal blood may be regu-
lated within capillaries, rather than exclusively at precapil-
lary sites.

Pericytes as Regulators of Capillary Perfusion

Candidates for regulating retinal blood flow at the capil-
lary level are the pericytes. As in nearly all vascular beds,
these abluminally located cells envelop the capillaries and
postcapillary venules of the retina. Suggestive of the partic-
ular importance of pericytes in the retinal microcirculation,
the density of these cells is greatest in the retina. Their
expression of molecules such as a-smooth muscle actin 
supports the hypothesis that pericytes are contractile ele-
ments of the microvasculature. By contracting or relaxing,
pericytes may adjust lumen size and thereby control capil-
lary perfusion. However, even though vasoconstriction is
observed in isolated retinal microvessels at sites adjacent to
contracting pericytes, it remains to be definitively demon-
strated that these cells regulate capillary blood flow in vivo.

Regulation of Pericyte Contractility

Assay Systems

Knowledge of the regulation of pericyte contractility is
based on several experimental assay systems.

CULTURED RETINAL PERICYTES

Many studies testing the effects of vasoactive molecules
use cells grown on a silicone surface. The laboratories of

Although constituting the largest portion of the circula-
tory system and the sites of greatest resistance, capillaries
traditionally have been thought to play only a passive role in
the regulation of blood flow. However, evidence is accumu-
lating that blood flow can be actively controlled at the cap-
illary level in at least in some vascular beds. Experimental
support for the concept that capillaries actively regulate
local perfusion is based chiefly on studies of the retinal 
vasculature.

Role of Pericytes in Blood Flow Regulation

The microcirculation of the retina is anatomically and
physiologically specialized to distribute oxygen and nutri-
ents to areas of metabolic need within a tissue that must be
translucent.

Specialized Features of the Retinal Vasculature

One adaptation that minimizes interference with light
passing through the retina is the low density of capillaries.
In the retina, the intercapillary distance is at least 50 mm,
which is less dense than in other tissues. Although the rela-
tively paucity of retinal capillaries is a successful compro-
mise between visual function and nutritive needs, a
consequence is that there little functional reserve. As a
result, a tight link between local perfusion and neuronal
metabolism is essential in the retina.

Having blood flow controlled exclusively by local condi-
tions facilitates efficiency in the distribution of oxygen and
nutrients within the retina. Local control is ensured by the
absence of autonomic innervation, which limits extrinsic
oversight by the central nervous system. Also, the presence

Copyright © 2006, Elsevier Science (USA).
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D’Amore and Shepro pioneered in developing this assay
system for retinal pericytes. Contraction of these cells is
detected by the induction of wrinkles in the underlying sili-
cone. An advantage of using a culture system is that only
pericytes are present. Thus, indirect effects mediated by
other types of cells are excluded. However, one disadvan-
tage is that pericytes are likely to change during long-term
culture. Certainly the exquisite morphology of in vivo peri-
cytes is lost, as the cells quickly become rather nondescript
flat cells in vitro; molecular and physiological changes may
also occur. Furthermore, the tens of minutes that are often
required for the induction of wrinkles in the silicone pre-
clude assessment of pericyte responses within shorter time
periods that may be more physiologically relevant.

ISOLATED RETINAL MICROVESSELS

More recently, Puro and his associates have used differ-
ential interference optics and time-lapse photography to
detect pericyte contraction and relaxation in microvessels
freshly isolated from the rat retina. Pericytes in the isolated
microvessels retain their morphology and maintain a close
association with the underlying endothelial tube. Because
retinal pericytes are coupled via gap junctions to dozens of
neighboring vascular cells, the ability to study pericytes that
are an integral component of a multicellular functional unit
can reveal a more complete picture of how the retinal
microvasculature responds to vasoactive signals. Another
advantage is the ability to detect pericyte contraction or
relaxation, as well as microvascular constriction or dilation,
within seconds after the onset of exposure to vasoactive sub-
stances. However, a caution is that findings based on studies
of isolated microvascular complexes must ultimately be
confirmed in vivo.

RETINAL CAPILLARIES IN SITU

Funk and his colleagues have shown that it is feasible to
monitor the effects of various vasoactive chemicals on the
diameters of capillaries in isolated rat retinas. This in situ
assay system should be useful, although a direct assessment
of pericyte contraction or relaxation in situ has yet to be
reported. A deficiency in both the in situ system and the use
of isolated microvessels is that the vascular lumens are 
not perfused during an experiment. As a result, the role of
shear stress and other intraluminal forces in determining 
the microvascular response to vasoactive molecules cannot
be assessed. A challenging goal is to visualize in vivo the
changes in pericyte shape, lumen diameter, and blood flow
induced by vasoactive signals.

Contractile Responses to Vasoactive Molecules

Putative vasoactive molecules, which are known to affect
the contractile tone of retinal pericytes, originate from a
number of sources (Figure 1). Sites include the underlying
endothelial cells that form the capillary tube, the glia that
ensheathe the pericyte/endothelial complex, and the neurons
that release vasoactive neurotransmitters. In addition, a

breakdown of the blood–retinal barrier exposes pericytes to
molecules from the vascular system.

Effects of Vasoactive Signals on 
Pericyte Physiology

The study of the mechanisms by which vasoactive mole-
cules regulate pericyte contractility is in its infancy. Because
ion channels are likely to be important in mediating the
responses of pericytes to vasoactive signals, several labora-
tories have used electrophysiological methods to begin the
task of determining the effect of these molecules on the
ionic currents of pericytes. Also, because calcium regulates
the contractile apparatus of pericytes, the effects of vaso-
active molecules on the intracellular concentration of this
divalent cation are of importance. However, at present, only
a minority of the molecules known to alter pericyte contrac-
tility have been evaluated for effects on ion channel function
and intracellular calcium levels.

Regulation of Ion Channels

Five molecules that induce retinal pericytes to contract
have been analyzed for their effects on ion channel activity.
These putative vasoactive signals include (1) acetylcholine,
which activates muscarinic receptors to elicit pericyte con-
traction; (2) ATP acting via P2X7 and P2Y4 receptors; (3)
endothelin-1, whose contractile effect is via ETA receptors;
(4) platelet-derived growth factor-BB (PDGF-BB), which is
the ligand for PGDF-b receptors; and (5) angiotensin II, for
which the subclass of receptor mediating the contractile
response of retinal pericytes remains to be determined.

For each of these putative vasoconstrictors, a depolariza-
tion of pericytes is caused by the opening of calcium-
activated chloride channels (ClCa) and also, except for
acetylcholine, the activation of calcium-permeable nonspe-
cific cation (NSC) channels. In addition, an inhibition of
ATP-sensitive potassium (KATP) channels, as has been
demonstrated for endothelin-1, provides an additional
mechanism by which vasoactive molecules can cause 
depolarization. With a decrease in the membrane potential,

Figure 1 Schematic diagram of the likely sources of the vasoactive 
signals that are known to regulate the contractility of retinal pericytes.
PDGF-BB, platelet-derived growth factor-BB.



CHAPTER 41 Vasoactive Signals and Pericyte Function in the Retina 267

there is an opening of the L-type voltage-gated calcium
channels (VGCCs), which are expressed by retinal pericytes
(Figure 2).

Only two vasodilators have been tested for their effects
on the ion channel activity of retinal pericytes. Adenosine,
acting at A1 and A2a receptors, activates KATP channels. In
contrast, nitric oxide (NO) does not affect KATP channels,
but causes pericyte relaxation by a mechanism involving the
cGMP-mediated inhibition of VGCCs.

Regulation of Intracellular Calcium

There are two general mechanisms by which putative
vasoconstrictors cause the intracellular concentration of cal-
cium to increase in retinal pericytes (Figure 2). One is an
influx of this divalent cation via calcium-permeable NSC
channels and VGCCs. Another is the release of intracellular
stores of calcium. These pathways for increasing cytoplas-
mic calcium are interrelated. For example, the release of cal-
cium stores is associated with the activation of the ClCa
channels in retinal microvessels. In addition, it is likely that
an influx of calcium triggers the release of stored calcium.

Both influx and release appear to contribute to the
increase in pericyte calcium observed during exposure to 
the five tested vasoconstrictors, that is, acetylcholine, ATP,
angiotensin II, endothelin-1, and platelet-derived growth
factor BB. At present, the effects on pericyte calcium levels
of the vasodilators adenosine and NO are not known. Future
experimental study is needed to clarify the relative func-
tional roles in pericytes of the NSC channels and the
VGCCs. Also, the relative importance of calcium influx 
versus calcium release in regulating pericyte contractility is
not well understood.

Regulation of Microvascular Gap Junctions

In the retinal microvasculature, pericytes are coupled by
gap junctions to dozens of their neighboring vascular cells.
Recently, Puro and colleagues discovered that molecules
such as endothelin-1, angiotensin II, and extracellular ATP

potently and reversibly close these gap-junction pathways.
Thus, vasoactive signals not only affect individual
microvascular cells, but also regulate the effective size of
the multicellular functional units that play a role in the con-
trol capillary blood flow. The regulation of intercellular
communication within the pericyte-containing micro-
vasculature may be an important, previously unappreciated
mechanism by which local perfusion is dynamically
affected by vasoactive molecules. Finally, the effects of
putative vasoactive signals on the calcium sensitivity of the
pericyte contractile apparatus remain to be determined.

Pericyte Pathobiology

Diabetes

The microvessels of the retina are particularly vulnerable
to damage induced by diabetes. An early histological sign of
diabetic retinopathy is the loss of pericytes. Currently, the
mechanisms causing this sight-threatening complication
remain uncertain.

PURINOCEPTORS

Recently, Sugiyama and his colleagues proposed that
vasoactive molecules, such as extracellular ATP, can
become vasotoxic in the diabetic retina. They found that
activation of P2X7 purinoceptors not only plays a role in
transducing the contractile response of pericytes to ATP, but
also can induce the formation of lethal transmembrane
pores. Although high agonist doses are required to open
P2X7 pores in nondiabetic retinal microvessels, normally
nonlethal concentrations trigger apoptosis in diabetic capil-
laries. Thus, a diabetes-induced increase in the vulnerability
of retinal microvessels to the lethal effect of P2X7 receptor
activation may be a previously unrecognized mechanism by
which diabetic retinopathy progresses.

ENDOTHELIN-1
Because epidemiological studies indicate that hyper-

glycemia is a key factor associated with the development of

Figure 2 Schematic diagram of putative pathways by which vasoactive signals induce pericyte contraction and thereby decrease blood flow. Not shown
are possible interactions between calcium release and calcium influx, that is, calcium induced calcium release and store-operated calcium channels. NSC,
calcium-permeable nonspecific cation channels; KATP, ATP-sensitive potassium channels; ClCa, calcium-activated chloride channels; VGCC, voltage-gated
calcium channels; [Ca2+]i, intracellular calcium concentration.
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diabetic retinopathy, the effect of glucose on pericyte
responses to vasoactive molecules is of interest. Using cul-
tured bovine pericytes, investigators have found that the
contractile response of these cells to endothelin-1 is attenu-
ated when the culture medium contains a high concentration
of glucose. Experiments by McGinty and her coworkers
indicate that a glycation-induced decrease in the function of
L-type VGCC accounts for a reduction in the endothelin-
induced influx of calcium and consequently the diminished
contractile response of pericytes to this vasoactive mole-
cule. An alteration in the vasoconstrictive effect of endothe-
lin-1 may contribute to the dysfunction of autoregulatory
mechanisms observed in the retinal circulation well before
the onset of pericyte death and clinical signs of diabetic
retinopathy.

MICROVASCULAR GAP JUNCTIONS

Soon after the onset of experimental diabetes, the 
intercellular communication system linking pericytes 
with their neighboring microvascular cells is disrupted 
by a mechanism involving the upregulation of protein
kinase C. This closure of gap junction pathways disrupts 
the multicellular organization of the retinal microvas-
culature and may compromise mechanisms to match local
blood flow to the needs of neurons. Not only could the loss
of cell-to-cell communication adversely affect neuronal
function, but it may metabolically isolate pericytes and 
contribute to their demise early in the course of diabetic
retinopathy.

BLOOD–RETINAL BARRIER BREAKDOWN

In many retinal disorders, including diabetic retinopathy,
the blood–retinal barrier is compromised. At sites where this
barrier is defective, serum-derived molecules leak from the
blood vessels into the retina. Because pericytes are located
on the abluminal surface of the vascular endothelium, they
are among the first cells to be exposed to molecules leaking
from the circulatory system. As a result, the responses of
pericytes to blood-derived molecules may determine how
the retina functions when the vascular endothelial barrier 
is leaky.

In one of the first studies to establish that pericytes are
contractile, Kelley and coinvestigators demonstrated that
serum causes these cells to contract. More recently, 
Sakagami and coworkers showed that exposure of isolated
pericyte-containing microvessels to serum activates 
calcium-permeable NSC and ClCa channels. Associated with
the opening of these channels, pericytes depolarize, con-
tract, and cause the adjacent lumens to constrict.

Serum-induced contraction of pericytes may be a suc-
cessful adaptive response to a breakdown of the blood–
retinal barrier. For example, contraction of leaky micro-
vessels would shunt blood away from areas with a defective
vascular endothelium. On the other hand, extensive shunting
of blood may cause ischemic damage, contribute to the
demise of pericytes, and facilitate the progression of dia-
betic retinopathy.

Ischemia

Under physiological conditions, PDGF-BB activates
NSC and ClCa channels. With the opening of these channels
retinal pericytes depolarize and contract (Figure 2). How-
ever, during a prolonged inhibition of ATP synthesis, some
pericytes hyperpolarize and relax in response to PDGF-BB.
This PDGF-induced increase in membrane potential is due
to the activation of KATP channels, which close when the
intracellular ATP concentration falls to an extremely low
level. The capability of a vasoactive signal to elicit vaso-
constriction when energy supplies are ample and vasodila-
tion under ischemic conditions provides an efficient
mechanism to link the function of the microcirculation to
the local metabolic needs. Future studies may reveal other
dual-action signals that play a role in the regulation of the
retinal microcirculation.

Glossary

ATP-sensitive potassium (KATP) channels: Potassium-selective 
ion channels that are inhibited by intracellular ATP ([ATP]i). By causing 
a decrease in [ATP]i, ischemia activates these channels, which cause 
pericytes to hyperpolarize. Although activated as [ATP]i falls from 
millimolar concentrations, KATP channels require ~10 mM ATP to remain
open. As a result, as [ATP]i declines below 10 mM, these channels again
close.

Nonspecific cation (NSC) channels: Ion channels that are permeable
to sodium and potassium and, in some cases, calcium. Opening these chan-
nels causes pericytes to depolarize. Membrane hyperpolarization increases
the influx of calcium through calcium-permeable NSC channels.

P2X7 purinoceptors: A member of the family of receptor-operated
channels activated by extracellular ATP. Unlike nearly all other types of ion
channels, the sustained activation of P2X7 purinoceptors is associated with
the formation of transmembrane pores, which can cause cell death.

Pericytes: Cells located on the outer walls of capillaries and postcap-
illary venules. Thought to play a role in regulating blood flow, maintaining
vessel structure, and inhibiting endothelial proliferation. The loss of these
cells is an early histological sign of diabetic retinopathy.

Voltage-gated calcium channels: Ion channels that are selectively
permeable to calcium and activated by membrane depolarization.
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modern form of the Starling equation for fluid filtration is
also shown in Figure 1. It includes hydraulic conductivity
(Lp), defined in the introduction, and a second coefficient,
the osmotic reflection coefficient (s, a dimensionless coeffi-
cient ranging from 0 to 1), an index of the selectivity of the
microvascular barrier to an osmotically active solute. In the
majority of the circulation, small solutes such as NaCl have
s approaching 0, whereas in vivo measures of s to albumin
under physiologic conditions typically range between 0.8
(heart) and 0.99 (skeletal muscle). Based on this equation,
positive values of Jv denote filtration, whereas negative val-
ues denote water reabsorption into the microvessels.

Pathways for Volume Flux across 
Microvascular Walls

In microvessels with continuous endothelium, the major-
ity of transvascular Jv is presumed to occur via the inter-
endothelial cell junctions. Numerous mathematical models
have been proposed to describe the geometry of these path-
ways, including cylindrical pores, rectangular slits, and a
fiber matrix model [2]. Each of these models alone is unable
to fully account for in vivo measures of volume and
hydrophilic solute flux across microvessels. Of these mod-
els, the fiber matrix model appears to describe many of the
transport coefficients measurable in vivo. The fiber matrix
model is consistent with experiments involving disruption
of the endothelial surface layer (glycocalyx). For example,
perfusion of microvessels with cationized ferritin demon-
strates a layer up to 100nm thick on the endothelial cell 
surface. Exposure of microvessels to an enzyme, pro-
nase, results in reduction of the thickness of this surface
layer and a significant increase in microvessel Lp. Similarly,

Introduction

Transport of water and hydrophilic solutes across
microvascular walls (capillaries and postcapillary venules)
is an essential mechanism for delivery of nutrients to tissues.
The ease of water movement across microvessel walls is
described by the coefficient hydraulic conductivity (Lp). Lp
reflects net volume flux (cm3 sec-1) per unit surface area
(cm2) per unit pressure (cmH2O). Lp was assumed previ-
ously to be a fixed property of microvessels; however, it is
now evident that Lp may be regulated actively under both
physiologic and pathologic conditions. In this chapter, we
review current aspects of regulation of Lp, common methods
for assessing this coefficient in vivo, and implications of
alterations in Lp. We will limit our scope to data derived
from in vivo models; techniques for in vitro assessment of
Lp of cultured endothelial cell monolayers are exemplified
by the work of Tarbell and colleagues [1].

Forces Regulating Transvascular Water Movement

Movement of water across microvascular walls is
dependent upon pressures acting upon both sides of the
microvessel. Starling first described this principle in 1896,
by proposing that plasma was retained in the circulation by
the osmotic pressure exerted by plasma proteins (oncotic, 
or colloid osmotic pressure), which opposes the outward
hydrostatic pressure. In addition, the hydrostatic and oncotic
pressures of the extravascular compartment (interstitium)
affect net water movement, which is governed by the differ-
ence between hydrostatic and oncotic pressure gradients
(intravascular minus extravascular). This balance, referred
to as “Starling equilibrium,” is illustrated in Figure 1. The

Copyright © 2006, Elsevier Science (USA).
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microvessel perfusion with a solution devoid of proteins
reduces the thickness of the surface layer and induces a sig-
nificant increase in Lp (known as the “protein effect”). These
studies support the notion that the glycocalyx (which may
be modeled as a fiber matrix) contributes significantly to the
microvascular barrier to volume flux. Based on recent elec-
tron microscopic observations suggesting the presence of a
thick endothelial surface layer (200 to 500nm), elaborate
models of a fiber matrix overlying interendothelial cell
clefts with junctional strand gaps have been proposed [3].
Although these models describe many in vivo measures of
transvascular volume and solute flux, their validity remains
to be confirmed.

Assessment of Transvascular Water
Movement in Vivo

Single Perfused Microvessels

Eugene Landis first reported measures of Lp of individual
microvessels in the early 20th century [4]. By occluding
capillaries of the frog mesentery, he described that on occa-
sions erythrocytes moved toward the micro-occluder and on
other occasions they moved away from the occlusion site.
Cells moving toward the occluder were interpreted as repre-
senting fluid filtration, whereas those moving away denoted
reabsorption. He calculated the rate of filtration or reabsorp-
tion per unit surface area (Jv/S) based on the erythrocyte
velocity. By correlating Jv/S to capillary pressure (PC) 
measured with a micropipette, he determined a linear 
relation between PC and Jv/S. The slope of that relation is the
Lp, and the x pressure axis intercept in Landis’ experiments
approximated the oncotic pressure of frog plasma. Those

experiments provided evidence in vivo of Starling’s hypoth-
esis for fluid filtration. The Landis technique to assess Lp,
modified by Michel and colleagues [5], is illustrated in Fig-
ure 2A. A microvessel is perfused with a micropipette con-
nected to a water manometer, to measure microvascular
hydrostatic pressure, containing marker erythrocytes in a
physiological salt solution of predetermined composition.
Downstream from the site of cannulation, a micro-occluder
is used to stop flow intermittently in the vessel. Assuming
cylindrical geometry, and negligible interstitial hydrostatic
pressure (Pi), Lp is the slope of the measures of fluid filtra-
tion at the set of hydrostatic pressures (see Figure 2B). This
technique allows for paired measures of Lp in individual
microvessels under control conditions and following expo-
sure to a variety of experimental conditions in the luminal,
abluminal, or both surfaces of the microvessel. Further,
given that the oncotic pressure is known, the intercept on the
pressure axis can be used to determine s for the specific ves-
sel and colloid (Figure 2B). Much of our current under-
standing of physiologic and pathologic regulation of
hydraulic permeability is based on experiments using the
Landis–Michel technique to measure Lp.

Whole Organs

Experimental evidence of fluid filtration consistent with
Starling’s hypothesis was described in whole organ prepara-
tions in the mid-20th century [6] when hind limbs from cats
and dogs were isolated, perfused, and the weight of the hind
limb recorded continuously. Using this technique, fluid fil-
tration was determined from the rate of gain of limb weight,
and fluid reabsorption from the rate of loss of limb weight.
The arterial and venous hydrostatic pressures were adjusted
experimentally, and values that resulted in neither filtration

PcPi

pi
pc

Jv = Lp S [ (Pc - Pi) - s (pc - pi) ]

Jv: volume flux
Lp: hydraulic conductivity
S: surface area
Pc: capillary hydrostatic pressure
Pi: interstitial hydrostatic pressure
pc: capillary oncotic pressure
pi: interstitial oncotic pressure
s: reflection coefficient

Figure 1 Pressures responsible for fluid movement across a capillary,
and modern form of the Starling equation for fluid filtration. See text for
details.
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Figure 2 Landis–Michel technique for measurement of hydraulic con-
ductivity (Lp) in individually perfused microvessels. (A) Relative place-
ment of microinstruments and calculation of fluid filtration rate per unit
surface area (Jv/S) based on vessel radius and erythrocyte location and
velocity. (B) Calculation of Lp based on measures of Jv/S at different hydro-
static pressures.
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nor reabsorption were established, resulting in an “isogravi-
metric state.” The hydrostatic pressures required for the iso-
gravimetric state varied according to the oncotic pressure of
the perfusate solution, as predicted by the Starling equation.
The relationship between filtration rate and “capillary” pres-
sure (calculated from the arterial and venous hydrostatic
pressures) was linear, with the slope equal to the filtration
coefficient (Kf). Kf is the product of Lp and surface area, the
latter coefficient being unknown in whole-organ experi-
ments but measurable in single-perfused microvessels
(assuming cylindrical geometry).

Regulation of Hydraulic Conductivity

Control Conditions

Figure 3 shows the distribution of control values of Lp
determined in individual microvessels of the frog (n = 1111)
and rat mesentery (n = 89) in our laboratories. Median Lp for
frog capillaries is 3.3 and for rat venules is 1.8 (¥10-7 cm
sec-1 cmH2O). Several features are noteworthy. First, the
shapes of the distribution are similar despite being derived
from different vessel types (capillaries and postcapillary
venules) from two phylogenetically distinct species. Sec-
ond, the broad spread of the distribution under physiologic
conditions precludes describing Jv by a single value. Third,
the distributions in each case do not fit a normal distribution;
they are normalized by a fourth root transformation [7]. 
Of interest, a similar frequency distribution was noted by
Pappenheimer’s group of Kf values in the feline hind limb
[8]. The authors speculated that if the pathways responsible

for fluid filtration were “pores” with a circular cross-section,
a normal distribution of pore radii would result in a skewed
distribution of filtration coefficient, varying according to the
fourth power of the pore radius. However, ultrastructural
evidence of cylindrical pores as a pathway for volume flux
is lacking.

Control Lp values in frog mesenteric capillaries demon-
strate a gradient of values across the capillary network. Cap-
illaries near arterioles (arteriolar capillaries) typically have
the lowest values, followed by midstream capillaries (true
capillaries) and then capillaries near postcapillary venules
(venular capillaries). This phenomenon is illustrated by our
median Lp values (in units of 10-7 cmsec-1 cmH2O) in the
frog mesentery of arteriolar capillaries (Lp = 1.8, n = 192),
true capillaries (Lp = 2.9, n = 580), and venular capillaries
(Lp = 5.1, n = 339). Since hydrostatic pressure across the
capillary network has a decreasing gradient, the gradient of
Lp values may attenuate variations in net volume flux across
the capillary network. Despite this, the relative Lp and
hydrostatic pressure gradients across the network tend to
favor filtration across true and venular capillaries.

Active Changes in Hydraulic Conductivity

In Landis’ initial experiments, he reported that frog
mesenteric capillary Lp increased in response to a variety of
insults including ischemia, hypoxia, and increased acidity.
More recent work has shown acute increases in microvascu-
lar Lp with less injurious stimuli. For example, agonists 
that increase intracellular levels of cyclic guanosine
monophosphate (cGMP) such as atrial natriuretic peptide
(ANP), sodium nitroprusside, and 8-bromo-cGMP induce
reversible, dose-dependent increases in capillary Lp. The
endothelial cell structures responsible for these reversible
changes in Lp remain to be determined, though in the case of
ANP, the change in permeability is independent of the “pro-
tein effect” [9]. These data suggest that the microvascular
barrier for volume flux may be regulated independently by
different mechanisms. Other agents shown to increase Lp
include histamine, bradykinin, serotonin, vascular endothe-
lial growth factor (VEGF), adenosine triphosphate and cal-
cium ionophores (see Ref. [2]). Many of these agents
enhance intracellular endothelial calcium; temporal correla-
tions between changes in endothelial calcium and microvas-
cular Lp have been described [10]. In addition to increases in
Lp, several agents have been reported to decrease microvas-
cular Lp, including nitric oxide synthase inhibitors [11] as
well as agents that increase endothelial cell cyclic adenosine
monophosphate or activate adenylyl cyclase (rolipram, iso-
proterenol, forskolin; [12]). These studies demonstrate that
microvascular volume flux may be subject to regulation by
a variety of physiologic as well as pathologic stimuli. Under
physiologic conditions, changes in Lp may influence the rate
of delivery of water and nutrients to tissues. Pathologic
increases in permeability, or hyperpermeability, would favor
enhanced fluid filtration and may lead to tissue swelling, 
or edema. Of interest, on occasion a single inflammatory
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Figure 3 Frequency distribution of Lp of single perfused frog mesen-
teric capillaries (A, n = 1111) and rat mesenteric venules (B, n = 89). Note
nonnormal distribution of values with similar shape in both cases.
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mediator may result in different changes in permeability in
different portions of the microvasculature. For example, the
inflammatory agonist bradykinin induced changes in Lp with
distinct temporal and spatial variations in frog capillaries
[13]. Thus, in addition to the heterogeneous control values
of Lp across the network described earlier, the changes in Lp
in response to the same agonist may vary across the
microvascular network.

Summary

Delivery of water and hydrophilic nutrients to tissues
may be regulated at the level of the microvasculature, pri-
marily in capillaries and postcapillary venules. Hydraulic
conductivity (Lp) is a coefficient that reflects the ease of pas-
sage of water across microvascular walls. Data derived from
single-perfused microvessels demonstrate that control val-
ues of Lp have a broad distribution, with evidence of spatial
differences within microvascular networks. Further, Lp is
not a fixed coefficient of individual microvessels, but
instead is subject to active regulation by both physiologic
and pathologic stimuli. The cellular molecular basis for
active changes in the endothelial pathways that regulate
microvascular Lp is an area of ongoing research.

Glossary

Microvascular hydraulic conductivity (Lp): The ease of passage of
water across microvascular walls, reflecting net volume flux (cm3 sec-1) per
unit surface area (cm2) per unit pressure (cmH2O).

Protein effect: An effect of plasma proteins that reduces Lp, presum-
ably at the level of the endothelial surface layer. Removal of proteins from
microvessel consistently induces significant elevations in Lp.

Reflection coefficient (s): An index of the selectivity of the micro-
vascular barrier to an osmotically active solute; it is a dimensionless 
coefficient, theoretically ranging from 0 to 1.
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ple types of Cxs are present in each connexon (Figure 1).
Gap junctions can also be homo- or heterotypic depending
on the Cx content of the two connexons (Figure 1).

Gap junctional channels demonstrate unique electrical
and biochemical properties depending on the constituent Cx
isotypes. In turn, the distinct functional properties of each
Cx protein arise from specific amino acid sequences found
in the intracellular loop and carboxy terminus. The forma-
tion of heterotypic and heteromeric channels, which express
a mixture of more than one Cx, has been shown to confer
channel properties that are distinctly different from those of
homotypic channels formed from each of the individual
Cxs. For example, the ability to permit the passage of par-
ticular second messengers has been shown to vary with the
Cx composition of gap junctions. Thus, it is important to
determine the specific Cx composition of the gap junctional
channels formed in any particular artery or arteriole, since
this is likely to have a significant impact on vascular 
function.

Regulation of Gap Junctions

The function of gap junctions can be regulated by factors
that act in either the short or long term. Short-term regula-
tion is predominantly concerned with rapid and reversible
changes in channel conductance resulting from alterations in
the opening probability of the channels or alterations in
channel turnover. On the other hand, long-term regulation of
gap junctions involves alterations in gene expression at the
mRNA and protein levels. In blood vessels, changes in Cx
expression have been observed at branch points where blood
flow is disturbed and shear stress turbulent. Such forces may
also be expected to be encountered within the branching of
resistance networks.

Gap junctions are low-resistance channels which connect
adjacent cells in almost all mammalian tissues, including
blood vessels, allowing the direct transfer of electrical cur-
rent and molecules of < 1kDa in molecular weight. Because
of their small size, many important metabolites and sig-
naling molecules elicited by receptor activation, such as 
calcium, inositol trisphosphate, or cyclic AMP, would be
expected to pass through gap junctions from one cell to
another. Since arteriolar tone relies on the balance of vaso-
constrictor and vasodilator pathways, which involve such
signaling molecules or the opening of ion channels in the
cell membrane and subsequent changes in membrane volt-
age, it is expected that gap junctions will play a pivotal role
in coordinating this process.

Structure and Regulation of Gap Junctions

Structure of Gap Junctional Channels

Gap junctions comprise a family of membrane proteins
known as connexins (Cxs). Six individual Cx proteins
oligomerize in the plasma membrane of one cell to form a
connexon or hemichannel. A complete gap junctional chan-
nel linking adjacent cells results from the docking of two
connexons, one from each of the two opposing cells (Figure
1). To date, 20 different types of mammalian Cx proteins,
commonly named after their molecular weight in kilodal-
tons (kDa), have been identified. All of these Cxs have the
same basic molecular structure, consisting of four a-helical
membrane-spanning domains, two extracellular loops, and
three cytoplasmic regions including one intracellular loop.
Gap junctional channels may be either homo- or het-
eromeric in nature, depending on whether a single or multi-

Copyright © 2006, Elsevier Science (USA).
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Conductance of gap junctional channels can be modu-
lated by a number of different factors, such as phosphoryla-
tion, changes in intracellular Ca2+ concentration and pH.
The result of the phosphorylation of Cx proteins on conduc-
tance appears to depend on the component Cx isotypes and
presumably relates to the number and location of specific
phosphorylation sites, both of which vary among the differ-
ent Cx proteins. Since many important vasoactive stimuli
activate intracellular pathways resulting in increases in
intracellular calcium or in the activation of protein kinases,
it is likely that these stimuli will also modulate gap-
junctional communication. Thus, cellular communication
within the vascular wall may be dynamically controlled 
by increased or decreased channel open probability and gat-
ing, as well as Cx synthesis, assembly, trafficking, and
degradation.

Expression of Gap Junctions in Vascular Tissue

The vascular wall is composed of a single inner layer of
endothelial cells surrounded by layers of smooth muscle
cells called the media (Figure 2). Both the endothelial and
smooth muscle cells are spindle shaped but they are
arranged with their longitudinal axes at right angles, the
endothelial cells along the vessel axis and the smooth mus-
cle cells transversely around the vessel (Figure 2). Large
conduit arteries, such as the thoracic aorta, have many lay-
ers of smooth muscle cells that are interspersed with layers
of elastic tissue to provide rigidity for the pressures experi-
enced in these vessels. The so-called muscular arteries lack
these elastic laminae, but still show considerable variation in
the number of smooth muscle cell layers within the media.
In the microcirculation, the number of smooth muscle cell
layers is reduced to one or two.

At the ultrastructural level, gap junctions have been iden-
tified by their pentalaminar structure in which the proximity

of the outer membrane leaflets of the two opposing cells is
seen as a single dark line (Figure 3A). In some cases, a 2-nm
gap can be seen at this point. Such gap junctions have been
commonly identified between adjacent endothelial cells and,
more occasionally, between adjacent smooth muscle cells as
well as between the two cell layers.

Within vascular tissue, four Cxs have been identified
using subtype selective antibodies against Cxs 37, 40, 43,
and 45. Cxs 37, 40, and 43 have been detected in the vascu-
lar endothelium of most vessels, whereas the situation in the
smooth muscle appears to be more variable (Figure 3B). At
least some of this variability may be due to heterogeneity in
Cx expression among different animal species, as well as to
variation within and between different vascular beds. Given

Figure 1 Structure of gap junctional channels. Gap junctions comprise two connexons, each
of six Cx proteins, which may be of the same or different types, in adjacent cells.

Figure 2 Anatomical structure of the arterial wall. Endothelial and
smooth muscle cells are arranged at right angles to each other with adjacent
cells being coupled by gap junctions.
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that different Cx isotypes may form channels with unique
electrical and biochemical properties, the heterogeneity in
Cx expression among different vessels may contribute to
heterogeneity in vascular responses.

Gap Junctions in the Endothelium

In the vascular endothelium, Cxs 37, 40, and 43 have
been commonly found in both large and small arteries. At
the ultrastructural level, large areas of intact pentalaminar
gap junctions, up to and sometimes larger than 1 mm in
length, are readily found in vessels of all sizes, confirming
the view that endothelial cells are well coupled throughout
the vasculature (Figure 3A). At the light microscope level,
using immunohistochemistry and subtype selective anti-
bodies, gap junctions appear as puncta that delineate the 
cell borders of endothelial cells (Figure 4A,B).

In the endothelium of many large vessels, Cxs 37, 40, and
43 have been described to be colocalized in the same gap
junctional plaque, suggesting an ability to form heteromeric
gap junctional channels. Although some variation in the rel-
ative expression of the three Cxs has been observed among
different arteries, Cx40 appears to be the most highly
expressed, whereas the expression of Cx43 may be the 
most variable in large vessels. Indeed, Cx43 appears to be

specifically associated with areas where flow is turbulent,
for example, at arterial branch points. Expression of Cxs is
also subject to variation between species and in disease,
development, and aging.

In the small vessels of the microvasculature, as in the
larger muscular arteries, expression of all three Cxs has been
reported in the endothelium (Figure 3B). Once again, vari-
ability exists in the relative expression within and between
vascular beds and in the same vessel in different species,
although Cx40 still appears to be the most highly expressed
of the endothelial Cxs, whereas Cx37 expression may be
more variable in these smaller vessels. Thus, Cx37 was con-
sistently found along with Cxs40 and 43 in the endothelium
of mesenteric resistance arteries, but was absent from the
arterioles of the rat mesentery.

Gap Junctions in the Media

For many years Cx43 was considered to be the Cx link-
ing smooth muscle cells. This view largely arose through
investigations involving large elastic arteries such as the
aorta, where Cx43 expression is indeed robust and abun-
dant, and through the use of smooth muscle cell lines
derived from the aorta. Comparative studies of Cx43 ex-
pression in a range of vessels including large and small 

Figure 3 Gap junctions in the arterial wall. (A) Pentalaminar structure (arrows) of a gap junction
connecting two endothelial cells of the rat basilar artery (kindly supplied by Dr. Shaun Sandow). Cal-
ibration bar 50 nm. (B) Cxs vary within the cell layers, as do the size of the gap junctional plaques.
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muscular arteries, however, demonstrated that expression of
Cx43 was absent from the muscle layers of the latter vessels
and that, even in the large conduit vessels, the expression of
Cx43 decreased with distance from the heart.

The development of Cx45 knockout mice provided the
first anatomical evidence that this Cx may play a role in the
media of murine arteries. Subsequently Cx45 was detected
in the media of the thoracic aorta and caudal arteries of rats
and in smaller cerebral vessels. Interestingly, expression of
Cx45 was reported to be inversely correlated with that of
Cx43 in the aorta, and the suggestion was made that these
two Cxs may be associated with different states of cell activ-
ity and differentiation. Although reports of Cxs37 and 40
expression in the media of large arteries also exist in the lit-
erature, these have not always been confirmed and may have
arisen through the use of incompletely characterized Cx
antibodies or may constitute further examples of variation in
expression across animal species.

In muscular arteries, both large and small, there are few
reports of the expression of Cx43. In general, Cx40 is also
rarely described in the media of these vessels, although it is
convincingly expressed in the renin-secreting smooth mus-
cle cells of the juxtaglomerular apparatus. More recently, a
role for Cxs37 and 45 has been identified in the media of a
number of muscular arteries of rodents, including small
microcirculatory cerebral vessels.

The intensity and extent of the Cx staining within the
media of muscular arteries and arterioles suggest that the
incidence of gap-junctional channels may be less than that
observed in the endothelium or in the media of conduit ves-
sels. At the ultrastructural level, pentalaminar gap junctions
between smooth muscle cells are rarely observed and, where
described, are much smaller (~100nm) than those in the
endothelium. Dyes, such as Lucifer yellow, that readily pass
between endothelial cells do not pass between smooth mus-
cle cells in arterioles of the microcirculation, again suggest-
ing major differences between the coupling within the two
cell layers. Interestingly, in larger muscular arteries such as
the caudal artery, Lucifer yellow passes between smooth
muscle cells in a radial but not a longitudinal direction, and
nerve-evoked responses elicited in adventitial smooth mus-
cle cells can be recorded in luminal smooth muscle cells.
Taken together, these data suggest that coupling within the
media of arteries and arterioles may be significantly 
less than that within the endothelium and may often be 
more effective in the radial compared with the longitudinal
direction.

Myoendothelial Gap Junctions

Unlike homocellular coupling within the blood vessel
wall, less is known regarding the nature of heterocellular
coupling via myoendothelial gap junctions (MEGJs)
between the endothelial and smooth muscle cell layers, and
the Cxs comprising these junctions remain unidentified.
Several studies have confirmed electrophysiologically that
MEGJs exist in the microcirculation through the transfer of
current pulses, dyes, and calcium from one cellular layer to
the other. However, few structural reports of MEGJs existed
in the literature until serial section electron microscopy was
employed to elucidate their incidence. These latter studies
have revealed that MEGJs are very small (~100nm) and that
in general the incidence of MEGJs increases as vessel size
decreases. Thus, MEGJs might be expected to play an
important role in the function of the microcirculation and in
the control of vascular resistance.

Involvement of Gap Junctions in Responses 
Affecting Arteriolar Tone

The maintenance of arteriolar tone is achieved through a
balance between vasoconstriction and vasodilation. Alter-
ations to this balance have been implicated in disease states
such as hypertension and atherosclerosis.

Figure 4 Changes in Cx expression in endothelial cells in hyperten-
sion. Punctate Cx40 expression (arrows) in caudal artery of normotensive
(A) and spontaneously hypertensive rats (B). Calibration bar 20 mm. (C)
Expression of Cxs37, 40, and 43 per endothelial cell is reduced in hyper-
tension (*P < 0.05). [Rummery et al. (2002). J. Hypertens. 20, 247–253;
permission granted from Lippincott, Williams & Wilkins.]
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Vasoconstrictor Responses

THE MYOGENIC RESPONSE

The myogenic response refers to the nerve- and endothe-
lium-independent vasoconstriction in response to increased
transmural pressure and vasodilation in response to reduced
pressure. This autoregulatory response is considered to 
be a major determinant of vascular tone and to reduce 
downstream damage to microcirculatory elements from 
significant and sudden changes in systemic pressure. The
myogenic response is more prominent in smaller vessels,
but is also differentially effective among vascular beds. It is
now well established that the myogenic response is initiated
by depolarization of vascular smooth muscle cells and an
increase in intracellular calcium concentration via the open-
ing of voltage-dependent calcium channels. The involve-
ment of gap junctions in this response is suggested from the
attenuation of myogenic tone by putative inhibitors of gap
junctions. Gap-junctional coupling among the smooth mus-
cle cells would be expected to facilitate the spread of the
depolarizing current to coordinate constriction, particularly
if the pressure stimulus was insufficient to activate all the
intramural muscle cells—for example, those more distant
from the lumen. Thus, it may be predicted that gap junctions
would be less important in the myogenic response of arteri-
oles.

VASOMOTION

Rhythmical contractions, or vasomotion have been
demonstrated in many different vascular beds, including
microcirculatory vessels of the systemic and cerebral circu-
lations both in vivo and in vitro. Vasomotion has been 
suggested to be important for the maintenance of vascular
resistance and blood flow. The common underlying mecha-
nism involves release of intracellular calcium, which initi-
ates a depolarization of the cell membrane and subsequent
oscillation in membrane voltage due to sequential opening
and closing of calcium and potassium channels. Gap-junc-
tional coupling has been suggested to be critical to coordi-
nate these oscillations between adjacent smooth muscle
cells, and putative gap-junction inhibitors have been shown
to prevent vasomotion in a number of vascular beds.

Vasodilatory Responses

The endothelium plays an important role in the control of
vascular tone through the release of several mediators that
act on the underlying smooth muscle to cause a relaxation.
These factors, which are released in response to hemody-
namic forces such as shear stress, include nitric oxide (NO),
prostaglandins, and endothelium-derived hyperpolarizing
factor (EDHF). NO and prostaglandins are both released
from the endothelial cells and diffuse to the smooth muscle
cells, where they activate intracellular pathways. Although it
is possible that in large vessels gap junctions within the
media might be involved in the spread of vasodilatory
responses, this is unlikely to be so critical in the microcircu-

lation where the media is made up of only one or two cell
layers.

As its name suggests, EDHF produces a hyperpolariza-
tion of the endothelium, followed by hyperpolarization and
relaxation of the smooth muscle due to a reduced calcium
influx through voltage-dependent calcium channels. The
precise identity of EDHF is controversial, with chemical
factors, which can diffuse from the endothelium to the
smooth muscle, as well as simple electrical coupling of 
the two cell layers via MEGJs being proposed as the likely
candidates.

In general, the importance of NO and EDHF are
inversely related. Thus, NO is more important in large arter-
ies with multiple layers of smooth muscle, whereas EDHF
has been found to be more important in smaller vessels with
fewer smooth muscle cell layers. EDHF would therefore be
seen to play a significant role in the microcirculation. Cor-
relation of the incidence of MEGJs and the importance of
EDHF as a vasodilatory factor has led to the suggestion that
EDHF activity could be more simply explained by hetero-
cellular coupling via MEGJs. Data from a number of labo-
ratories, using putative gap-junctional uncouplers to inhibit
EDHF activity and serial section electron microscopy to
quantify MEGJs, have provided convincing support for this
hypothesis in a variety of vessels, including the mesenteric
microcirculation. Other studies have indicated that the myo-
genic response is antagonized by EDHF, since they share a
common target of calcium-dependent potassium channels,
whose activity will reduce membrane potential and decrease
the activity of the voltage-dependent calcium channels.

Conducted Vascular Responses

An important function of the microcirculation is to regu-
late tissue perfusion by conducting vasodilatory responses
from capillaries and small arterioles to upstream feed ves-
sels to coordinate tissue blood flow to metabolic demands.
Conducted vasoconstriction has also been reported in
microvessels, and in the kidney this may be important for
the operation of the tubuloglomerular feedback mechanism.

Conduction of vasomotor responses has been shown to
rely on the electrotonic spread of current through gap-
junctional channels within the vascular wall. Selective 
disruption of the continuity of one or the other of the two
cellular layers has confirmed that the endothelium is the
principal site for conduction of vasodilation, although in
some vessels vasodilatory responses can be conducted in the
smooth muscle if the endothelial pathway is impaired. On
the other hand, vasoconstrictor responses are conducted in
the smooth muscle and not in the endothelium in some ves-
sels, whereas in others these responses are not conducted
along the vessel at all. These data are in line with the
immunohistochemical results suggesting that coupling
between smooth muscle cells along the length of arteries
may be less effective than coupling within the endothelium.

Acetylcholine evokes a conducted vasodilation that
appears to be mediated by EDHF, whereas NO,
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prostaglandins, and EDHF are all thought to modulate
vasodilation at the local site of drug application. MEGJs are
therefore considered to play an important role at the distal
site in order for the hyperpolarization to be transferred to the
smooth muscle and effect a relaxation through the inact-
ivation of voltage-dependent calcium channels. The 
reduced conduction of endothelium-dependent vasodilatory
responses in the skeletal microcirculation of mice lacking
Cx40 further highlights the importance of endothelial gap
junctions in these responses.

Conclusions

The preceding discussion has indicated that gap junctions
play an important role in microvascular functions that can
affect arteriolar tone and, in turn, systemic pressure and
effective tissue perfusion. Since these functions are often
compromised during vascular disease, such as hypertension,
diabetes, and atherosclerosis, it may be expected that
changes in expression of particular Cxs will accompany
these states. Indeed, mice lacking Cx40 are hypertensive,
while changes in expression of Cxs have been reported in
the endothelium of large arteries in hypertensive animals
(Figure 4). Increases in Cx43 have also been described early
in the formation of atherosclerotic lesions, suggesting that
upregulation of Cx43 may be required for the initial smooth
muscle cell proliferation, while inflammatory mediators
appear to modulate Cx expression and compromise conduc-
tion of microvascular responses.

Taken together, these data point to gap junctions as
potential therapeutic targets for the treatment of cardiovas-
cular diseases. More precise data regarding the control of
gap-junctional function in intact tissues, the distribution of
particular Cx isoforms in different parts of the microcircula-
tion, and changes during disease will shed further light on
the feasibility of this proposal.

Glossary

Conduction: Propagation of physiological responses to distal sites
within the vasculature.

Cxs: Protein components of gap-junctional channels.
Endothelium-derived hyperpolarizing factor (EDHF): Putative 

factor producing endothelial hyperpolarization and relaxation of smooth
muscle.

Gap junction: Intercellular channel connecting the cytoplasm of adja-
cent cells, allowing the transfer of electrical current and small ions.

Myoendothelial gap junction: Gap junction connecting endothelial
and smooth muscle cells.

Myogenic response: Nerve- and endothelium-independent vasocon-
striction in response to increased transmural pressure and vasodilation in
response to reduced blood pressure.

Vasomotion: Rhythmical contractions of a blood vessel.
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CHAPTER 44

Vascular Control Mechanisms in
Skeletal Muscle

Ingrid H. Sarelius
University of Rochester, Rochester, New York

Not all arterioles respond similarly to the same stimuli,
and an important aspect of understanding the control of
these vessels is to identify how different inputs differentially
affect different parts of the microcirculation, and how this is
integrated into a coordinated vascular response subserving
changes in muscle blood flow. Topics that will be covered in
this chapter therefore include the organization of skeletal
muscle microvasculature with particular reference to the
responses of different parts of the arteriolar tree; mecha-
nisms of communication among the cells of the arteriolar
wall; local metabolic response mechanisms; and control of
arteriolar function via capillaries and venules.

I. Microvascular Network Organization in 
Skeletal Muscle

As in many other organ systems, skeletal muscle micro-
circulation consists of, in series, a divergently branching
arteriolar network, a system of branching capillaries (the
principal exchange bed for respiratory gases and nutrients),
and a converging venular system. Until the early 1980s,
most people viewed skeletal muscle microcirculation as a
simple branching hierarchy, with each branch level being in
series with those proximal and distal to it, and with all ele-
ments at any specified branch level being functionally
equivalent and arranged in parallel with each other. During
the 1980s and subsequently, rekindled interest in under-
standing the organization of skeletal muscle microcircula-
tion, particularly arterioles and capillaries, has led to a better
understanding of the organization of this system.

First, it became clear that like many other organs, skele-
tal muscle has prominent arcading arteriolar systems. These

In skeletal muscle, blood flow is very tightly coupled 
to metabolism. That is, as the metabolic rate of the muscle
tissue changes (for example, during exercise) blood flow
through the tissue changes proportionately as a result of
changes in tone (i.e., the relative dilation) of the arterioles.
In resting muscle, arterioles are partially constricted; gener-
ally this constriction is measured at 40 to 60 percent in arte-
rioles of resting muscle. Thus there is considerable capacity
in most skeletal muscle beds to change the resistance to flow
through the tissue, or through some regions with respect to
others. Studies such as those of Folkow and Halicka in the
late 1960s established that the metabolically related increase
in blood flow was greater in oxidative versus glycolytic
muscles; this response differential can occur between differ-
ent regions in a single muscle where the metabolism is dif-
ferent. These kinds of studies, especially when undertaken
in isolated muscles, established that there must be direct
coupling between arteriolar responses and metabolic rate,
and a great deal of effort, over many decades, has identified
roles for a variety of metabolically related products in vas-
cular control. These include, for example, changed PO2,
purines (especially adenosine), K+, H+, lactate, and many
others. Duling’s group, in the 1970s, showed, using direct
electrically induced contraction of individual skeletal mus-
cle fibers, that arterioles can indeed be directly and locally
coupled to a metabolic stimulus: Interestingly, it is only
recently that new advances have been made in identifying
mechanisms underlying this response (see Section IV). The
goal of this chapter is to summarize what is known about 
the mechanisms underlying principally the local control of
skeletal muscle arteriolar tone. Where appropriate, contribu-
tions to these local responses by integrating signals (such as
those from neural inputs, or from flow) will be discussed,
and important gaps in our knowledge will be identified.

Copyright © 2006, Elsevier Science (USA).
281 All rights reserved.
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arteriolar arcades presumably serve to equalize the driving
pressure for flow through subsequent branches across wide
regions of the tissue; each arcade gives rise to several
smaller arterioles that each branch two or three times and
then give rise to capillaries. In general, the arcading arteri-
oles are larger (greater than about 80 to 100 mm in diameter)
than the terminally branching arteriolar systems. These
larger vessels are also the arterioles that are most likely to be
“paired” with collecting venules: The functional conse-
quences of this anatomical arrangement for arteriolar con-
trol will be discussed later.

Second, the terminally branching arteriolar trees (diame-
ter usually less than about 65 mm, down to approximately 
10mm) are not paired anatomically with venules and are the
controllers of capillary perfusion (see Section VI). Capillar-
ies arise from the distal ramifications of these arteriolar
trees. They are arranged in groups (variously called net-
works, units, or modules), and capillary recruitment occurs
when these groups of capillaries are perfused as a result of
dilation of the small arterioles from which they arise.

II. The Cells of the Arteriolar Wall

All but the very largest arterioles consist of a single layer
of smooth muscle cells (SMCs) wrapped circumferentially
around the vessel, which is lined by a single layer of
endothelial cells (ECs) oriented axially along the vessel. In
addition to these major cell types, the adventitial (ablumi-
nal) aspect of the arteriole supports perivascular nerves, per-
icytes, fibroblasts, and a substantial extracellular matrix. All
of these elements have the capacity to contribute to arter-
iolar control; the role of neural inputs, both central and
perivascular, is best documented, but it is also now estab-
lished that signals generated by the extracellular matrix can
influence arteriolar tone through integrin coupling to Ca2+

channels, although how this might contribute to control of
skeletal muscle arterioles is not known. Similarly, the con-
tribution of pericytes (or other cell types located in close
apposition to the arteriolar wall) to responses of arterioles in
skeletal muscle remains largely undefined. The arteriolar
wall is exposed to inputs from both the vessel lumen and the
tissue space. It is established that ECs respond to mechani-
cal inputs, of which the most prominent is flow, but other
luminal stimuli have been identified. For example, red blood
cells, in addition to their role in oxygen delivery, have been
postulated to act as modifiers and/or sources of ATP and 
NO. On the abluminal side of the arteriole, skeletal muscle
myocytes are a primary source of vasoactive agents, but
additionally, the arteriole can respond to external mechani-
cal stimuli, such as compression of microvessels induced by
muscle contraction, and will be of course be influenced 
by neural inputs. Overall, these arterioles are exquisitely
responsive to a very wide range of inputs; redundancy of
control mechanisms clearly confers survival advantages on
this important system but requires that the microcircula-
tory network also have the capacity to integrate all this

information to produce appropriately coordinated responses.
Thus, an important emerging issue is that of identifying the
mechanisms by which many inputs are integrated locally,
and perhaps of even more significance, how they are inte-
grated over the length of individual arteriolar segments, and
across the microvascular network.

III. Differential Responses of Large versus 
Small Arterioles

Skeletal muscle arterioles, like those of other organs, dis-
play myogenic tone, that is, in response to the transmural
(distending) pressure exerted on the wall by the blood, the
SMCs increase their degree of constriction. How this is
manifest at any level of the microcirculation depends on the
transmural wall stress, which is a function of both the pres-
sure and the vessel radius. Thus the myogenic effect should
be less in smaller vessels; despite this, smaller arterioles typ-
ically have higher tone those located more proximally. This
reflects longitudinal differences in the ability of arterioles to
respond to other regulatory mechanisms (local, neural). Dif-
ferential sensitivities of larger versus smaller arterioles to a
variety of stimuli is an important way in which integration
of responses is achieved in the arteriolar microcirculation. In
skeletal muscle microcirculation, perivascular nerves and
varicosities are found in association with arterioles of all
sizes, but arteriolar sensitivity to adrenergic inputs is not
uniform across the network. Both a1 and a2 adrenergic
receptors have been identified on large arterioles, while a2
receptors appear to predominate on smaller arterioles. Fur-
thermore, most studies suggest that larger vessels (some-
times classified as first- and second-order vessels, in contrast
to the smaller third- through fifth-order vessels) are more
susceptible to neural inputs than are smaller arterioles; third-
through fifth-order arterioles are in turn more responsive to
metabolic stimuli than are larger arterioles. In like manner,
oxygen sensitivity appears to predominate in smaller arteri-
oles, while flow-dependent responses are more prominent in
first- and second-order vessels. Notwithstanding these gra-
dations in response characteristics as one moves distally
through the network toward smaller arterioles, most arteri-
oles do exhibit some degree of responsiveness to all these
inputs. An important unanswered issue is to identify which
of these differences are an acute reflection of the local con-
ditions, and which reflect phenotypic differences in response
capability.

IV. Metabolic Regulation of Arteriolar Tone

A. Oxygen

Oxygen has consistently been implicated in regulation of
arteriolar tone, and although involvement of changes in PO2
in regulation of skeletal muscle function is intuitively com-
pelling, no obvious “oxygen sensor” has been identified
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despite decades of searching. Thus it has seemed unlikely
that oxygen has a direct effect on the arteriolar wall. How-
ever, recent work has revisited this issue, and although the
signaling mechanisms are still not clarified, it is clear that at
least in some arterioles, including those in skeletal muscle,
oxygen can directly affect the cells of the arteriolar wall via
a cytochrome P450–dependent pathway, and also possibly
by mitigation of adrenergic vasoconstrictor tone at a step in
the SMC signaling cascade that is distal to an increase in
Ca2+. There is compelling evidence that KATP channels are
implicated in local metabolic responses, but this does not
appear to be via a direct effect of oxygen on the function of
these channels in SMCs.

Most investigators have concluded that oxygen modu-
lates local arteriolar responses indirectly—that is, as muscle
metabolism changes, local PO2 will also change, as will the
balance of metabolites released from the contracting mus-
cle. It is thus easy to conceptualize a control system in
which some or all such products feed back on the arteriole
to produce changes in force development by the SMCs.
Using this logic, a variety of possible mediators have been
identified. The challenge is to demonstrate directly what role
any such agents play on the cellular mechanisms regulating
tone in the blood vessel wall.

B. Adenosine

By reason of its release from contracting muscle fibers
during decreased PO2, adenosine (ADO) has long been
implicated in metabolic control. There is evidence from
direct observations of small arterioles that ADO is indeed
involved in the local metabolic response. However, it
accounts for only a fraction of the dilation in response to
near-maximal muscle contraction and appears to have a
greater effect in smaller arterioles. This might explain why
studies of whole organs or in intact animals have not invari-
ably implicated this purine in metabolic dilation. It is widely
assumed that ADO acts on smooth muscle, and it is estab-
lished that SMCs in skeletal muscle arterioles display both
P1 and P2 purinergic receptors; however, purinergic recep-
tors are also found on ECs, and recent work suggests that
local metabolic responses in small arterioles may be coupled
through P1 receptors on ECs. Purines are known to increase
EC Ca2+, and this increase in EC Ca2+ has also been impli-
cated in mediation of metabolic vasodilation in small arteri-
oles. In some circulations (e.g., coronary) ADO acts via
KATP channels, but in skeletal muscle arterioles this does not
appear to be the case.

C. Ions, Particularly K+

Many ions have vasoactive properties and have been
identified as possible mediators of metabolic vasodilation.
These include potassium, hydrogen, and overall osmolarity,
as well as charged moieties such as lactate, all of which have
been detected in venous blood during changes in muscle
metabolism. Of these, raised extracellular [K+] has received

the most attention, and it is established that small increases
in [K+] of the order of 5 to 10mM can lead to vasodilation
in a variety of arterioles, including those from skeletal mus-
cle. The mechanism(s) by which this dilation is brought
about are still unclear: Evidence supporting a role for KIR
channels and for Na+/K+ ATPase activation has been pub-
lished, but more definitive work in this area is needed.

D. Other Molecules Contributing to 
Functional Hyperemia

There is considerable evidence implicating nitric oxide
(NO) as a signaling intermediate—local arteriolar dilation to
muscle contraction can be significantly attenuated in the
presence of blockers such as L-NAME. Several different
actions of NO have been identified. It appears to support
vascular dilation directly, possibly via a KATP channel-
dependent signaling pathway. Studies in NOS-deficient
mouse models suggest that at least part of the NO is derived
from nNOS located in skeletal muscle fibers; contributions
from eNOS have also been identified, but there is a lot 
still to be learned about the mechanisms underlying this
response. In many systems, NO release from ECs has been
implicated in flow-dependent responses, and it is possible
that this stimulus also contributes to NO release during
blood flow changes associated with changes in muscle
metabolism. NO also attenuates sympathetic vasoconstri-
cion in an action known as “sympatholysis”: Again, this
mechanism is not fully understood, but this aspect of the
contribution of NO to vasodilation also appears likely to
involve KATP channels. Whether they are located on SMCs,
ECs, or the skeletal muscle fibers remains to be determined.

It has also been shown that the arteriolar dilation to mus-
cle contraction is partially blocked by indomethacin, impli-
cating prostaglandins in the regulation of this function. As
both NO and prostaglandins have been implicated in flow-
dependent responses in skeletal muscle, a challenge will be
to sort out which aspects of this pathway are primary versus
secondary as a consequence of local changes in the prevail-
ing flow that are themselves a consequence of local changes
in arteriolar tone. Recent work has shown, not surprisingly,
that multiple local vasoactive pathways can be activated
simultaneously upon contraction of skeletal muscle, and at
least some of these are independent of any local hemody-
namic changes.

V. Integration of Metabolic Response Pathways

A. Myoendothelial Communication

In addition to considerations about which control mech-
anisms for arteriolar responses reside on SMCs versus ECs,
it has become apparent that these two cell types can be
closely coupled, thus enabling the arteriolar wall to act as 
a syncytium. In small arterioles there are gap junctions
between adjacent ECs and between adjacent SMCs; in 
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addition the two cell types are connected by myoendothelial
gap junctions. This arrangement allows signals to spread
axially along the vessel, and also to be communicated
directly between ECs and SMCs. Local paracrine signaling
from ECs to SMCs is, of course, well established (NO,
EDHF), but it is now clear that intracellular transfer of sig-
naling intermediates can also occur from SMCs to ECs. It
has recently been shown that the increased SMC Ca2+ that
occurs when arterioles constrict can be transferred to ECs,
raising Ca2+ in these cells and contributing to NO release,
which in turn ameliorates the original vasoconstriction.
How this response pattern contributes to in situ arteriolar
responses is not yet clear, but it indicates that vessels in their
native environment can respond in an even more closely
integrated way than previously thought.

B. Axially Propagated Responses

In the past two decades, a great deal of work, much of it
in skeletal muscle arterioles, has established that in these
vessels, responses can be propagated axially over consider-
able distances (millimeters) from their point of local origin.
Most of this work has focused on understanding the mecha-
nisms underlying dilations and constrictions conducted axi-
ally as a result of local stimulation by acetylcholine and
phenylephrine, respectively. These agents induce hyper- and
hypopolarizations, respectively, that are transmitted axially
along the vessel in a manner that appears to be dependent
largely (although not necessarily entirely) on gap-junction
communication. Although the principal pathway for this
transmission appears to be ECs, signals can also be trans-
mitted via a SMC pathway, and an important task will be to
identify what control mechanisms determine whether trans-
mission is via ECs or SMCs or both cell types. Not all local
vasomotor events result in a propagated signal; for example,
it has been shown that contraction of skeletal muscle fibers
causes a local dilation that involves ADO, NO, and a sepa-
rate, KATP channel–dependent pathway, but that the NO-
dependent component of this response is not propagated
axially, whereas the ADO and KATP channel–dependent
components are. Similarly, locally applied purines induce a
mixed response, constriction followed by dilation, but only
the dilator component is propagated axially. Not all of these
responses appear to depend entirely on gap-junctionally
mediated transmission, but what other signaling pathways
are involved is not known at this time. Initial work suggests
that the remote response to purines is dependent on in-
creased EC Ca2+ at the remote site, but how this relates to
the signaling cascade is entirely unknown. Despite the fact
that there is much to be learned about the mechanisms
underlying these communicated responses, their potential
contribution to integration of skeletal muscle responses is
clear. If only local dilations were produced in muscles in
response to contraction of individual motor units, then at
submaximal motor unit recruitment one might expect arteri-
oles to exhibit a series of randomly located local dilations
that would not support changes in flow through the vessel:

Conduction of these dilations along the arteriolar wall
allows the vessel to respond as a coordinated entity, thus
facilitating decreased resistance to flow across the vessel
(and network region) as a whole.

C. Flow-Dependent Dilations

Skeletal muscle arterioles are sensitive to flow, and, inter-
estingly, larger rather than smaller vessels are more respon-
sive to this stimulus (compared to the conducted responses
discussed earlier, which appear to be most prominent in
smaller arterioles). It has also been shown that ascending
flow-dependent dilations can be propagated proximally to
encompass the inflow vessels to the tissue, thus enabling
flow to be increased to the entire tissue. Thus the picture that
is emerging is one in which small arterioles, by reason of
their electrical and/or local paracrine coupling, are able to
exhibit responses that are conducted beyond their region of
origin to enable the vessel to respond as a coordinated
whole, while larger arterioles, being flow sensitive, exhibit
an ascending dilatory behavior that subserves increased flow
into the tissue under conditions of increased metabolism.

VI. Control of Capillary Recruitment

Capillaries, having no smooth muscle, are not generally
thought to actively participate in blood flow control. How-
ever, in a series of studies in the 1980s and 1990s, Tyml and
others showed that capillaries in skeletal muscle are capable
of responding to vasoactive stimuli such as norepinephrine
by producing vasoconstriction elsewhere in the network and
hence decreasing capillary flow. The implication was that
these signals were axially propagated along the vessel wall.
In the 1990s, Sarelius and coworkers showed that capillaries
could sense contraction of underlying skeletal muscle fibers
and send a dilator signal to upstream arterioles, thus increas-
ing flow through the “active” capillary network. They
showed that this signal was specific to capillaries associated
with actively contracting muscle fibers. This mechanisms
explains how capillary recruitment can be matched closely
with metabolic requirements, despite the fact that the con-
trollers of these vessels are located upstream of the capillar-
ies that they control, and often remote from the contracting
fibers.

VII. Venular–Arteriolar Communication

As noted in Section I, larger arterioles are located
anatomically in a “pair” with larger collecting venules. This
raises the possibility that control mechanisms may be cou-
pled from these outflow venules to their neighboring arteri-
oles—an attractive idea that conceptualizes how changes 
in venous outflow due to changes in metabolism could be
coupled back locally within the tissue to change inflow
capacity. The idea that venous PO2 may be sensed in this
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way by inflow arterioles has been raised repeatedly for
many decades. In recent years, veno-arteriolar coupling of
responses to metabolites such as adenosine has been clearly
demonstrated, indicating that this means of communication
within the muscle has the capacity to modify inflow to the
tissue in a way that, at least conceptually, should serve to
match blood flow to metabolism more closely.

VIII. Summary

Blood flow control in skeletal muscle achieves very close
coupling between flow and the metabolism of the tissue.
Integration of control is achieved by several means. There
are differences in response capacity to many stimuli
between large and small arterioles. Communication of sig-
nals among the cells of the arteriolar wall, both axially and
between SMCs and ECs, enables the vessel and network to
respond as a coordinated whole. Ascending flow-dependent
dilation has also been identified as a mechanism supporting
rapid modulation of the inflow to the tissue. Cellular signal-
ing mechanisms underlying these responses are still being
worked out: In addition to roles for such metabolically
related substances as oxygen and adenosine, contributions
from NO, and one or more EDHFs, have been identified. A
role for KATP channels is strongly indicated, but where in the
signaling cascade these channels contribute to the response
is not clear.

Glossary

Arcading arteriolar system: Arterioles that form a continuous loop
from which smaller arterioles branch, in contrast to a bifurcating arteriolar
system, in which an arteriole diverges into two smaller branches.

Gap-junction communication: Transfer of signals between the
cytosols of two adjacent cells via a channel in their membranes.

NOS: Nitric oxide synthase, the enzyme responsible for production of
nitric oxide. (eNOS is an isoform found in endothelial cells; nNOS, an iso-
form found in skeletal muscle.)

Transmural wall stress: The (normalized) tension in the vessel wall
that resists the pressure exerted by the blood in the vessel lumen.
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endothelial cells contract or undergo conformational
changes, resulting in endothelial hyperpermeability and
microvascular barrier dysfunction.

Protein kinases, classified as serine/threonine kinases or
tyrosine kinases based on their substrate specificity, consti-
tute an important category of intracellular second messen-
gers that mediate the structural and functional changes
occurring in the endothelium under physiological conditions
as well as during inflammatory stimulation. Several groups
of protein kinases have been characterized and their
involvement in the cellular response to inflammation or
injury has been documented. The following discussion
focuses on the protein kinases that are frequently implicated
in the modulation of microvascular permeability.

Myosin Light-Chain Kinase (MLCK)

Actin and myosin are the major contractile components
in the cytoskeleton. The cross-bridge movement between
actin and myosin provides a mechanical basis for not only
the maintenance of centripetal tension but also the develop-
ment of contractile force in cells during physical or chemi-
cal stimulation. In vascular endothelial cells, the interaction
between actin and myosin is mainly governed by the phos-
phorylation status of the regulatory myosin light chain
(MLC). Two major mechanisms control the activity of
MLC. On one hand, myosin light-chain kinase directly
phosphorylates MLC at Thr-18 and/or Ser-19, resulting in
MLC activation and actin–myosin binding. On the other
hand, myosin-associated protein phosphatase dephosphory-
lates MLC and thus counteracts the MLCK effect, leading 
to cell relaxation. Certain types of agonists and cells can

Blood–tissue exchange occurs in the downstream seg-
ments of microvasculature, namely capillary and postcapil-
lary venules. The wall of these exchange microvessels
consists of a sheet of cells, endothelial cells, which connect
to each other with closely opposed intercellular junctions.
This endothelial sheet is tethered to a network of extracellu-
lar matrices in the basement membrane, forming a barrier
structure that controls the transvascular movement of blood
components. The permeability of microvascular endothe-
lium is maintained by an equilibrium between the contrac-
tile force generated at the endothelial cytoskeleton and the
adhesive forces produced at endothelial cell–cell junctions
and cell–matrix focal contacts (Figure 1). A dynamic inter-
action among these structural elements controls the opening
and closing of the paracellular pathways for fluid and cells
to move across the vessel wall and thus serves as a funda-
mental mechanism in the physiological and pathological
regulation of blood–tissue exchange.

Aberrations of microvascular barrier function lead to an
abnormal extravasation of blood components, resulting in
tissue edema and dysfunction. This cellular process is
involved in inflammation, ischemia-reperfusion injury,
trauma, sepsis, diabetes, and atherosclerosis. Under such
disease conditions, many inflammatory mediators are
released, and most of them possess a potent permeability-
increasing effect. These mediators, including histamine,
bradykinin, platelet activating factor, growth factors, glyca-
tion products, cytokines, reactive oxygen species, and acti-
vated leukocytes, can interact with the microvascular
endothelium and activate an array of intracellular second
messengers, which in turn catalyze a series of biochemical
reactions at the endothelial cytoskeleton and cell–cell and
cell–matrix adhesive structures (Figure 2). Ultimately,
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activate the contractile process by increasing MLCK activ-
ity through calcium/calmodulin signaling or by directly
phosphorylating MLCK. Other agents are able to stimulate
actomyosin contraction by inhibiting MLC phosphatase
activity. In particular, a family of Rho-like small GTPases
and their downstream effector, Rho kinase, have been impli-
cated in the regulation of MLC phosphorylation through
inhibition of MLC phosphatase.

The functional importance of the contractile mechanism
in controlling microvascular permeability has been subject
to extensive investigation. Recent studies provide strong
evidence for a link between MLC phosphorylation and
stress fiber formation or tension development in the
endothelial cells. A causal role of MLCK in the endothelial
hyperpermeability response to inflammatory mediators has
been established through experiments in cultured endothe-
lial monolayers as well as in intact isolated venules, where
administration of pharmacological agents or transference of
synthetic peptides that specifically block MLCK function
can prevent the increase in permeability caused by throm-
bin, histamine, cytokines, oxygen radicals, and activated
neutrophils. Furthermore, inhibition of MLCK or knockout
of endothelial MLCK genes has proven to effectively atten-
uate microvascular leakage under clinically relevant con-

ditions such as severe burns and sepsis. These findings con-
firm that endothelial MLCK plays a critical role in mediat-
ing microvascular barrier dysfunction during inflammation
and injury.

Protein Kinase C (PKC)

Protein kinase C represents a family of at least 10 ser-
ine/threonine kinases (a, b1, b2, g, d, e, n, q, m, x, and l).
These isozymes show distinct expression patterns and are
responsible for diverse cellular responses. Most of them 
can be activated by phorbol esters and diacylglycerol
(DAG), as experimentally indicated by membrane trans-
location and increased phosphorylating activities. PKC
activity is negatively regulated by serine/threonine protein
phosphatases.

Functionally, despite its perhaps minor effect on the basal
barrier property of the endothelium, PKC has been fre-
quently referred to as a key mediator of microvascular
hyperpermeability under stimulated conditions. Direct acti-
vation of PKC with DAG or phorbol esters increases the
flux of fluid and macromolecules across the microvascular
endothelium, whereas PKC inhibitors reduce the increases
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Figure 1 A schematic diagram of microvascular endothelial barrier structure. The barrier is formed by a layer
of endothelial cells that connect to each other (e.g., cell A to cell B) through the junctional adhesive molecule
VE-cadherin, which binds to another VE-cadherin in the junction and connects to actin cytoskeleton via a fam-
ily of catenins (abg, and p120). This endothelial lining is tethered to the extracellular matrix through the bind-
ing of transendothelial receptor integrins (composed of a and b subunits) and a family of cytoskeleton-linking
proteins including focal adhesion kinase (FAK). The integrity of this barrier structure is maintained by VE-
cadherin-mediated cell–cell adhesions and focal adhesion-supported cell–matrix attachment, whereas myosin
light chain kinase (MLCK)-catalyzed myosin light chain (MLC) phosphorylation promotes cross-bridge move-
ment between actin and myosin leading to cell contraction. A dynamic interaction among these structural ele-
ments controls the opening and closing of the paracellular pathways for fluid, proteins, and cells to move across
the endothelium.
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in endothelial permeability caused by thrombin, bradykinin,
platelet activating factor, hydrogen peroxide, VEGF, or 
neutrophils. Importantly, clinical and experimental evidence
is accumulating that PKC activation and subsequent
microvascular barrier dysfunction may underlie the initia-
tion and progress of circulatory disorders associated with
diabetes, atherosclerosis, and ischemia-reperfusion injury.

Recent advances in molecular technologies enable direct
targeting of particular PKC isoforms by selective inhibitors,
synthetic peptides, or antisense oligonucleotides. Experi-
ments employing these approaches reveal the relative
importance of PKCa, PKCb, PKCd, and PKCm (also known

as PKD) in the regulation of microvascular permeability.
Some studies demonstrate that endothelial hyperpermeabil-
ity resulting from hyperglycemia, ischemia, and angiogene-
sis or inflammatory stimulation is a PKCa-dependent event.
In contrast, others suggest that PKCb overexpression in
endothelial cells potentiates agonist-induced transendothe-
lial flux of macromolecules, whereas pharmacological or
antisense inhibitors of PKCb diminish the increase in
endothelial permeability caused by phorbol esters or oxygen
radicals. Oral administration of LY333531 or LY290181,
selective pharmacological antagonists of PKCb, prevents
microvascular leakage in the retina and kidney of diabetic

Figure 2 A model for the signal transduction of agonist-induced microvascular hyperpermeability. Histamine and vascular endothe-
lial growth factor (VEGF) are used to represent permeability-increasing agonists. Histamine binding to its receptor (H) activates phos-
pholipase C beta (PLCb) via a G protein (G), catalyzing the production from inositol bisphosphate (PIP2) to inositol trisphosphate (IP3)
and diacylglycerol (DAG). DAG directly activates protein kinase C. In parallel, IP3 stimulates an internal release of Ca2+ followed by
an influx of extracellular Ca2+, leading to upregulation of nitric oxide synthase (ecNOS) and nitric oxide (NO) production from its pre-
cursor Larginine (L-Arg). Nitric oxide stimulates guanylate cyclase (GC) to produce cGMP, a potent activator of cGMP-dependent pro-
tein kinase (PKG). The elevated intracellular calcium also stimulates PKC and myosin light-chain kinase (MLCK); the latter
phosphorylates myosin light chain (MLC-P). The hyperpermeability effect of VEGF is triggered by its tyrosine kinase receptor
flk1/KDR and mediated through two major signaling pathways. On one hand, activated phospholipase C gamma (PLCg) elevates the
intracellular calcium and subsequently activates the PKG, PKC, and MLCK cascades. On the other hand, KDR receptor occupancy
results in the recruitment of several adaptor proteins, such as Grb2, Sos, and Src, which further produces the ras-raf-MEK-ERK cas-
cade. In addition, the nonreceptor tyrosine kinases FAK and Src as well as the Rho-family of GTPases are also involved in the endothe-
lial response to inflammatory stimulation. All of these protein kinases—PKG, PKC, MLCK, MAPK, and tyrosine kinases—may directly
or indirectly target the endothelial barrier structure to cause an opening of the paracellular pathway for transendothelial flux of fluid and
macromolecules. (see color insert)
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animals. More recently, evidence is emerging that PKCd and
PKD may be required for the microvascular permeability
response to phorbol ester and diacylglycerol, typical exoge-
nous and endogenous activators of PKC, respectively.

How PKC alters endothelial barrier function remains an
interesting question. Both the cytoskeleton and cell–cell
junctions are potential targets of this potent kinase. More
specifically, it has been reported that PKC activates the
endothelial contractile apparatus by inducing MLC phos-
phorylation and actin polymerization. Recent experiments
suggest that the endothelial contractile response can be trig-
gered by a PKC-dependent activation of the Rho pathway.
Furthermore, disassembly of endothelial adherens junctions
has been linked to PKC activation. In addition to its direct
effect on the cytoskeletal and junctional structures, PKC
may indirectly alter the endothelial barrier function through
crosstalk with other intracellular signaling molecules. In this
regard, the nitric oxide (NO) pathway has been increasingly
recognized as a potential downstream target of PKC. An in
vivo experiment in the hamster cheek pouch demonstrates
that phorbol ester–induced macromolecular transport in the
microcirculation is reduced when NO synthesis is blocked.
This is further supported by evidence of enhanced nitric
oxide synthase (NOS) phosphorylation and NO production
in microvessels or endothelial cells exposed to PKC activa-
tors. A comparative analysis of the permeability response to
PKC activators in isolated venules before and after NOS
inhibition indicates that the barrier loosening effect of PKC
is mediated, at least in part, through the endothelial produc-
tion of NO.

Cytosolic calcium is an important cofactor required for
the regulation of PKC function. Within this context, PKCa
and PKCb are the predominant isozymes that are dependent
on calcium for activation. Many permeability-increasing
agonists are able to stimulate the release of calcium from
intracellular stores followed by influx from extracellular
space. This process, in addition to directly activating PKC,
can upregulate the activity of other enzymes and second
messengers in endothelial cells, such as MLCK and NO,
which more likely serve as intracellular signals secondary to
the PKC pathway in the transduction of endothelial perme-
ability response. Currently, studies are ongoing to define the
precise role of cytosolic calcium in the complex interactions
among multiple protein kinases in microvascular endothelial
cells upon inflammatory stimulation.

cAMP- and cGMP-Dependent Protein Kinases 
(PKA and PKG)

In general, an increase in the intracellular level of cAMP
promotes endothelial barrier integrity, and the effect is most
likely mediated through PKA. Studies have been carried out
in cultured cells, perfused microvessels, and intact tissues in
which application of PKA activators, such as b-adrenergic

agonists or cAMP analogs, reduces endothelial permeability
and prevents microvascular leakage during inflammation
and ischemia-reperfusion injury. Recently, an endogenous
PKA competitor, PKI, has been identified in vascular
endothelial cells and is being used for selective inhibition of
PKA. Infection of human dermal microvascular endothelial
cells with adenovirus containing PKI gene results in over-
expression of PKI and abrogates the cAMP-mediated pro-
tection against increased endothelial permeability.

The barrier protection effect of PKA may be related to its
ability to stabilize endothelial cytoskeletal and adhesive
structures. There are reports that PKA causes dephosphory-
lation of MLC, dissociation of F-actin from myosin, 
stabilization of cytoskeletal filaments, and strengthening of
cell–matrix adhesions. Moreover, PKA is well known for
inhibiting leukocyte adhesion and platelet aggregation. This
effect may play an indirect role in preventing the endothelial
barrier from being damaged by activated leukocytes or
platelets and their metabolites. Finally, it is possible that the
PKA pathway functions through interactions with other sig-
naling molecules such as PKG.

In contrast to the general consensus on the barrier-
tightening effect of PKA, there is considerable controversy
as to whether the cGMP-PKG cascade acts as a barrier pro-
tector or a permeability-increasing factor. Most in vitro
experiments using cultured endothelial cells derived from
large vessels or nonexchange microvessels show that an ele-
vation of intracellular cGMP by NO donors or guanylate
cyclase activators is associated with a decrease in endothe-
lial permeability. On the other hand, in vivo observation and
in vitro studies using microvascular endothelial cells report
a PKG-dependent increase of microvascular permeability in
response to a variety of agonists, including NO donors, his-
tamine, bradykinin, tumor necrosis factor, platelet activating
factor, and VEGF. These apparently contradictory findings
may result from variations in cell types and experimental
conditions. With regard to experimental models, cultured
cells may not fully mimic the in vivo state of microcircula-
tion. For example, it has been reported that PKG expression
is dramatically reduced in cultured endothelial cells during
serial passage. Whether the cells are exposed to a physio-
logical range of shear stress and a normal calcium environ-
ment also affects the expression and activity of the kinase.
Recent experiments in intact perfused microvessels show
that selective inhibition of NOS, guanylate cyclase, or 
PKG suppresses venular hyperpermeability caused by shear
stress, histamine-type agonists, and VEGF. It has been pos-
tulated that certain types of physical and chemical stimuli
increase microvascular permeability by activating the NO-
cGMP-PKG signaling cascade. Such a mechanism may
account for the direct effect of the stimuli on microvascular
endothelium where leukocytes and platelets are absent.

It seems that PKA and PKG form a pair of yin-and-yang-
like functional antagonists in controlling microvascular per-
meability. Protein kinase A may play a dominant role in the
maintenance of basal barrier property and counteract the
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effect of PKG in response to inflammation. The interaction
between the two protein kinases can occur at several levels:
competing for a common target at the cytoskeleton or junc-
tions, counteracting to modulate leukocyte and platelet
function, or feedback regulating through phosphodiesterases
(PDE). Three forms of PDE, namely, cGMP-stimulated
PDE II and IV and cGMP-inhibited PDE III, have been
shown to affect PKA-associated alteration in endothelial
permeability.

Mitogen-Activated Protein Kinases (MAPKs)

Mitogen-activated protein kinases are involved in multi-
ple cascades of serine/threonine and tyrosine phosphory-
lating reactions that mediate diverse cellular responses to
growth factors, physical stress, and cytokines. The most
studied MAPKs in mammalian cells are extracellular signal-
related kinases (ERK 1/2), c-jun N-terminal kinases (JNK),
and p38 proteins. Although ERK 1/2 is mainly known for its
role in cell growth and p38 MAPK plays a major role in cel-
lular responses to stress and injury, both have been impli-
cated in the regulation of vascular endothelial permeability.
A typical case is seen in endothelial cells or intact microvas-
culature subjected to VEGF stimulation: Inhibition of ERK
1/2 with the ERK kinase inhibitor PD98059 or inhibition of
p38 with SB203580 blocks VEGF-induced increases in per-
meability. In addition to the growth factor, many inflam-
matory agonists, including histamine, thrombin, hydrogen
peroxide, and intracellular calcium elevating agents, are
able to phosphorylate ERK 1/2. In parallel, the same types
of substances have been found to induce endothelial
cytoskeletal contraction and junctional barrier failure
through a p38-related mechanism. Clearly, activation of
either the ERK 1/2 or the p38 pathway can cause changes in
endothelial barrier function; however, their relative contri-
bution may vary depending on the form of stimulation, type
of vessels, and duration of observations.

Nonreceptor Protein Tyrosine Kinases (PTKs)

Phosphorylation of proteins on serine/threonine residues
is often initiated by or coupled with tyrosine phosphoryla-
tion. In fact, tyrosine phosphorylation has so far been con-
sidered the primary or even the exclusive indicator of signal
transduction in multicellular organisms. Enhanced PTK
activity has been implicated in not only cancer and prolifer-
ative diseases, but also in inflammatory disorders. Inhibition
of PTKs effectively blocks the increase in endothelial per-
meability induced by a wide spectrum of inflammatory
mediators, whereas upregulation of tyrosine phosphoryla-
tion with tyrosine phosphatase inhibitors exerts opposite
effects.

Protein tyrosine kinases can be categorized into receptor
tyrosine kinases, such as the VEGF receptor KDR, and 

nonreceptor tyrosine kinases, such as Src kinases and focal
adhesion kinase (FAK). The Src family, containing c-Src,
Lyn, Fyn, Lck, Hck, Fgr, Blk, and Yes, exerts potent phos-
phorylating and transforming effects through interaction
with the SH2 and SH3 domains of effector proteins. The
activity of Src is upregulated by phosphorylation at Tyr-416
(located in the catalytic domain) and negatively regulated by
phosphorylation at Tyr-527 (near the carboxyl terminus). It
has been documented that the Src signaling is required in
multiple cellular processes, such as cell contraction and
migration, angiogenesis, and vascular leakage. Blockage of
Src activity or Src deficiency reduces cerebral edema asso-
ciated with stroke in animal models. Recent experiments
show that Src mediates vascular endothelial permeability
responses to tumor necrosis factor and reactive oxygen
metabolites. In addition, specific blockage of Src activity by
pharmacological agents or Src-inhibiting peptides abolishes
the increase in albumin permeability caused by C5a-
activated neutrophils in isolated venules as well as in 
cultured venular endothelial monolayers. Further biochemi-
cal analysis confirms that activated neutrophils stimulate 
Src phosphorylation at Tyr-416 and decrease phosphoryla-
tion at Tyr-527, two events that are known to upregulate Src
activity.

Several pathways may be activated through Src signal-
ing. For example, MAPK has been identified as a down-
stream effector of Src. More importantly, Src may directly
alter endothelial barrier structure by phosphorylating 
contractile proteins and adhesion proteins. Supporting 
this is biochemical evidence of coimmunoprecipitation and
immunocolocalization between Src and the cytoskeletal and
junctional components. Myosin light chain kinase, b-
catenin, and FAK have been identified as potential Src sub-
strates. Therefore, it is highly possible that Src activation
serves as a common signal in coordinating cytoskeletal con-
traction, junctional disorganization, and focal adhesion
redistribution in response to multiple protein kinase cas-
cades that are triggered by inflammatory mediators.

Another nonreceptor tyrosine kinase known to modulate
endothelial barrier structure and function is FAK. Focal
adhesions are referred to as transmembrane structures that
anchor the cells to extracellular matrices in the basement
membrane. Major components of the focal structure include
a family of transmembrane receptors, namely integrins, and
their associated intracellular proteins, such as talin, a-
actinin, and paxillin, which link the cytoskeleton to inte-
grins. Not only does this structure support the physical
attachment of endothelial lining to the basement membrane,
it also serves as a transducer in mediating cellular response
to physical stress or chemical stimuli. Because of the lack of
catalytic activity in integrin receptors, such signaling reac-
tions are transduced via a network of integrin-associated
proteins located in focal adhesions. Of these proteins, FAK
is a major protein kinase capable of catalyzing various
downstream signaling cascades leading to a dynamic regu-
lation of focal adhesion morphology and distribution. The
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activity of FAK is mainly regulated through tyrosine 
phosphorylation, preferentially by the Src-family tyrosine
kinases. FAK-mediated focal adhesion assembly and reor-
ganization play a critical role in cell contraction and migra-
tion during stimulation by integrins or nonintegrin factors
including shear stress, growth factors, and permeability-
increasing agents such as thrombin, platelet activating fac-
tors, phorbol esters, and even leukocyte adhesion molecules.
Recent evidence is accumulating in support of the functional
importance of FAK to the microvascular barrier effect. For
example, there are reports that protein tyrosine kinase block-
ades abolish FAK phosphorylation-coupled endothelial bar-
rier dysfunction. Downregulation of FAK expression using
antisense approaches modulates agonist-induced increases
in endothelial monolayer permeability. More importantly,
inhibition of FAK activity through direct delivery of FAK-
related nonkinase (FRNK), an endogenously expressed FAK
competitive inhibitor, into intact isolated venules signifi-
cantly attenuates the hyperpermeability response to VEGF
or activated leukocytes.

Several pathways may be considered for potentially
underlying the effect of FAK on endothelial barrier function.
On one hand, FAK-signaled focal adhesion disassembly and
redistribution may reduce cell–matrix adhesion forces, lead-
ing to rounding of the endothelial cell and widening of
interendothelial channels. This is consistent with an emerg-
ing view that FAK activation leads to disassembly, rather
than assembly, of focal adhesion complexes. On the other
hand, activated FAK may directly participate in the devel-
opment of contractile force in the endothelial cells resulting
in intercellular gap formation. In support of this notion, FAK
phosphorylation has been linked to actin polymerization and
stress fiber formation in endothelial cells treated with
VEGF. Alternatively, FAK could indirectly affect endothe-
lial barrier function by coordinating secondary intracellular
signaling molecules, including the Src family of tyrosine
kinases and the Rho family of GTPases. In this regard, FAK
may function as a scaffolding protein that recruits and 
activates Src, Rho, and other focal adhesion-associated 
proteins, which in turn cause changes in the cyto-
skeleton or intercellular junctions, leading to endothelial
hyperpermeability.

Summary

Endothelial barrier integrity is maintained by adhesive
interactions occurring at the cell–cell and cell–matrix con-
tacts via junctional proteins and focal adhesion complexes
that are anchored to the cytoskeleton. Under physiological
conditions, cyclic AMP and PKA counteract with the NO-
PKG pathway to protect the basal barrier function. Upon
stimulation by physical stress, growth factors, or inflamma-
tory agents, endothelial cells undergo a series of intracellu-
lar signaling reactions involving activation of PKC, PKG,
MAPKs, and PTKs. These protein kinases further trigger
biochemical and conformational changes in the barrier

structure and ultimately lead to an opening of the paracellu-
lar pathway. In particular, MLCK activation and subsequent
MLC phosphorylation in endothelial cells directly result in
cell contraction and shape changes. The PTK-mediated
phosphorylation of junctional proteins causes disorgani-
zation of adherens junctions or dissociation of VE-
cadherin–catenin complex from its cytoskeletal anchor,
leading to loose or opened intercellular junctions. Addition-
ally, FAK phosphorylation-coupled focal adhesion assembly
and redistribution provide an anchorage support for the con-
formational changes occurring in the cells and at the cell
junctions. The Src-family tyrosine kinases may serve as a
common signal that coordinates these molecular events to
facilitate the paracellular transport of macromolecules. The
critical roles of protein kinases in the endothelial hyperper-
meability response implicate the therapeutic significance of
protein kinase inhibitors in the prevention and treatment of
diseases and injuries that are associated with microvascular
barrier dysfunction.
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normal vessels the upregulated VVO function of tumor 
vessels [3].

VVOs Are the Major Site of Hyperpermeability of
Tumor Blood Vessels

Tumor microvessels are typically fourfold to tenfold
more permeable to circulating macromolecules than compa-
rable normal vessels. We injected several different macro-
molecular tracers intravenously into mice or guinea pigs
bearing solid or ascites tumors and followed the extravasa-
tion of these tracers from tumor and normal vessels over
time by light and electron microscopy [1, 2]. These studies
led to the identification of VVOs in the endothelium of
tumor microvessels. The vesicles and vacuoles of individual
VVOs extend across endothelial cells, interconnecting with
each other and with the luminal, abluminal, and often the
lateral plasma membranes by stomata that may be open or
that are guarded by thin diaphragms. These stomata and
their closing diaphragms likely provide the structural basis
for regulation of tracer passage across the microvascular
endothelium.

VVOs were found to provide a transcytotic pathway by
which soluble macromolecular tracers extravasated from
leaky tumor blood vessels. Within seconds of intravenous

Introduction

The microcirculation functions to provide rapid
exchange of nutrients and waste products between blood
and tissues. Large molecules, such as plasma proteins, exit
most capillaries at low rates and by two routes: (1) vesicular
transport via the shuttling of 50- to 70-nm cytoplasmic vesi-
cles present in endothelial cells (or by interconnected vesi-
cles that form transendothelial cell channels), and (2)
interendothelial cell gaps.

We identified a new endothelial cell organelle, which 
we termed the vesiculo-vacuolar organelle (VVO) (Figure
1) [1]. This organelle provides the major route of extrava-
sation of macromolecules at sites of augmented vascular
permeability induced by vascular permeability factor/
vascular endothelial growth factor (VPF/VEGF), a tumor-
derived cytokine, in venules associated with experimental
tumors [1, 2]. We also reported extensive VVOs in venular
endothelium in an animal model of allergic inflammatory
eye disease, characterized by histamine secretion from 
augmented mast cell expression. Further studies used multi-
ple ultrastructural methods to determine (1) the substructure
and contents of VVOs, (2) the formation of VVOs, (3) 
the mechanism of upregulated function of VVOs, and 
(4) whether tumor cytokines and mediators of inflamma-
tion with permeabilizing properties could recapitulate in

Copyright © 2006, Elsevier Science (USA).
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injection into tumor-bearing mice, macromolecular tracers
were found in VVO vesicles that opened to the vascular
lumen. Initially, tracers were found in VVO vesicles that
opened to the vascular lumen, but VVO vesicles and vac-
uoles were rapidly labeled at all levels of endothelial cell
cytoplasm. Vesicles that opened to the endothelial cell ablu-
men spilled both tracers into the underlying basal lamina.
Ferritin (d ~ 11 nm) was not found to exit tumor vessels
through interendothelial cell junctions at any time interval
up to 1 hour. The small protein tracer HRP (d ~ 5nm) did

exit tumor vessels through normally apposed interendothe-
lial junctions, but only after a delay of at least 5 minutes, at
a time when extensive HRP extravasation had already taken
place through VVOs.

Subsequent study revealed that morphologically similar
VVOs were present, and with equal frequency, in the venu-
lar endothelium supplying skin and many other tissues in
normal animals as well as remote from tumor sites in tumor-
bearing animals. However, normal venules extravasated
only very small amounts of macromolecules and their
VVOs were minimally labeled with ferritin and HRP.

Vessels supplying some tumors were fenestrated and
prominent collections of ferritin were also found in and
beneath individual fenestrae, suggesting that these struc-
tures had provided a second pathway for tracer extravasa-
tion [1]. In contrast, some vessels supplying other tumors
were not fenestrated, and tracer extravasated exclusively by
the transcellular VVO route.

VVO Structure

Clusters of VVOs are deployed at intervals in the cyto-
plasm of endothelial cells. They are often concentrated near
lateral borders of endothelial cells, that is, parajunctionally,
and provide a direct link between the vascular lumen and
ablumen. Approximately 12 percent of VVOs extend from
luminal to the abluminal plasma membranes when viewed
in single, random 80-nm electron microscopic sections, and
in serial sections, this value approaches 100 percent [3]. The
individual vesicles and vacuoles comprising VVOs are
bounded by membranes and interconnect with each other
and with the endothelial cell plasma membranes by means
of stomata that are closed by thin diaphragms. The stomatal
diaphragms measure less in diameter than the diameter of
individual VVO vesicles and vacuoles. The presence of trac-
ers within adjoined vesicles–vacuoles, as well as within the
stomata connecting them, provides prima facie evidence
that such vesicles and vacuoles are in open communication
with each other. However, in some cases, the stomata join-
ing individual vesicles and vacuoles were closed by a
diaphragm, and passage of macromolecular tracers was
restricted such that one vesicle or vacuole contained tracer
whereas the other did not. It would seem, therefore, that 
the diaphragms that separate individual stomata serve to
restrict the passage of cargo and may be opened and closed
individually.

VVO structure cannot be fully appreciated by electron
microscopy of standard 70- to 100-nm sections. In serial 12-
to 14-nm ultrathin sections for electron microscopy and
computer-assisted three-dimensional reconstructions, a net-
work of interconnecting vesicles and vacuoles was revealed
and established that VVOs provide a continuous, often ser-
pentine pathway across venular endothelium, extending to
both the lumen and ablumen at multiple sites [3]. Subse-
quent studies have revealed that the VVOs of adjacent

Figure 1 Platelet endothelial cell adhesion molecule (PECAM, CD31)
localization to a VVO and plasma membranes (luminal and abluminal) of
a mouse skin venule. In this thickened portion of venular endothelium the
characteristic VVO stretches from the luminal to the abluminal surfaces of
this endothelial cell. Localization is with an immunonanogold method. Par-
ticles are associated with stomata and their diaphragms (arrow), which 
typify the ultrastructural anatomy of VVOs. L, Lumen. Bar = 170 nm.
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endothelial cells also open to the interendothelial cleft, and
in some instances, VVOs from adjacent endothelial cells
connect across the intercellular cleft between adjacent
endothelial cells, raising the possibility that plasma may
extravasate by a VVO pathway that extends across over-
lapping endothelial cells.

The large size and complexity of VVOs suggest that they
are sessile structures and that their component vesicles and
vacuoles do not shuttle back and forth across endothelial
cell cytoplasm. In evaluation of ultrathin (12- to 14-nm-
thick) serial sections, only 9 of 1,395 (0.65%) uncoated
vesicles were found to be single entities, free and unattached
in the cytoplasm, that is, > 99 percent were attached to other
vesicles and vacuoles as parts of VVOs [3].

VVO Function

The venules of normal tissues permit only minimal
extravasation of circulating macromolecules; consistent
with this finding, the VVOs of normal tissues, although
structurally similar to those of tumor vessels, differ func-
tionally from tumor endothelial cell VVOs in that they per-
mit only minimal entry and passage of macromolecular
tracers. To account for the functional differences between
the VVOs of tumor vessels and those of normal venules, we
postulated that VVO function was regulated by vasoactive
mediators that in some way opened the stomata that con-
nected individual VVO vesicles and vacuoles with each
other and with the venular lumen and ablumen. We also pos-
tulated that one such mediator, VPF/VEGF, was likely
responsible for opening these stomata in hyperpermeable
tumor vessels, thereby accounting for the relatively free pas-
sage of macromolecular tracers through tumor vessel VVOs.
Consistent with this hypothesis, the tumors we studied syn-
thesize and secrete large amounts of VPF/VEGF. Moreover,
tumor cell-secreted VPF/VEGF was found to localize on the
surface of tumor microvascular endothelial cells as well as
in association with the VVO vesicles and vacuoles in their
cytoplasm [3].

In addition, another such mediator, histamine, could act
similarly in opening stomata in hyperpermeable vessels in
allergic inflammation. In fact, using a new enzyme-affinity-
gold postembedding method to detect histamine, we local-
ized histamine, which is secreted from mast cells in the
allergic eye disease mouse model, to VVOs in involved 
vessels.

If VVO function is regulated by VPF/VEGF or other
vasoactive mediators, then these mediators would be ex-
pected to increase the microvascular permeability of normal
venules by opening VVO stomata to the passage of macro-
molecules. In fact, this proved to be the case. Injection of
small amounts of VPF/VEGF, histamine, or serotonin into
the normal flank or scrotal skin of guinea pigs, rats, and
mice greatly increased the permeability of local venules [3].
Electron microscopy demonstrated that the circulating tracer

(anionic ferritin) exited such venules primarily by way of
VVOs, just as in tumor microvessels. Rapidly after intrader-
mal injection of these mediators, and continuing for some
minutes thereafter, increasing amounts of circulating ferritin
entered VVO vesicles contiguous with the venular lumen
and proceeded across the endothelium through a succession
of interconnecting VVO vesicles and vacuoles to reach 
the vascular ablumen and underlying basal lamina, that is,
tracers followed the same pathway across normal dermal
venule endothelial cells as in leaky tumor microvessels.
Most stomata connecting adjacent VVO vesicles and vac-
uoles to one another and to the luminal and abluminal
plasma membranes were functionally open in that the pas-
sage of ferritin was not restricted. However, diaphragms
closed some stomata to the passage of ferritin since ferritin
molecules accumulated in immediately proximal vesicles or
vacuoles. Thus, stomatal diaphragms were able to serve 
as barriers that limited the further transcellular passage 
of macromolecular tracers. Endothelial cell junctions
remained intact, and ferritin was never observed in 
them. Together, these data establish VVOs as the major
pathway by which soluble plasma proteins exit nontumor
venules in response to several mediators that increase venu-
lar hyperpermeability.

VPF/VEGF induces its biological effects by binding to
two tyrosine kinase receptors, VEGFR-1 (fms-like tyrosine
kinase receptor or Flt) and VEGFR-2 (fetal liver kinase 1 or
Flk-1 in rodents; kinase insert domain-containing receptor
or KDR in man), which are selectively expressed in vascu-
lar endothelium and are both strikingly upregulated in
tumors, wounds, and inflammation in which VPF/VEGF 
is overexpressed. We used ultrastructural preembedding
immunoperoxidase and immunonanogold methods to local-
ize VEGFR-2 (flk-1/KDR) in vascular endothelium in
model systems in which VPF/VEGF is highly expressed: 
(1) glomerular and peritubular capillaries of normal mouse
kidney; (2) microvessels supplying a well-characterized
mouse mammary carcinoma; and (3) new vessels induced
by an adenoviral vector, engineered to overexpress
VPF/VEGF (adeno-vpf/vegf) [4]. Microvascular endothe-
lial cells were positive for VEGFR-2 in all three models and,
in the latter two, could be localized to the luminal and ablu-
minal surfaces and to the membranes of cytoplasmic VVOs.
The stomatal diaphragms of some VVOs and caveolae were
VEGFR-2-positive, best seen with the peroxidase reporter
when the entire vesicle membrane was not stained. Local-
ization of VPF/VEGFR-2 to VVO membranes, to the 
luminal and abluminal plasma membranes of vascular
endothelium, but not to the lateral plasma membranes at
interendothelial cell junctions is consistent with the mecha-
nisms that we have proposed for the increased microvascu-
lar permeability that is induced by VPF/VEGF and other
vasoactive mediators [4].

Stomatal diaphragms are likely the structures that regu-
late VVO permeability. Support for this concept is based on
the strategic localization of VEGFR-2 on this diaphragm
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which closes stomata in VVOs and of VPF/VEGF bound to
VVOs in endothelia present in animal tumor models [4].

VVO Formation

Given the similarities between caveolae and VVO vesi-
cles and vacuoles, it is possible that VVOs might form from
the linking together of individual caveolae. It is also possi-
ble that the larger vesicles and vacuoles of VVOs might
form from the fusion of two or more caveola-sized vesicles.
We did ultrastructural preembedding immunoperoxidase to
localize caveolin in VVOs in vitro and in vivo [5] to inves-
tigate the first possibility. These studies showed, both in
vivo and in vitro and as in caveolae, that endothelial cell
VVOs were caveolin-positive, lending support for forma-
tion of caveolin-positive VVO clusters from the joining of
individual caveolin-positive caveolae. We used an ultra-
structural morphometric approach [3] to investigate the sec-
ond possibility. For example, a fusion mechanism has been
proposed in the generation of several types of cytoplasmic
secretory granules in which small progranules of unit size
fuse with each other in varying combinations to form larger
mature granules whose volumes represent multiples of the
volume of the unit progranule [6]. By analogy, the volume
of the various VVO vesicles and vacuoles would not be
expected to fall on a continuum but instead would represent
multiples of the volume of the smaller unit vesicle. Mea-
surements of the volumes of vesicles and vacuoles compris-
ing VVOs revealed a heterogeneous distribution, where the
volumes of individual vesicles and vacuoles were not con-
tinuous but exhibited a periodic modal distribution [3]. The
most frequently occurring vesicle–vacuole had a unit vol-
ume of ~0.00015mm3; this value corresponds to a spheroid
of diameter ~60nm, that is, the size of typical capillary
caveolae. Vacuoles corresponding to the fusion of as many
as 10 unit vesicles were detected. The data, therefore, are
consistent with the hypothesis that larger VVO vesicles 
and vacuoles arise from the fusion of different numbers of
caveola-sized unit vesicles.

We also have investigated the substructural localization
of other proteins of importance to vesicular trafficking 
and fusion, generally. One such protein, vesicle-associated
membrane protein (VAMP), is localized to the cytoplasmic
side of caveolar and VVO membranes [3]. The presence of
this vesicle-SNARE protein in these locations lends support
to the proposed construction of VVOs from fused caveolae.

VVO Fate

Once formed, VVOs are sessile, multichambered struc-
tures occupying vast expanses of venular cytoplasm. They
restrict the passage of macromolecules from the blood vas-
cular spaces at their narrow points in stomata that are closed
by thin diaphragms. These diaphragms are opened, making

VVOs porous—a process that is rapidly induced by expo-
sure to well-known permeabilizing molecules, such as
VPF/VEGF, histamine, and serotonin.

We envision at least three possible fates for VVOs in
venular endothelium: (1) opened, leaky VVOs could close,
thereby returning vessels to their prior nonleaky state; 
(2) opened, enlarged stomata in permeabilized VVOs 
could open further, allowing retention of opened vesicles
and vacuoles in their fused state to form large transcel-
lular holes through which circulating endogenous and
exogenous particulates could freely enter the extravascular
space [3]; or (3) VVOs could serve as an extensive intracel-
lular store of membranes that, in certain circumstances,
could rapidly and greatly expand the endothelial plasma
membrane. This expansion could be instrumental in the
rapid formation of large vessels (“mother” vessels) in
VPF/VEGF angiogenesis models [4] and in the enhanced
endothelial surface process and migration sac formation that
accompanies endothelial thinning and loss of VVOs at
points of neutrophil transmigration in an animal model of
acute inflammation [3].

Presently, there are no data to confirm the first possibil-
ity, but long-term studies of VVO architecture following
transient permeability events are in progress. Considerable
data have accrued in support of the second proposed fate of
VVOs [3]. In studies of VPF/VEGF and other vasoactive
mediators in combination with soluble macromolecular 
tracers, we encountered relatively few openings across
venular endothelium. In such experiments, ferritin and HRP
extravasated across venular endothelium primarily by way
of VVOs. However, when we used colloidal carbon (d ~
50nm) as a tracer, a particulate that is, for the most part, too
large to enter or pass through the narrow necks of stomata in
VVOs, we observed a substantial (threefold to thirtyfold)
increase in endothelial cell openings [3], suggesting that, in
response to vasoactive mediators, holes may develop from a
rearrangement of VVO vesicles and vacuoles to form larger 
membrane-lined vacuolar structures and, eventually, chan-
nels of sufficient size to allow the passage of particulate
tracers as large as erythrocytes.

The third possible fate of VVOs as a membrane store for
rapidly expanding endothelial plasma membrane has gained
some support from studies of transendothelial cell neutro-
phil migration in acute inflammation [3]. Here, we noted
that VVOs became less numerous in thinned endothelium
through which neutrophils were traveling, and that a
markedly expanded endothelial cell luminal membrane cov-
ered many extended endothelial cell cytoplasmic processes
and provided additional membrane to form migration sacs
that enclosed migrating neutrophils. By analogy, the
markedly and rapidly enlarged “mother” vessels in tumor
and VPF/VEGF-induced angiogenesis models lend support
to the third possibility, since VVOs were not a conspicuous
component of the cytoplasm of the enlarged mother vessels
and the formation of mother vessels occurred rapidly in an
angiogenesis model. VVOs may provide membrane for the
rapid formation of these vessels in angiogenesis.
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Thus, the fate of VVOs includes at least three possibili-
ties—to recover in place by reforming diaphragms between
their components or to persist by remaining in place without
reclosure of stomata (e.g., in acute and chronic inflamma-
tion); to expand further to form large transcellular holes (to
facilitate transcellular trafficking in inflammation); or to
provide rapid expansion of endothelial plasma membranes
by externalizing their membrane in acute inflammatory and
angiogenesis models.

Summary

A newly defined endothelial cell permeability structure,
termed the vesiculo-vacuolar organelle (VVO), has been
identified in the endothelia of normal venules, in the
microvasculature that accompanies tumors, and in venules
associated with allergic inflammation. This organelle pro-
vides the major route of macromolecular extravasation at
sites of increased vascular permeability induced by vascular
permeability factor/vascular endothelial growth factor
(VPF/VEGF), serotonin, and histamine in animal models.
Continuity of these large sessile structures between the vas-
cular lumen and extracellular space has been demonstrated
in kinetic studies with ultrastructural electron-dense tracers
and by ultrathin serial sections. Ultrastructural enzyme-
affinity cytochemical and immunocytochemical studies
have identified histamine and VPF/VEGF bound to VVOs in
vivo in animal models where these mediators of permeabil-
ity are released from mast cells and tumor cells, respec-
tively. The high-affinity receptor for VPF/VEGF, VEGFR-2,
and platelet endothelial cell adhesion molecule (PECAM-1,
CD31) were localized to VVOs and their substructural com-
ponents by pre-embedding ultrastructural immunonanogold
and immunoperoxidase techniques. Similar methods were
used to localize caveolin and vesicle-associated membrane
protein (VAMP) to VVOs and caveolae, indicating a possi-
ble commonality of formation and function of VVOs to
caveolae.

Glossary

Caveola: A small, flask-shaped substructural organelle attached to the
plasma membranes of endothelial cells. It is distinguished by suborganellar
anatomic structures including stomata, knobs, diaphragms, and necks and
functions in transendothelial cell transport of macromolecules, either by
motion of vesicles through endothelial cells or by fusion of vesicles to form
short, transendothelial cell channels.

Enzyme-affinity-gold electron microscopy: A specialized ultrastruc-
tural technique developed to identify subcellular sites of specific enzyme
substrates by binding of gold–enzyme complexes to sample substrates. An
example is the localization of the substrate histamine, by the specific
enzyme diamine-oxidase-gold probe.

Vesiculo-vacuolar organelle: A newly identified endothelial cell
structure that connects all plasma membrane domains of endothelial cells
and provides an anatomical route of transendothelial cell passage of
macromolecules. They are particularly prominent in thick venular endothe-
lium, and their functions are upregulated by potent permeability mediators.

This organelle is composed of fused small, caveola-sized vesicles and
larger vacuoles that display suborganellar anatomic structures including
stomata, knobs, diaphragms, and necks.
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an initial transient contact of the circulating leukocyte with
the vascular endothelium, generally mediated by adhesion
molecules of the selectin family and their respective carbo-
hydrate ligands, slows down the leukocyte in the blood-
stream. After an initial capture the leukocyte rolls along the
vascular wall with greatly reduced velocity. The rolling
leukocyte can now “sense” chemotactic factors from the
family of chemokines presented on the endothelial surface.
Chemokines bind to their respective serpentine receptors 
on the leukocyte surface. These receptors deliver a G 
protein–mediated pertussis toxin–sensitive signal into the
cell resulting in the functional activation of adhesion mole-
cules of the integrin family present on the leukocyte surface.
Activation of integrins leads to an increase in their affinity
and/or avidity. Only “activated” integrins are able to medi-
ate the firm adhesion of leukocytes to the vascular endothe-
lium by binding to their endothelial ligands from the
immunoglobulin (Ig) superfamily of adhesion receptors.
This ultimately leads to leukocyte diapedesis, through
endothelial cell contacts involving molecules of the
endothelial adherens and tight junctions [3]. Some reports
even suggest that leukocytes extravasate by transcytosis
through endothelial cells. Successful recruitment of circu-
lating leukocytes into the tissue depends thus on the pro-
ductive leukocyte/endothelial interaction during each of
these sequential steps.

Capture and Rolling: Selectins and Selectin Ligands

Extravasation of leukocytes takes place in postcapillary
venules. The process known as capture or tethering hereby
represents the very initial contact of a white cell with the
endothelium. The transiently captured leukocyte might

Introduction

Leukocyte extravasation from the blood into tissues
plays a key role in innate and adaptive immunity and in
inflammation. In order to understand the task of extravasa-
tion of a leukocyte traveling in the blood stream, Paul Kubes
[1] recently suggested that we picture ourselves plunged
into the water of a “roaring river,” in order to imagine the
high shear forces white cells are exposed to in the main-
stream of the blood. In either scenario stopping and exiting
the flow becomes an incredibly daunting task. Whereas we
might struggle by various means using our hands and feet 
to exit the river, in the case of the white cell, a well-
coordinated and extremely efficient sequence of leukocyte
endothelial interactions has evolved allowing the leukocyte
to marginate from the main bloodstream, to slow down and
to “hold on” (adhere) to the endothelial vascular wall, and
eventually to extravasate. Here, we will summarize the
sequence of molecular steps known to govern leukocyte
extravasation across the vascular wall to date.

The Multistep Paradigm

In order to ensure immunosurveillance of the body the
recruitment of leukocytes from the blood into the different
tissues needs to be a well controlled process directing the
extravasation of the appropriate cell at the proper location at
the right time. The multistep paradigm for leukocyte
extravasation [2] has proven to be a valid framework for
understanding the sequence of dynamic interactions
between the circulating leukocyte and the endothelial cell
during this process. The multistep paradigm postulates that

Copyright © 2006, Elsevier Science (USA).
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begin to roll along the endothelial surface. Rolling veloci-
ties are between 5 and 40 mm/sec and thus below that of
freely flowing cells within the same postcapillary venules
where mean blood flow velocities range from 1,000 to 
4,000mm/sec (Figure 1).

Capture and rolling are usually mediated by the selectin
family of adhesion molecules, which has only three 
members. Selectins recognize via their N-terminal lectin
domain fucosylated and sialylated glycoprotein ligands.
Leukocyte (L)-selectin is constitutively expressed on all
granulocytes and monocytes and most lymphocytes. Platelet
(P)-selectin is stored in a-granules of platelets and in
Weibel-Palade bodies of endothelial cells and translocated

to the cell surface within minutes upon their activation 
during inflammation. Endothelial (E)-selectin is not con-
stitutively expressed but induced on endothelial cells by
inflammatory stimuli.

As post-translational modifications rather than the pro-
tein itself are recognized by the selectins, there are many
candidate ligands for selectins. P-selectin glycoprotein 
ligand 1 (PSGL-1) has been most extensively characterized
at the cellular, molecular, and functional level. PSGL-1 is
constitutively expressed on all lymphocytes, monocytes,
eosinophils, and neutrophils. It is the major ligand for P-
selectin but can also bind to E-selectin. L-selectin glycopro-
tein ligands have been identified in high endothelial venules

Figure 1 The multistep model of leukocyte endothelial interaction. Top: Lymphocyte/HEVs interactions in
Peyer’s patches (PP) or peripheral lymph nodes (PLN). Bottom: Neutrophil interaction with inflamed endothelium.
*, Only T cells, unknown for B cells; #, only demonstrated in vitro. The velocities of free-flowing (noninteracting)
cells and rolling leukocytes as well as other time estimates are derived from intravital microscopic observations
published from the laboratories of Ulrich von Andrian, Eugene Butcher, and Klaus Ley. (see color insert)
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(HEVs) of secondary lymphoid organs and are collectively
known as the peripheral node addressins (PNAd) and recog-
nized by the monoclonal antibody MECA-79. L-selectin
mediates the rolling of naive lymphocytes on PNAd in
HEVs of peripheral lymph nodes. Mice lacking L-selectin
have very small peripheral lymph nodes due to the failure of
their lymphocytes to roll on HEVs at this site. Evidence for
the importance of selectins for effective neutrophil recruit-
ment into inflamed tissues is derived from mice lacking
either selectins or selectin ligands and from patients suffer-
ing from leukocyte adhesion deficiency II (LADII). These
patients fail to incorporate fucose into selectin ligands and
thus lack functional selectin ligands. Interestingly, the defect
does not affect a biosynthetic enzyme. The defective gene in
LAD II is a GDP fucose transporter in the Golgi membrane
that provides the fucosyltransferases with their substrate [4].
As a consequence of this defect, leukocytes lacking selectin
ligands cannot be captured to endothelium and patients 
suffer from bacterial infections.

Besides the adhesion receptor family of selectins and
their ligands, on lymphocytes, a4-integrins have been
shown to support capture and rolling. a4-integrin mediated
rolling is rather slow and was measured to be around 
10mm/sec. a4b1 (VLA-4) mediated capture of T lym-
phoblast on its vascular ligand VCAM-1 is required for 
successful recruitment of activated T cells into the central
nervous system [5], whereas a4b7 (LPAM-1) mediated 
capture and rolling via MAdCAM-1 on HEVs in mucosal
associated lymphatic tissue is required for the recruitment of
a4b7-integrinpositive gut homing lymphocytes to these sites.
One key to the participation of a4-integrins in capture and
rolling of lymphocytes is their localization on the micro-
villous processes on the surface of circulating cells, which
they share with L-selectin.

Activation: Chemokines and Chemokine Receptors

In order to stop a rolling leukocyte, further signals are
required. This is illustrated by in vivo observations that both
neutrophils and lymphocytes can use L-selectin to roll in
HEVs of peripheral lymph nodes; however, only lympho-
cytes have the ability to stop [6]. This points to the necessity
of selective signals that specifically trigger adhesion of lym-
phocytes but not of neutrophils in HEVs.

Chemokines have been recognized to trigger adhesion of
leukocytes to the endothelium under shear. Chemokines are
a family of about 50 low-molecular-weight chemotactic
cytokines (8 to 14kDa) that can bind to and signal through
seven transmembrane spanning G-protein coupled receptors
expressed on leukocytes but also on other cell types.
Chemokines share sequence homologies and are divided
into four groups (CC, CXC, CX3C, and C) based on the ori-
entation of conserved cysteines in their amino termini [7].
The chemokine receptors are grouped accordingly into four
receptor families (CCR, CXCR, CX3CR, and CR).
Chemokine receptors preferentially signal via Gai-proteins,
which can be blocked by pertussis toxin. The expression of

chemokine receptors varies greatly among different leuko-
cyte subsets and can change upon lymphocyte activation.
Furthermore, chemokines are differentially expressed in dif-
ferent tissues. Many chemokines have been shown to bind to
the surface of endothelial cells. This is due to the fact that
most chemokines have highly charged amino acid residues
that can mediate binding to heparan sulfate and other 
glycosaminoglycans (GAGs).

In order to examine the ability of chemokines to induce
adhesion in the context of the multistep recruitment cascade,
many investigators have employed in vitro flow chamber
assays that mimic blood flow. Using these assay systems,
chemokines have been demonstrated to trigger arrest of
rolling lymphocytes on purified ligands or on endothelial
cells under shear and have therefore been called “arrest
chemokines” [8]. The chemokine CCL21 (SLC) was shown
to trigger the arrest of T lymphocytes rolling on purified 
L-selectin ligands on ICAM-1. CCL21 is constitutively
expressed on HEVs in peripheral lymph nodes. As only T
lymphocytes but not neutrophils possess CCR7, the receptor
for CCL21, it becomes plausible that only lymphocytes but
not neutrophils can be arrested in HEVs in vivo. The impor-
tance of the CCL21/CCR7 chemokine/chemokine receptor
interaction for successful T-cell homing to peripheral lymph
nodes is exemplified by the lack of T cells within peripheral
lymph nodes of CCR7-deficient mice or in mice that,
because of a spontaneous mutation, lack expression of
CCL21. Other chemokines have been characterized trigger-
ing the arrest of monocytes on inflamed endothelium [8].
Thus the chemokine/ chemokine receptor system has a great
impact in the specificity of leukocyte extravasation at the
level of cell arrest.

Firm Adhesion: Integrins and Ig 
Superfamily Members

Leukocyte integrins form a family of noncovalently
linked ab-heterodimeric transmembrane proteins and are
normally expressed on circulating leukocytes in a relatively
inactive state. Upon chemokine receptor engagement, inte-
grins become functionally activated within seconds, trigger-
ing leukocyte arrest on the endothelium. With the exception
of the fact that a pertussis toxin–sensitive G-protein signal 
is delivered into the cell by the chemokine receptors, 
the downstream signals leading to integrin activation, 
commonly referred to as “inside-out-signaling,” are as yet
unknown. “Functional activation” of integrins on the leuko-
cyte surface is achieved by an affinity increase through 
conformational changes, an avidity increase by integrin
clustering, or a combination of both effects [9].

Each class of leukocytes displays a particular pattern of
integrins that can change in a signal- and time-dependent
fashion. For example resting human T lymphocytes express
b1-, b2-, and b7-integrins on their surface, whereas neu-
trophils express mostly b2-integrins, and to a lesser degree
also b1- and b3-integrins. All leukocytes, however, express
at least one member of the b2-integrin family, which is
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restricted to the leukocyte lineage and therefore referred 
to as the leukocyte integrins. The b2-integrins are a family
of four receptors, namely LFA-1 (aLb2; CD11a/CD18),
Mac-1 (aMb2; CD11b/CD18), p150,95 (axb2; CD11c/
CD18), and aDb2 (CD11d/CD18). Especially LFA-1 and
Mac-1 are involved in leukocyte extravasation by mediating
adhesion to intercellular adhesion molecule-1 (ICAM-1)
and ICAM-2 on endothelial cells, whereas aDb2-integrin
was shown to bind to vascular cell adhesion molecule 1
(VCAM-1).

Involvement of LFA-1 in lymphocyte homing to periph-
eral lymph nodes was first demonstrated by Alf Hamann (in
1988) by antibody inhibition studies and was more recently
confirmed by intravital microscopy, where it could be
demonstrated that LFA-1 mediates the activation-dependent
adhesion of lymphocytes on HEVs at this site [6].

The importance of b2-integrins in leukocyte recruitment
is exemplified by an inherited autosomal recessive disease
in man, called leukocyte adhesion deficiency-I (LAD-I).
LAD-I is the result of mutations in the b2 integrin subunit
inhibiting cell surface expression and/or function of all b2-
integrins. Patients suffer from recurring soft-tissue infec-
tions, impaired wound healing, and gingivitis. The CD18
“knockout” mouse has similar problems to human LAD-I
patients. The disorder is primarily considered a failure of
neutrophil function, extravasation of which relies most
heavily on b2-integrins, because they lack significant levels
of other integrins.

Monocytes and lymphocytes can use other integrins,
such as the a4-integrins, when the b2-integrins are missing.
There are two a4-integrins, VLA-4 (a4b1; CD49d/CD29)
and a4b7-integrin. a4b7 is the lymphocyte receptor for
mucosal addressin cell adhesion molecule -1 (MAdCAM-
1). MAdCAM-1 is expressed on postcapillary venules in the
lamina propria of the gut, and on HEVs of the intestine asso-
ciated lymphoid tissues, especially the Peyer’s patches and
the mesenteric lymph nodes, thus directing trafficking of gut
homing lymphocytes expressing its lymphocyte receptor
a4b7 to these sites. MAdCAM-1 is also found to be
upregulated above constitutive levels in the intestinal lamina
propria of patients suffering from ulcerative colitis or
Crohn’s disease and contributes to the maintenance of these
chronic inflammatory diseases. Constitutive expression of
VCAM-1 on endothelial cells is low or absent with the
exception of the central nervous system, where constitu-
tive VCAM-1 is involved in mediating the firm adhesion 
of a4-integrin positive T lymphoblasts in postcapillary
venules [5].

Transendothelial Migration

Firm adhesion of the leukocyte to the endothelial surface
is a prerequisite for diapedesis. The b2-integrins LFA-1 and
Mac-1 and their endothelial ligand ICAM-1 have been
implied to be involved in transendothelial migration (TEM)
of T lymphocytes. In fact, endothelial cells lacking both
ICAM-1 and ICAM-2 no longer support TEM of T cells in

vitro. The apparent dual role of ICAM-1 in mediating firm
adhesion and TEM can be assigned to different parts of the
molecule. Whereas the extracellular domain of endothelial
ICAM-1 suffices to mediate T-cell adhesion, the cytoplas-
mic domain is required to mediate TEM of T cells, probably
by inducing Rho-signaling within the endothelial cells. Acti-
vation of Rho leads to cytoskeletal rearrangements within
the endothelium, which are necessary to allow the passage
of leukocytes across the endothelial cell wall. The actin
cytoskeleton within the endothelium is anchored at
cell–matrix interaction sites but also in cell-to-cell contacts
forming adherens and tight junctions. Migrating leukocytes
have been found to induce a delocalization of the vascular
endothelial (VE)-cadherin from the endothelial adherens
junctions by a yet unidentified mechanism, which poten-
tially disrupts the endothelial adherens junction in a defined
region and allows the leukocyte to exit via the opened gap.
On the other hand, direct manipulation of adherens junctions
causing molecular disorganization and an increase in vascu-
lar permeability shows no influence on TEM of leukocytes
in vitro, demonstrating that TEM of leukocytes is not
directly correlated to changes in endothelial permeability.
Besides VE-cadherin other molecules were found to be con-
centrated at the lateral borders of endothelial cells and have
been implicated in the process of transendothelial migration
of leukocytes. These include the Ig-superfamily members
platelet endothelial cell adhesion molecule 1 (PECAM-1)
and the junctional adhesion molecules (JAMs: JAM-A,
JAM-B, and JAM-C) and probably a unique molecule
CD99. All of these molecules are potentially capable of
homophilic interactions, which are thought to be involved in
the establishment of the endothelial cell-to-cell contacts.
PECAM-1, CD99, JAM-A, and JAM-C have also been
demonstrated to be expressed on leukocytes. Therefore
leukocyte extravasation through the endothelial cell junc-
tions is often pictured as a zipper-like model, where the
leukocyte on its passage transiently replaces the homophilic
molecular interactions usually occurring in between the
endothelial cells. This concept is supported by the findings
that antibodies blocking homophilic interactions of
PECAM-1 arrest leukocytes at the apical surface of
endothelial cells. On the other hand, PECAM-1 deficient
mice do not reveal any major defect in leukocyte extravasa-
tion, indicating that a requirement of PECAM-1 is not oblig-
atory for TEM. Additionally, antibody inhibition studies
have implied the JAMs to be involved in leukocyte extrava-
sation. Interestingly, all members of the JAM family are
able to bind to either b2– or b1–integrins on activated leuko-
cytes, further supporting their possible involvement in
leukocyte endothelial interactions.

Observations arguing for an alternative transcellular
route for extravasating leukocytes through endothelial cells
may suggest that their might be more than one molecular
mechanism or route for leukocytes to move through the
endothelial cell barrier. A number of very well performed
studies documented leukocyte extravasation by sparing
endothelial cell-to-cell contacts, suggesting that leukocytes
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traverse the endothelial cell proper [10]. In fact, Gowans
and colleagues, who discovered the postcapillary venules
within the lymphoid organs as the exit sites of circulating
lymphocytes in the early 1960s [11] were even convinced
that the specialized endothelial cells in HEVs engulf lym-
phocytes by mechanisms resembling phagocytosis, thus
allowing their passage from the bloodstream to the lym-
phoid tissue. Thus, although certain stimuli may trigger a
transcytotic pathway of leukocyte TEM, based on the 
current experimental evidence the general belief is that
leukocytes traverse the endothelium through small gaps at
intercellular junctions. The orchestration of molecular sig-
nals exchanged between the leukocyte and the endothelium
during this process remains to be determined.

Outlook

Since the multistep cascade of leukocyte recruitment was
put forward [2], we have come a long way in our under-
standing of the traffic signals involved in leukocyte recruit-
ment from the blood into tissue. However, although many of
the players involved have been characterized, we still lack
detailed mechanistic insights into their orchestrated func-
tion. How can chemokines trigger integrin activation and
leukocyte arrest in seconds? Where and how do leukocytes
penetrate the vascular wall without increasing vascular per-
meability? How are shear forces involved in leukocyte
adhesion and TEM? Filling in the gaps in our understanding
of the multistep cascade of leukocyte/endothelial interaction
in the near future promises exciting new insights into this
well-regulated process, which directs the trafficking of the
correct cells at the right time to the right place in order to
fight infections and disease.
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through the endothelial wall. A recent study suggested that
leukocytes could pass across the body of endothelial cells
using a transcellular route, but it is generally accepted that
most leukocyte transendothelial migration occurs via para-
cellular rather than transcellular routes.

Neutrophils

Leukocytes are circulating blood cells involved in
defending the body against infective organisms and foreign
substances. During normal immunosurveillance, leukocytes
circulate in search of foreign antigens. Injury or infections
cause inflammatory responses that lead to the recruitment 
of granulocytes, monocytes, and T cells to the sites of
inflammation. Responding to the signals induced by infec-
tions or tissue damages, sentinel cells stationed in the tis-
sues, mast cells and macrophages, release histamine,
eicosanoids, and chemokines, which cause vasodilatation of
blood vessels and consequently a decrease of the blood flow.
This facilitates the capture of leukocytes on the surface of
the endothelium. In parallel, inflammatory cytokines such as
TNFa stimulate the endothelium to express adhesion recep-
tors on its apical surface with which leukocytes can interact.

Following transmigration into the tissue, leukocytes
undergo directed migration through a concentration gradient
of chemotactic cytokines to the site of inflammation.
According to their type and their specialized function,
leukocytes release different inflammatory cytokines that, in
turn, activate other white blood cells and enhance leukocyte
recruitment to the inflammatory site.

Neutrophils form the primary defense against bacterial
infections. Similarly to the other cells of the immune 

This review focuses on the major proteins involved in the
various stages of the transmigration of leukocytes across the
endothelium and on the molecular mechanisms underlying
this process.

Introduction

He Endothelium

The endothelium is a monolayer of cells covering the
inside of the entire vascular tree. It is also a semipermeable
barrier that, by modulating its intercellular junctions, allows
the transmigration of various blood constituents (Figure 1).
Morphologically, three types of organelles constitute
endothelial cell junctions. At the apical side of the cells,
tight junctions seal the cells. Gap junctions, which are some-
times intercalated with tight junctions, allow the exchange
of ions and small molecules between adjacent cells.
Adherens junctions, located at a more basal position, medi-
ate the physical contacts between cells and are anchored in
the actin cytoskeleton.

The endothelium is also the point of entry of circulating
leukocytes into inflamed tissue. The mechanism of leuko-
cyte entrance into tissues is a complex, multistep event
involving leukocyte adhesion to the endothelium and subse-
quent migration across the blood vessel wall [1]. Whereas
the early steps leading to leukocyte adhesion are well under-
stood, it is still unclear how leukocytes actually crawl
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system, they are produced in the bone marrow and circulate
in the bloodstream. However, they can move out of blood
vessels into infected tissue where they attack the foreign
substances mainly through phagocytosis which allows them
to “eat” other cells and foreign substances. Both the trans-
migration of neutrophils across the endothelium and the
intracellular degradation of antigens are at least in part
mediated by proteases, of which there are four classes: ser-
ine proteases, metalloproteases (MMPs), thiol proteases,
and aspartate proteases. The first two classes play a critical
role in the degradation of extracellular components, whereas
the two others are involved in the intracellular degradation
of antigens. Serine proteases, characterized by the presence
of a catalytic triad made of histidine, aspartic acid, and ser-
ine, are packed into the azurophil granules of neutrophils.
They include elastase, cathepsin G, proteinase 3, and Cap37,
the last being enzymatically inactive. Upon stimulation of
neutrophils by proinflammatory mediators, the content of
the azurophil granules is translocated toward the external
membrane of neutrophils. These surface-bound proteases
are catalytically active and remarkably resistant to naturally
occurring protease inhibitors [2].

Markers Expressed at Endothelial 
Cell–Cell Junctions

In addition to proteins that are encountered at inter-
epithelial cell contacts, such as JAMs and CD99, the
endothelial junctions express specific marker proteins such
as PECAM-1 and VE-cadherin (vascular endothelial 
cadherin, also known as cadherin 5). All these adhesive
receptors, being localized at the endothelial cell–cell junc-
tions, are on the path of leukocyte emigration.

Platelet Endothelial Cell Adhesion 
Molecule-1 (PECAM-1)

PECAM-1 is a transmembrane glycoprotein of the
immunoglobulin gene superfamily expressed at the surface
of monocytes, neutrophils, and naive T lymphocytes and
also concentrated at endothelial cell–cell junctions. It pos-
sesses an extracellular region consisting of six Ig-like
domains and a cytoplasmic tail exhibiting a variable size
due to differential splicing [3] (Figure 2).

Extracellular matrix

Pericyte

Vascular endothelium

Blood vessel

VE-cadherin

monolayer of endothelial cells

 Leukocyte Tumor cells
Transmigration

Adhesion

VE-cadherin

Vascular endothelium

A B

C

Figure 1 VE-cadherin is involved in the maintenance and restoration of the endothelium integrity. The endothelium is made up of
a monolayer of endothelial cells (A) that separates blood components from underlying tissues (B). VE-cadherin is expressed at the lat-
eral junctions between endothelial cells (C). Different types of leukocytes and tumor cells transmigrate at the intercellular junctions
where VE-cadherin is expressed (C).
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The extracellular domain of PECAM-1 binds very
weakly to PECAM-1-expressing cells because of its low
affinity for its cellular target. Once expressed at the surface
of liposomes, however, PECAM-1 is able to promote the
association of these vesicles. It can be deduced that
PECAM-1 is able to interact homophilically when it is
highly concentrated at the surface of the membrane. To
define the immunoglobulin domains responsible for mediat-
ing homophilic binding, several chimeric proteins with one,
two, three, four, or five Ig domains deleted were elaborated.
Using an adhesion assay, these studies establish that the two
N-terminal Ig domains EC1 and EC2 of PECAM-1 (Figure
2) are both necessary and sufficient to mediate homophilic
interactions, but maximal stable binding requires all six
extracellular Ig domains of PECAM-1. These homophilic
interactions occur at the junctions between endothelial cells
and may be involved in the diapedesis of leukocytes by cre-
ating heterotypic links between leukocytes and endothelial
PECAM-1 molecules. However, PECAM-1-deficient mice
suffer from only limited effects on the transendothelial
migration of leukocytes. This probably results from an exist-
ing redundancy between adhesion molecules involved in
leukocyte transmigration.

Similarly to other adhesive receptors of the immunoglob-
ulin superfamily, PECAM-1 is also able to establish het-
erophilic interactions with integrins, particularly with aVb3
expressed at endothelial cell–cell junctions (Figure 4).
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Figure 2 Schematic structures of the adhesion receptors expressed at endothelial cell–cell junctions. VE-cadherin belongs to the 
cadherin superfamily and PECAM-1 and JAM A, B, C, D to the immunoglobulin family, whereas CD99 is a unique molecule. 
ECi: Ig domains. Pro and Trans correspond to the propeptide and the transmembrane domain of each molecule. Cyt designates their
cytoplasmic parts.

Cadherins

Endothelial cells express both N-cadherin and VE-
cadherin at their surface. Despite similar expression levels,
only VE-cadherin is expressed at cell–cell junctions,
whereas N-cadherin is spread over the cell membrane. In
fact, whereas VE-cadherin mediates homotypic interactions
resulting in endothelial cell–cell attachment, N-cadherin
seems to essentially participate in the anchorage of other N-
cadherin-expressing cells, such as pericytes, to the endothe-
lium. These N-cadherin-mediated interactions may allow
the formation of the cellular multilayer structure required
for the elaboration of shear stress–resistant vessels. This
review will focus mainly on VE-cadherin as this is the major
cadherin molecule of endothelial cell junctions.

VE-cadherin belongs to the superfamily of cadherins
which are Ca2+-dependent cell–cell adhesion receptors.
Cadherin molecules consist of five extracellular modules
designated as EC1 to EC5, a single transmembrane domain,
and a cytoplasmic tail (Figure 2). The major property of cad-
herins is to mediate, via their extracellular parts, homophilic
interactions. This means that cadherin X selectively inter-
acts with cadherin X. Based on these homophilic interac-
tions, cells expressing identical cadherins interact together
by means of homotypic interactions. In contrast, cells
expressing various cadherins segregate into like groups
when mixed. To generate strong cell–cell adhesion,
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red blood cells. It is also found at the lateral borders of con-
fluent monolayers of human endothelial cells similarly to
PECAM-1 and VE-cadherin. CD99 shares no structural
homology with any known family of proteins.

Recent studies established that CD99 is involved in the
control of the transport of newly synthesized MHC class I
molecules to the plasma membrane in B lymphocytes, sug-
gesting that it may be associated with the post-Golgi traf-
ficking machinery.

In T cells, CD99 exists under two different isoforms, 
32kDa and 28kDa, respectively, generated by alternative
splicing. The 32-kDa form corresponds to the full-length
protein, whereas the 28-kDa form exhibits a deletion within
its cytoplasmic domain. These two CD99 forms can elabo-
rate homophilic associations, leading to the formation of
homodimers and heterodimers. Recently, it was established
that the heterodimeric form, created via the formation of a
covalent disulfide bridge between the cysteines 155, is able
to induce T-cell apoptosis. It can be deduced that the elabo-
ration of these dimers modulates the fate of T cells via the
transduction of a proapoptotic signal.

Analysis of the cytoplasmic tail of CD99 reveals a lysine
triplet (K151K152K153) that may function as a putative
binding site for ezrin/radixin/moesin. These proteins are
known to link surface proteins, such as E selectin and
ICAM-2, to the actin cytoskeleton.

Junctional Adhesion Molecules (JAMs)

JAMs form a new Ig-like superfamily of adhesion recep-
tors whose first member, called JAM A, was only discovered
in 1998. Since that time, three other members have been
described as JAM B, C, and D [5]. (JAM D is also named as
JAM 4 in the literature.) They contain two extracellular
immunoglobulin-like domains, a transmembrane domain
and a relatively short cytoplasmic tail (Figure 2). Although
all JAMs localize at endothelial cell–cell junctions and more
precisely at tight junctions, they display different cellular
distributions. Thus, the expression of JAM B is restricted to
some endothelial subpopulations including high endothelial
venules or lymphatic cells, whereas JAM A is expressed in
platelets and in endothelial and epithelial cells. Following
their transfection into CHO or MDCK cells, JAM A and B
molecules are specifically enriched at cell–cell contact sites
at the level of tight junctions, suggesting that they are capa-
ble of promoting cell–cell adhesion. In vitro studies indicate
that the extracellular part of JAM-A self-associates as a
dimer and this homodimerization seems to be required for
its adhesive function and the organization of the junctional
endothelial structure.

JAMs are also able to mediate heterophilic interactions.
For instance, although JAM C is unable to interact with
JAM A, it binds firmly to JAM B. Moreover, JAMs can
interact with some integrins generally expressed at the sur-
face of leukocytes. Thus, whereas JAM-A is a ligand of 
the b2 integrin LFA-1, JAM-B is the counterreceptor for the
leukocyte b1 integrin a4b1, and JAM C interacts with the
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Figure 3 VE-cadherin and its intracellular partners elaborate the
adherens junctions between endothelial cells. VE-cadherin molecules elab-
orate homophilic interactions that are able to link neighboring endothelial
cells. Their extracellular domains self-associate to form a hexameric struc-
ture at the endothelium surface while their cytoplasmic tails bind proteins
such as b catenin. VE-cadherin is anchored to the actin cytoskeleton (—)
by the fixation of a catenin on VE-cadherin-bound b catenin.

homophilic and homotypic interactions between the cad-
herin ectodomains must be strengthened by intracellular
interactions involving the cytoplasmic tails of cadherins.
This domain exhibits two highly conserved regions: the first
one, located at the C terminus of the cytoplasmic domain,
binds b-catenin. The second one, close to the membrane,
interacts with another catenin protein named p120. The
anchorage of cadherins to the actin cytoskeleton is indis-
pensable for the development of strong cell–cell adhesion.
This connection is mediated by a-catenin, which interacts
on one hand with cadherin–bound b-catenin and on the
other with the actin cytoskeleton (Figure 3).

We demonstrated that VE-cadherin participates in the
maintenance and restoration of the endothelium integrity.
Moreover, we also proved that VE-cadherin elaborated
hexameric probably antiparallel structures absolutely
required for the elaboration of stable endothelial adherens
junctions [4] (Figure 3).

The existence of an unknown cadherin at the surface of 
T cells was discovered in 1996. Similarly to classical cad-
herins, this new cadherin is able to bind a, b, and g catenins
and may interact with VE-cadherin, thus facilitating the
homing of T cells.

CD99

CD99 is a 32-kDa glycoprotein, discovered in 1988 and
expressed at the surface of all human T cells and many other
hematopoietic cell types such as platelets, neutrophils, and
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b2 integrin Mac-1. These interactions significantly expend
the repertoire of contacts between endothelial cells and
leukocytes.

Mechanism of Leukocyte Diapedesis

The mechanism of leukocyte entrance into tissues
requires, first, leukocyte adhesion to the endothelium and,
subsequently, migration across the blood-vessel wall.

Leukocyte Adhesion

The leukocyte adhesion cascade is a sequence of adhe-
sion and activation events that precede the extravasation of
leukocytes. This multistep event is mediated by the engage-
ment of adhesion receptors on leukocytes and their counter-
receptors on endothelial cells. First, leukocytes escape from
the bloodstream by capture or tethering to the endothelium.
Indeed, during inflammation, endothelial cells are activated
by signals emanating from inflammatory mediators such as
TNFa, nitric oxide, and complement factors. Within min-
utes of stimulation, P- and E-selectins are expressed at the

surface of endothelial cells and interact with their primary
ligand PSGL-1 (P-selectin glycoprotein ligand-1), constitu-
tively found on all leukocytes. This allows the capture of
leukocytes on the surface of endothelial cells and permits
neutrophil celerity to be slowed. Following a rolling phase,
neutrophils are arrested on the endothelial cell surface. This
adhesion step is mostly mediated by interactions involving
b2-integrins on the leukocyte surface and immunoglobulins
such as ICAM-1 and VCAM-1 on the endothelium. Subse-
quently, neutrophils migrate on the endothelial surface by
amoeboid movement toward the borders of endothelial cells
where transmigration occurs.

For more details on the coordinated interplay between
the adhesion and signaling proteins involved in the process
of firm adhesion of leukocytes on the endothelium, the
reader is referred to an excellent recent review [6].

Leukocyte Transmigration

The multiple steps implicated in the transmigration
process require the formation and destruction of homophilic
and heterotypic interactions between receptors expressed at

Figure 4 Adhesive interactions between endothelial cells and transmigrating neutrophils. The transmigra-
tion process involves several adhesive receptor pairs. By means of homophilic and heterophilic interactions,
neutrophils progress through the endothelial junctions. The first transmigration step implicates homophilic and
heterophilic PECAM-1 interactions. These homophilic interactions are elaborated between PECAM-1 mole-
cules expressed at the surface of both endothelial cells and neutrophils, whereas the heterophilic ones involve
the leukocyte integrin aVb3. These PECAM-1 interactions are relayed by homophilic CD99-mediated interac-
tions. Several interactions mediated by different JAMs receptors also participate in the transmigration, but their
time course is still not known. When migrating neutrophils reach the adherens junctions where VE-cadherin is
expressed, elastase and cathepsin G bound to the neutrophil cell surface can cleave its extracellular domain, thus
opening their way through the adherens junctions.
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the surface of leukocytes and endothelial cells. To investi-
gate the role of each adhesion receptor described earlier,
attempts were made to block transendothelial migration of
leukocytes using specific antibodies.

ROLE OF PECAM-1 AND CD99
Pretreating monocytes or neutrophils with antibodies

specific for PECAM-1 inhibited their emigration across
endothelial cell monolayers in in vitro assays. Reciprocally,
blockage of endothelial cell PECAM-1 results in an effec-
tive inhibition of leukocyte transmigration. It was also found
that PECAM-1 is required for in vivo leukocyte recruitment,
because antibodies against PECAM-1 were able to block the
accumulation of neutrophils in the peritoneal cavity in a rat
model system. This means that homophilic interactions of
PECAM-1 on leukocytes with PECAM-1 on endothelial
junctions are involved in transmigration. In fact, PECAM-1
is constitutively recycled along the endothelial cell borders.
During the transendothelial migration process, recycling is
targeted to the part of the junction across which monocytes
are squeezing. Indeed, anti-PECAM-1 antibodies block the
recruitment of PECAM-1 to the zones of leukocyte migra-
tion and thereby the leukocyte transmigration process.

The role of CD99 in leukocyte transendothelial migration
was more recently established by a similar method using
anti-CD99 antibodies. Thus, whereas anti-CD99 antibodies
have no effect on monocyte adhesion, they are able to block
their transmigration significantly. Inhibition of either leuko-
cyte or endothelial cell CD99 blocked leukocyte transmi-
gration with equal efficiency, suggesting that homophilic
interactions between CD99 expressed on both monocytes
and endothelial cells are required for transmigration [7].
This effect is more drastic than the inhibition induced by
anti-PECAM-1 antibodies. Simultaneous use of anti-
PECAM-1 and anti-CD99 antibodies completely blocks the
ability of monocytes to transmigrate. This additive effect
suggests that PECAM-1 and CD99 possess distinct roles in
the transmigration process. In fact, leukocytes arrested by
anti-PECAM-1 antibodies adhere to the apical surface of the
endothelium, whereas those arrested by anti-CD99 antibod-
ies are trapped inside the endothelial cell–cell junctions.
This indicates that PECAM-1 and CD99 are differentially
located along the interendothelial junction and are sequen-
tially involved in the transmigration process. PECAM-1-
mediated homotypic interactions are probably relayed by
CD99-mediated ones during leukocyte migration. To date, it
is difficult to ascertain whether such a sequential process can
be extended to the other leukocyte subfamilies, the surface
expression of CD99 of the various types of leukocytes being
only partially known.

ROLE OF JAMS

Concerning the role of JAMs on the transendothelial
migration of leukocytes, several antibodies directed against
JAM A were described to have the capability to inhibit the
transmigration of monocytes, T cells, and neutrophils in
vitro and in vivo. Thus, in a model of meningitis in mice, it

was demonstrated that the addition of anti-JAM A antibod-
ies strongly reduced monocyte and neutrophil infiltration
into the cerebrospinal fluid and brain parenchyma. 
Moreover, anti-JAM B or a soluble fragment of JAM B 
were also able to block chemokine-induced lymphocyte
transmigration.

In fact, JAM A plays a critical role in the diapedesis of
leukocytes. After stimulation of endothelial cells with both
TNFa and IFNg, JAM-A is redistributed from the junctions
to the endothelial surface. Subsequently, it becomes avail-
able to interact with the activated form of the b2-integrin
LFA-1 (b2aL), thus contributing to the adhesion of leuko-
cytes on the activated endothelium. At this stage, hom-
ophilic interactions involving JAM A expressed both on
leukocytes and on endothelial cells are not crucial to firm
adhesion of leukocytes. This is particularly true for mono-
cytes and neutrophils that express very low amounts of JAM
A at their surfaces. The interaction of JAM A with LFA-1
contributes first to the chemokine-triggered adhesion and
second to the transmigration of memory T cells, neutrophils,
and lymphocytes.

The binding of endothelial JAM A to LFA-1 on leuko-
cytes may disrupt junctional homophilic JAM A interac-
tions, thereby unlocking interendothelial junctions.
Complementary data are needed to understand the interplay
between the homophilic and heterophilic JAM A–mediated
interactions occurring during leukocyte transmigration.

Moreover, according to the subpopulation of leukocytes,
the transmigration step involving the JAM family implicates
different couples of adhesion receptors. For example, JAM
B expressed at the surface of high endothelial venules inter-
acts with JAM C of T cells and NK and dendritic cells. This
molecular pair seems to play a critical role in the trafficking
of T, NK, and dendritic cells into and out of high endothe-
lial venules.

ROLE OF VE-CADHERIN

In contrast to antibodies specific for PECAM-1, JAMs,
or CD99, antibodies directed against the extracellular
domain of VE-cadherin increase the recruitment of leuko-
cytes to the infection sites. In fact, the anti-VE-cadherin
antibodies have the ability to disrupt the VE-cadherin
homophilic interactions. This results in the formation of
gaps between endothelial cells through which leukocytes
can easily squeeze. In physiological conditions, alterations
of VE-cadherin-mediated adhesion also occur at endothelial
junctions during leukocyte transmigration. Indeed, immuno-
fluorescence experiments reveal that VE-cadherin and a-, 
b-, and g- catenins disappear from cell-to-cell contacts 
following adhesion of neutrophils to endothelial monolay-
ers. This effect appears only where neutrophils firmly
adhere while VE-cadherin-based complexes remain intact 
in areas devoid of adherent neutrophils. By contrast,
PECAM-1 distribution remains unaffected.

The mechanism leading to the formation of gaps at
cell–cell junctions during leukocyte transmigration is still
controversial. To cast some light on this mechanism, move-
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ments of VE-cadherin occurring during leukocyte trans-
migration were observed using real-time microscopy. Thus,
transmigration of fluorescently labeled leukocytes was fol-
lowed in real time by two-color fluorescence microscopy
using HUVECs expressing endogenous VE-cadherin and a
VE-cadherin protein fused with its C-terminal part to Green
Fluorescent Protein (VE Cad-GFP) [8]. This study showed
that transmigration occurs both through preexisting gaps
and through de novo gap formation. Gap widening accom-
modates to the size of the transmigrating leukocyte, allow-
ing a narrow contact between the endothelial cell and the
leukocyte. The widening of the gaps seems to be accompa-
nied by a clustering of the VE Cad-GFP molecules on the
edge of the forming clefts. After transmigration, the dis-
placed molecules diffuse back to reconstitute the junctions.
This leads to a rapid resealing of the junctions within 5 min-
utes after leukocyte transmigration. These results were 
confirmed by a real-time study following the differential
movements of VE-cadherin in living endothelial cells dur-
ing transmigration of neutrophils with anti-VE-cadherin
antibodies that do not interfere with transendothelial migra-
tion. The lateral movement of VE-cadherin was hypothe-
sized to be a consequence of its decoupling from the
cytoskeleton, probably initiated by an intracellular signal
due to leukocyte adhesion to the endothelium. In both of the
studies, only the movement of the cytoplasmic tail of VE-
cadherin was followed in real time. It is not known whether
the extracellular domain of VE-cadherin remains intact dur-
ing the lateral movement.

Real-time fluorescent imaging shows that neutrophils
only move laterally underneath the vascular endothelium
instead of deeply into the vascular tissue. Thus, the question
as to how neutrophils go across the endothelium before 
penetrating into the surrounding tissues remains unan-
swered. The curtain effect that moves VE-cadherin is neces-
sary but not sufficient to completely support leukocyte
transmigration.

The event initiating the lateral movement of VE-cadherin
may correspond to the cleavage of this adhesive receptor by
proteases expressed at the surface of transmigrating neu-
trophils. This hypothesis is based on the fact that elastase, at
the surface of transmigrating neutrophils, mainly localizes
to the migration front [9]. Thus, after the adhesion to the
endothelial cell surface, elastase is expressed on the apical
face of neutrophils, avoiding contact between proteases 
and the endothelial cell surface. When neutrophils reach
endothelial cell–cell junctions, elastase moves from the api-
cal face to the basal face where it comes in close proximity
with junctional components. An in vivo study suggested that
elastase may contribute to lung neutrophil accumulation and
microvascular injury during intestinal ischemia-reperfusion
(IR). Moreover, following IR, elastase and VE-cadherin
fragments were found in the bronchoalveolar fluid.

Despite results obtained in vitro and in vivo, the partici-
pation of proteases in the transmigration of leukocytes is
still controversial. Indeed, a study published in 2002 sug-
gested that elastase and MMP9 are not essential for neu-

trophil transmigration. This assumption is based on the use
of neutrophils depleted in both elastase and MMP9 that
show no defect in their transmigration capacity. These
results contradict our own study as we assessed that VE-
cadherin is cleaved following adhesion of neutrophils to
endothelial cell monolayers [10]. Using specific inhibitors
of neutrophil proteases, we were able to identify elastase
and cathepsin G bound to the neutrophil surface as the major
proteases involved in the cleavage of VE-cadherin. Further-
more, inhibition of both membrane-bound proteases inhib-
ited neutrophil transmigration in in vitro assays. In vivo, the
surface-bound elastase and cathepsin G may cleave VE-cad-
herin on very restricted areas close to the sites of neutrophil
adhesion. On the endothelium, the redundancy between
these two proteases can explain why neutrophils still trans-
migrate across endothelial monolayers in the presence of
specific inhibitors of elastase and also why neutrophils from
elastase-deficient mice show no defect in transendothelial
migration. Indeed, cathepsin G can replace elastase, thus
allowing the neutrophil transmigration to occur despite elas-
tase inhibition or deficiency.

The involvement of a paracrine mechanism in 
neutrophil-mediated alteration of the endothelial barrier
function was suggested by Gautam and coworkers. Upon
neutrophil adhesion to the endothelium, leukocyte b2-
integrin signaling triggered the release of the neutrophil
CAP37, a serine protease without catalytic activity 
that induced a cytoskeletal rearrangement and the formation
of gaps in the endothelium in vitro. Alteration of the
endothelium may result from the interaction between
CAP37 on the surface of neutrophils and proteoglycans
present at the endothelial cell surface. This interaction could
stimulate endothelial cell contraction by a yet unidentified
mechanism.

Conclusions

During the past 5 years, it has been established that new
receptors such as JAMs and their integrin counterreceptors
play major roles in leukocyte transmigration. Also, the fate
of VE-cadherin during leukocyte transmigration is now 
better understood. In particular, it has been shown that 
membrane-bound neutrophil elastase and cathepsin G facil-
itate neutrophil transmigration by cleaving the extracellular
part of VE-cadherin.

These adhesive receptors are definitely more than just a
molecular glue, because it is suspected that they mediate
intracellular signaling. Thus, some data from our laboratory
suggest the existence of VE-cadherin-mediated signaling
pathways triggered by the destabilization of cadherin junc-
tions. This pathway leads eventually to the restoration of
endothelium integrity by a neosynthesis of VE-cadherin
molecules. The molecules involved in this pathway remain
to be determined. Nevertheless, several elements suggest
that b-catenin and possibly the Wnt signaling pathway
might play a role in the restoration of endothelium integrity.
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A better understanding of the sequential events occurring
during transendothelial migration of leukocytes may lead to
the discovery of new classes of target molecules for the
design of novel drugs that are able to interfere with the
transmigration process. Such drugs could have major appli-
cations in several important human illnesses such as 
polyarthritis or cancer.

Glossary

Endothelium: Monolayer of endothelial cells that line the inside of
vascular tree.

Neutrophils: A subtype of white cells.
Transmigration: Cellular process allowing white cells to migrate

across the endothelial barrier.
VE cadherin: Ca++-dependent adhesive receptor exclusively

expressed in endothelium.
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heteromeric (mixed) gap junction channels including 
Cx40 :Cx43, Cx37 :Cx43, and Cx37 :Cx40 channels.

The ability of connexins to intermix defines permeability
and gating characteristics of the gap junction channel. 
Connexins also have multiple conductance states. The inter-
pretation of cell–cell coupling by gap junctions requires
consideration of both the extent of compatibility between
connexin subtypes and the physical–chemical properties of
the probe being used. A good approach is to obtain electro-
physiological quantifications of net ionic flux across gap
junctions simultaneously with those of fluorescent dye
transfer. This dual approach normalizes channel permeabil-
ity against channel surface area. Using this approach, Burt 
et al. found that communication through heteromeric Cx40 :
Cx43 channels increased with an increase in the amount of
Cx43 relative to Cx40 [3]. Other examples of heteromeric
gap junction channels with unique permeability characteris-
tics include the following connexin pairings: Cx37 :Cx43,
Cx40 :Cx43, and Cx43 :Cx45. Given that different classes
of vascular cells express different ratios of these connexins,
this suggests that intercellular communication is regulated
through differential connexin expression.

Gap Junctional Regulation

Increasing evidence indicates that proteins that associate
with connexins may also regulate channel function. For
example, the association of zonulae occludens-1 with both
connexins and tight junction proteins suggests that crosstalk
may exist between gap and tight junctions. Gap junctions
are also modulated by the cystic fibrosis transmembrane
conductance regulator, which may also be a part of the 
junctional complex, and by wnt-1, suggesting a link with 

Introduction

Gap junctions are intercellular channels that allow diffu-
sion of small solutes and ions between adjoining cells. This
intercellular exchange enables intercellular communication
of specific signals and metabolic products that promote
coordination of multicellular function. In blood vessels, gap
junctions have been implicated in such diverse functions as
regulation of vascular tone, transendothelial cell migration,
and the pathogenesis of atherosclerosis. Here we focus on
some essential principles of gap junctional function in the
vascular bed.

Connexins

Gap junction channels are composed of proteins in the
connexin family. There are almost two dozen mammalian
connexins. “Cx” followed by a number, for example, Cx43,
denotes each connexin. The number predicts molecular
mass, although this prediction may not always be accurate.  
A gap junction channel consists of two hexameric
hemichannels, one in each cell. For some connexins, e.g.,
Cx32, hemichannels are formed in the endoplasmic reticu-
lum (ER), while for others, such as Cx43 and Cx46, the
hemichannels are assembled in the Golgi apparatus [1].
Regulated trafficking of connexin hemichannels to the
plasma membrane enables modulation of channel number at
the intercellular interface.

The major vascular connexins are Cx37, Cx40, and
Cx43, which are expressed differing extents depending on
tissue type and location [2]. These connexins, when
expressed by the same cell, have been shown to form 
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b-catenin and cadherins in gap junctional regulation [4].
However, the functional implications of these interactions
are not well understood.

Connexin-specific gating mechanisms modify gap 
junctional communication. Acidic intracellular pH gates
channels formed with Cx43 and Cx46, although not all 
connexins—for example, Cx37—are pH sensitive. Differen-
tial phosphorylation of connexins is another potential mech-
anism for gap junctional gating. Kinases implicated in this
regulation include protein kinase C, which inhibits Cx43
assembly and thereby decreases Cx43-mediated gap junc-
tional communication. A similar inhibitory effect on Cx43
gap junctions is attributed to MAP kinases and src kinases.
These considerations indicate that connexin expression
alone does not control the level of gap junctional communi-
cation; instead, crosstalk between connexins and other sig-
naling pathways also needs to be considered.

Vascular Connexin Expression

Connexin expression is sensitive to cell state and varies
with cell and vessel type. Connexin protein expression in
situ is typically defined by immunohistochemical localiza-
tion or by immunoblot. However, cross-reactivity between
antibodies, particularly cross-reactivity of anti-Cx40 anti-
bodies to Cx43, is a potential concern when considering
analysis of connexin expression in the vasculature.

Gap junctions are more prominent in large than small
vessels. Interendothelial and inter–smooth muscle junctions
are homologous, whereas endothelial–smooth muscle junc-
tions are heterologous. Cx37 and Cx40 are uniformly
expressed by vascular endothelial cells in situ. However,
endothelial expression of Cx37 and Cx43 is greater in large
than in small vessels. Endothelial Cx43 expression might be
species-specific, since the expression is pronounced in rat
and bovine aortic endothelium, but less prominent in mouse
aortic endothelium. Also, Cx43 expression is higher in areas
with turbulent flow, such as at vessel branch points.

Cx43 is the most prominent connexin expressed by vas-
cular smooth muscle. Low levels of Cx37 expressed by rest-
ing vascular smooth muscle may be upregulated during new
vessel growth. Other connexins expressed by vascular
smooth muscle include Cx45, which is limited to specific
vascular beds such as cerebral vessels and ascending aorta
of rat, and the recently identified Cx31.9.

Heteromer formation is likely to be important for forma-
tion of functional myo-endothelial gap junctions since
endothelial Cx37 :Cx40 hemichannels are linked to vascular
smooth muscle hemichannels containing mainly Cx43 to
form well-coupled heterotypic gap junctions. In the absence
of Cx37, homomeric Cx40 hemichannels expressed by
endothelium and Cx43 hemichannels expressed by vascular
smooth muscle would form poorly conducting heterotypic
gap junction channels.

Knockout models indicate that the coordinated expres-
sion of connexin subtypes is complex in the vascular bed. 

In one study, endothelial cell–cell coupling was maintained
in Cx40-deficient mice by compensatory upregulation of
endothelial Cx37, but not Cx43 [5]. However, Cx37 defi-
ciency had little effect on Cx40 or Cx43 expression or on
cell coupling. Although Cx37 or Cx40 deficiency alone has
little effect on vessel morphology, mice doubly deficient in
Cx37 and Cx40 die soon after birth and show abnormally
dilated blood vessels, particularly in skin and testis [6]. 
Vessels in Cx37 -/- Cx40 -/- mice also have permeability
defects and localized hemorrhages, suggesting a role for
endothelial gap junctions in regulating vessel barrier func-
tion. Cx43 deficiency does not affect global vascular devel-
opment, although coronary artery development is partially
defective [7]. Although Cx45 expression in the vascular bed
is limited, it plays a critical, yet undetermined, role in vessel
development during embryogenesis since Cx45-deficient
mice have defective vascular branching and do not develop
smooth muscle in large vessels.

Connexins and Vascular Tone

Gap junctions contribute to regulation of vascular tone.
Thus, pharmacologic agents and connexin mimetic peptides,
which inhibit gap junctional communication, also inhibit
vasodilation. In fact, the well-documented phenomenon of
conducted vasodilatation in conduit arteries is explained by
longitudinal NO conduction along the vascular wall through
gap junctions. Further, connexin-mimetic peptides inhibit
the transmission of endothelial hyperpolarization to 
underlying smooth muscle cells, consistent with a role 
for heterologous endothelial–vascular smooth muscle com-
municating junctions in so-called endothelium-derived
hyperpolarizing factor (EDHF)-induced vasodilation [8].
EDHF-type vessel relaxation mediated by gap-junctional
communication is more prominent for small than large ves-
sels. This is consistent with the finding that functional gap-
junctional communication is present in small vessels as
indicated by the presence of Ca2+ waves that propagate
between endothelial cells [9].

Consistent with the prominent expression of Cx40 by
endothelial cells, endothelial electrical conduction, vasodi-
lation, and smooth muscle activation are defective in Cx40-
deficient mice. These mice also have increased blood
pressure, indicating a predominant role for Cx40, rather than
Cx43, in establishing gap junctional connections between
vascular smooth muscle and endothelium [10].

The neonatal lethal phenotype of Cx43-deficient mice
has hampered the understanding of Cx43 in vascular func-
tion. To address this, Liao et al. [11] used cre expression
driven by the Tie 2 promoter to preferentially excise the
Cx43 gene from endothelial cells. These mice develop nor-
mally and their endothelial cells express two other con-
nexins, Cx37 and Cx40, but they have abnormally low
blood pressure and a lowered heart rate. Lowered blood
pressure was due to increased plasma NO production, which
was most likely due to increased eNOS activity. However,
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since endothelial NO production is linked to gap-junctional
coupling between vascular smooth muscle and endothelial
cells, this indicates that Cx43 depletion actually enhanced
coupling between these cells, perhaps through enhanced for-
mation of homomeric Cx40 gap junction channels.

Vascular Connexins in Pathologic Conditions

Vascular endothelium has the capacity to form gap junc-
tions with circulating cells such as neutrophils expressing
Cx43 and macrophages expressing Cx37. Such interactions
may be significant in the development of inflammation, 
particularly since inflammation increases Cx43 expression
in endothelial cells and leukocytes [12]. In contrast, myoen-
dothelial cell–cell communication is downregulated in
inflammation. The gap-junctional role in inflammation is
also indicated in that gap junction inhibitors promote vascu-
lar leak and transvascular cell migration [13], suggesting
that gap junctions help maintain vascular barrier function.
Tumor cell extravasation might also be regulated by gap-
junctional communication, since melanoma cells expressing
high levels of Cx26 are able to communicate with vascular
endothelium and are more metastatic than cells that lack
connexin expression. Interestingly, since Cx26 is believed to
be incompatible with Cx37, Cx40, and Cx43, the melanoma
cell–endothelial interaction may be attributable to a novel
mode of gap-junctional communication, or to an unknown
endothelial connexin that pairs with Cx26.

Gap-junctional communication between foam cells and
the vascular wall is also likely to promote atherosclerotic
plaque formation [14]. Consistent with a role for Cx43 in
plaque formation, Cx43 +/- deficient mice that are deficient
for LDL receptor expression show significantly less
endothelial Cx43 expression and fewer atherosclerotic
plaques than mice expressing normal levels of Cx43. Cx43
upregulation in response to disturbed flow during plaque
formation or in response to vessel injury may exacerbate
this effect. Whether other connexins are involved in plaque
formation remains to be determined; however, there are
some hints that Cx37 may also play such a role. One possi-
bility is that while some gap-junctional communication is
important for transvascular cell migration, excessive
cell–cell coupling can be inhibitory, which, in turn, could
stabilize a foam cell precursor at sites of plaque formation.

Conclusion

In summary, vascular connexins are central to the struc-
tural and functional organization of the vascular bed. Func-
tionally, they are overwhelmingly important for normal
vascular development and in the regulation of vascular tone.
The formation of gap-junctional channels is a complex
process that is subject to plasticity and depends upon cell
type and connexin subtype specificity. However, several
questions remain. For instance, more needs to be understood

with respect to the role of vascular connexins in pathologi-
cal states. This role may be extensive and highly facilitatory
to disease progression, especially in the vascular involve-
ment in inflammation, in atherosclerotic plaque formation,
and in abnormalities of blood coagulation. The emerging
role of gap junctions in the consideration of vascular patho-
biology promises to be fertile ground for future research.

Glossary

Connexin: Channel-forming transmembrane protein subunit. A com-
plete gap junction channel consists of six connexins in one cell pairing with
six connexins in an adjacent cell that allow direct transfer of small cyto-
plasmic molecules from one cell to an adjacent cell.

Gap junction: Originally defined by electron microscopy as a class of
cell–cell contact sites with a uniform ~16-nm “gap” between the cells as
opposed to tight junctions that show no gap. Gap junctions consist of an
array of connexin-based channels that mediate cell–cell communication.

Heteromeric: A gap junction channel composed of two or more dif-
ferent types of connexins completely intermixed.

Heterotypic: Head-to-head interaction between one type of connexin
in one cell and a different type of connexin in an adjacent cell.

Homomeric: A gap junction channel composed of a single type of
connexin.
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Leukocytes

In human blood, most leukocytes are neutrophils, with a
smaller fraction of lymphocytes, monocytes, eosinophils,
and basophils. In mouse blood, lymphocytes are more abun-
dant than neutrophils. The lymphocyte compartment con-
tains B cells, various types of T cells, natural killer cells, and
others. Blood lymphocytes comprise hundreds of pheno-
types distinguishable by flow cytometry.

Under most conditions, leukocyte interactions with post-
capillary venules are dominated by neutrophils. Typically,
more than 90 percent of all rolling and adherent cells are
neutrophils, with the balance monocytes and eosinophils.
Lymphocytes rarely roll or adhere in postcapillary venules
of nonlymphatic tissues, but roll vigorously in high endothe-
lial venules of lymph nodes and other secondary lymphatic
organs. Therefore, reports of leukocyte rolling and adhesion
observed by intravital microscopy in nonlymphatic organs
almost always refer to neutrophils, although this is not
always specifically mentioned. Recently, mice have become
available in which certain leukocyte subsets express green
fluorescent protein (GFP), so that specific intravital micro-
scopic studies become possible for neutrophils, monocytes,
and certain T cells.

Postcapillary Venules

Postcapillary venules start where two capillaries meet
and discharge their blood into a microvessel of peculiar
morphology that rapidly increases its diameter as more cap-
illaries enter. At the beginning, postcapillary venules have a
diameter of less than 10 mm, and further downstream, post-
capillary venules can be as large as 80 mm. Wall shear rate,
the rate of change in velocity near the wall, and wall shear
stress, the force exerted per unit area of venule parallel to
the vessel axis, are lower in postcapillary venules than in
precapillary arterioles, and this contributes to, but does not
entirely account for, preferential leukocyte adhesion in these
vessels [1]. Recently, the presence of a significant endothe-
lial glycocalyx surface layer has been discovered [2], which
is up to 0.5mm thick and effectively reduces shear stress on
the endothelial surface to zero [3]. The shear forces experi-
enced by adherent or rolling leukocytes can be calculated
from the cell geometry and an interfacial shear stress pres-
ent at the interface between glycocalyx and lumen. This
interfacial shear stress is, on average, five times higher than
the Newtonian wall shear stress estimated for a homogenous
fluid and no glycocalyx [3a].

Copyright © 2006, Elsevier Science (USA).
321 All rights reserved.
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Adhesion Molecules

Leukocyte adhesion molecules are defined as trans-
membrane receptor–ligand pairs that transmit mechanical
force. Adhesion molecules are required for leukocyte 
capture or initial tethering, rolling, firm adhesion, and
transendothelial migration (Figure 1). All known adhesion
molecules relevant for leukocyte adhesion are type I 
single-spanning transmembrane molecules (N terminus 
outside the cell), some are homo- or heterodimers. Although
it is formally possible that type II or multispanning or 
GPI-linked molecules could be involved in leukocyte 
adhesion, there is no evidence that these molecules 
actually mediate leukocyte rolling or adhesion under in vivo
conditions. Notably, a chemokine–chemokine receptor
interaction, a variant of fibroblast growth factor receptor, a
GPI-anchored receptor, and a secreted molecule have all
been proposed to serve as leukocyte adhesion molecules, but
none of these proposed interactions have been substantiated
in vivo.

Selectins

The selectins are a class of three C-type (calcium-
binding) lectins that are expressed on leukocytes (L-
selectin), inflamed endothelial cells (E-selectin), and acti-
vated platelets and endothelial cells (P-selectin) [4]. They
share a common genomic organization and protein structure
with an N-terminal lectin domain followed by an epidermal
growth factor (EGF) domain, a number (two to nine) of con-
sensus repeats, a transmembrane domain, and a cytoplasmic
domain that is homologous among selectins from different
species, but unique to each type of selectin [4]. Selectins
bind glycosylated selectin ligands (see later discussion) with
high to intermediate affinities (nanomolar range) and high
on-rates and off-rates. This unique combination of proper-
ties enables selectins to mediate capture between cells in the
flowing blood and the endothelium, and rolling through for-
mation and breakage of reversible bonds. All three selectins
are important in inflammation. In addition, L-selectin medi-
ates rolling of (naive) lymphocytes in high endothelial
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Figure 1 Neutrophils interacting with the endothelium lined with a 500-nm glycocalyx (blue) in
a postcapillary venule. In capillaries, neutrophils are deformed into a near-cylindrical shape (A) and
deform the endothelial glycocalyx. Almost all leukocyte rolling is initiated at the beginning of 
postcapillary venules, where leukocytes are in close physical contact with the endothelial surface 
(B). Noninteracting deformed leukocytes eventually recover their spherical shape (C), but rolling
leukocytes, especially neutrophils, acquire a characteristic teardrop shape that reflects the effect 
of adhesive forces balanced by shear forces on the cytoskeleton (D). Rolling or adherent cells can
nucleate L-selectin-PSGL-1-dependent secondary capture or tethering events (E). A close-up of a
rolling neutrophil (bottom right) shows the endothelial glycocalyx (grey 500 nm) with endothelial
adhesion molecules (E-selectin, 30 nm, and P-selectin, 40 nm). The black hairlike lines represent the
length of a P-selectin-PSGL-1 pair (100 nm) completely buried in the glycocalyx. Rolling leukocytes
probably continuously deform the glycocalyx as they roll while selectin (and integrin) bonds are
formed at the leading edge (right) and broken at the trailing edge (left). Arrows indicate direction of
blood flow. (see color insert)
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venules of secondary lymphatic organs, P-selectin mediates
platelet interactions with leukocytes and endothelial cells,
and E-selectin mediates homing of certain lymphocytes to
the skin. L-selectin is constitutively expressed on all neu-
trophils, monocytes, eosinophils, and most lymphocytes. P-
selectin is stored in Weibel-Palade bodies of endothelial
cells and platelet alpha granules and released upon stimula-
tion by secretagogues. E-selectin is transcriptionally regu-
lated through nuclear factor kappaB (NFkB)-dependent
pathways. It is suspected that all three selectins and other
adhesion molecules also serve signaling functions. Leuko-
cyte activation upon ligation of L-selectin has been demon-
strated, as has endothelial cell remodeling secondary to
E-selectin engagement. There is little evidence for signaling
through P-selectin, but engagement of endothelial or platelet
P-selectin appears to result in activation of the bound cells
via selectin ligands.

Selectin Ligands

Many selectin ligands have been proposed, but only P-
selectin glycoprotein ligand-1 (PSGL-1) has been fully
characterized and confirmed to be relevant in vitro and in
vivo. PSGL-1 is a homodimer with functional groups near
the N terminus, including three (in mouse, two) sulfated
tyrosine residues and a critical threonine decorated with an
O-linked carbohydrate chain terminating in the tetrasaccha-
ride sialyl Lewisx (sLex). sLex biosynthesis requires fucosyl
transferase VII and a sialyl transferase (ST), possibly
ST3GalIV, and is most likely directly involved in selectin
binding. The critical O-linked side chain is located on a
core2 structure so that core2 N-acetylglucosaminyl trans-
ferase is required for biosynthesis of fully functional PSGL-
1. PSGL-1 functions much better as a dimer than as a
monomer, possibly because P-selectin is also present as a
dimer on the cell surface. Cocrystals between PSGL-1 and
P-selectin show that both the tyrosine sulfate and the carbo-
hydrate interact with the lectin domain simultaneously.

Although PSGL-1 was initially discovered as a P-selectin
ligand, it was later shown to also bind L-selectin and E-
selectin. PSGL-1 knockout mice have a significant defect in
P-selectin mediated rolling, a complete absence of transient
leukocyte–leukocyte interactions known as secondary teth-
ering, and a moderate defect in E-selectin-dependent rolling.
This suggests that PSGL-1 may be the only relevant L-
selectin ligand on leukocytes, although other L-selectin lig-
ands have been postulated. PSGL-1 is clearly the major
P-selectin ligand, accounting for 80 to 90 percent of P-
selectin mediated rolling. PSGL-1 appears to mediate
leukocyte capture on E-selectin, but is not the E-selectin lig-
and responsible for the characteristic slow rolling.

Other proposed selectin ligands include mouse 
GlyCAM-1, which mediates L-selectin-dependent leuko-
cyte rolling when coated on a solid substrate, but is normally
secreted from high endothelial venules in secondary lym-
phatic organs, and in milk. No ortholog of GlyCAM-1 has

been found in humans so far. The GlyCAM-1 knockout
mouse showed no evidence of defective lymphocyte hom-
ing. E-selectin glycoprotein ligand-1 (ESL-1) was shown to
bind E-selectin with high affinity, but most ESL-1 is present
in the Golgi system and not accessible from the cell surface.
CD24 is a GPI-linked glycoprotein that can function as a P-
selectin ligand and can mediate rolling of cancer cells on P-
selectin, but a function in leukocyte adhesion or rolling was
not demonstrated. Other molecules on neutrophils includ-
ing the integrin Mac-1 express sLex, but the function 
of these molecules as selectin ligands in leukocyte recruit-
ment remains unclear. A number of other putative L-selectin 
ligands have been characterized in high endothelial 
venules, but it is unclear which of these molecules are 
physiologically relevant.

Integrins

Integrins are heterodimeric transmembrane molecules
expressed by almost all cells except erythrocytes. Most if
not all integrins exist in two conformations, active (ligand-
binding) and inactive. In some integrins, dramatic changes
in molecular shape have been demonstrated upon activation
[5], but some of these changes may be secondary to isolation
conditions. Although these and other results are suggestive
of a conformational change, the exact nature of integrin acti-
vation remains an area of ongoing investigation. In addition
to conformational activation, integrins cluster into groups
upon cell activation, leading to a change in avidity of inter-
action with clustered ligands that may be present on inter-
acting cells.

Integrins are classified by their (smaller) b chain. For
leukocyte adhesion, b1, b2, b3, and b7 integrins are relevant.
b1 integrins are expressed on the surface of most cells
including endothelial and smooth muscle cells. On memory
lymphocytes, several b1 integrins are expressed, with an
increased expression after cell activation. a4b1 integrin
(VLA-4) is also expressed on monocytes and appears to be
important in monocyte rolling, adhesion, and recruitment.
a4b7 is involved in lymphocyte homing to gut-associated
tissues b2 integrins are almost leukocyte-specific, the only
exception being glial cells. All leukocytes express LFA-1
(aLb2). Monocytes, neutrophils, and some effector lympho-
cytes also express Mac-1 (aMb2). Dendritic cells express
axb2, and some lymphocytes express adb2. Whereas LFA-1
serves important functions in leukocyte adhesion (see later
discussion) and in forming the immunological synapse,
Mac-1 is mostly engaged in phagocytic functions of
macrophages and other phagocytes. The functions of axb2
and adb2 in leukocyte adhesion are unknown.

Immunoglobulins

Most cellular integrin ligands are immunoglobulins.
Intercellular adhesion molecule-1 (ICAM-1) is a five-
domain immunoglobulin-like molecule expressed on
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endothelial cells, most lymphocytes, and most other cells
after exposure to proinflammatory cytokines such as inter-
leukin-1 (IL-1) or tumor necrosis factor-a (TNFa). ICAM-
1 binds LFA-1 and Mac-1 through its first and third
immunoglobulin domain, respectively. ICAM-2 contains
two immunoglobulin domains and is expressed on resting
endothelial cells and platelets. It also binds LFA-1 and Mac-
1. Vascular cell adhesion molecule-1 (VCAM-1) is the main
endothelial ligand for VLA-4 and is also expressed on
inflamed smooth and cardiac muscle cells.

Another class of immunoglobulins is engaged in
homophilic interactions. Platelet-endothelial adhesion 
molecule-1 (PECAM-1) is a six-domain immunoglobulin
expressed by endothelial cells, where it localizes to inter-
endothelial borders, and on platelets and most leukocytes.
Antibodies to PECAM-1 inhibit monocyte and leukocyte
transendothelial migration, but PECAM-1 knockout mice
show a clear defect in transendothelial migration only on
some backgrounds. The junctional adhesion molecule
(JAM) family encompasses three members, JAM1, JAM2,
and JAM3, that also localize to interendothelial borders and
regulate endothelial monolayer permeability. In addition,
JAM1 interacts with LFA-1, JAM2 (also called JAM-3)
with Mac-1, and JAM3 (also called JAM-2) with VLA-4.
The JAMs are likely involved in regulating transendothelial
migration.

Physiology of Leukocyte–Endothelial Interactions

In postcapillary venules, leukocytes, endothelial cells,
shear forces, and adhesion molecules interact to allow
leukocyte recruitment to sites of inflammation and lympho-
cyte recruitment to secondary lymphatic organs. The physi-
ological processes discussed next have been observed in
many model tissues and probably apply to skeletal muscle,
cardiac muscle, skin, and lymph nodes, but not to the liver,
spleen, or lung. In these latter organs the physiology of
leukocyte recruitment is not well understood.

Capture or Tethering

Leukocyte adhesion is initiated by leukocyte–endothe-
lial, leukocyte–platelet, and leukocyte–leukocyte contact.
Direct capture of leukocytes by endothelial cells is rarely
observed, probably because the endothelial cells are covered
by a thick glycocalyx layer (500nm) that dwarfs the adhe-
sion molecules, the longest of which (P-selectin) extends a
mere 40nm from the endothelial plasma membrane. In post-
capillary venules, most leukocyte–endothelial interactions
are initiated at the point where leukocytes enter the venules
from capillaries. Since capillary diameters are smaller than
leukocyte diameters in most organs, leukocytes must deform
to pass, and in the process squeeze down the endothelial sur-
face layer, which brings them in close contact with the
endothelial adhesion molecules. Once engaged, these adhe-
sion molecules support stable rolling, during which the

endothelial surface layer is probably continuously flattened.
The layer appears to recover after the leukocyte has passed.
Most primary leukocyte capture or tethering is mediated 
by P-selectin on the endothelial cell and PSGL-1 on the
leukocyte.

Capture in other parts of postcapillary venules is rare.
The few interactions initiated along the venule and not at its
beginning involve leukocytes attaching to already adherent
or rolling leukocytes in a process called secondary capture
or tethering. This process requires L-selectin on the flowing
leukocytes and PSGL-1 (and possibly other molecules) on
the adherent leukocytes. Sometimes, adherent or rolling
leukocytes may leave behind fragments in the form of 
tethers or cytoplasts, which can nucleate more leukocyte
rolling through an L-selectin-dependent process similar to
secondary tethering. Endothelial E-selectin does not support
much tethering, but its limited tethering function appears 
to require PSGL-1. Integrins and immunoglobulins have no
known role in capture, but LFA-1 stabilizes adhesion events
initiated by selectins in plate-and-cone model systems.

Rolling

Under mild inflammatory conditions, P-selectin is rap-
idly expressed on the surface of endothelial cells and sup-
ports stable neutrophil rolling at a characteristic velocity of
20 to 50mm/sec. During rolling, molecular bonds form and
break continuously, and the cell is rolled forward by the
torque resulting from the blood flow until the next available
bond is pulled taut. In ideal rolling, cells remain in continu-
ous contact with the postcapillary endothelium without ever
breaking free, but occasional hops and skips with reattach-
ment are also observed. The velocity of neutrophil, but not
lymphocyte, rolling is regulated by proteolytic cleavage of
L-selectin from the leukocyte surface.

Lymphocyte rolling in high endothelial venules of the
inguinal lymph node, Peyer’s patches, and probably other
lymphatic organs is achieved by transient L-selectin binding
to sulfated and glycosylated endothelial ligands. Although
early studies identified GlyCAM-1 and CD34 as potential L-
selectin ligands, later studies in gene-targeted mice did not
confirm this. Potential L-selectin ligands relevant for rolling
include podocalyxin and an incompletely defined molecule
called sgp200. In mesenteric lymph nodes, interaction of
a4b7 integrin on lymphocytes with MAdCAM-1 on endo-
thelial cells also contributes to rolling.

When inflammatory conditions persist, for example, in
the presence of TNFa, E-selectin is also expressed on
endothelial cells. E-selectin supports rolling at a markedly
reduced velocity of about 5 mm/sec by binding through an
unknown leukocyte ligand distinct from PSGL-1. This 
ligand requires sialylation by sialyl transferase 3-Gal-IV
for full functionality. E-selectin engagement may also serve
to activate rolling neutrophils.

During severe inflammation induced by TNFa or other
cytokines, the leukocyte integrins participate in the rolling
process, presumably by engaging in transient bonds with
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ligands on endothelial cells [6]. Specifically, Mac-1 has
been shown to engage ICAM-1 during rolling, LFA-1
engages an unknown ligand other than ICAM-1 or ICAM-2
[6a]. There is a strong synergy between E-selectin and b2
integrins in leukocyte rolling [6] so that in the absence of
both almost no rolling occurs, and leukocyte recruitment is
severely compromised.

Arrest

Rolling leukocytes must arrest to become firmly adher-
ent. Interestingly, this arrest mechanism is fundamentally
different for neutrophils and lymphocytes [7]. Lymphocyte
arrest was studied in postcapillary venules of Peyer’s
patches and lymph nodes. It requires activation by the
chemokine CCL21 (SLC) through the G-protein-coupled
receptor CCR7. In flow chamber systems, CXCL12 (SDF-
1) interacting with its receptor CXCR4 has also been shown
to mediate arrest of lymphocytes and monocytes. In large
blood vessels such as the carotid artery, monocyte arrest is
mediated by CXCL1 (Gro-a) binding to its receptor CXCR2
and by CCL5 (RANTES) binding to CCR1,3,5 or a combi-
nation thereof.

For neutrophils, the arrest situation is much less clear.
Although the textbook paradigm proposes activation
through chemokines, and there are plenty of chemokines
immobilized on inflamed endothelial cells and at least two
relevant chemokine receptors, CXCR1 and 2 (only CXCR2
in mice) expressed on resting neutrophils. Recently, CXCR2
was identified as a ventrophil arrest chemokine receptor in
postcapillary venules [8]. Neutrophils roll for a long time (1
to 3minutes) and distance (several hundred micrometers),
apparently scanning the endothelial surface for activating
signals, before they arrest. This is in contrast to lymphocyte,
which arrest within less than a second of activation [9]. The
difference may be found in other activating signals that neu-
trophils, but not lymphocytes, may receive while rolling.
Most prominently, such signals have been shown to emerge
from engagement by E-selectin, P-selectin, and L-selectin.

Transendothelial Migration

Transendothelial migration proceeds through interen-
dothelial clefts and through the body of endothelial cells
(transcellular). The molecular requirements for each path-
way are likely different. b2 integrins such as LFA-1 and
Mac-1 have long been known to be required for
transendothelial migration. Recent evidence suggests that
they bind junctional adhesion molecules. Certainly,
transendothelial migration requires an active participation
by endothelial cells, because it can be blocked by chelating
intracellular free calcium or by blocking other signaling
pathways. Transendothelial migration appears to involve
retraction of vascular endothelial (VE)-cadherin. Another
candidate molecule possibly involved in transendothelial
migration is PECAM-1. Antibody blockade blocks trans-
migration, possibly by endothelial signaling, and PECAM-

1-deficient mice have a significant defect in transendothelial
migration.

Migration in the Tissue

Transmigrated neutrophils (and possibly other leuko-
cytes, although this has not been investigated) acquire a dif-
ferent phenotype after transmigration. They express a4b1,
a2b1, a6b1, and other b1 integrins on their surfaces that
enable them to engage extravascular matrix components.
For migration, a2b1 appears to be most important.

Unresolved Questions

Postcapillary venules are formidable machines for leuko-
cyte recruitment. More than 90 percent of all neutrophils in
capillaries begin rolling in postcapillary venules, and more
than 90 percent of rolling leukocytes (neutrophils) arrest
successfully in cytokine-activated venules. Yet, the overall
extraction efficiency during inflammation is less than 50
percent, suggesting that some arresting neutrophils may
detach again, or that transmigration may be inefficient. This
process is not understood at the quantitative level. The role
of the endothelial surface glycocalyx is just beginning to be
explored. Rolling, arrest, and transmigration of many lym-
phocyte subsets including activated Th1 and Th2 CD4
helper cells, CD8 cytotoxic cells, natural killer cells, gd T
cells, and NKT cells have not been studied in vivo. Very lit-
tle is known about eosinophil and basophil recruitment and
the resolution of inflammation, a process that likely also
involves cell interactions in postcapillary venules. Finally,
the mechanisms mentioned previously are valid for some
tissues, but not the lungs, liver, spleen, kidney, or brain.
Suitable intravital microscopy systems and other models
need to be developed to address these issues.
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the vessel, where the velocity is greatest. Diffusive forces
caused by the microcirculatory network (increasing diame-
ters from the capillary to the venule) allow smaller, faster
erythrocytes to pass the more slowly moving leukocytes,
driving them toward the vascular wall. This encourages
leukocyte–endothelial interactions, resulting in rolling,
where leukocytes move more slowly than flowing erythro-
cytes. Under these conditions, leukocyte rolling velocities
on postcapillary venules are reduced to approximately 10
mm/sec. Leukocytes can then overcome shear forces and
attach to the endothelium through a sequence of adhesive
events, mediated by specific AMs present on both the leuko-
cyte and the endothelium. Subsequently, transmigration
across the EC can occur, followed by further migration
through the basement membrane and into the surrounding
interstitium (Figure 1).

Leukocytes generally do not interact with the endothe-
lium on the arteriolar wall, but adhere and migrate at the site
of the postcapillary venule. The diffusive forces and shear
rates created through the microvascular network can partly
explain this typical location of leukocyte extravasation.
However, arteriolar and venular ECs exposed to the same
shear rates in vitro demonstrated dramatically different
leukocyte–EC interactions and adhesion properties, indicat-
ing that shear forces alone are not enough to sustain leuko-
cyte trafficking. Venular ECs are specialized in supporting

Introduction

The endothelial cells (ECs) lining the walls of blood 
vessels in the microcirculation have a number of important
functions. These include contributions to tissue structure
and growth, and mediation of leukocyte recruitment from
the circulation into the tissue, either for homeostasis or dur-
ing inflammation. ECs can express many structures on their
luminal surfaces including adhesion molecules (AMs) that
are key players in leukocyte infiltration from the circulation
to the tissue. This chapter will focus on the description 
of AMs and their ligands that mediate leukocyte-EC 
circulating interactions, relating to cell recruitment. Further,
it will address tissue-specific expression of AMs and their
related functions, particularly in the lung and pulmonary 
circulation [1].

General Dynamic Events Leading to 
Leukocyte Migration

Leukocyte recruitment from the blood into tissue sites 
of inflammation involves initial contact with the vascular
endothelium under shear flow. Leukocytes in the circulation
generally passage harmlessly through in the center stream of

Copyright © 2006, Elsevier Science (USA).
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leukocyte adhesion, distinctly different from the arteriolar
ECs, because of particular AMs (e.g., E-selectin) located
exclusively on the venular endothelium. In addition, lym-
phocytes exit the circulation and enter lymph nodes through
specialized high endothelial venules that express their own
unique, specific AMs for lymphocyte homing.

Techniques Used to Observe Leukocyte Trafficking

Many indirect and endpoint experimental systems have
been used to study inflammation and leukocyte infiltration,
such as lavages and histology. However, these do not serve
to determine the sequences and events leading to leukocyte
extravasation. Consequently, a state-of-the-art in vivo tech-
nique, known as intravital microscopy, was established to
this end, and provides direct visual observation of living cir-
culation in vivo (e.g., in mice, rats, guinea pigs, hamsters,
bats and cats). Here, all the events of leukocyte trafficking,
that is, rolling, adhesion, and transmigration through the
vascular endothelium, can be visualized in real time. Fur-
thermore, the development of in vitro rolling assays, exert-
ing physiologically relevant shear forces on leukocytes over
a layer of ECs, allows intricate dissection of the molecules
and mediators involved in endothelial activation and leuko-
cyte recruitment. Further, the relative importance of all the
AMs involved in leukocyte recruitment has been demon-
strated using blocking reagents (e.g., antibodies and small
molecule antagonists), gene targeting, or knockout animals.
However, because of compensatory mechanisms, overlap-
ping functions and regulatory processes, data from 
knockout (double or triple) animals need to be more care-
fully examined.

Endothelial AMs Involved in 
Leukocyte Trafficking

The AMs found on vascular ECs, with their correspon-
ding ligands on the leukocyte, are usually distinguished by
their contribution to rolling or firm adhesion (see Figure 2)
[2]. The selectins (E-selectin, P-selectin) on the EC, and L-
selectin on the leukocyte, are involved in initial tethering
and rolling, while members of the immunoglobulin (Ig)
superfamily of AMs, such as intercellular adhesion mole-
cule-1 (ICAM-1) and cadherins, are mainly involved in
adhesion and migration, respectively. However, it is possi-
ble that under certain circumstances, ICAMs and integrins
can mediate rolling. The time course and magnitude of EC
AM expression coordinates the recruitment of leukocytes to
sites of inflammation. Thus, the rapid recruitment of rolling
leukocytes results from L-selectin activation on leukocytes
and rapid mobilization of preformed P-selectin to the EC
surface. Leukocyte adhesion can also be fast because of the
activation of b2-integrins on rolling leukocytes, which can
interact with constitutively expressed ICAM-1, leading to
firm adhesion and subsequent migration (see Figure 1).
However, tissue-specific adhesion characteristics are appar-
ent, such as in the liver sinusoidal microcirculation and the
lung pulmonary circulation, where selectins are not required
for leukocyte recruitment.

Rolling

Rolling is a transitory process that occurs in both nonin-
flamed and inflamed vessels. As a result, many leukocytes
“patrolling” the microvasculature will come into brief 

Figure 1 General mechanisms involved in leukocyte trafficking in the microcirculation. Shown is
a schematic representation of the multistep paradigm of leukocyte recruitment. Leukocytes undergo
rolling and activation by EC-displayed chemokines, followed by adhesion onto and transmigration
across the endothelium to perform their extravascular functions. Illustration by A. K. Khaw. (see color
insert)
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contact with the endothelium. Sometimes, rolling leuko-
cytes interact with other attached leukocytes in a process
known as tethering. Approximately 80 percent of these cells
will gently roll and detach from the endothelium and rejoin
the circulation, while the remainder will roll more slowly
and may adhere and flatten onto the endothelium. The first
response to inflammatory stimuli that can be observed using
intravital microscopy is an increase in the number of rolling
cells, with a concurrent reduction in leukocyte velocity.
Leukocytes will integrate chemokine and other signals on
the EC surface while rolling along the endothelium until
they reach a critical level of activation, resulting in firm
adhesion.

SELECTINS AND THEIR LIGANDS

The selectins are C-type lectins characterized by the
presence of an N-terminal calcium-dependent carbohy-
drate recognition domain [3]. They are single-chain 
membrane glycoproteins that recognize counter-ligands
usually containing sialylated and fucosylated carbohydrate 
residues, such as sialyl lewis x (Figure 2). There are three
selectin AMs important in mediating initial tethering and
rolling. Two selectins (E-selectin and P-selectin) are found
on ECs, and one, L-selectin, is found on leukocytes.

L-selectin (Leukocyte-selectin) is involved mainly in the
tethering of leukocytes to the endothelial surface, and prote-
olytic loss of expression of L-selectin, especially on granu-

Figure 2 Endothelial cell adhesion molecules and counterligands on leukocytes involved in cell trafficking.
Activated EC express selectins that can bind to their carbohydrate receptors to allow leukocyte rolling under
physiologic shear forces. Addressins expressed on high endothelial venules (HEVs) in lymph node vessels are
expressed for lymphocyte homing; their peripheral vascular counterparts are less well defined. If activation
occurs, leukocytes adhere to the endothelium via Ig-like superfamily proteins and integrins. Transendothelial
migration is regulated by PECAM-1, cadherins, and other structures. (see color insert)
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locytes, occurs in conjunction with the activation of other
AMs such as integrins. This soluble L-selectin can be
detected in the serum and can competitively bind to
endothelial ligands, blocking the interactions with leuko-
cyte-bound L-selectin. The interaction of L-selectin with the
EC is short-lived and usually with one of several ligands,
such as CD34, mucosal addressins (e.g., MAdCAM-1), or
vascular addressins.

P-selectin (platelet-selectin), originally named granule-
external membrane protein, is a 140-kDa glycoprotein con-
stitutively expressed in a-granules of platelets and the
Weibel-Palade bodies of ECs. P-selectin is thought to be 
the predominant AM responsible for the rolling phase of 
the leukocyte adhesion cascade. Stimulation of ECs with
inflammatory mediators such as histamine and thrombin
results in translocation and expression of P-selectin on the
cell surface within minutes. Reactive oxygen species (ROS),
sulfidopeptide leukotrienes, and complement products can
also induce fast mobilization of P-selectin onto the EC sur-
face. P-selectin surface expression is transient and is recy-
cled by reinternalization. P-selectin expression can also be
transcriptionally regulated by cytokines such as interleukin-
4 (IL-4) and IL-13. Thus, it is possible that P-selectin is
important in Th2-mediated inflammatory diseases. In con-
trast, tumor necrosis factor (TNF), IL-1, and lipopolysac-
charide (LPS), which induce other AMs on ECs, do not
induce P-selectin gene transcription or expression. Like all
the selectins, P-selectin binds to sialyl lewis x molecules but
more specifically binds to P-selectin glycoprotein ligand-1
(PSGL-1), a homodimeric structure and member of the
sialomucin family of AMs found on all circulating leuko-
cytes. P-selectin can also bind to CD24 and other ligands.
The interactions between P-selectin and PSGL-1 cause
leukocyte–EC contacts and rolling along the venular
endothelium. The P-selectin–EC associations are longer
than the L-selectin–EC interactions and result in slower
leukocyte rolling velocities. The signal transduction path-
ways that follow P-selectin binding to its ligand involve the
activation of mitogen-activated kinases, Src kinases, and
increases in intracellular calcium. All these pathways can
lead to other downstream events such as integrin activation,
shape change, and further ROS production.

E-selectin (endothelial-selectin) expression is protein
synthesis dependent, occurring on the cell surface approxi-
mately 4 hours after activation with TNF, IL-1, or LPS.
Eosinophils and neutrophils bind equally well to P-selectin,
whereas eosinophils form fewer primary tethers to E-
selectin. E-selectin has similar, possibly redundant functions
to P-selectin, but more importantly, may be important in
converting rollers to adherent cells, as E-selectin mediates
even slower rolling than P-selectin. The off-rate of E-
selectin is similar to that of P-selectin; thus, it is likely that
E-selectin or its ligand is more highly expressed than P-
selectin and PSGL-1. In addition, because its peak expres-
sion is around 4 hours, E-selectin could functionally support
rolling when P-selectin expression is reduced or when P-
selectin is internalized. E-selectin is capable of binding to

PSGL-1 and other sialic acid–containing glycoproteins, but
the primary E-selectin ligands in humans are glycolipid
structures termed myeloglycans. In mice, the identified 
ligand of E-selectin is a glycoprotein known as E-selectin
ligand-1 (ESL–1).

Studies in knockout animals have revealed the impor-
tance of L-selectin and P-selectin in the initial induction of
rolling, while all selectins can support stable rolling. How-
ever, in E-selectin and P-selectin double-deficient mice, 
L-selectin can sufficiently produce rolling that results in
activation and adhesion, suggesting that overlap and redun-
dancy occur in selectin function. Interestingly, E-selectin
and b2 integrin AMs (together with ICAMs) cooperate to
control the time that a leukocyte takes to roll and firmly
adhere. Further, these double-deficient mice exhibit signs of
early lethality. This suggests that E-selectin operates “down-
stream” from P-selectin, more toward the firm adhesion step
of the cascade.

In summary, selectins are either constitutively expressed,
or inducible with inflammatory mediator or cytokine expo-
sure. These AMs all play roles in early stages of extravasa-
tion involving tethering and rolling, with varying degrees of
attachment. This allows temporary interaction of patrolling
leukocytes in the circulation with vascular ECs, allowing
them to react to stimuli (e.g., chemokines) presented on the
EC surface. This, in turn, causes leukocyte activation and
subsequent extravasation.

ADDRESSINS

In secondary lymphoid tissues (such as lymph nodes and
Peyer’s patches), the entry site for naive T and B lympho-
cytes is known as the High Endothelial Venule (HEV),
because of its cuboidal shape. The ECs of HEV express spe-
cific AMs that allow lymphocyte homing into the lymphoid
tissue, while other cells, such as granulocytes, may enter the
HEV but do not stop. Murine HEVs selectively bind to an
antibody, MECA-79, that recognizes a carbohydrate epitope
not found on ECs of postcapillary venules or large vessels in
the spleen or thymus. These carbohydrate epitopes bind to
L-selectin, are partly responsible for the tissue-specific traf-
ficking of lymphocytes, and are called vascular addressins
[4, 5]. The peripheral node addressins (PNAds) include Gly-
CAM-1 (glycosylation-dependent cell AM), CD34, podoca-
lyxin, and Sgp200, whereas mucosal or mesenteric
addressin is thought to be MAdCAM-1 (Mucosal Addressin
cell AM-1). The adhesion molecules are important in the
homing of lymphocytes and dendritic cells to lymphoid tis-
sues for antigen presentation.

Firm Adhesion

Firm adhesion of leukocytes on the vascular endothelium
occurs after the activation of leukocyte AMs by chemokines
and other stimuli presented on the EC surface. All firmly
adherent leukocytes are exclusively recruited from the
rolling pool. The AMs involved in firm adhesion are mainly
the members of the Ig superfamily of AMs and their integrin
ligands.
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IG SUPERFAMILY OF AMS

This is a wide family of AMs, consisting of Ig-like
domains characterized by intrachain disulfide bonds.
Together with their ligand counterparts, they play major
roles in leukocyte adhesion and the regulation of firm 
adhesion. Members include ICAM (intercellular AM)-1, -2,
and -3 and VCAM-1 (vascular cell AM-1).

ICAM-1 is found constitutively at low levels on the EC
surface, but is upregulated upon exposure to inflammatory
cytokines (e.g., TNF, IFN-g, and IL-1) with peak expression
after about 24 hours. Of note, treatment of ECs with IFN-g
selectively increases the expression of ICAM-1, with no
effect on other AMs. ICAM-1 contains five Ig-like extracel-
lular domains, where the first Ig-like domain (on the amino-
terminal end) is the recognition site for fibrinogen, an
extracellular matrix protein, and the integrin lymphocyte
associated function antigen (LFA-1 or CD11a/CD18). The
third Ig-like domain recognizes another integrin,
macrophage antigen-1 (Mac-1 or CD11b/CD18). Mac-1,
found on granulocytes and monocytes, binds ICAM-1 with
high affinity. As described, LFA-1 can also bind to ICAM-1,
but with lower affinity than Mac-1. ICAM-1 has another
interesting function, in that it is the exploited receptor 
of most strains of rhinovirus and the malarial parasite. 
The ligation of ICAM-1 can cause structural changes in
junctional EC cytoskeleton proteins without causing 
EC injury or retraction. These structural proteins have 
been shown to dissociate within minutes of leukocyte–
EC adhesion. This could be linked to subsequent events in
transmigration.

ICAM-2 is a truncated form of ICAM-1, with only two
Ig-like domains. LFA-1 binds to ICAM-2 with higher affin-
ity than to ICAM-1. ICAM-2 is highly and constitutively
expressed on ECs, without further expression after stimula-
tion. It is found preferentially at endothelial borders, and
thus could be important in transmigration. ICAM-3 is found
on resting leukocytes, but can be induced in ECs. It contains
five Ig-like extracellular domains, similar to ICAM-1, and
binds to LFA-1 and adb2, another b2 integrin found on most
leukocytes.

VCAM-1 is found at very low levels, if at all, on nonacti-
vated ECs, but is upregulated substantially after long-term
exposure to cytokines. It is expressed on the surface of IL-1
and TNF activated EC, and similar to the ICAMs, binds to
integrins. However, it binds to a different class of integrins
with b1 and b7 subunits. The most common ligand for the
binding of VCAM-1 is very late antigen-4 (VLA-4,
CD49d/CD29), found on eosinophils, basophils, mast cells,
lymphocytes, and monocytes, but not neutrophils. VLA-4-
VCAM-1 binding has been shown to mediate leukocyte
rolling and adhesion. In particular, VCAM-1 ligation is
essential for eosinophil and monocyte migration, and expo-
sure of ECs to the Th2 dependent cytokines IL-4 and IL-13
(and TNF and IL-1 synergistically) selectively increases
VCAM-1 expression, indicating the potential importance of
VCAM-1 in Th2-mediated diseases such as allergy and
asthma.

In summary, the Ig superfamily of adhesion molecules
and integrins plays an extremely important role in the adhe-
sion step of the recruitment cascade. ICAM-1 is important in
adhesion of essentially all leukocytes, while VCAM-1 is the
Ig-like adhesion molecule involved in adhesion of all leuko-
cytes except neutrophils.

Transmigration

The final step of cell recruitment involves transmigration
between adjacent ECs at tricellular junctions, a pause in the
wall, and subsequent penetration through the basement
membrane. During the adhesion phase, a disruption of EC-
cadherin complexes occurs, inducing a loss of lateral junc-
tion localization, leading to migration between ECs [6].
PECAM-1 (platelet endothelial cell adhesion molecule-1,
CD31) is another member of the Ig super family and is
vitally important in the transmigration step of neutrophil
recruitment. It has six Ig-like domains as well as immunore-
ceptor tyrosine-based inhibitory motifs. PECAM-1 is in
especially high density at the gap junction area of ECs, but
is evenly distributed on platelets and leukocytes. Because 
of its concentration at the intercellular junctions of the 
vascular endothelium, it is thought to be a crucial AM 
to guide adherent cells to the migration site. PECAM-1
mediates endothelial transmigration through binding to
itself (homophilic) or to other ligands (glycosaminoglycans
such as CD44). PECAM-1 is also involved in the migration
through the basement membrane and subendothelial matrix.
PECAM-1 is critical for neutrophil (but not eosinophil)
transendothelial migration, and the first Ig-like domain is
important for this step. Cells treated with anti-PECAM-1
antibodies, or PECAM-IgG constructs comprising domain
1, arrest on ECs but do not transmigrate. Furthermore, the
6th Ig-like domain is thought to be important in the migra-
tion across the basement membrane. In this case, as there 
is no PECAM-1 expressed in the basement membrane,
PECAM-1 is thought to bind to an as yet unidentified struc-
ture in the basal lamina. It may be possible that PECAM-1
is more involved in migration across the basement mem-
brane, as leukocytes from PECAM-1–deficient mice do
migrate through ECs but are delayed in their migration
across the basement membrane. Altogether the process of
leukocyte recruitment from the circulation into the tissue
involves many AMs on the leukocyte as well as the EC.
Thus, the process requires a step-by-step activation and
deactivation (or deadhesion) of each and every constituent
for successful leukocyte extravasation.

Tissue-Specific Expression of AMs 
in the Lung Microvasculature

The aforementioned sequence of events and mechanisms
leading to the transmigration of leukocytes out of the circu-
lation has been shown to occur in vitro and in vivo in tissues
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such as the mesentery. However, several recent studies have
shown differences in leukocyte trafficking characteristics in
the pulmonary circulation when compared to the systemic
circulation [1]. The location of leukocyte extravasation and
the requirements for AM expression have also proven to be
different, possibly because of the unique structural features
of the lung microcirculation [7]. This suggests that tissue-
specific leukocyte trafficking and differential expression of
AMs exist in the lung, and thus, the mechanisms of leuko-
cyte trafficking must not be thought of as a generalized set
of occurrences. We have recently developed a rat model of
intravital microscopy in the airway circulation or tracheal
microcirculation [8] and demonstrated that leukocyte
recruitment in the circulation of the trachea is similar to the
systemic circulation. Other intravital microscopy techniques
to study microvessel behavior and leukocyte trafficking in
the pulmonary circulation have been created. One utilized
an implanted window in the thoracic wall of rabbits and
dogs. In addition, transplantation of neonatal lung into skin
folds of nude mice has been used to examine leukocyte
recruitment in revascularized lung tissues [9].

Margination and Migration in 
the Pulmonary Circulation

In the systemic circulation of the airways and other tis-
sues, migration occurs in postcapillary venules, following
the typical sequence of leukocyte trafficking described pre-
viously. However, several distinct characteristics are seen in
the pulmonary circulation. For example, leukocytes mar-
ginate and transmigrate in alveolar capillaries, rather than
the normal site of migration, the postcapillary venule. Many
leukocyte–EC interactions take place in the pulmonary cap-
illary bed via a process known as sequestration. Here, the
network consists of capillary segments that connect several
alveolar walls and generally contain many more leukocytes
compared to other tissue vascular beds. In fact, the concen-
tration of leukocytes (neutrophils or polymorphonuclear
[PMN] cells in this case) in pulmonary capillary blood is 35
to 100 times more than that of systemic vessels. This could
be an active process, or simply due to small capillary diam-
eters (2 to 5 mm). Leukocytes are approximately 8 mm in
diameter, so they would need to deform to squeeze through
such small vessels, taking more time to travel through this
microcirculation. Although selectin-mediated rolling occurs
in pulmonary postcapillary venules, most migrated neu-
trophils (97%) are found in the capillary network, where
rolling does not occur, as the leukocyte arrests without
rolling because of the size of the capillaries. Similarly,
leukocytes transmigrate out of the capillary network in the
lung, because of their slow transit and interaction with the
capillary EC, possibly independent of PECAM-1.

SELECTINS

Due to the small diameters of pulmonary capillaries,
arrest and migration in the pulmonary circulation can occur
without rolling. P-selectin is expressed on pulmonary venu-

lar and arteriolar EC, but not capillary EC in rabbits,
whereas in the rat, P-selectin is completely nonexpressed.
Thus, it can be proposed that in this case, selectins are 
not required for leukocyte trafficking in the pulmonary 
circulation. Further, from experiments using E-selectin 
and P-selectin-deficient mice, pulmonary migration to
Streptococcus pneumoniae, a Gram-positive bacterium 
(see next section), was increased, indicating that selectin
expression actually suppresses leukocyte migration out 
of the pulmonary circulation. This contrasts with other,
allergen-driven cell recruitment models, where selectin 
deficiency or blockade reduces T cell and eosinophil recruit-
ment. The depletion of L-selectin from neutrophils does 
not affect the rate and response of sequestration in the 
lung induced by complement fragments. This suggests 
that selectins may not be required for migration to Gram-
positive bacteria. However, selectin-mediated processes 
are involved in migration to Gram-negative bacteria or
endotoxin (Escherichia coli, LPS), where selectin defi-
ciency protects against endotoxin-induced septicemia, lung
injury, and death.

During acute lung injury, blockage of all selectins can
result in approximately 40 percent inhibition of leukocyte
infiltration and vascular permeability. High tidal volume
ventilation activates lung microvessels in a P-selectin-
dependent process. Furthermore, E-selectin is upregulated
in lungs of fatal acute respiratory distress patients infected
with Gram-negative bacteria. Thus the role of selectins in
acute respiratory distress and acute lung injury appears
somewhat variable depending on the inflammatory 
condition.

IG SUPERFAMILY AND INTEGRIN LIGANDS

ICAM-1 is expressed at constitutively high levels on 
pulmonary capillary and venular ECs, and at low levels on
ECs in the systemic circulation [10]. This could be one rea-
son why activated leukocytes (with increased expression of
activated b2 integrins) are sequestered in the lungs. How-
ever, pulmonary migration of granulocytes can occur inde-
pendently of b2 integrins depending on the inflammatory
stimuli. Using neutralizing antibodies to CD18, leukocyte
migration from activation by Gram-negative bacteria
(Pseudomonas aeruginosa and E. coli), IL-1, LPS, and
phorbol esters can induce CD18-dependent lung migration
pathways, involving ICAM-1, while Gram-positive bacteria
(S. pneumoniae) and complement products induce CD18-
independent pulmonary recruitment. Accordingly, ICAM-1
expression (as high as it is on pulmonary ECs) is further
upregulated by Gram-negative bacteria and LPS, but not by
Gram-positive bacteria in these animal models. Interest-
ingly, expression of CD18 and L-selectin in neutrophils
exposed to E. coli was altered only after migration and not
while in the circulation. In contrast, in response to S. pneu-
moniae, CD18 and L-selectin levels were increased and
reduced, respectively, before migration, indicating their
involvement. In these cases, the expression and requirement
for CD18 before and during migration is inversely corre-
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lated and the limiting factor could be the increased expres-
sion of ICAM-1. In patient samples of sepsis-induced lung
injury, ICAM-1 as well as VCAM-1 expression is highly
upregulated. Hydrochloric acid instillation into the trachea,
an animal model of gastric acid inspiration, causes lung
injury and endothelial activation. It does not require CD18
for leukocyte accumulation, but subsequent lung injury and
injury to other organs is CD18 dependent. It is possible that
VCAM-1 or other AMs can be involved in Gram-positive
bacterial infections. The mechanism underlying CD18-
independent leukocyte recruitment in the pulmonary circu-
lation is still unknown.

Migration in the Systemic Bronchial Circulation

Leukocyte trafficking and endothelial migration in the
systemic circulation of the lungs is not well studied. Only 1
percent of the cardiac output is directed to the airway circu-
lation to supply the central airways and bronchi. These ves-
sels form a plexus network around the airways, supplied by
the bronchial artery, sending branches into the muscle and
submucosa. It remains unknown whether leukocyte infiltra-
tion close to the bronchi is occurring from the bronchial cir-
culation or the pulmonary circulation. It seems unlikely that
tissue-infiltrating leukocytes such as eosinophils found in
and around the bronchi in airway conditions such as asthma
exit through the pulmonary circulation. Thus, it is important
to know the recruitment properties of this circulation. As
mentioned previously, we have developed a model of intrav-
ital microscopy in the upper airways to address this issue
[8]. Although this model uses the tracheal circulation, the
function and regulation of tracheal muscle and tissue 
mirror the smaller airways. Leukocyte–endothelial rolling
and adhesion induced by Gram-negative bacterial LPS and
the leukocyte-activating bacterial peptide fMLP (formyl-
methionyl-leucyl-phenylalanine) occurred in postcapillary
venules, with parameters similar to that of the systemic cir-
culation. Furthermore, using the same model, high-pressure
mechanical ventilation induced EC activation and leukocyte
recruitment in tracheal microvessels, which was sensitive to
selectin blockage. In a lung transplant model [9], where
intravital microscopy was done in revascularized vessels 
of the lung, TNF-induced leukocyte rolling and adhesion
occurred in the venules and arterioles, and this, too, was
dependent on selectins. It was interesting that no arrest or
sequestration was seen in the capillaries. However, rolling
leukocytes in the postcapillary venules were elongated, per-
haps because of shape change from traversing through the
capillary network. It is possible that because these are newly
revascularized vessels, it may be a model of angiogenesis
rather than pulmonary circulation per se. In any case, this
indicates that selectins are likely important in the recruit-
ment of leukocytes in the airways. Similarly, other studies
have observed that lymphocyte homing to the bronchial
endothelium is P-selectin-PSGL-1 mediated, and VCAM-1,
E-selectin, and CD18 independent. Furthermore, strong
expression of P-selectin and ICAM-1 was found on

bronchial ECs, with low or negligible expression of E-
selectin.

Summary

This review has described the general mechanisms
involved in leukocyte recruitment, focusing on the impor-
tant roles of AMs. Recruitment characteristics in the lung
microcirculation have been outlined. The inflammatory
stimuli and disease condition may play a role in the site and
regulation of leukocyte recruitment and EC activation in the
lungs. Various conditions that affect the central conducting
airways may induce recruitment in the systemic airway cir-
culation, while the pulmonary network may be more im-
portant in other more acute lung injuries from invading
organisms, septicemia, or chemicals. The mechanisms of
leukocyte recruitment in this circulation are not well eluci-
dated, but it appears that the bronchial microvasculature is
similar to other systemic microcirculation. This suggests
CD18-dependent recruitment, with selectin-mediated
rolling and transmigration across ECs in bronchial/tracheal
vessels. This also indicates that the events leading to leuko-
cyte infiltration from the bronchial systemic circulation may
differ from those in the more well-studied pulmonary circu-
lation. It is here where cells are sequestered without rolling,
and CD18-independent migration occurs. It can be sug-
gested that in the lung, two different endothelial phenotypes
may exist, depending on the structure and function of the
circulation they support, i.e., gaseous exchange or blood
supply, for the pulmonary and airway circulation, respec-
tively. Future studies should elucidate the differences
between these two circulations in the same functioning
organ, enhancing the understanding of the pathophysiology
of lung disorders, and possibly validating novel targets to
treat diseases that primarily affect the lungs.

Glossary

Adhesion molecule: A cell surface glycoprotein or glycolipid that
functions in the interaction between cells or between cells and the extra-
cellular matrix. Adhesion molecules are found on virtually all cell types.

Alveoli: The air sacs in the lungs where oxygen and carbon dioxide are
exchanged between blood and inhaled air.

Bacterial endotoxin (LPS): A component of Gram-negative bacterial
cell wall released from bacteria. Once released, it stimulates many inflam-
matory reactions.

Capillaries: The smallest of vessels, with the thinnest walls, where gas
exchange takes place between the blood and the surrounding tissues.

Endothelial cells: These exist as a monolayer of cells lining the
insides of blood vessels. They act together (endothelium) to form a selec-
tive barrier that regulates movement of cells, proteins, and fluids from the
circulation to the tissue. They are also important in blood vessel growth, tis-
sue repair, and coagulation.

Gram-negative bacteria: Bacteria characterized by two outer mem-
branes that fail to stain with Gram’s stain. Organisms include E. coli, Sal-
monella, and cholera.

Gram-positive bacteria: Bacteria characterized by two outer mem-
branes that do stain with Gram’s stain. Organisms include Staphylococcus,
Streptococcus, and Pneumococcus.
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Intravital microscopy: A technique used in live animals to directly
observe the microcirculation of tissues in real time using video microscopy.

Leukocytes: Also known as white blood cells, these migratory cells
function in immune surveillance and host defense.

Nude mice: Mice lacking thymus development and T-lymphocytes.
Polymorphonuclear cells (PMNs): Also called granulocytes, these

are leukocytes with a characteristic multilobed nucleus and cytoplasmic
granules. They can be classified as neutrophils, eosinophils, and basophils.
Neutrophils are the most abundant circulating leukocyte important in
responses to bacterial infections, whereas eosinophils and basophils are
more rare in the circulation and important in allergic and parasitic diseases.

Pulmonary circulation: This is the circulation carrying blood from
the heart to the lungs and back for oxygen and carbon dioxide exchange.

Systemic circulation: This is the circulation carrying blood from the
heart to the whole body for oxygen consumption and back to the heart and
lungs for reoxygenation.

Transgenic (or knockout) mice: These are mice with specific muta-
tions (or deletions) and altered genetics used for study of specific gene
function.
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face of interaction between T cells and ECs. As a conse-
quence T cells flatten over and firmly adhere to the endothe-
lium. Additional molecular interactions involving adhesion
molecules (including integrins and junction adhesion mole-
cules) and chemokines guide the migration of the adherent
lymphocyte through the endothelial junctions (transendothe-
lial migration or diapedesis). Some EC molecules such as
CD31 appear to optimize the efficiency of this last step of
the migratory process. A summary of the T cell–EC interac-
tions leading to T-cell extravasation is provided in Figure 1.
Together with intrinsic properties of the T cells (such as the
high expression of certain adhesion molecules, as observed
in memory T cells), signals mediated by these relatively
well-characterized ligand–receptor interactions are likely to
determine whether a T cell that is engaging in adhesive
interactions with EC will eventually migrate into the under-
lying tissue.

T Lymphocyte Phenotype and Function is Modified
By Transendothelial Migration

Once T cells have crossed the endothelial barrier, they
remain localized for a variable length of time between the
endothelial layer and the basal membrane and eventually
enter the tissue. Tissue infiltration is a slow and complex
process, which involves T-cell interactions with the basal
membrane and the extracellular matrix and migration
induced by tissue-derived chemokines. Thus, once a T cell
has crossed the endothelial barrier and is committed to
migration, it undergoes a genetic reprogramming leading to
functional changes including induction of matrix metallo-
proteinase (MMP) expression, and responsiveness to tissue-
derived chemoattractants that enable them to invade the

Lymphocyte recirculation and the localized recruitment
of antigen-specific T cells to sites of inflammation are criti-
cal to the surveillance and effector functions of the immune
system. A tightly regulated series of molecular interactions
with the microvascular endothelium (extravasation) allows
T lymphocytes to continuously recirculate from the blood-
stream into lymphoid and nonlymphoid tissue scanning for
their cognate antigen. During these frequent encounters the
endothelium itself has the opportunity to display antigen to
transiting T lymphocytes with the potential to modify their
functions.

Regulation of T-Cell Trafficking by the Endothelium

The Multistep Paradigm of 
Lymphocyte Extravasation

Lymphocyte extravasation is initiated by transient inter-
actions with the blood vessels through adhesion receptors
including selectins and their ligands, members of the inte-
grin superfamily, and the vascular hyaluronan-binding
CD44. By virtue of these interactions T cells tether the 
vascular wall where they are exposed to chemokines
(chemotactic cytokines), bound to the endothelial cell (EC)
surface by glycosaminoglycans (GAGS). Chemokines trig-
ger pertussis toxin–sensitive G-protein coupled receptors on
the T cells. This “activation” event leads to conformational
changes in the T-cell integrin adhesion molecules (including
members of the b2 and b1 family of integrins, such as LFA-
1 and VLA-4) that increase their affinity for their ligands.
Chemokines also induce changes in the T cell shape (from
round and villous to polarized), which create an ideal sur-
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tissue and reach the inflammatory site. It is likely that the
endothelium itself delivers the necessary signals to transit-
ing T cells, which favor T-cell motility and further infiltra-
tion of the underlying tissue. In this context, upregulation of
certain molecules (including at the transcriptional level),
such as CD86 and CD69, has been observed in T cells fol-
lowing noncognate interactions with the EC. These changes
are likely to help further activation of the T cells once they
have reached their antigenic sites within the tissue. In line
with these studies, we have observed that T-cell
transendothelial migration is accompanied by activation of
the transcription factor AP-1, without induction of NF-
kB. This genetic reprogramming correlates with the 
upregulation of certain adhesion (LFA-1, VLA-4), 
activation (CD69), and costimulatory (CD86) receptors 
and with increased T-cell motility and antigen responsive-
ness to tissue invasiveness. These effects were dependent on
aLb2 integrin/CD54 interactions during adhesion to the
endothelium.

Thus, T-cell extravasation is accompanied by phenotypic
and functional changes induced by the interactions with the
EC, which favor tissue infiltration by T cells and their fur-
ther activation once they reach the antigenic site. The nature
of the endothelium-derived signals that induces “proinva-
sive” genetic reprogramming in T lymphocytes and the
molecular changes required for tissue invasion by T cells
remain poorly characterized.

Recirculation of Memory and Naive T Cells and
Tissue-Specific Homing

The ability of T lymphocytes to reach antigenic tissue is
regulated at different levels. Naive T cells recirculate

through secondary lymphoid organs (spleen, lymph nodes,
and Peyer’s patches) through the expression of L-selectin
(CD62L) and the chemokine receptor CCR7. Expression of
their ligand is restricted to the microvasculature of second-
ary lymphoid organs. Following antigen encounter and acti-
vation in the lymphoid tissues, changes are induced in the
array of surface-expressed adhesion receptors, which allow
effector memory T-cell access into nonlymphoid tissue.
These changes include loss of CD62L and CCR7 expression
and upregulation of other adhesion (LFA-1) and chemokine
(CXCR4, CCR5) receptors. It has recently been described
that a subset of memory T cells (central memory T cells)
retain expression of the chemokine receptor CCR7 and the
ability to traffic through secondary lymphoid organs.
Finally, a third subset of memory T lymphocytes differenti-
ates following priming in the lymph nodes, namely the fol-
licular homing T cells, which specialize in delivering help to
B cells. These cells are retained in the lymphoid tissue char-
acterized by the expression of the chemokine receptor
CXCR5, which mediates their recruitment in the B cell areas
of the lymph node.

Memory and effector T cells generally display selective
tropism for specific peripheral tissue such as the skin or the
gut (tissue-specific homing). This is mediated by the use of
different combinations of adhesion and chemokine receptors
(molecular “area code”) at distinct anatomical sites that
facilitate the T lymphocyte return to that site. For example,
high-level expression of a4b7 integrin, whose ligand
mucosal addressin cell adhesion molecule (MAdCAM)-1 is
expressed on postcapillary venules in the intestinal lamina
propria, targets one population of memory T cells to this
site. In addition, a subset of these intestinal a4b7hi cells
also expresses CCR9, the specific receptor for the

iv. Diapedesis: 
     integrins, CD31, JAMs
     TCR triggering

ii. Exposure to 
   chemokines (activation): 
   integrin activation,
   cell polarization

iii. Firm adhesion: 
      integrins

i. Rolling: 
   selectins 
   integrins 

v. Tissue infiltra tion: 
    integrins, chemokines, MMP

Figure 1 The multistep paradigm of lymphocyte extravasation. T cells are first engaged in selectin-mediated transient
interactions with the endothelium. In this way, they become exposed to endothelium-bound chemokines. This induces
increased affinity of T-cell integrin for their endothelial ligands and causes T-cell polarization (i.e., change of shape and redis-
tribution of surface molecules). T cells thus firmly adhere to the endothelium and eventually migrate through the endothelial
cell junctions. Once in the tissue, T lymphocytes respond to stimuli that lead them to the site of inflammation. (see color insert)
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chemokine CCL25, or thymus-expressed chemokine
(TECK), which is produced by small intestinal epithelium.
In contrast, memory and effector cell recruitment to
inflamed skin requires expression of lymphocyte surface lig-
ands for vascular selectins, such as the E-selectin ligand
cutaneous lymphocyte antigen (CLA) in humans and P-
selectin ligand in mice. In addition, skin-homing T cells
express CCR4, the specific receptor for the chemokine
CCL17, or thymus and activation-regulated chemokine
(TARC), expressed by keratinocytes. T cells acquire these
receptors during priming in the lymphoid tissue. The genetic
reprogramming leading to the acquisition of a molecular
area code is determined by the local lymphoid organ
microenvironment.

Immunogenicity of the Microvascular Endothelium

The properties of endothelial cells as antigen-presenting
cells are likely to be important during local inflammatory
responses and following transplantation of vascularized tis-
sues, where EC are the first alloantigen-bearing target
encountered by transiting host T cells. Endothelial cells 
constitutively express major histocompatibility complex
(MHC) class I molecules, which enables them to present
antigen to CD8+ (cytotoxic) T lymphocytes. In addition,
vascular EC often acquire the potential to present antigen to
CD4+ (helper) T cells, since MHC class II molecule expres-
sion on small vessels is a common finding in a variety of
inflammatory conditions and human capillary ECs have
been shown to express MHC class II molecules in heart,
kidney, and liver. Triggering of the T-cell antigen receptor
(TCR) by the endothelium is likely to occur during the sus-
tained adhesive interactions leading to T-cell extravasation.
The functional consequences of antigen presentation by the
endothelium, particularly its ability to initiate T-cell
responses, are still controversial. A key point in these issues
is that ECs (at least in the human system) do not express the
B7 family of costimulatory molecules that, when triggered
in conjunction with the antigen receptor, allow autocrine
production of the T cell growth factor inteleukin-2 and cell
division. Other costimulatory molecules that have been
found to be expressed by endothelial cells, such as inducible
T-cell costimulator-ligand (ICOS-L), are unable to induce
IL-2 gene transcription, although they can support the pro-
duction of other cytokines, such as IL-4. Finally, negative
regulators of T-cell activation, such as programmed death-
ligand 1 (PD-L1) and PD-L2, have been identified on ECs.

CD4+ (Helper) T Cells

The conclusions from some studies on the functional
effect of cognate recognition of the endothelium by CD4+ T
cells are to date controversial. Some groups have reported
that EC can support mitogen-induced T-cell proliferation,
antigen-specific T-cell proliferation, and primary allore-
sponses. These authors hypothesized that during antigen

presentation by ECs, costimulation can be provided by sur-
face molecules other than B7, such as LFA-3. Other groups,
including ourselves, have failed to detect alloproliferation of
human and mouse CD4+ T lymphocytes induced by either
resting or cytokine-treated endothelium. Possible explana-
tions for these discrepancies include a contamination with
bone-marrow-derived antigen presenting cells (such as den-
dritic cells) of either the EC or the T-cell preparations.

An interesting observation that arose from these 
studies is that, unlike what has been observed with other
costimulation-deficient parenchymal cells, memory T cells
were not rendered hyporesponsive by cognate recognition of
B7-negative endothelium. It is possible that the availability
of accessory molecules displayed on the EC surface and
coengaged during cognate recognition might modulate the
signal delivered through TCR engagement. Thus antigen
presentation in the absence of costimulation, but in the pres-
ence of strong cell–cell adhesion, mediated by the large
array of accessory molecules displayed on the EC surface,
might fall below the threshold required for T-cell activation
but above that leading to T-cell silencing.

CD8+ (Effector) T Cells

The few studies that have investigated the effects of cog-
nate recognition of EC by CD8+ T cells have focused on the
development of proliferative responses, and, as for CD4+ T
cells, contradictory results have been reported. Some studies
have concluded that EC can induce human and murine
CD8+ T lymphocyte differentiation, although with a low
efficiency compared with conventional antigen-presenting
cells (APC), and with impaired ability to secrete g-IFN. In
contrast, other investigations suggested that human ECs are
unable to stimulate a functional response by freshly purified
CD8+ T cells.

In Vivo Studies

Similarly to all the in vitro studies described, the few
studies analyzing antigen presentation by EC in vivo have
led to conflicting conclusions. A caveat that must be borne
in mind is that the microvascular endothelium has different
phenotypic characteristics in different species. For example,
murine EC express the costimulatory molecule CD80 but
not CD40, whereas human ECs are totally B7-negative but
express functional CD40. A recent study has suggested that
EC allorecognition by adoptively transferred CD8+ T cells
in the absence of CD4+-mediated T cell help and profes-
sional hematopoietic antigen-presenting cells leads to heart
allograft rejection in MHC class I recipients. However it has
clearly been shown that secondary lymphoid organs are
required for transplant rejection, implying that antigen pres-
entation by graft-resident dendritic cells migrated in the host
lymphoid tissue is required for alloreactive T cells to be 
activated. The reason for these discrepancies remains 
unresolved.
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A possible compromise of these opposite views is the
recent definition of EC as “semiprofessional” APC, due to
their ability to enhance T-cell responsiveness and cytokine
production without eliciting full T-cell activation. Given 
that ECs might display tissue-specific as well as foreign
peptides, full competence as APC would be potentially 
dangerous in terms of self-tolerance, and induction of 
nonresponsiveness following cognate recognition of ECs
would be likewise undesirable for virus-specific T cells
entering an infected tissue. Thus the neutral effects on sub-
sequent T-cell behavior, described earlier, could be advanta-
geous to overall immunoregulation. Of course the primary
immunological function of EC is to regulate lymphocyte
trafficking. Recent developments in vascular immunology
suggest that antigen presentation by EC might induce a dif-
ferent activation response, inducing T-cell transendothelial
migration.

TCR-Dependent T-Cell Trafficking

The possibility that Ag location might in some way medi-
ate specific T-cell localization and tissue retention has been
suggested by some studies looking at the migration of
autoantigen-specific T cells in experimental models of
inflammation. The participation of TCR-derived signals in
the regulation of T-cell migration was suggested long ago by
the observation that TCR triggering can induce integrin acti-
vation and immobilize migrating T cells. A role for TCR-
triggering by the endothelium (during extravasation) in the
regulation of T cell trafficking has also emerged from in
vitro studies showing that antigen display by the endothe-
lium leads to the recruitment of specific human and murine
CD4+ and CD8+ T cells into the tissue. A recent study has
provided the first in vivo evidence that insulin-specific
CD8+ T cells require antigen presentation by pancreatic
microvascular endothelium to gain access to pancreatic
islets [1]. These data have been confirmed by our observa-
tion that TCR-triggering by the endothelium induces T cell
diapedesis without affecting adhesion [2]. The mechan-
ism whereby cognate recognition promotes transmigration
has yet to be fully defined, and it is likely to involve 
TCR-mediated activation of signaling pathways that control
adhesion molecule activation and cytoskeletal rearrange-
ments. In this context, recent studies have established a role
for adapter proteins such as Vav, ADAP (FYB), and SKAP-
55 in the activation of integrins following TCR triggering.
Downstream events in these pathways are likely to involve
Ras/Rho family GTPases, including Ras, Rho, Rac, and
Cdc42.

Although it is clear that the majority of T-cell recruitment
into tissues is regulated by noncognate mechanisms, antigen
display by the endothelium can enhance the specificity and
efficiency of lymphocyte recruitment into and retention at
antigenic sites of inflammation, thus minimizing collateral

damage caused by excessive antigen-nonspecific inflamma-
tory cells. A summary of the functional effect of T cell–EC
interactions discussed here is provided in Figure 2.
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Figure 2 Functional consequences of T cell–endothelial cell interac-
tions. Sustained interactions with the endothelium during extravasation
induce a genetic reprogramming in T lymphocytes leading to upregulation
of adhesion and costimulatory molecules. As a consequence, T cells
become more tissue-invasive and hyperreactive to antigenic stimuli. The
effects of antigen presentation by the endothelium to transiting T cells dur-
ing extravasation are less clear; however, this event appears to favor the
extravasation of antigen-specific T lymphocytes. (see color insert)
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injected into syngeneic mice form teratocarcinomas with
reduced size and a poorly developed vasculature. Also,
embryoid bodies derived from a5-null ES cells display
delayed vascular differentiation and organization. In con-
cordance with the a5 genetic data, deletion of the FN gene
leads to embryonic lethality associated with severe vascular
defects, and similar angiogenic abnormalities are observed
in FN-null embryoid bodies [2].

Other experimental models also support a necessary role
for a5b1 and FN in angiogenesis. For example, protein
expression of a5b1 and FN is upregulated on angiogenic
tumor blood vessels. Likewise, in the chick chorioallantoic
membrane (CAM) assay, angiogenic growth factors upregu-
late a5b1 expression. In both systems anti-a5b1 or anti-FN
function-blocking antibodies or peptide antagonists perturb
neovascularization [3].

a1b1 and a2b1 Integrins

The collagen-binding integrins a1b1 and a2b1 are both
upregulated on angiogenic blood vessels following vascular
endothelial growth factor (VEGF) stimulation (reviewed in
Ref. [2]). Function-blocking anti-a1 and -a2 antibodies
inhibit angiogenesis in vivo using Matrigel plugs or trans-
planted tumor models. Interestingly, a1-null mice are viable
and fertile, yet are less susceptible to tumor growth. This
resistance correlates with increased levels of circulating
matrix metalloproteinase (MMP) activity involving MMP-
2, MMP-7, and MMP-9. Elevated proteolysis in a1-null
mice leads to the conversion of plasminogen to angiostatin,
a potent inhibitor of endothelial cell neovascularization.
Mice harboring a deletion of the a2 gene are viable and fer-
tile and do not display any gross vascular abnormalities.
Obviously, analysis of mice null for both a1b1 and a2b1

Introduction

The formation of the microvasculature is a complex
process requiring proper cell–cell and cell–extracellular
matrix (ECM) communication events. A vascular basement
membrane rich in many ECM proteins surrounds all blood
vessels and regulates multiple vascular cell functions.
Endothelial cells and pericytes, and indeed most eukaryotic
cells, recognize ECM ligands primarily via members of the
integrin family of proteins [1]. Integrins are heterodimeric
cell surface receptors consisting of noncovalently associated
a and b subunits. Most integrins recognize multiple ECM
ligands, and many ECM proteins can bind to more than one
integrin receptor. In vertebrates there are 26 integrin genes,
18 encoding a subunits and 8 encoding b subunits, yielding
24 distinct integrin heterodimers (Figure 1). At least five
integrins (a1b1, a2b1, a5b1, avb3, and avb5) are
expressed at some point on endothelial cells or pericytes [2].
Here we summarize pertinent data linking integrins and their
ECM ligands to various microvascular events.

Microvascular Integrins and Their Extracellular
Matrix Ligands

a5b1 Integrin

Various genetic data support the notion that the integrin
a5b1 and its ECM ligand, fibronectin (FN), are absolutely
essential for normal blood vessel function. Mouse embryos
harboring an ablated a5 gene die by embryonic day (E)
10.5, displaying severe embryonic and extraembryonic vas-
cular defects, as well as posterior trunk and somitic abnor-
malities. Additionally, a5-null embryonic stem (ES) cells

Copyright © 2006, Elsevier Science (USA).
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expression should be useful in understanding the exact func-
tions of these integrins during physiological and pathologi-
cal angiogenesis.

b1 Integrins

The b1 integrin subunit can pair with at least 12 a sub-
units (Figure 1). Various b1-containing integrins are
expressed in virtually all vertebrate cells and are involved in
most aspects of development. Not surprisingly, b1 genetic
ablation leads to very early (E7.5) embryonic lethality, prior
to the onset of vascular development. Analyses of b1-null
ES cells, embryoid bodies, and teratocarcinomas reveal an
essential role for b1 integrins in blood vessel formation.
Whereas b1 integrins are dispensable for endothelial cell
differentiation, they are required for VEGF-induced endo-
thelial cell proliferation and blood vessel elaboration.

As mentioned previously, integrins a1b1 and a2b1 are
also important for microvascular formation. It is likely that
some of the defects observed in the absence of b1 integrin
can be explained by loss of a1b1 and a2b1 function. How-
ever, ES cells or embryoid bodies null for b1 integrin, a5
integrin, or fibronectin display many strikingly similar
defects. Thus, many of the b1-null defects can be explained
by loss of integrin a5b1. Again, these data emphasize that
fibronectin and its primary receptor, a5b1 integrin, play
essential roles in the regulation of vascular development [4].

av Integrins

The av integrin subunit can pair with b1, b3, b5, b6, and
b8, yielding five distinct integrin heterodimers (Figure 1).

An extensive body of published data exists concerning avb3
and avb5 during various types of physiological and patho-
logical angiogenesis. Various angiogenic growth factors or
cytokines upregulate avb3 or avb5 protein expression on
cultured endothelial cells or on vessels using the CAM
assay. Likewise, many angiogenic blood vessels display
increased levels of avb3 or avb5. Function-blocking anti-
bodies or peptide antagonists inhibit this integrin-mediated
neovascularization in these various systems, ultimately
leading to endothelial cell death. Along these lines, avb3
has been intensely pursued as a potential anti-angiogenic
target, and avb3 antagonists are currently being tested in
human clinical trials.

Surprisingly, ablation of the b3 and/or b5 genes does not
lead to angiogenic abnormalities. Mice null for both avb3
and/or avb5 are viable and fertile, and developmental vas-
culogenesis and angiogenesis proceed normally in these
mutants. Physiological angiogenesis occurs normally in b3-
null or mice null for both b3 and b5. No experimental 
differences are observed using hypoxia-induced retinal
angiogenesis or growth factor–mediated corneal neovascu-
larization models. Interestingly, tumor growth and neovas-
cularization are actually enhanced in b3-/- or b3/b5-null
mice [5]. Thus, it is difficult to infer the significance of avb3
and avb5 in neovascularization based on the antibody and
peptide inhibition results versus the genetic ablation data.

One could argue that, in mice lacking b3 and/or b5 gene
expression, other av-associated integrins are compensating
for normal avb3 and/or avb5 functions. As mentioned ear-
lier, av can indeed pair with five different b subunits. How-
ever, mice null for the av gene, and thus lacking the
expression of all five av integrins, do not display general
vascular defects. Approximately 70 percent of av-nulls sur-
vive to E10.0, having developed a normal vasculature, but
die by E10.5 because of placental defects. The remaining
av-null embryos that survive the mid-gestation crisis subse-
quently develop to term with a largely normal vasculature.
However, they do develop cerebral hemorrhage and a cleft
palate, and they die shortly after birth. The hemorrhage is
not due to endothelial or pericyte defects, but rather involves
defective associations between cerebral vessels and central
nervous system glia [6]. Interestingly, the cerebral hemor-
rhage in the av-nulls is specifically due to the loss of inte-
grin avb8; mice null for the b8 gene display phenotypes that
are essentially identical to those seen in the av-nulls [2].

Interpreting the Conflicting Data

It is difficult to reconcile the conflicting experimental
data regarding the necessity of avb3 function during patho-
logical, and especially tumor, neovascularization. It is
important to note that the antagonism of an existing integrin
function is certainly quite different from ablation of the inte-
grin gene product. Thus, one should exercise caution when
interpreting data using such different experimental ap-
proaches. However, there are cases where genetic ablation
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Figure 1 The integrin family of ECM receptors. The 26 integrin a and
b subunits, separated into three groups, are shown. Lines connecting sub-
units indicate the 24 known heterodimeric pairs. The leukocyte-specific
integrins are shown in blue. Integrins with proposed roles in various
microvascular functions are highlighted in red. (see color insert)
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of integrin expression and acute inhibition of integrin func-
tion lead to quite similar results. For example, various data
using b3 antagonists implicate avb3 as important for bone
reabsorption. This function is also revealed after ablation of
the b3 gene. Antibody or peptide inhibition of the platelet
integrin aIIbb3 leads to defective platelet aggregation.
Mutations in the human b3 gene also lead to abnormal
platelet aggregation and the bleeding disorder Glanzmann
thrombasthenia. b3-null mice develop abnormalities that are
very similar to this human disease. Similarly, genetic abla-
tion of the a5 gene, as well as acute inhibition of a5 func-
tion, both clearly show that this integrin is important for
neovascularization.

Accumulating data support the concept of cross-talk
pathways existing among different integrins. Inhibition of
one integrin signaling cascade can in turn affect other inte-
grin-mediated signaling events. Thus, antagonists that per-
turb avb3 function may be affecting other integrins
involved in neovascularization, possibly including a5b1
and/or a1b1. Another likely possibility, discussed in more
detail later, is that in some cases a given integrin can be pro-
or antiangiogenic. For example, growing evidence suggests
that avb3 is a negative regulator of pathological angiogene-
sis. Ablation of the b3 gene would remove this negative reg-
ulation, leading to enhanced neovascularization. This is
indeed the result during pathological angiogenesis in the b3-
null mouse model. In any case, it is likely that the acute
inhibitors of angiogenesis are affecting microvascular
events in a far more complicated manner than originally
expected, and more extensive reviews discussing these pos-
sibilities have recently been published [5, 7].

Cross Talk between Vascular Integrins and 
Receptor Tyrosine Kinases

Integrin–ECM adhesion regulates many intracellular 
signaling events, affecting cellular responses such as 
migration, differentiation, and proliferation. Initiation of
integrin-ECM adhesion occurs via two primary mecha-
nisms, generally termed outside-in and inside-out signal-
ing. Inside-out signaling involves the modulation of
integrin–ECM affinity via signaling events originating
within the cell. Outside-in signaling results from direct 
integrin-ECM binding, leading to the activation of down-
stream signaling cascades. Whereas integrin activation can
occur via a variety of stimuli, growth factors and their cog-
nate receptor tyrosine kinases (RTKs) are established syner-
gistic signaling partners [8]. Importantly, cross talk between
integrin and RTK pathways is necessary for microvascular
development and maintenance [9].

Generally, signaling cross talk between vascular integrins
and RTKs positively regulates each other’s function. For
example, the integrin avb3 can physically interact with Flk-
1, the VEGF-A receptor tyrosine kinase. avb3-Flk1 associ-
ation augments VEGF-A-induced Flk-1 phosphorylation

and enhances endothelial cell migration on vitronectin, an
avb3 ligand. A similar physical link between avb3 and the
PDGFR-b has been reported. avb3 interaction with both
Flk-1 and PDGFR-b occurs via the avb3 extracellular
domain and is independent of growth factor stimulation.

Growth factor regulation of integrin signaling also occurs
at the transcriptional level. VEGF treatment of endothelial
cells stimulates the transcription of multiple integrin sub-
units including av, b3, b5, a1, and a2. In other cases,
growth factor stimulation of integrin expression can be quite
specific. For example, basic fibroblast growth factor
(bFGF)-induced angiogenesis leads to the specific upregula-
tion of endothelial avb5 integrin.

The Role of the ECM in Regulating Vascular
Integrin Functions

The angiogenic switch model [10] posits that a delicate
balance exists between pro- and antiangiogenic factors.
Changes in the levels of such factors regulate whether a
blood vessel remains in a quiescent state, or becomes acti-
vated and angiogenic. Many ECM proteins within the vas-
cular basement membrane, acting via integrins, are major
regulators of the angiogenic switch. An emerging theme is
that the exact function of a given ECM protein, as well as
the integrin receptor(s) it binds, can be greatly affected by
proteolytic events [11]. Several examples of how such
endogenous “cryptic” fragments affect microvascular func-
tion are described next.

Type IV collagen, a major component of the vascular
basement membrane, is normally a ligand for the integrins
a1b1 and a2b1. MMP9 cleavage of collagen IV yields the
potent angiogenesis inhibitor tumstatin. In vitro tumstatin
induces apoptosis of endothelial cells by inhibiting the pro-
tein translation machinery. Likewise in vivo, tumstatin is a
potent inhibitor of tumor neovascularization. Tumstatin’s
antiangiogenic effects are mediated by binding to the avb3
integrin.

Proteolysis of the C-terminal NC1 domain of collagens
XV or XVIII generates the antiangiogenic factor endostatin.
Murine endostatin inhibits VEGF- or bFGF-induced
endothelial cell proliferation and migration in vitro, and also
represses pathological angiogenesis in some transplantable
tumor models. Endostatin is reportedly a ligand for both
a5b1 and avb3. Intact collagen XV and XVIII do not bind
to these integrins. Importantly, while the exact molecular
mechanisms by which endostatin exerts its antiangiogenic
effects remain unknown, it is clear that they are different
from those regulated by tumstatin and do not require avb3.

Proteolysis of many other ECM proteins also generates
antiangiogenic fragments, although the mechanistic details
of how they exert these effects remain unclear. For example,
when proteolytically cleaved, thrombospondin-1 “cryptic
fragments” bind to the scavenger receptor CD36 and serve
as potent repressors of angiogenesis [12]. Similarly, degra-
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dation of the proangiogenic factor fibronectin generates the
angiogenesis inhibitor anastelin.

Conclusion

Integrins and their various ECM ligands play essential
roles in virtually every aspect of physiological and patho-
logical microvasculature formation. This is controlled
largely through integrin-mediated signal transduction and
involves extensive cross talk with other signaling cascades,
including those involving growth factor receptor tyrosine
kinases (Figure 2). Additionally, ECM proteolysis regulates
integrin functions, in many cases switching integrin regula-
tion of neovascularization from a positive to a negative
state. These various data highlight microvascular integrins
and their ECM ligands as attractive candidates for therapeu-
tic intervention to selectively enhance or repress various
forms of physiological or pathological neovascularization.

Glossary

Cell Adhesion: The process by which cells adhere to each other and to
components of the extracellular environment. Precise regulation of cell
adhesion is necessary for normal developmental and physiologic mainte-

nance. Abnormal regulation of cell adhesion events can lead to various dis-
ease states, including cancer.

Extracellular matrix: A complex mixture of secreted macromole-
cules that comprise the noncellular material of all tissues. Besides provid-
ing structural support, the extracellular matrix is biologically active and
influences a host of dynamic cellular responses.

Integrin: Heterodimeric cell surface molecules composed of a and b
subunits. Integrins serve as the cell’s primary adhesion receptors for extra-
cellular matrix ligands and play important roles in regulating cellular func-
tions, ranging from differentiation to proliferation and migration.
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dogs, the ear of postirradiated rabbits, the thoracic duct
lymph of dogs, the coronary microvasculature of rats, and
the lungs of sheep. Sheep chronically depleted of platelets
with an anti-platelet antibody develop petechial hemor-
rhages, an increase in the transendothelial clearance of 
protein in the lungs, and pulmonary edema at a left atrial
pressure of 20mmHg.

Transfusion with platelet-rich plasma reverses these
abnormalities. When comparing an isolated, thyroid lobe of
a dog perfused with platelet-poor plasma and its counterpart
lobe perfused with platelet-rich plasma, the lobe with
platelet-poor plasma had gross purpura, endothelial gaps,
and increased leakage of protein into the tissue. Transfused
platelets labeled with radiosulfate rapidly interact with the
vascular endothelium of thrombocytopenic animals and
incorporate the label within the endothelium. Interestingly, a
common finding is that the number of platelets required to
reverse hemorrhage or capillary leakage is much less than
that required to correct bleeding times. Thus, platelets in
some way nurture the microcirculation.

Three theories have been proposed to explain this
endothelial barrier-supporting function of platelets. The first
and obvious explanation is that platelets physically block
pores or gaps in the vessel wall. The second theory is that
platelet components promote endothelial cell growth. The
third, and most studied, theory is that platelets continually
release a novel humoral factor that decreases endothelial
permeability.

The measurement of diffusive permeability across con-
fluent, endothelial cell monolayers developed in the 1980s
provided a novel methodology to directly test these three
theories. Initial studies addressed the first theory that

Platelets are key to the physiological processes of throm-
bosis and hemostasis and are repositories for biologically
active mediators that influence many cellular functions such
as aggregation, adhesion, growth, and mitogenesis as well as
matrix formation and fibrinolysis. Platelets (or thrombo-
cytes) also support the vascular endothelium, maintaining
the semipermeable barrier to the passage of water and pro-
tein. Recently, two platelet phospholipids, lysophosphatidic
acid (LPA) and sphingosine 1-phosphate (S1P), have been
demonstrated to have a myriad of biological activities
including cell proliferation, migration, survival, mitogene-
sis, and chemotaxis as well as matrix assembly, tumor cell
invasion, and angiogenesis. LPA and S1P also enhance the
barrier function of the vascular endothelium. This review
will focus on the interaction of platelets and the vascular
endothelium in promoting endothelial barrier function and
will identify possible signaling pathways and cellular targets
activated by LPA and S1P.

Platelets Support the Endothelial Barrier

Thrombocytopenia in patients is often characterized by
petechial hemorrhages due to capillary leakage. Thrombo-
cytopenic animals demonstrate gross purpura and alterations
in the microvasculature as evidenced by gaps between
endothelial cells and leakage of radioactive tracers into the
surrounding tissues. The vascular endothelia are thinner and
have open pores and membranous diaphragms. Evidence of
a dysfunctional endothelial barrier and tissue edema due to
thrombocytopenia have been observed in many experimen-
tal models such as the frog hindlimb, the thyroid lobe of

Copyright © 2006, Elsevier Science (USA).
345 All rights reserved.
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platelets simply act as plugs between leaky endothelial cells.
Washed human platelets, but not paraformaldehyde-fixed
platelets, both of which attached sparingly to endothelial
cells, reduce the flux of 125I-labeled albumin across endo-
thelial cell monolayers. Subsequently, a number of studies
demonstrated that the permeability-decreasing activity of
platelets resides in a soluble factor as platelet-conditioned
medium (PCM) consistently decreases albumin permeabil-
ity across endothelial cell monolayers derived from bovine
aorta and bovine and human pulmonary arteries and
microvessels. Thus, platelets decrease endothelial perme-
ability via the release of a soluble factor and not by plugging
of endothelial pores or gaps.

Accepting the notion that this activity of platelets resides
in a soluble factor, investigators focused on a number of
familiar platelet components such as serotonin, norepineph-
rine, and cyclooxygenase metabolites. Proven antagonists or
inhibitors of these metabolites did not prevent the decrease
in albumin permeability induced by platelets, platelet lysate,
or PCM. At the time, norepinephrine (predominately a b1-
adrenergic agonist) was an intriguing possibility because it
was known that b-agonists decrease endothelial perme-
ability. This activity of b-agonists, however, favors the b2-
subtype, the predominant receptor subtype on vascular
endothelial cells.

When my laboratory entered this area of research, adeno-
sine was proposed to be the active platelet factor. We [1]
ruled out adenosine as the likely candidate by the following
experimental findings. PCM contains micromolar concen-
trations of AMP, ADP, and ATP, but adenosine is below
detectable levels as measured by high-performance liquid
chromatography. Although adenosine directly decreases
endothelial permeability, inactivation of adenosine with
adenosine deaminase, which metabolizes adenosine to inac-
tive inosine, does not block the activity of PCM. Further-
more, the adenosine-receptor antagonist BW-A1433U83
does not block the decrease in endothelial permeability
induced by platelets or PCM. A fraction of PCM smaller
than 3kDa that contains micromolar concentrations of AMP
and ADP has no activity, whereas a fraction larger than 
3kDa that contains much reduced levels of AMP and ADP
significantly reduces permeability. Thus, adenosine and ade-
nine nucleotides are not the primary factors responsible for
the platelet activity; instead the activity resides in a fraction
of PCM larger than 3kDa.

As early as 1956, a protein fraction extracted from
platelets was reported to reduce capillary permeability in the
rat hind limb. Haselton and Alexander [2] and Patil and 
others [1] demonstrated 35 years later that the active platelet
factor is heat-stable, trypsin-sensitive, and >3kDa. Some 
of these findings point to a protein as the active factor. An
obvious difficulty with this notion is how platelets could
replenish the store of a protein continuously released 
into the plasma, considering platelets have a limited ability
to synthesize proteins. This criticism prompted us to 
consider viable alternatives. There were also conflicting
pieces of data in the literature. The fact that the active factor

is sensitive to trypsin and, in addition, is precipitated in sat-
urated ammonium sulfate implicates a large charged protein,
yet the activity is heat stable.

Still assuming that the permeability-decreasing activity
of PCM is associated with a protein fraction, Patil et al. [1]
performed anion- and cation-exchange chromatography to
increase the specific activity of a protein fraction. These
experiments provided evidence that the activity resides with
a negatively charged protein such as albumin because the
active fraction binds to and requires a high salt concentra-
tion to elute the activity from an anionic exchange column.
Applying PCM to a calibrated Sephacryl S-200 gel filtration
column yields three major protein fractions with activity
present only in the fraction with an elution volume of albu-
min. Activity also resides with the albumin immunopreci-
pate following removal of albumin from the PCM with an
anti-albumin antibody. It was at this time that Alexander and
coworkers [3] provided convincing evidence that the active
factor is a phospholipid. Their findings pointed to lysophos-
phatidic acid (1-acyl-2-hydroxyl-3 phosphoglyceride, LPA).

That LPA might be the active factor was somewhat of 
a surprise because LPA had been reported to increase the
permeability of endothelial cell monolayers derived from
brain capillaries. However, the findings of Alexander and
coworkers [3] are compelling. Activity is present in the
methanol extract of PCM and is eliminated by enzymatic
treatment with phospholipase B, which cleaves at the sn-1,2
positions, and with alkaline phosphatase, which cleaves at
the phosphomonoester bond. Phospholipase A2, which
cleaves at the sn-2 position where a hydroxyl group but no
lipid is present in a phospholipid, has no effect. Using a sim-
ilar protocol, Minnear et al. [4] extracted lipids with
methanol from albumin fractions obtained from PCM either
by immunoprecipitation with an anti-albumin antibody or
by passing the PCM through a Blue-Sepharose column.
Successive extractions with methanol yield activity in the
methanol extract and loss of activity in the extracted albu-
min fraction.

Lysophosphatidic Acid (LPA)

LPA was originally reported to be a growth factor
released from activated platelets and other injured cells.
LPA and thrombin, another mitogen and well-known per-
meability-increasing agent in vitro, initiate similar cellular
responses and signaling pathways such as mobilization of
intracellular calcium, stimulation of phospholipase C and
protein kinase C, formation of actin stress fibers, and con-
traction of fibroblasts. These known actions of LPA would
link this phospholipid to an increase in endothelial perme-
ability, as has been observed in endothelial cells from brain
microvessels and human umbilical veins. In contrast, LPA
decreases endothelial permeability in bovine endothelial
cells from the lung and aorta. Thus, the effects of LPA on
vascular permeability may be organ, tissue, or species 
specific.
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Sphingosine 1-Phosphate (S1P)

S1P came to prominence a few years after LPA and was
found to mimic many of the biologic activities of LPA. A
seminal study from the laboratory of Garcia [5] demon-
strated that S1P decreases endothelial permeability across
cell monolayers derived from bovine and human pulmonary
arteries and human umbilical vein. In a number of cell types,
S1P appears biologically to be much more potent than LPA.
For example, S1P is more active than LPA in human umbil-
ical vein endothelial cells with regard to the intracellular
mobilization of calcium, cytoskeletal reorganization, and
cell migration. In our hands, S1P increases the barrier func-
tion of endothelial cell monolayers derived from pulmonary
arteries to an approximately twentyfold greater extent than
does LPA.

S1P and LPA are the leading candidates for the soluble
factor released from platelets that maintains the barrier func-
tion of the vascular endothelium. The plasma concentrations
of S1P and LPA are 0.2 mM and negligible, respectively, and
the serum concentrations are 0.5 to 1.0 and 10 mM, respec-
tively. Both S1P and LPA are present in platelets and to a
lesser extent in other cells such as leukocytes, fibroblasts,
erythrocytes, and adipocytes and are released upon activa-
tion during blood coagulation, inflammation, tissue injury,
and neoplasia. Platelets have the potential to synthesize and
store S1P because platelets have an abundance of sphingo-
sine kinase, which converts sphingosine to S1P, and rela-
tively no lipases to degrade S1P. S1P and LPA bind to
albumin on which they retain biological activity and are pro-
tected against hydrolysis by serum phospholipases. Cellular
responses of S1P and LPA have been grouped into two 
categories: (1) growth-related activities such as prolifera-
tion, differentiation, and suppression of apoptosis; and (2)
cytoskeletal functions such as shape change, aggregation,
adhesion, chemotaxis, contraction, and secretion. Micromo-
lar concentrations are required for growth-related functions
and nanomolar concentrations stimulate cytoskeletal
responses.

Although S1P has been proposed to be the major factor
in PCM that imparts the barrier-enhancing property, no 
one has detected S1P in active conditioned medium. We
attempted to identify the lipids in two batches of PCM and
in the albumin immunoprecipitate from one of the batches
of PCM by using electrospray mass spectrometry (Table I);
all three samples were equally potent in enhancing endothe-
lial electrical resistance. A number of lipids were identified,
and there were 10 unknown lipids. Lipid profiles were
almost identical between PCM and the methanol extract 
of the albumin immunoprecipitate, indicating the impor-
tance of albumin as a lipid-carrier. Interestingly, LPA was
detected as a small peak of palmitoyl (16 :0)-LPA only in
one batch of conditioned medium. Palmitoyl-LPA, stearoyl-
LPA, and arachidonoyl-LPA are the major molecular species
of LPA produced from thrombin-stimulated platelets. Sur-
prisingly, S1P was not present in any of the three samples
tested.

Regulation of Vascular Endothelial Permeability and
Proposed Cellular Targets

A working hypothesis for the regulation of endothelial
permeability, which was popular in the 1990s, states that
signaling pathways that balance competing adhesive and
contractile forces control the paracellular flux of macromol-
ecules. Endothelial cell–cell and cell–matrix contacts tether
endothelial cells to each other and to the extracellular
matrix, respectively, and act against centripetal tension gen-
erated by actin–myosin motors. Thus, agents that enhance
barrier function would do so by decreasing isometric ten-
sion; and the opposite would occur for barrier-decreasing
agents. This hypothesis is supported by studies that have
demonstrated that cAMP-enhancing agents increase barrier
activity in association with decreases in myosin light-chain
phosphorylation. The additional measurement of cellular
isometric tension, however, provides a different conclusion
in that cAMP-enhancing agents promote barrier function
independently of cellular tension. In our hands, S1P and
LPA increase endothelial barrier activity in association with
increases in myosin light-chain phosphorylation and cellular
isometric tension. S1P increases isometric cellar tension to a
slightly lesser extent than can be induced by thrombin,
which decreases endothelial barrier function. Thus, changes

Table I Electrospray Mass Spectrometry of
Bligh & Dyer and Modified Folch Extracts of

Platelet-Conditioned Medium.

Bligh & Dyer extraction Folch extraction

Decanoic (10:0) Octanoic (8:0)

Myristic (14:0) Unknown

Pentadecanoic (15:0) Unknown

Palmitic (16:0) Myristic (14:0)

Linoleic (18:2) Palmitoleic (16:1)

Oleic acid (18:1) Palmitic (16:0)

Stearic (18:0) Linolenic (18:3)

C18 sphingosine Linoleic (18:2)

C18 sphingonine Oleic (18:1)

Arachidonic (20:4) Stearic (18:0)

Homogamma linolenic (20:3) C18 dihydrosphingosine

Eicosadienoic (20:2) C18 sphingosine

d-Ribo-phytosphingosine C18 sphingonine

Unknown Arachidonic (20:4)

Unknown Homogamma linolenic (20:3)

C20 ceramide, 16:0–18:1 DG Unknown

16:0–18:0 DG Lignoceric acid (24:0)

Unknown 16:0 LPA

Unknown Unknown

Unknown Unknown
C20 ceramide,
16:0–18:1 DG
18:1–20:4 PA
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in cellular tension are not solely responsible for changes in
barrier function as both S1P and cAMP increase barrier
activity yet have opposite effects on myosin light-chain
phosphorylation and cellular isometric tension.

cAMP-enhancing agents and S1P affect cellular targets
that initiate cell spreading and alter the adherens junction
proteins, cell-specific cadherins and catenins that mechani-
cally hold cells together. An increase in intracellular cAMP
causes the remodeling of actin filaments to the cell periph-
ery and a concomitant loss of actin stress fibers. Spreading
of adjacent cells resulting in closer apposition or overlap
would increase the pathway for diffusive permeability. The
simple act of cell spreading would counteract the cell retrac-
tion/contraction induced by barrier-loosening agents such as
thrombin. S1P profoundly affects the actin cytoskeleton,
inducing both stress fibers and an increase in peripheral
actin within minutes. Whether this remodeling of actin 
influences cell spreading remains to be determined. 
Alternatively, changes in cortical actin may facilitate the 
stabilization of the adherens junction, and cAMP-enhancing
agents and S1P may function by stabilizing junctions. An
increase in intracellular cAMP has been shown to maintain
within 10 minutes the transvascular flux of 3H inulin,
transepithelial resistance, and the peripheral localization of
E-cadherin and ZO-1 in the presence of low calcium in
epithelial cells and to increase by 2 hours the peripheral
localization of E-cadherin in brain microvascular endothe-
lial cells. S1P has been shown to increase within 1 hour the
localization of the adherens junction proteins, VE-cadherin
and the catenins, a, b, and g, at the cell periphery and to
increase the amount of VE-cadherin in the actin-associated
cell fraction in human umbilical vein endothelial cells.
These observations by Lee from the research laboratory of
Hla [6] have led to the conclusion that S1P induces the for-
mation of adherens junctions. Therefore, S1P and cAMP-
enhancing agents may function to tighten the endothelial
barrier at the level of the actin cytoskeleton and/or the
adherens junction.

Cell-Signaling Pathways

Although much effort has been generated to identify the
active platelet factor, there is a paucity of information con-
cerning the cellular mechanism by which the active factor
functions to decrease endothelial permeability. Two signal-
ing pathways have been studied in depth with regard to
endothelial permeability. It is well known that the cAMP/
protein kinase A pathway prevents and reverses an increase
in vascular permeability induced by a variety of mediators,
diseases, and syndromes. The effect of the cGMP/protein
kinase G pathway on endothelial permeability is con-
troversial and may be cell, tissue, and/or organ specific.
Considering the overwhelming list of publications involving
the above two signaling pathways, Gainor and coworkers
[7] asked whether one of these two pathways is responsible
for the permeability-decreasing activity of PCM. Two

approaches were taken, using a desensitization protocol
with three different cAMP/protein kinase A-enhancing
agents and using inhibitors of protein kinases A and G. The
cAMP-enhancing agents isoproterenol, forskolin, and 8-
bromo-cAMP were incubated individually with endothelial
cell monolayers as two separate challenges that were 45
minutes apart. Cells respond to the first challenge of each of
these agents with an increase in electrical resistance. Fol-
lowing the second challenge with each agent, electrical
resistance does not increase, indicative of desensitization. In
contrast, desensitization is not observed when PCM is
administered as the second challenge. Pharmacological inhi-
bition of protein kinase A with KT-5720 blocks the
increased endothelial electrical resistance induced by 8-
bromo-cAMP but has no effect on the activity of PCM, LPA,
or S1P. Similar findings are obtained upon inhibition of pro-
tein kinase G with KT-5823. The conclusion is that PCM,
LPA, and S1P tighten the endothelial barrier via a cellular
mechanism independent of protein kinases A and G.

Since cAMP/protein kinase A and G are not involved in
the platelet activity, the next logical approach was to turn to
the proposed signaling pathways elicited by LPA. LPA as
well as S1P activate endothelial differentiation gene (Edg
now LPA or S1P) receptors with nanomolar affinities. LPA
and S1P bind to a number of Edg receptors, most notably
Edg 2 (LPA 1) and Edg 4 (LPA 2) and Edg 1 (S1P 1), Edg 3
(S1P 3), and Edg 5 (S1P 2), respectively. In neurites and
fibroblasts, LPA initiates signaling via activation of the G
proteins, Gi, Gq, and G12/13. The mitogenic response induced
by LPA in NIH 3T3 fibroblasts is pertussis toxin sensitive,
indicating involvement of the Gi protein, and also includes
Ras and mitogen-activated protein kinase. LPA also pro-
foundly influences the actin cytoskeleton via activation of
G12/13, Rho, and Rho kinase. Rho signaling has been shown
to increase actin stress fibers. LPA as well as thrombin reor-
ganizes the cortical actin and causes cell rounding of N1E-
115 mouse neuroblastoma cells via a signaling pathway
independent of calcium mobilization, activation of protein
kinase C, or altered levels of intracellular cAMP. Inactiva-
tion of Rho by C3 exoenzyme or Clostridium difficile toxin
B and subsequent disruption of actin causes an increase in
endothelial and epithelial permeability. These observations
indicate that novel pathways independent of cAMP/protein
kinase A exist that influence mitogenesis, cell shape, cell
motility, and endothelial permeability, and that the Gi and
G12/13 signaling pathways are prime signaling candidates.

Based upon the foregoing literature, initial studies with
PCM, LPA, and S1P focused on the Gi signaling pathway
because the pathway is well known, it can be manipulated
with selective pharmacological inhibitors, and the Gq sig-
naling pathway has been implicated in increasing endothe-
lial permeability. Endothelial cell monolayers were treated
first with genistein to generally inhibit tyrosine kinases
because there are a number of proteins in the Gi signaling
pathway that require tyrosine phosphorylation. Genistein
prevents the increase in endothelial electrical resistance
induced by PCM and S1P. Next, the Edg-1 receptor was
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depleted with antisense oligonucleotide methodology and
the Gi protein was inhibited with pertussis toxin. Edg 1 cou-
ples primarily with Gi and Edg 3 and Edg 5 with Gq and
G12/13. Endothelial cells appear to express Edg 1 more abun-
dantly than Edg 3, and Edg 5 is undetectable in human
umbilical veins. Depletion of Edg-1 and Edg-3 receptors
inhibits the activity of S1P, and pertussis toxin inhibits the
activities of both LPA and S1P. Interestingly, pertussis toxin
delayed by 10 to 15 minutes the characteristic, rapid rise in
endothelial electrical resistance induced by PCM. These dif-
ferent findings with pertussis toxin would suggest that there
are other active components in PCM, other than LPA and
S1P. Also, pertussis toxin does not prevent the increase in
endothelial electrical resistance induced by isoproterenol,
providing additional evidence that S1P- and cAMP-
enhancing agents function via different cellular targets.

Phosphatidylinositol 3-kinase (PI-3 kinase) is a down-
stream effector of Gi in many cells and has been linked to
other cellular responses induced by LPA and S1P. Inhibition
of PI-3 kinase with two mechanistically different inhibitors,
wortmannin and LY-294002, also causes a delay of 10 to 15
minutes in the initial, rapid rise in endothelial electrical
resistance induced by PCM, LPA, and S1P. Because
inhibitors of PI-3 kinase only delay the increase in electrical
resistance, other G proteins and signaling pathways could be
involved. One possible explanation is that the active platelet
factor initiates a fast signaling pathway dependent on PI-3
kinase and a slower-acting pathway independent of this
kinase. Another very plausible explanation is that the rapid
signaling pathway elicited by S1P requires the interaction of
the lipid by-products of PI-3 kinase with pleckstrin homol-
ogy domains of the signaling proteins. In other words, 
activation of PI-3 kinase positions the essential signaling
proteins in a complex that facilitates a rapid response. Inac-
tivation of PI-3 kinase somewhat uncouples the signaling
proteins and temporally delays the signaling process. Taken
together these results indicate that PCM, LPA, and S1P rap-
idly increase endothelial electrical resistance via a novel sig-
naling pathway involving tyrosine kinases, the Gi protein,
and PI-3 kinase.

Since inhibitors of Gi and PI-3 kinase significantly mod-
ify the permeability-decreasing activity of PCM, LPA, and
S1P, the next logical step was to determine if the down-
stream extracellular signal-regulated kinase (ERK) was
involved. PCM and LPA rapidly and transiently increase
ERK phosphorylation, indicative of an increase in ERK
activity. Inhibition of MEK, the upstream kinase of ERK,
with U-0126 blocks the increase in ERK phosphorylation
but has no effect on the activity of PCM. Therefore, platelets
do not function via ERK to increase endothelial electrical
resistance.

Rac and Rho

The function and localization of both Rac1 and Rho in
the cell have recently attracted the attention of those inves-

tigators studying the barrier function of the endothelium and
epithelium. Kaibuchi and coworkers [8] have put forth an
intriguing hypothesis that activation of Rac1 and/or Cdc42
strengthens the adherens junction of epithelial cells. Their
findings support the notion that active Rac1 and Cdc42 can
sequester IQGAP1, a proposed negative regulator of the
junction, away from the junction allowing for strong
cell–cell adhesion. The opposite occurs when Rac1 activity
is decreased in Madin-Darby canine kidney II cells treated
with a phorbol ester or hepatocyte growth factor, the latter
inducing cell scattering. Now IQGAP1 is associated with b-
catenin and not Rac1 at the cell periphery, and there is a loss
of a-catenin from cell–cell borders. Expression of a consti-
tutively active Rac1 blocks this disappearance of a-catenin.
The binding site on b-catenin for IQGAP1 (amino-terminal
1–183 amino acids) contains the a-catenin binding domain
(120–151 amino acids). a-Catenin is the key intermediary
that links VE-cadherin and b-catenin to the actin cytoskele-
ton to form a strong cell–cell adhesion. The presence of
IQGAP1 disrupts this linear linkage and results in weak
adhesion between cells. Thus, IQGAP1 may contribute to
the dynamic nature of the adherens junction.

S1P induces the translocation of Rac1 and its guanine
nucleotide exchange factor Tiam1 to the cell periphery in
human umbilical vein endothelial cells but does not alter the
spacial movement of Rho. However, inhibition of Rac1 or
Rho reduces the immunolocalization of VE-cadherin and b-
catenin at sites of cell–cell adhesion. Experiments with anti-
sense oligonucleotides, have suggested that Rac1 and Rho
function via Edg 1 and Edg 3, respectively. Recruitment of
actin to epithelial junctions is dependent on Rac1 activation.
The involvement of Rac1 and Rho in the integrity of the
adherens junction of endothelial cells, however, is contro-
versial. Inhibition of Rho kinase with Y-27632 has been
reported to attenuate the increase in endothelial electrical
resistance induced by S1P.

S1P increases the activity of Rac1, and this activation 
is sensitive to pertussis toxin. Rac1 activity is determined
with an affinity precipitation assay using glutathione-S-
transferase fused to the Rac1/Cdc42 binding domain of
p21activated kinase (PAK). Treatment of endothelial cell
monolayers with S1P results in an increase in active Rac1 by
10 minutes. Thus, S1P-induced increases in Rac1 activity
and endothelial electrical resistance occur within the same
time frame and both responses are sensitive to pertussis
toxin, indicating the involvement of the Gi protein. As stated
earlier, S1P remodels actin within minutes into stress fibers
and an increased peripheral actin. Rac1 induces the forma-
tion of cortical actin at the leading edge of lamellipodia, and
Rho forms stress fibers. Formation of actin stress fibers by
S1P is abolished with C3 exoenzyme, an inhibitor of Rho,
and with Y-27632, the Rho kinase inhibitor. A dominant-
negative Rac1 inhibits both the changes in stress fibers and
cortical actin.

Wojciak-Stothard and coworkers in the laboratory of
Ridley [9] reported that inhibition of Rho with C3 exoen-
zyme or adenoviral expression of a dominant-negative Rho
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and inhibition of Rho kinase with Y-27632 prevent the
increase in endothelial permeability and the decrease in
transendothelial electrical resistance induced by thrombin
and histamine. These inhibitors also prevent the disassembly
of the adherens junctions induced by these inflammatory
agents. Surprisingly, adenoviral expression of either a 
dominant-active or a dominant-negative Rac1 increases the
permeability of unstimulated monolayers of human umbili-
cal vein endothelial cells. Faced with the same data induced
by either activation or inhibition of Rac1, the authors con-
cluded that the activity of Rac1 must be tightly regulated to
maintain the integrity of the adherens junction between
endothelial cells. According to the hypothesis of Kaibuchi,
both Rac1 and Cdc42 can enhance the barrier function of
epithelial cells. Therefore, Rac1 and Cdc42 may be redun-
dant proteins with regard to the regulation of the endothelial
barrier.

Beyond Rac1, one study by Garcia and coworkers [5] has
looked at the downstream kinase PAK, and cofilin, an actin-
severing protein inactivated by LIM kinase. A
Rac1-bound PAK phosphorylates LIM kinase causing the
subsequent inactivation of cofilin. Both PAK and cofilin
translocate to the cell periphery after treatment with S1P.
Expression of a dominant-negative PAK-1 or wild-type

cofilin reduces the increase in cortical actin. The latter also
blunts the increase in endothelial electrical resistance
induced by S1P. These authors concluded that a thickened,
cortical actin plays a prominent role in the enhanced
endothelial barrier activity of S1P. Therefore, inactivation 
of cofilin via Rac1 to PAK signaling is key to this activity 
of S1P.

Conclusions and Future Studies

S1P induces cell migration, but as emphasized in this
review, S1P also promotes the barrier function of the vascu-
lar endothelium. S1P activates both Rac1 and Rho, and both
small GTPases have been implicated in the physiological
processes of cell migration and endothelial barrier function
(see Figure 1). At least for Rac1, this apparent discrepancy
may depend on whether Rac1 is localized at cell–cell junc-
tions and involved in barrier function or at the leading edge
of a wounded cell and promoting cell migration. To compli-
cate our understanding, these two GTPases have also been
associated with processes that loosen the endothelial barrier.
Therefore, the current take-home message is that the
integrity of the adherens junction, at least in endothelial

Gibg

Sphingosine 1-phosphate

Rac1 Rho kinase

Endothelial Barrier Function

PI-3 Kinase Rho

Actin

Edg-1 Edg-3,5

G12/13?

Adherens Junction

VE

p120
b or g
aActin

VE

p120

IQGAP1

Actin

b or g

WeakStrong

PAKCofilin

Cortical Actin

Figure 1 Proposed cellular targets and signaling pathways by which sphingosine 1-phosphate
(S1P) tightens the endothelial barrier. S1P binds to endothelial differentiation gene receptors (Edg).
Edg 1 couples primarily with Gi and Edg 3 and Edg 5 with Gq and G12/13. S1P activates Rac1, and
many of the physiological outcomes of S1P and Rac1 are linked to Gi. Down-regulation of Edg 1 or
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with loosening of the endothelial barrier. Thus, subtle changes in the activation of Rac1 and Rho may
profoundly influence endothelial barrier function. VE, vascular endothelial cadherin; p120, p120-
catenin; a, a-catenin; b, b-catenin; g, g-catenin or plakoglobin; p21-activated kinase. (see color insert)
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cells, may be influenced by subtle changes in the Rho fam-
ily of GTPases, Rho, Rac1, and Cdc42. The cellular targets
that regulate endothelial barrier function, whether adherens
junction proteins or the actin cytoskeleton located at adhe-
sions between cells and cell to substratum, need to be eluci-
dated and require further study.

Glossary

Barrier function: The semipermeable nature of the endothelium to the
passage of water and protein. Includes the movement of water and protein
by diffusion and by convection (or bulk flow of water).

Permeability: The process whereby water or proteins diffuses from a
higher concentration in the blood through the junctions between endothe-
lial cells to a lower concentration in the tissue.

Rac and Rho: Members of the Rho family of small GTPases that func-
tion as intracellular signaling molecules.

Thrombocytopenia: Platelet count in the blood of 50,000/mL or less.
Normal platelet count is 150,000 to 300,000 cells per microliter of blood.
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Gap Junctions in the Microvasculature

Gap junctions (GJ) are formed by a family of integral
membrane proteins termed connexins (Cx). Vascular
endothelial cells express three connexin family members
Cx37, Cx40, and Cx43. In each gap junction, six connexins
oligomerize to form a connexon hemichannel at one cell
membrane; this connexon docks with a connexon from
another cell’s membrane to establish an intercellular chan-
nel. At the arteriolar level, the presence of gap junctions
between endothelial cells, between smooth muscle cells, and
between endothelial and smooth muscle cells has been
established structurally (i.e., by electron microscopy,
immunohistochemistry), and functionally (i.e., by dye cou-
pling and electrical coupling). In mammalian capillaries,
gap junctions have been detected by electron microscopy
and immunohistochemistry (Cx37 and Cx40 appear to dom-
inate here; [2]).

Direct intercellular communication via gap junctions can
be regulated by numerous mechanisms (e.g., gating, con-
nexin protein expression, rates of connexin insertion and
removal from the cell membrane) and can be affected by a
number of intracellular signaling pathways. At the “macro-
scopic” level, communication has been shown to be modu-
lated by changes in cytosolic pH and calcium, and by
changes in trans-GJ and transmembrane voltages. Thus,
capillary–arteriolar communication and, consequently, the
local blood flow control, could be modulated acutely (e.g.,
via altered GJ gating) and chronically (via altered connexin

Introduction

Gap junctions, found in nearly all mammalian cells, are
intercellular channels that permit a direct passage of ions
and small molecules (up to 1kDa molecular mass) between
the cytosols of adjacent cells. Gap junctional communica-
tion between the cells of vascular wall has been proposed to
coordinate microvascular function, including participation
in the local control of blood flow.

Conceptually, the local control serves to match the local
tissue blood flow to the tissue’s metabolic demand. Vasoac-
tive metabolites generated within the tissue during periods
of demand are envisioned to reach upstream arterioles to
cause adjustment of arteriolar diameter and blood flow to
meet this demand. However, for tissues where the distance
between the site of demand and upstream arterioles is large
(e.g., distances along skeletal muscle fibers can be of the
order of 1mm), it is not clear how metabolic signals reach
these arterioles. Since simple diffusion of metabolites across
these distances may be too slow in relation to the speed of
observed vasomotor responses, a new mechanism of match-
ing the arteriolar response to the local demand has been 
proposed [1]. This mechanism is hypothesized to involve
metabolically induced electrical signals that spread along
the capillary endothelium to the arteriole via gap junctions
(i.e., capillary–arteriolar communication). The present chap-
ter discusses the available evidence regarding this mecha-
nism and examines how the pathological condition of
systemic inflammation could affect this communication.

Copyright © 2006, Elsevier Science (USA).
353 All rights reserved.
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expression) during disease processes whose targets include
gap junctions.

Evidence for Capillary–Arteriolar Communication

In Vivo Work

The majority of experimental evidence for communica-
tion along the capillary is indirect. Using amphibian and
mammalian skeletal muscle preparations, our laboratory has
shown that micropipette application of a minute amount of
various vasoactive agents (norepinephrine, phenylephrine,
acetylcholine, bradykinin, adenosine analog NECA, KCl)
on capillaries 300 to 500 mm away from the feeding arteriole
causes constriction/dilation of this arteriole and ensuing
reduction/increase in blood flow in capillaries fed by this
arteriole (Figure 1). Simple diffusion failed to explain these
responses since interventions that do not alter the diffusional
process [e.g., treatment of the capillary midpoint with GJ
uncoupler, injury at this midpoint (Figure 1), or systemic
application of GJ uncoupler] inhibited these responses.
These experiments suggested that the capillary itself could
sense vasoactive agents and that it could provide a commu-

nication feedback path between the site of locally pro-
duced/applied agents and the arteriole. Further, stimulation
of two capillaries fed by the same arteriole yielded addi-
tive/subtractive responses at the arteriolar level, suggesting
that the capillary bed could function as a dispersed sensor
within the tissue that is able to integrate metabolic signals
within this tissue into an “overall” response at the arteriolar
level [5].

Although the capillary sensing/communication phenom-
enon characterized by the above observations gave rise to a
new concept of local blood flow control, the physiological
significance of this phenomenon is not clear. To this end,
two laboratories provided data relevant to this issue. First,
Berg and coworkers [6] reported that, in hamster cremaster
muscle, locally induced contraction of muscle bundle unit
supplied by capillary bed via a single terminal arteriole
caused conducted dilation along this arteriole. A local appli-
cation of a GJ uncoupler on this arteriole prevented this dila-
tion. Since mechanical tugging of the muscle unit did not
result in conducted dilation, it was speculated that the capil-
lary bed was involved in the transmission of contraction-
induced vasoactive metabolite(s) to the arteriole. Thus,
capillary–arteriolar communication could be involved in
matching of the dilation-mediated increase in blood flow to
the contraction-induced metabolic demand. Second, Collins
and coworkers [7] reported that intravenular application of
ATP (1mM) via micropipette caused an upstream arteriolar
dilation. ATP at this concentration has been reported to be
released from red blood cells in response to low pH and
hypoxia in venous blood. In order to explain the upstream
dilation, these workers proposed that ATP stimulated
endothelial P2Y and P2U receptors in venules to initiate 
conducted vascular response across the capillary bed to the
arteriole. Thus, capillary endothelium could participate in
communication of oxygen sensing signals between the
venular and arteriolar ends of the microvasculature.

Unlike in capillaries, conduction of local agonist-induced
responses is well characterized for the arteriole. Using
recording electrodes inserted into the arteriolar wall at the
local site of agonist application and at an upstream site, 
agonist-induced hyper/depolarizations are seen to spread
electrotonically along the arteriolar endothelium. Since the
capillary endothelium forms a continuous layer with the
arteriolar endothelium, the mechanism of capillary sens-
ing/communication has been assumed to be of a similar
nature, that is, involving an electrotonic spread of locally
induced hyper/depolarizations. Because of technical diffi-
culties, however, direct electrical recordings from the capil-
lary endothelium have not yet been carried out to confirm
this mechanism. To date, an indirect approach has been used
instead. Using a voltage-sensitive dye loaded into the capil-
lary endothelium, hyperpolarization and depolarization of
endothelial cells were observed after local application of
agonists [8]. Employing this method, local depolarization
initiated at the upstream arteriole site conducted to a down-
stream capillary site, demonstrating that electrotonic com-
munication can occur along the capillary endothelium [9].

500 µmA

Figure 1 Schematic diagram of experimental arrangement for distal
stimulation of capillaries. In this diagram, capillaries are oriented horizon-
tally, run in parallel to each other, and are fed by arteriole “A.” Arrows indi-
cate direction of blood flow while dots represent physical junction between
microvessels. During the experiment, a minute amount of vasoactive agent
is placed on capillary by means of a glass micropipette, 300 to 500 mm
away from the arteriole. Responses are measured in terms of changes in
arteriolar diameter or changes in red blood cell flow in the stimulated cap-
illary (or any capillary supplied by the terminal end of the arteriole). Local
damage of the stimulated capillary at midpoint (i.e., indicated by dotted cir-
cle), or pretreatment of the midpoint by gap junction uncoupler, inhibits the
arteriolar/blood flow response to the distal capillary stimulus [3, 4].
(Adapted from Ref. [3].)
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Another group has used a calcium-sensitive dye in venular
capillaries of perfused lung. Spontaneous calcium waves
were seen to spread along the capillary wall [10]. That this
spread was inhibited by a GJ uncoupler indicated that capil-
lary endothelial cells could communicate via gap junctions
in vivo.

In Vitro Work

There is considerable in vitro evidence that microvascu-
lar endothelial cells (i.e., the major component of the capil-
lary wall) can communicate electrically via gap junctions.
When a single endothelial cell grown in a culture dish is
connected to a patch-clamp electrode, its measured input
electrical conductance is much smaller than that obtained
for a confluent cell monolayer (i.e., indicating substantial
intercellular coupling within the monolayer). Alternatively,
when a cell in a monolayer is injected with brief pulses of
electrical current, rapid electrotonic spread of these pulses
through the monolayer is seen (i.e., pulse amplitude
decreases with distance along the monolayer). Cultured
microvascular endothelial cells have been shown to
hyper/depolarize in response to application of vasoactive
agents. (Note: with increased cell passaging, the responsive-
ness to many agents disappears, most likely due to the loss
of expression of the appropriate receptors.) We have shown
that this hyper/depolarization also communicated along the
monolayer, but with a substantial spatial decay (only 20 to
30% of the local membrane potential change was seen at
300mm distance) [11].

Recently, our laboratory has employed an alternative in
vitro model to study endothelial cell-to-cell communication.
Instead of monolayers, microvascular endothelial cells (ori-
gin: rat skeletal muscle) were grown in Matrigel matrix as
“capillary-like” structures (i.e., 300 to 500mm long with
about four cells per 100mm). A local, agonist-induced
hyper/depolarization communicated electrotonically along
these structures with a much smaller decay (i.e., 70% of the
local response at 300mm) than in monolayers. Thus, com-
munication along these structures better mimicked the one-
dimensional communication along in vivo microvessels than
the two-dimensional communication seen in monolayers
[11]. In both models, GJ uncouplers inhibited communica-
tion. Since, in general, all three vascular connexins have
been found in cultured endothelial cells, the available func-
tional and structural evidence indicates that endothelial cells
in vitro have the fundamental ability to respond to a variety
of vasoactive stimuli and to communicate this response (e.g.,
hyper/depolarization) rapidly along the microvascular
endothelium, including the capillary endothelium.

Communication along the Microvasculature 
during Sepsis

Sepsis is a systemic inflammatory response to a local
infectious insult. The release of lipopolysaccharide (LPS)

(or comparable bacterial product) into the bloodstream initi-
ates activation of immune cells and subsequent release of
inflammatory cytokines that precipitate a number of circula-
tory disorders. These include decreased systemic vascular
resistance, reduced responsiveness to vasoconstrictors and
vasodilators at the microvascular level, impaired oxygen
utilization, and maldistribution of flow within the capillary
bed. Since sepsis can affect endothelial function (e.g.,
biosynthesis of nitric oxide, permeability), it is possible that
sepsis could also affect the capillary–arteriolar communica-
tion and, consequently, the feedback pathway of the local
blood flow control.

Using the micropipette application approach (Figure 1)
in septic rat skeletal muscle (i.e., 24-hour cecal ligation and
perforation model of sepsis), we found that sepsis attenuated
the arteriolar response to vasodilators applied distally on
capillaries. Since this attenuation was more pronounced
than the attenuation seen after application of vasodilators
directly on the arteriole, we concluded that the capillary
sensing/communication was affected by sepsis [12].

Because of the technical limitations of our in vivo model,
we used our in vitro models of communication to tease out
the effect of sepsis on capillary sensing and/or communica-
tion. Based on the “capillary-like” structure model, LPS (an
initiating factor in sepsis) was found to attenuate electro-
tonic communication along “capillary” length but not alter
the local agonist-induced hyper/depolarization [13]. Thus,
capillary communication, rather than capillary sensing, was
more likely to be affected by sepsis in vivo. Attenuated 
communication along the “capillary” could occur via
reduced GJ conductance between adjacent endothelial cells
or via increased transmembrane conductance (i.e., conduc-
tance across cell membrane to extracellular space) of these
cells. Based on our endothelial cell monolayer model, LPS
was found to reduce GJ conductance, but not alter the trans-
membrane conductance. Further, this reduction was found to
be reversible, protein tyrosine kinase dependent, but protein
synthesis and mitogen-activated protein kinase independent
[14]. Our subsequent study pinpointed Cx43 as the likely GJ
protein to be responsible for the reduced GJ conductance.
LPS caused phosphorylation of Cx43 tyrosine residue(s), an
event that is generally associated with GJ closure and
reduced coupling. Altered tyrosine kinase and phosphatase
activities modulated in parallel both LPS-induced phospho-
rylation of Cx43 and reduction in GJ conductance. Thus
these studies provided evidence that at least one agent of
sepsis (i.e., LPS) could affect the capillary–arteriolar com-
munication via reduced gap junctional coupling of endothe-
lial cells [15].

Summary

Although GJ-mediated intercellular communication
between cells of the vascular wall has, in general, been rec-
ognized to play a key role in the coordination of vascular
function, the role of GJ in capillary endothelial cells has not
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yet been completely clarified. Available indirect in vivo evi-
dence implicates capillary GJ participation in capillary–arte-
riolar communication and the feedback pathway of local
blood flow control. Microvascular endothelial cells grown
in vitro retain their ability to respond to vasoactive stimuli
and to communicate these responses via gap junctions.
Thus, concerted research efforts should be undertaken to
provide the necessary direct in vivo evidence to firmly
establish participation of capillary GJs in local blood flow
control under normal and pathophysiological conditions.

Glossary

Capillary: The smallest blood vessel (~5 mm in diameter in mam-
malian tissues) lacking continuous muscular layer.

Electrotonic spread: Passive spread of electrical current (e.g., carried
by the ions of the cell cytosol) whose amplitude decays with distance.

Gap junction: Intercellular channel directly connecting the cytosols of
two adjacent cells.

Sepsis: Systemic inflammatory response to local infection.
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any one time. During exercise, coronary vasodilation results
in increased flow and capillary recruitment. Blood drains
from the capillaries into postcapillary venules, cardiac
veins, and ultimately the coronary sinus and right atrium.
The microcirculation consists of vessels smaller than 
300mm in diameter, and includes small arteries, arterioles,
capillaries, and postcapillary venules. The endocardium,
which represents the endothelial lining of the atria and ven-
tricles and heart valves (endocardium), is a developmentally
and phenotypically distinct vascular bed and is not dis-
cussed in this chapter.

Regulation of Coronary Flow

The heart provides bulk flow of blood to the various tis-
sues of the body, contracting approximately 21/2 billion
times during the lifetime of a human. Compared with other
organs, the heart has high basal oxygen consumption (8 to
10mL O2/min/100g) and a large A-VO2 difference (10 to 
13mL/100mL). The resistance arterioles (and to a far lesser
extent the large coronary arteries) are responsible for 
mediating vasomotor tone and blood flow. Coronary flow 
is closely matched to metabolic demands and myocardial
oxygen consumption. The precise mechanisms that couple
oxygen demand with blood flow remain unknown. Several
factors appear to be important, including metabolic changes
(termed metabolic dilation), flow characteristics, and 
fluctuations in intramural pressure. Each of these factors is
differentially regulated in space and time. For example,
metabolic-mediated changes in arteriole diameter and blood
flow depend, at least in part, on the initial diameter of the
vessel and location within the myocardial wall. The arterial
system in the human heart is interconnected by collateral
vessels that can enlarge and rescue ischemic areas of
myocardium.

Introduction

The goal of this chapter is to review the structural and
functional properties of the cardiac microcirculation. The
primary focus will be the endothelial lining of the microves-
sels. The endothelium may be viewed as a subsystem of the
blood vessel wall. The blood vessel, in turn, may be consid-
ered a subsystem of the cardiovasculature. In serving as a
frame of reference, the endothelium readily lends itself to a
consideration of other cellular and noncellular components
of the cardiac microvasculature.

Structural Topology

The coronary circulation, like all vascular beds, has a
treelike or fractal structure. Two major arteries arise from
the aorta, the left main coronary artery (which divides into
the left anterior descending and the circumflex arteries) 
and the right coronary artery. These large vessels lie on the
epicardial surface of the heart and function as distribution or
conduit vessels, providing rapid mass transport of blood to
the myocardium. Once the large arteries penetrate the
myocardium, they branch into resistant vessels or arterioles.
The small arteries and arterioles (75 to 200 mm in diameter)
are the primary sites of coronary vascular resistance, and
thus the principal regulators of coronary blood flow. These
arterioles give rise to a densely packed capillary network,
which runs parallel to sheets of cardiomyocytes. Capillaries
serve as exchange vessels, transferring oxygen and nutrients
to the underling tissue. The mean intercapillary distance is
17mm at rest, thus providing a mean maximal diffusion dis-
tance of 8.5 mm. There are approximately 2,500 cardio-
myocytes and 2,500 capillaries per mm2. In rodents, the
capillary–cardiomyocyte ratio ranges between 0.91 and
1.12. At rest only a third of the capillaries are perfused at

Copyright © 2006, Elsevier Science (USA).
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The Endothelium as an Input–Output Device

Much of endothelial cell biology can be understood—at
least conceptually—by considering each and every endothe-
lial cell in the body as an adaptive input–output device 
(Figure 1). The input arises from the extracellular milieu and
may include biochemical or biomechanical signals. The 
output is manifested as the cellular phenotype and includes
a number of structural and functional properties. Some of
these properties are expressed at the level of individual cells
or cell culture (e.g., protein, mRNA, proliferation, apopto-
sis, migration, and permeability), whereas other properties
are expressed at higher levels of organization—for example
the blood vessel (e.g., leukocyte trafficking, vasomotor tone,
fibrin deposition) or organism (e.g., redistribution of blood
flow, vascular bed-specific phenotypes). Each endothelial
cell may have unique intrinsic properties, the so-called set
point. Differences in set point are brought about by environ-
mentally induced epigenetic changes in the “hard wiring” of
the cell (see later discussion). Differences in signal input
and set point conspire to generate phenotypic differences in
space and time—a phenomenon known as endothelial cell
heterogeneity or vascular diversity.

If one accepts the analogy of each endothelial cell repre-
senting its own input–output device, it is not a stretch to
consider the endothelium as a circuit board—one that is
hard wired (to some extent) to meet the demands of the tis-
sue, and one that is highly vulnerable to short-circuiting as
a mechanism of vasculopathic disease. There are important
caveats to this model. First, the input–output device is not a
black box, but rather a multiorganelle cell with highly com-
plex nonlinear signaling networks. Second, the system dis-
plays properties of emergence. In other words, while the
individual capillary endothelial cell follows simple local
rules and at any point in time and space has a definable

(albeit nonlinear) input–output relationship, the properties
of the single cell do not predict for behavior of the whole
capillary, heart or organism. An important challenge in vas-
cular biology—whatever the vascular bed of interest—is to
learn how to integrate the results of studies at the reduction-
ist and holistic ends of the biomedical spectrum to under-
stand the role for the endothelium in health and disease.

Applying the Input–Output Analogy to 
Cardiac Microvasculature in Health

The notion that the endothelium represents a series of
input–output devices is helpful when considering the vascu-
lature or endothelium during development and in the post-
natal period. A consideration of cardiac development is
beyond the scope of this chapter. The following section will
focus on the adult cardiac endothelium.

Conduit and Resistance Vessels

The endothelium of the coronary and resistance vessels
has presumably evolved to optimize the transport blood
(oxygen and nutrients) to the myocardium. Compared with
capillaries or veins, the arterial/arteriolar endothelium is
exposed to higher oxygen concentration and shear stress.
Like other segments of the cardiac vasculature, the arterial
endothelium also experiences forces generated by contrac-
tion of the heart. On the abluminal side the endothelium
receives signals from extracellular matrix and vascular
smooth muscle cells. Based on studies of the heart and 
other organs, the arterial endothelium differs from its capil-
lary and venous counterparts in morphology, gene and pro-
tein expression profiles, and cellular function. As one
example, endothelial cells lining the resistance vessels
express the highest amounts of endothelial nitric oxide syn-
thase (eNOS), a pattern that is consistent with the estab-
lished role of nitric oxide (NO) in regulating coronary
vascular tone.

The tight coupling of myocardial oxygen consumption
and coronary flow may be attributed, in part, to cross talk
between cardiomyocytes and resistance vessels. Indeed, it
has been proposed that coronary blood flow involves a
dynamic, metabolically regulated balance in the production
of cardiomyocyte-derived vasodilators (e.g., adenosine, NO,
prostacyclin, and bradykinin) and vasoconstricting mole-
cules (e.g., angiotensin II). Whether these and/or other car-
diomyocyte-derived factors directly engage vascular smooth
muscle cells or communicate indirectly via the endothelium
is not known.

Capillaries

Whereas the endothelial lining of arteries and arterioles
has evolved to optimize conduit function, the capillary
endothelium is adapted to meet the unique and high meta-

Figure 1 The endothelial cell as an input–output device. Input arises
from the extracellular environment and includes a combination of biome-
chanical and biochemical signals (left). The output, or cellular phenotype
(right), may be expressed at the level of single endothelial cells or at higher
levels of organization (e.g., blood vessel, organ, or whole organism). The
device itself—depicted here as a “black box”—contains a highly complex
array of signal transduction pathways that couple input with output. (see
color insert)
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bolic needs of the myocardium. If one considers the arteries
and arterioles as analogous to train tracks, the capillaries
represent the train station—the site where circulating mole-
cules and cells leave and enter the blood. As an input–out-
put device, the endothelium senses numerous mechanical
forces, including pressure generated during the cardiac
cycle. With each heart contraction, the pressure may result
in reduced diameter and flow, particularly in the intramural
and subendocardial vessels. The capillary endothelial cell is
exposed to multiple biochemical stimuli arising from the
blood and abluminal surface (Figure 2). The cardiomyocyte
secretes many factors that potentially act in paracrine path-
ways to maintain or modulate endothelial cell phenotype,
including vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and platelet-derived
growth factor (PDGF). VEGF may play a role not only in
new blood vessel formation, but also in maintaining survival
and adaptive function of the endothelium. On the output
side, capillary endothelial cells express a unique pattern of
genes and proteins. Moreover, these cells secrete myriad
factors that interact with underlying cardiomyocytes, thus
contributing to a bidirectional communication between 
the two cell types. For example, endothelial cells in the
myocardium produce NO, endothelin, angiotensin, and

prostacyclin, each of which may influence cardiac meta-
bolism and growth, contractile function and conduction. 
At a functional level, the endothelium participates in the
local balance of hemostasis, leukocyte trafficking, and 
survival/apoptosis. Endothelial cells (together with peri-
cytes) play a critical role in mediating new blood vessel 
formation. Angiogenesis depends on the sprouting of 
preexisting capillaries or postcapillary venules, whereas col-
lateral growth (variably termed arteriogenesis) arises from
an outward remodeling of preexisting arterioles or small
arteries. Angiogenesis normally results in blood vessels of
capillary diameter (5 to 8 mm), while arteriogenesis gives
rise initially to 10 to 20 mm resistance arterioles and ulti-
mately to conductance arteries. The formation or remodel-
ing of blood vessels depends on the concerted activity of
soluble factors released by cardiomyocytes (e.g., VEGF 
and bFGF), endothelium (e.g., NO), and monocytes (e.g.,
urokinase-type plasminogen activator, metalloproteinases).
Interestingly, there is increasing evidence for the role of
endothelial progenitor cells in postnatal blood vessel forma-
tion (vasculogenesis) in the setting of cardiac ischemia. The
elucidation of the molecular control of angiogenesis, arteri-
ogenesis, and vasculogenesis represents an important foun-
dation for novel cardiovascular therapies.

Figure 2 Schematic of cardiac endothelium in health. The endothelium of the artery and arteri-
ole is exposed to comparatively high shear stress and communicates with neighboring smooth mus-
cle cells in the blood vessel wall. In addition to maintaining blood fluidity and barrier function, the
endothelial lining of the arteries and arterioles contributes to the control of vasomotor tone. The
cross-sectional area of the capillaries is far greater than that of the arteries and veins, thus reducing
shear stress at the level of the endothelium and facilitating exchange of oxygen and nutrients with
underlying tissue. Multiple input signals arise from the luminal surface (shown is blood flow) and
abluminal surface (shown is communication with pericytes and cardiomyocyte, extracellular matrix
[ECM], and contractile force). The capillary endothelium plays a critical role in maintaining the via-
bility and function of the myocardium. The endothelium lining the postcapillary venules is the pri-
mary site for leukocyte trafficking. (see color insert)
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Endothelial cells from the capillaries of the heart (as well
as those in the arteries, arterioles, venules, and veins) may
possess a distinct “set point,” defined as epigenetically pro-
grammed switches in phenotype. According to this hypoth-
esis, certain properties of the capillary cells are irreversibly
“locked in” by site-specific environmental factors—either
during development or in the postnatal period. Although
there is compelling evidence that endothelial cells from the
epicardial arteries and the endocardium are derived from
different subpopulations of precursor cells, little is known
about the embryonic origin of capillary endothelial cells.
The observation that capillary endothelial cells undergo
phenotypic drift in tissue culture, and that this effect is par-
tially reversed by coculture with cardiomyocytes, suggests
that at least certain vascular bed–specific properties of these
cells are reversibly regulated by the microenvironment. It is
important to note that the retention of certain vascular
bed–specific properties in vitro does not provide evidence
for “genetic predetermination”—after all, each and every
cell in the human body has an identical genome. Rather,
such findings point to the influence of an epigenetic process
at some point during the life of that cell. The distinction
between endothelial cell phenotypes dependent on signal
input and those that are governed by set point has important
therapeutic implications. For example, diabetes is associated
with phenotypic changes in microvascular endothelium. Are
these changes reversible with correction of the metabolic
disease? Or are certain phenotypes irreversibly and indelibly
imprinted on the endothelium through modification of the
genome? If the latter is correct, then the reversal of endothe-
lial cell “dysfunction” associated with diabetes will be con-
siderably more challenging.

As a result of differences in input signal and set point, the
properties of the endothelium differ between different seg-
ments of the vasculature within the heart, and even between
neighboring endothelial cells within the same vessel. For
example, von Willebrand factor (vWF) is expressed at
higher levels within the veins of the heart, compared with
the arteries or capillaries. eNOS expression is highest in the
endocardial and coronary artery endothelium. As a final
example, the receptor-type protein tyrosine phosphatase m is
expressed predominantly on the arterial side of the cardiac
vasculature.

Venules

Venules and veins function as conduit vessels to deliver
deoxygenated blood to the right atrium. Postcapillary
venules are the primary site for leukocyte–endothelial inter-
actions and transmigration of leukocytes into the suben-
dothelial space. The propensity for trafficking to occur in
postcapillary venules may be explained by the low flow
state and/or differential expression of cell adhesion 
molecules.

Applying the Input–Output Analogy to 
Cardiac Microvasculature in Disease

Endothelial cell activation is a term that was originally
coined to describe the increased adhesiveness of cultured
endothelial cells that had been pretreated with cytokines.
The term today may be more broadly defined as the pheno-
typic response of the endothelium to an inflammatory 
stimulus, usually consisting of some combination of 
procoagulant and proadhesive properties and loss of barrier
function. The term endothelial cell dysfunction was—and 
to some extent continues to be—used to describe reduced
vasodilator reserve in conduit vessels and microvascular
resistance vessels in the heart, as observed in atherosclero-
sis, transplantation, and heart failure. However, the term
may be more broadly applied to states in which the endothe-
lial phenotype—whether or not it meets the definition of
activation—poses a net liability to the host. Thus, whereas
endothelial cell activation describes a definable phenotype
of the endothelium, endothelial cell dysfunction describes
the cost of the phenotype to the organism.

Endothelial cell dysfunction may arise from any number
of changes in the extracellular environment and may in turn
contribute to progression in pathophysiology (Figure 3). For
example, local differences in blood flow (hemodynamics)
may conspire with coronary risk factors to modulate
endothelial cell phenotype in the coronary arteries as a prel-
ude to atherosclerosis. Takayasu’s arteritis is a necrotizing
vasculitis that may be associated with aneurismal dilation of
the coronary arteries. Recent studies point to a possible role
for endothelial-derived metalloproteinases in this syndrome.
Many of the risk factors for conduit vessel disease have also
been shown to affect microvascular endothelium, including
diabetes and hypertension. Microangiopathic hemolytic
anemia, as exemplified by thrombotic thrombocytopenic
purpura (TTP), may be complicated by widespread occlu-
sion of small arteries in the heart and recurrent cycles of
ischemia–reperfusion. TTP is associated with increased
apoptosis of endothelial cells in affected organs. The pheno-
type of cardiac microvascular endothelial cells has been
shown to change in patients with heart failure. Patients with
dilated cardiomyopathy have reduced VEGF expression and
capillary density. Ischemia–reperfusion injury of the heart is
associated with increased ROS generation, decreased NO
bioactivity, generation of cytokines and chemokines, com-
plement activation, increased expression of cell adhesion
molecules, trafficking of neutrophils and monocytes, mast
cell activation, increased permeability, and changes in the
ECM. Patients with cardiac syndrome X have reduced coro-
nary microvascular dilatory responses and increased coro-
nary resistance. Sepsis, which is associated with systemic
activation of inflammatory and coagulation cascades, may
result in abnormalities in systolic and diastolic function. The
mechanism does not appear to be related to reduced coro-
nary flow, but rather to the effect of soluble mediators (e.g.,
input signals) on cardiac endothelium and cardiomyocytes.
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As a final example of microvascular disorders, endothelial
dysfunction plays a critical role in mediating cardiac allo-
graft vasculopathy following heart transplantation.

Conclusions

Endothelium and blood vessels carry out certain common
core functions: Arteries and arterioles transport blood (oxy-
gen and nutrients); capillaries regulate the exchange of oxy-
gen, and other blood constituents to the underlying tissue;
and veins drain the organs of carbon dioxide and metabolic
by-products. Different vascular beds employ different stra-
tegies to accomplish these tasks. Moreover, each vascular
bed—particularly at the level of the capillary—is tightly
coupled to the local tissue environment. In the case of the
heart, coronary blood flow is highly coupled to the meta-
bolic needs of the cardiomyocytes and is protected by mul-
tiple “backup” systems, including the presence of collateral
vessels. The microvascular endothelium of myocardial cap-
illaries is exposed to a spatially and temporally regulated
input of heart-specific signals—including those that arise
from the cardiomyocyte and the hemodynamic forces asso-
ciated with the cardiac cycle. The dynamic and malleable
nature of the endothelium renders these cells vulnerable to
pathophysiological changes in the composition of the extra-
cellular milieu. The altered signal input may be transduced
by the endothelial cell in ways that perpetuate or accentuate

the underlying pathophysiology. Important goals for the
future will be to understand how the endothelium con-
tributes to cardiac microvascular disease, and how its 
privileged location and communication network within the
local microenvironment can be exploited for therapeutic
purposes.

Glossary

Endothelial cell activation: The phenotypic response of the endothe-
lium to an inflammatory stimulus, usually consisting of some combination
of procoagulant and proadhesive properties, and/or alteration in permeabil-
ity. The criteria for activation depend on the location within the vascular
tree.

Endothelial cell dysfunction: An endothelial cell phenotype that rep-
resents a net liability to the host. Common examples include coronary
artery disease (local dysfunction) and sepsis (systemic dysfunction).

Input–output device: A device that senses the environment and
responds in a way that is usually adaptive (function) or nonadaptive (dys-
function). Each endothelial cell behaves like an input–output device, cou-
pling changes in the extracellular milieu (input) to alterations in phenotype
(output) via nonlinear networks of intracellular signaling pathways.
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choroidal connective tissue lamellae are closely bound to
those of the lamina fusca of the sclera, the border of choroid
and sclera.

The thickness of the choroid is difficult to determine
because it diminishes after enucleation or fixation; it has
been estimated to be approximately 0.1mm anteriorly and
0.22mm posteriorly, with greatest thickness under the mac-
ula. The choroidal vasculature in primates is composed of
the choriocapillaris (an internal or anterior layer), medium-
sized vessels (Sattler’s layer), and large arteries measuring
40 to 90mm, large veins measuring 20 to 100 mm (Haller’s
layer), nerves, and lymphatics (Figure 2).

The Choroidal Vasculature and 
Associated Structures

Arteries

There are three main arterial sources of blood to the
choroid. The long posterior ciliary arteries (LPCA, tempo-
ral, and nasal) follow long, oblique intrascleral courses and,
therefore, are easily affected by scleritis. The LPCAs travel
in the potential suprachoroidal space and send branches
from the ora serrata region posteriorly to supply the choroid
as far posterior as the anatomical equator. A ciliary nerve
accompanies each LPCA. The second arterial source is the
short posterior ciliary arteries (SPCA, 15 to 20 in number)
that supply the choroid from equator to optic nerve. The dis-
tribution of their entry is perifoveal, peripapillary, or in a
compromise pattern, the papillomacular oval. The arteries
surround the optic nerve (the circle of Zinn), penetrating and
then branching peripherally in a wheel-shaped arrangement.
The radial areas supplied by the arteries are separated by
watersheds and are triangular, with the apices directed
toward the fovea. A watershed zone in choroid is an area that
normally fills slowly with blood. Hayreh [1], one of the pio-

The choroidal microvasculature lies immediately under
or posterior to the retina. Although the gross choroidal
anatomy is well known, little information is available on the
arrangement of arterioles and venules and their relationship
to the choriocapillaris. This chapter will focus on mam-
malian choroids because avian choroids are uniquely 
different.

Gross Anatomy

The choroid is considered to be the ocular homolog of the
pia arachnoid in brain. It is a long, thin, vascular, and pig-
mented tissue, which forms the posterior portion of the
uveal tract (the iris, ciliary body, and choroid). Because of
its great vascularity, the choroid has some of the properties
of erectile tissue. Its capillaries form a very unusual pattern,
being arranged in a single layer restricted to the inner por-
tion of the choroid; this arrangement enables the capillary
layer to provide nutrition for the outer retina (Figure 1). The
choroidal stroma contains a considerable number of pig-
mented melanocytes, which are distributed through all areas
of the choroid, although they are more sparse in the inner-
most layers. The pigment in the melanocytes gives the
choroid its characteristic dusky brown color. The choroid
has an extensive nerve supply, and many ganglion cells can
be found in the stroma and suprachoroidea. The choroid is
easily detached from the sensory retina and from the sclera
(the collagenous coat of the eye), but it is firmly bound to
the optic nerve, because its connective tissue is continuous
with that of the optic nerve.

Internally, the choroid is so closely attached to the retina
that the retinal pigment epithelium adheres more to Bruch’s
membrane than to the retinal photoreceptors. Bruch’s mem-
brane is the anatomical border between retina and choroid
(Figure 1). The area around the choriocapillaris has little or
no pigment (Figure 1). Externally the pigmented supra-

Copyright © 2006, Elsevier Science (USA).
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neers in the study of the choroidal vasculature, has done
extensive in vivo experimental studies on choroidal circula-
tion and its watershed zones in human. He has shown that
the choroidal vascular bed is a strictly segmental and end-
arterial system and has watershed zones situated between
the various PCAs, the short PCAs, the choroidal arteries, the
arterioles, and the vortex veins. The nature of the choroidal
vasculature and the existence of watershed zones in the
choroid are of great clinical importance and play a signifi-
cant role in the production of various ischemic lesions in the
choroid. The final arterial source of blood is the anterior cil-
iary arteries, which send recurrent branches posteriorly to
supply the choroid at 3 o’clock and 9 o’clock soon after they
pierce the anterior sclera. The arteries of all three vessel sys-
tems rapidly extend internally via arterioles to supply blood
to the choriocapillaris. Mast cells are intimately associated
with most choroidal arteries.

Choroidal Veins (Vortex Veins)

The main venous drainage of the choroid occurs through
four to six vortex veins that drain into superior and inferior
ophthalmic veins. Postcapillary venules are closely arranged

in the macular region. In this area, the venous portion 
predominates over the arterial one. The meshwork of the
venous plexus becomes less dense with increasing distance
from the macula. In the extramacular region, the vessels are
straighter, losing the tortuousity that is characteristic of the
macular region. Vessels of larger lumen form the subcapil-
laris plexus and eventually flow into the vortex veins.
Venous drainage is segmentally organized into quadrants,
with watersheds oriented horizontally through the disc and
fovea and vertically through the papillomacular region. 
The macula is centered over both arterial and venous water-
sheds, which may either predispose it to relative ischemia 
or prevent ischemia through multiple submacular blood 
supplies.

Choriocapillaris

The choriocapillaris, located solely in the internal portion
of the choroid, appears as a nonhomogenous network of
large (20 to 50 mm) capillaries (Figure 2). This monolayer
vascular network, flattened in the anterior–posterior aspect,

Figure 1 Section from the eye of a rhesus monkey showing retina from
the internal limiting membrane (ILM) at the interface of retina and vitreous
to the retinal pigment epithelial cells (RPE). Retinal blood vessels (white
arrows) are in the ganglion cell layer (GCL) of inner retina, and also a sec-
ondary or deep plexus is associated with the inner nuclear layer; their inner
and outer segments are below the external limiting membrane (ELM). The
nuclei of the photoreceptors are in the outer nuclear layer (ONL). Below
Bruch’s membrane (BM) is the choroid with choriocapillaris (CC), imme-
diately posterior to Bruch’s membrane and large choroidal vessels posterior
in the densely pigmented outer choroid. (see color insert)

Figure 2 A vascular cast of the choroidal vasculature of a dog. The
oval-shaped choriocapillaris (arrow) are at the top with draining venules
below connecting to a large vein (asterisk). This section of the cast is the
area of the tapedum lucidum, so the venules are more elongated to traverse
the tapedum than they would be in a primate.
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changes from a dense, honeycomb-like, nonlobular structure
in the peripapillary area to a lobule-like pattern in submacu-
lar areas and most of the posterior pole and equatorial areas
(Figure 3). In the peripheral area, choriocapillaries form
more elongated, palmlike or fanlike vascular networks, and
finally form arcades that terminate at the ora serrata [2]. The
network of choriocapillaris is supplied by feeding arterioles
derived from the short posterior ciliary arteries and drained
by the collecting venules (Figure 2). These arterioles and
venules form the medium-sized vessels of the choroid occu-
pying the choroidal stroma (Sattler’s layer). The majority of
these vessels in the peripapillary and submacular areas form
a 90-degree angle with the posterior aspect of the chorio-
capillaris (Figure 2). The choriocapillaris lobules measure
0.6 to 1.0mm (Figure 3).

There is controversy over the idea that “lobules” exist
and subdivide the choroid into many functional islands. One
hypotheses suggests that the choriocapillaris is a single, 
continuous capillary vascular layer; although lobules were
anatomically separated, they were functionally intercon-
nected. The other hypothesis proposed by Hayreh [1] has
advocated the presence of noncommunicating lobules. On
the basis of fluorescein angiography findings he described a

mosaic of lobules, each one containing an arteriole in the
middle and a venule at its periphery.

There is disagreement as well about the location of arte-
rioles and venules in the lobule. Shimizu and Ujiie [3] con-
firmed the central location of the artery and the peripheral
location of the venule. On the contrary, McLeod and Lutty
[2], who performed histologic studies of the chorio-
capillaris stained with alkaline phosphatase reaction prod-
uct, described a lobular organization of the choroid with
arterioles and venules located peripherally and centrally,
respectively, in most lobules.

Bruch’s Membrane (Lamina Vitrea)

Bruch’s membrane is a thin noncellular lamina separat-
ing the choriocapillaris from the retinal pigment epithelium
(RPE). Ultrastructurally, it is composed of the basement
membrane of the retinal pigment epithelium (inner basal
lamina; 0.3 mm thick); inner collagenous zone (1.5 mm
thick); elastic fibers; outer collagenous zone (0.7 mm thick);
and basement membrane of the choriocapillaris (0.14 mm
thick). Bruch’s membrane is eosinophilic and PAS-positive.
Mallory and other connective tissue stains show its collagen,
and elastic tissue stains show that the membrane contains a
well-developed layer of elastic tissue. The inner collagenous
layer is thick and may degenerate and split with age. The
elastic layer distribution is much more diffuse posteriorly.
The basal lamina of the choriocapillaris is incomplete in that
it is limited to the actual capillaries and absent at the inter-
capillary septa.

Retinal Pigment Epithelial (RPE) Cells

RPE cells form the outer blood retinal barrier (BRB).
RPE cells measure 16 mm in height and 10 to 60mm in diam-
eter; they feature apical zonulae occludens (the outer BRB).
The RPE nucleus is basal, and its pigment is apical and
therefore distant from the choriocapillaris (Figure 1). Inner
choroidal vessels (choriocapillaris and medium-sized ves-
sels) are sandwiched between apical RPE pigment of neu-
roepithelial origin and outer choroidal pigment of neural
crest origin.

Visualization of the Choroidal Vasculature

In vivo visualization of the choroid in humans is difficult
because of pigmentation of the RPE and choroidal melano-
cytes. Angiography can be accomplished with sodium 
fluorescein in lightly pigmented or albino eyes, but not in
darkly pigmented fundi as observed in humans of African
descent. Angiography with indocyanine green dye, which
absorbs and fluoresces in the infrared, has provided the 
best tool to view the choroidal vasculature in any pigmented
fundus. ICG angiography clearly shows blood flow in 
large choroidal blood vessels, but only high-speed ICG

Figure 3 (A) Alkaline phosphatase incubated normal human choroid
after bleaching. In this area of choroid near the macula, the lobular organi-
zation of the choriocapillaris is apparent. There is a draining venule (aster-
isk) in the center of this lobule. (B) Section through the center of the lobule
shown in (A) shows blue APase activity in choriocapillaris lumens (arrow)
and in the draining venuole (asterisk). The internal limiting membrane
(arrowhead) is PAS positive. RPE cells have been removed from Bruch’s
membrane in processing. (Blue APase reaction product, PAS, and hema-
toxylin stain.) (see color insert)
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angiography with pulsed laser light source provides enough
resolution to study the choriocapillaris [4].

McLeod and Lutty developed an alkaline phosphatase
technique to study histologically the human, cat, and dog
choroidal vasculature postmortem [2]. By incubating the
excised choroid for alkaline phosphatase histochemical
activity and then bleaching the choroid, the choroidal vas-
culature can be studied at high resolution. The choroid can
then be flat-embedded in glycol methacrylate and viewed in
dual perspective: choroidal vessel pattern in the flat per-
spective; vessels of interest sectioned and viewed in cross
section as well (Figure 3). Only viable choroidal vessels
have alkaline phosphatase activity, so sites of vascular
dropout can be studied in detail.

The corrosion cast technique is also an excellent 
method for studying the three dimensional properties of the
choroidal vasculature postmortem [3]. A polymer is injected
into the vasculature and allowed to polymerize, and then the
tissue is digested away from the polymer. After coating 
the cast with gold palladium, the vasculature can be viewed
in three dimensions with scanning electron microscopy
(Figure 2).

Physiology

The choroid lacks autoregulation, that is, it lacks meta-
bolic regulation. We have found that when neonatal dogs are
exposed to 100 percent oxygen for 4 days the choroidal vas-
culature does not constrict. In cat the PO2 in choroid is nor-
mally around 70mmHg, whereas in hyperoxia it increases 
to 250mmHg [5]. As a consequence, systemic hypoxia 
and elevated intraocular pressure lead to decreases in
choroidal PO2. The choroidal vasculature supplies oxygen 
to outer retina while retinal vasculature supplies oxygen 
to inner retina. From the measurements and modeling of
Linsenmeier’s lab [5], the photoreceptors live at the edge.
The retina consumes more oxygen per gram of tissue than
many other tissues, including brain, barely receiving enough
oxygen for maintenance of its normal metabolic function.
All of the oxygen for photoreceptor metabolism is supplied
by the choroidal vasculature in light conditions and 90 per-
cent of the oxygen consumed by photoreceptors in the dark
[5]. As a consequence, choroidal nonperfusion is extremely
detrimental to photoreceptor function and viability and reti-
nal detachment from choroid also results in photoreceptor
death.

Blood flow rate in cat choroid is said to be at least 10
times higher than retinal blood flow as measured by radio-
active microspheres [6]. High blood flow was thought 
necessary to provide enough oxygen to the retina. However,
our recent study using fluorescently labeled erythrocytes
demonstrates that, at least in rat, the RBC velocity in chori-
ocapillaris is actually four times slower than in retinal cap-
illaries. The difference in these two values may be due to
species differences, but it is more likely due to techniques
where the former values are based on blood flow in all

choroidal vessels whereas, the RBC velocities where meas-
ured directly in capillaries.

Cell Biology

It has been found that rat choriocapillaris had 50 percent
fewer pericytes than retinal capillaries. Also, unlike retinal
capillaries, pericyte loss does not occur in rat experimental
diabetes. Choriocapillaris is unique in that only the retinal
side of the capillary has fenestrae, making transport of nutri-
ents to RPE and photoreceptors and removing waste from
photoreceptor disk shedding and RPE digestion of these
disks more efficient. The same sidedness is observed in the
location of VEGF receptors. It has been reported that both
VEGF receptor-1 (FLT-1) and VEGF receptor 2 (FLK-1 or
KDR) are found on endothelial cells on the retinal side of
the choriocapillaris. Perhaps this is related to the basal pro-
duction of VEGF by RPE. RPE was actually one of the first
cells shown to produce VEGF and upregulate production
during hypoxia. Perhaps the release of VEGF on the retinal
side encourages maintenance of fenestrae on the retinal side
of the choriocapillaris.

Pathology

Age-Related Macular Degeneration

The choroidal vasculature is at the heart of age-related
macular degeneration. There are many forms of AMD, but
the two major types are exudative or wet and nonexudative
or dry AMD. In nonexudative AMD eyes, there are macular
drusen and sharply defined focal areas of RPE atrophy,
which are associated with varying degrees of loss of the
choriocapillaris. Drusen is a form of deposit on Bruch’s
membrane, which is believed to be incompletely digested
material from the RPE that cannot traverse Bruch’s mem-
brane for removal by the choriocapillaris. One hypothesis
states that the deposit of the debris on Bruch’s membrane 
is a result of choriocapillaris insufficiency. Alternatively,
debris may accumulate on Bruch’s membrane and chorio-
capillaris atrophy results since it is not needed any more.
Drusen appear as refractile structures when viewing the ocu-
lar fundus, and the ophthalmologist refers to them as hard
drusen when they are sharply demarcated and highly refrac-
tile. We have found that hard drusen are present almost
always over intercapillary septa and not over choriocapil-
laris lumens, suggesting that this material accumulates on
Bruch’s membrane where transport is least likely.

There is considerable controversy over the role of the
choroidal vasculature in AMD. Our recent study on geo-
graphic atrophy, a form of dry AMD, demonstrated that the
RPE cells degenerated first and then the choriocapillaris
atrophied. Interestingly, even in areas with complete RPE
atrophy, some choriocapillaris segments remained viable
(alkaline phosphatase positive) but severely constricted [7].
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Exudative AMD is characterized by fluid and hemor-
rhage beneath the RPE or sensory retina due to choroidal
neovascularization (CNV). In exudative AMD, we have
observed areas with choriocapillaris atrophy in advance of
the growing choroidal neovascularization. Every example of
CNV in our study had surviving RPE associated with it. It is
tempting to speculate that choriocapillaris loss results in
ischemic RPE, and the RPE cells in turn produce angiogenic
factors such as vascular endothelial cell growth factor,
which stimulated growth of CNV. CNV grows through
Bruch’s membrane and spreads under the retinal pigment
epithelium in most cases (Figure 4).

Whether choriocapillaris is responsible in part for AMD
and which forms it initiates remains to be determined. How-
ever, there can be no question that there is a dynamic sym-
biosis between choriocapillaris and RPE and this synergy is
disrupted in AMD.

Systemic Diseases

HYPERTENSION

Stenosis, focal narrowing, and occlusion of choroidal
arteries accompanied by hypertrophy of smooth muscle
cells, endothelial cell proliferation, and reduplication of
basement membrane occurs frequently in benign hyperten-

sion. These findings led to the assumption that arterial
occlusion may precede rarefaction of the choriocapillaris.
Long-standing hypertension leads to severe arteriosclerosis,
with marked thickening and hyalinization of choroidal 
arterioles, irregular thickened basement membrane, and
reduction in caliber of the lumen. In addition, necrosis and
fibrinoid deposition occurs in the choroidal vessel wall.
Based on morphologic study of vascular casts on sponta-
neously hypertensive rats, the early changes in the choroidal
vasculature were a decrease in number of draining venules,
especially in the peripapillary choroid. As the systolic blood
pressure increased progressively, the choroidal vessels were
often sparse and tortuous. Some of the venules showed
localized aneurismal dilatation and irregular calibers. In
long-term hypertension, severe tortuosity, caliber irregu-
larity, and generalized narrowing of the choroidal arteries;
considerably decreased number of the draining venules 
converging from all directions into the vortex veins; narrow
ampullae of the vortex veins; and elongated and engorged
choriocapillaris were the most extensive morphological
changes in the choroid [8].

DIABETIC CHOROIDOPATHY

In both hypertensive and diabetic choroids, we have
observed intrachoroidal neovascularization lying deep in
choroids near the interface with sclera. These structures,
which we termed intrachoroidal microangiopathy or ICMA,
were the only sites where we found microaneurysms in
human choroids. They were present in 20 percent of the dia-
betic choroids we have analyzed.

Using the alkaline phosphatase flat-embedding tech-
nique, we have observed a fivefold greater loss in choroidal
capillaries in diabetic subjects compared to older nondia-
betic subjects. This capillary dropout is a hallmark of dia-
betic retinopathy but had never been quantified in diabetic
choroid before [9]. The cause of the choriocapillaris loss
may be related to neutrophil-initiated occlusions in chorio-
capillaris. We documented a twofold greater number of
PMNs in diabetic choriocapillaris, compared to normal sub-
jects, and there was a significant increase in PMNs in areas
of diabetic choroid with capillary loss as compared to nor-
mal-appearing areas of choriocapillaris. The retention of
PMNs may be due to increased expression of both ICAM-1
and P-selectin in diabetic choroid. ICAM-1 is constitutively
made in normal choriocapillaris, but levels were increased
in diabetic choriocapillaris and immunoreactivity was also
observed in other choroidal vessels. P-selectin, responsible
for leukocyte rolling, was also observed in diabetic chorio-
capillaris and platelet aggregates in choroid, whereas in nor-
mal subjects it was confined to postcapillary venules [10].

Summary

The choroidal vasculature lies between sclera and retina
and supplies the majority of nutrients to the outer retina. It

Figure 4 (A) Alkaline phosphatase incubated choroid from a diabetic
subject. Choroidal neovascularization (CNV) is apparent (asterisk) 
adjacent to an area with severe choriocapillaris dropout (lack of viable,
APase-positive capillary lumens). The yellow areas are drusen. (B) Section
through the CNV formation in (A) shows that the new blood vessels (aster-
isk) are between a basal laminar deposit (arrow), which is characteristically
positive for PAS, and Bruch’s membrane (arrowhead). The origin of the
new vessels appears to be choriocapillaris. (Blue APase reaction product,
PAS, and hematoxylin stain.) (see color insert)
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is necessary for normal visual function because it removes
waste from photoreceptor disk shedding and supplies 90 to
100 percent of the oxygen photoreceptors require. Dysfunc-
tion of the choroidal vasculature occurs in systemic diseases
such as diabetes and hypertension and in AMD.

Glossary

Age-related macular degeneration (AMD): Degeneration of chorio-
capillaris, photoreceptors, and retinal pigment epithelium in macula.

Choriocapillaris: Capillary system of choroid.
Fenestrations: Apertures in the walls of choroidal capillaries that

exclude molecules by size.
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filaments, and microtubules (for detailed discussion, see
Chapter 38, “Role of the Endothelial Cell Cytoskeleton 
in Microvascular Function”). The actin cytoskeleton is a
dynamic structure that undergoes rearrangement under the
control of various actin binding, capping, nucleating, and
severing proteins that are intimately involved in regulating
the cell shape, motility, and contractile status of cells. Early
studies revealed the primary role of actin filaments in 
EC permeability as demonstrated by the observations that
cytochalasin D, which disrupts the actin cytoskeleton,
increases EC permeability, while phallacidin, an actin 
stabilizer, prevents barrier disruption by various agonists.
Providing a structural framework to the cell, the actin 
microfilament system is focally linked to multiple mem-
brane adhesive proteins that connect it to cell–cell (adherens
junctions, tight junctions) and cell–matrix (focal adhesion)
junctions that anchor the endothelium. In addition, actin fil-
aments, through interaction with myosin, are critical to EC
tensile force generation necessary for cell shape changes
and barrier regulation (as discussed in detail later).

The functional roles of microtubule and intermediate fil-
ament cytoskeletal components in EC barrier regulation are
less well defined. Microtubules, polymers of a and b-
tubulin forming a lattice network of rigid hollow rods 
spanning the cell that undergo frequent assembly and disas-
sembly, interact functionally with actin filaments during
dynamic cellular processes. Microtubule disruption with
agents such as nocodazole or vinblastine induces rapid
rearrangement of actin filaments and focal adhesions, cellu-
lar contraction, and increased permeability across EC mono-
layers, while microtubule stabilization with paclitaxel
attenuates these effects. These results suggest that actin

Introduction

The endothelium functions as a semipermeable barrier
between circulating vascular contents and the interstitium of
the surrounding tissues, and maintenance of this barrier is
essential for optimal organ function. For example, the lung
is particularly sensitive to perturbations of barrier function
because of the enormous surface area of the pulmonary 
vasculature. Disruption of the pulmonary endothelial lining
leads to alveolar flooding during inflammatory conditions
such as adult respiratory distress syndrome (ARDS) and
sepsis and contributes significantly to the morbidity of these
clinical syndromes. As a result, a comprehensive under-
standing of the regulatory mechanisms involved in endo-
thelial permeability has important clinical implications.
Current evidence supports an integral role for the endothe-
lial cytoskeleton in dynamic modulation of vascular barrier
function, with recent work highlighting the contribution of
the microvasculature to this process. In this chapter, we will
focus on the pulmonary vasculature as a model system to
outline the cytoskeletal mechanisms that regulate endothe-
lial permeability. Our discussion will begin with a general
overview of regulatory mechanisms inherent to endothelial
cells (ECs) throughout the vascular bed, and then we will
proceed to highlight the permeability properties unique to
the microvessel circulation.

Overview of the Cytoskeleton

The cellular cytoskeleton consists of three primary 
structural elements—actin microfilaments, intermediate 
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microfilament–microtubule crosstalk plays an important,
but still poorly defined, role in EC barrier regulation.

Although the third major element involved in EC
cytoskeletal structure, intermediate filaments (IFs), exhibit
greater diversity than the highly conserved components of
actin microfilaments or microtubules, IF proteins share a
common dimer structure containing two parallel a-helices
that associate with IF-binding proteins that in turn connect
to the nuclear envelope, peripheral cell junctions, and other
cytoskeletal components. Vimentin, the primary IF protein
found in EC and other cells of mesenchymal origin, does not
appear to have an essential function in EC barrier regulation.
Fibroblasts derived from vimentin knockout mice have nor-
mal actin and microtubule architecture, while the animals
themselves develop normally without any obvious pheno-
typic abnormalities, suggesting that functional roles for IF in
EC barrier function are subject to compensation by biologic
redundancy.

Regulation of Permeability by the Endothelial 
Cell Cytoskeleton

Because the actin microfilament system is well studied
and known to be essential for EC barrier regulation, we will
explore its functional role in greater detail in this section.
The current paradigm of EC barrier regulation suggests that
a balance exists between barrier-disrupting cellular contrac-
tile forces and barrier-protective cell–cell and cell–matrix
tethering forces. As outlined in Figure 1, both competing
forces in this model are intimately linked to the actin-based
EC cytoskeleton by a variety of actin-binding proteins that
are critical both to tensile force generation and to linkage of
the actin cytoskeleton to adhesive membrane components.
Although less structured than in skeletal or smooth muscle
cells, ECs contain similar molecular machinery for genera-
tion of tension via an actomyosin motor (actin and myosin
represent more than 15% of total EC protein). Focally dis-
tributed changes in tension within EC are accomplished 
by regulation of the level of myosin light chain (MLC)
phosphorylation, which promotes actomyosin interaction,
and subsequent actin stress fiber formation. There is a good
association between the development of transcellular actin
stress fibers, increased MLC phosphorylation, enhanced ten-
sion development, paracellular gap formation, and increased
EC permeability. A key regulator of this EC contractile
apparatus in this process is the Ca2+/calmodulin (CaM)-
dependent enzyme myosin light chain kinase (MLCK).

Balancing these EC contractile forces are cell–cell and
cell–matrix contacts that provide tethering forces essential
for mechanical stability and barrier maintenance (Figure 1).
Adherens junctions are the primary cell–cell contacts along
the EC monolayer and are composed of cadherins bound
together in a homotypic and Ca2+-dependent fashion to link
adjacent ECs. Cadherins interact through their cytoplasmic
tails with the catenin family of intracellular proteins, which

provide anchorage directly to the actin cytoskeleton. The
primary cadherin in human EC adherens junctions, vascular
endothelial (VE)-cadherin, is critical to EC barrier integrity
since infusion of VE-cadherin blocking antibody increases
lung vascular permeability in cultured ECs and mice. Focal
adhesions provide the primary tethering sites of ECs to the
underlying extracellular matrix through transmembrane
integrin receptors connected to the actin cytoskeleton via
multiprotein focal adhesion plaques. These linkages are also
essential for EC barrier integrity as blocking antibodies to b1
integrin alter EC attachment and permeability. Unliganded
integrins are not associated with the cytoskeleton, but bind-
ing to the ECM induces the attachment of integrins to intra-
cellular actin fibers and stimulates tyrosine phosphorylation
of multiple proteins and Ca2+ influx. Moreover, intracellular
signaling pathways that regulate cytoskeletal rearrangement
can also modulate cell–matrix contacts. For example, inhi-
bition of the small GTPase Rho dissociates stress fibers
from focal adhesions, decreases phosphotyrosine content of
focal adhesion proteins, and enhances EC barrier function.
Thus, the tethering forces of both focal adhesion and
adherens junction complexes are essential components of
EC barrier integrity.

Barrier Disruption

Activation of the contractile apparatus is a critical step in
many models of agonist-induced EC barrier dysfunction.
For example, one well-characterized model utilizes the cen-
tral coagulation regulatory protein, thrombin, to induce sig-
nificant pulmonary vascular leakage. The observation that
microthrombi occur in the pulmonary microvasculature of
patients with acute lung injury suggests this model has bio-
logic relevance to EC barrier regulation in human disease.
Thrombin induces a profound increase in EC permeability
through rapid actin cytoskeletal rearrangement and force
generation dependent on actomyosin interaction catalyzed
by the phosphorylation of regulatory MLC by MLCK.
Direct activation of MLCK is sufficient to produce EC con-
traction and barrier disruption, whereas MLCK inhibition
abolishes barrier dysfunction in rat lung models of
ischemia–reperfusion injury and ventilator-induced lung
permeability. Tyrosine phosphorylation status appears to
play an important role in regulation of EC permeability
since tyrosine phosphorylation of EC MLCK evokes signif-
icant increases in MLCK activity, EC contraction, and sub-
sequent EC barrier dysfunction.

The small GTPase Rho also plays an important role 
in regulation of the EC contractile apparatus in several 
models of agonist-induced EC barrier dysfunction. Linking
extracellular stimuli to dynamic actin cytoskeletal re-
arrangement, Rho activation induces increased MLC 
phosphorylation, actomyosin interaction, stress fiber forma-
tion, and subsequent EC barrier dysfunction. The relative
contributions of the EC MLCK and Rho pathways in regu-
lating EC permeability are not completely understood since
inhibition of either MLCK or Rho activation attenuates
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thrombin-induced EC barrier dysfunction. Recent studies
suggest that Rho and MLCK may differentially regulate
MLC phosphorylation according to spatial localization
within ECs.

Barrier Enhancement

Cytoskeletal rearrangements are also essential for pro-
duction of EC barrier enhancement by various agonists, 
such as the platelet-derived phospholipid sphingosine 1-
phosphate (S1P), which dramatically reduces pulmonary
vascular permeability. S1P binds to G-protein coupled Edg
receptors on EC to initiate a series of cytoskeletal protein
rearrangements that decreases EC permeability (Figure 1).
Activation of the small GTPase Rac results in formation of
a prominent cortical actin ring that accompanies S1P-
induced EC barrier enhancement. In addition to inducing
this cortical actin cytoskeletal rearrangement, S1P alters
cell–cell and cell–matrix contacts to reduce EC permeabil-
ity. S1P dramatically increases localization and interaction

of VE-cadherin and catenin proteins at EC cell–cell junc-
tions (adherens junctions). Moreover, while the barrier dis-
rupting agent thrombin rearranges cell–matrix contacts so
that focal adhesion proteins assemble at the ends of massive
actin stress fibers to anchor cell contraction that pulls 
ECs apart, S1P induces differential focal adhesion protein
rearrangement that associates with cortical actin ring forma-
tion that enhances EC barrier function.

Ongoing studies of these contrasting models of EC bar-
rier disruption and enhancement continue to provide
insights into potential targets for therapeutic modulation 
of vascular permeability. This recent work has described
additional agonists with impressive EC barrier-enhancing
properties. For example, hepatocyte growth factor (HGF)
significantly increases pulmonary EC barrier function
through enhanced cortical cytoskeleton linkage to cell–
cell tethering junctions. Although HGF-induced barrier
enhancement requires actin rearrangement and rapidly acti-
vates Rac in a manner similar to S1P, the mechanistic path-
ways are not identical since HGF requires PI-3¢-kinase
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Figure 1 Actomyosin contractile elements compete with cellular tethering forces to regulate EC permeability. The left-hand cell illustrates cytoskeletal
changes associated with agonist-induced EC barrier disruption. Thrombin binding to its PAR-1 receptor leads to Rho and MLCK activation along actin stress
fibers, actomyosin interaction, contraction, and increased permeability. Conversely, the right-hand cell shows the barrier-enhancing cytoskeletal changes
produced by sphingosine 1-phosphate (S1P), which strengthens the cortical actin ring through Edg receptor binding and subsequent downstream Rac acti-
vation, cortical actin formation, and adherens junction and focal adhesion rearrangement to decrease permeability. Vascular barrier integrity is dependent
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activity whereas S1P does not. Thus, multiple signaling
pathways exist for promotion of EC barrier function. The 3-
hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reduc-
tase inhibitor and cholesterol lowering agent, simvastatin,
induces actin cytoskeletal cortical rearrangement and gene
expression alterations over time that protect pulmonary EC
barrier integrity from thrombin disruption without affecting
basal permeability. In addition, the importance of mechani-
cal forces in regulation of EC permeability is being increas-
ingly recognized. The application of physiologic levels of
shear stress to cultured pulmonary EC results in enhanced
cortical actin and other cytoskeletal rearrangements that
promote barrier function. Conversely, stretch forces similar
to those produced during mechanical ventilation make pul-
monary EC more sensitive to the barrier disrupting effects of
thrombin.

Differential Regulation of Permeability 
in the Microvasculature

Having described the general mechanisms through which
the cytoskeleton regulates endothelial permeability, we will
now outline specific characteristics intrinsic to microvascu-
lar barrier function. Although the endothelium was initially
regarded as relatively homogeneous throughout the vascula-
ture, important phenotypic and functional differences are
now appreciated at various sites along the vascular tree.
These differences account for the tremendous physiologic
variability observed in vascular function along various EC
segments in different organ systems. Studies of endothelial
heterogeneity typically divide ECs into two primary groups,
macrovascular cells from large conduit vessels and
microvascular cells from small arterioles, venules, and 
capillaries.

Isolation and culture of the microvasculature pose a par-
ticular challenge, in large part because it is not possible to
cannulate the microvasculature. Isolation of microvascular
ECs requires physical dissociation of ECs via homogeniz-
ing, mincing, or cutting the tissue into 3- to 5-mm3 pieces
before incubation with proteolytic enzymes to release the
microvascular ECs. However, these techniques often yield
other cell types in addition to microvascular ECs (most 
frequently fibroblasts); therefore, purification is a key step 
in the isolation of microvascular ECs. Visual identification
of cells based on morphologic characteristics followed by
manual separation techniques was an early method of purifi-
cation but is labor intensive and time consuming. Microvas-
cular ECs can also be removed with specially coated glass
beads that specifically adhere to ECs when added to the cul-
ture and then are removed using a magnet. Other techniques
include fluorescence activated cell sorting (FACS) and 
gradient centrifugation to separate cells differentially by
weight. Regardless of the technique employed, the possibil-
ity that other cell types are present in microvascular EC cul-
tures needs to be considered when evaluating experimental
results.

Multiple factors contribute to the differential barrier
properties of microvascular and macrovascular EC (Figure
2), including cell-specific attributes such as surface protein
expression, cell morphology, and permeability. Morpho-
logic differences include a fourfold larger surface area for
microvascular ECs relative to pulmonary artery ECs, while
electron microscopy reveals tighter intercellular connec-
tions, fewer visible gaps, and increased focal adhesion sites
in microvascular cells compared to macrovascular ECs. In
addition, microvessel ECs contain a more abundant array of
intercellular junctional complexes. All of these microvascu-
lar EC characteristics combine to decrease basal permeabil-
ity in these cells relative to large conduit ECs. Specifically,
cultured microvascular ECs have tenfold higher barrier
integrity than macrovascular ECs as measured by electrical
resistance across monolayers. Even within each of these
broad categories of macro- and microvascular ECs, signifi-
cant variability is present. EC morphologic appearance, cell
surface glycoproteins, cell–cell interactions, and protein and
mRNA expression are all highly variable throughout the
vasculature. The functional importance of this variability
remains a highly active area of research.

Studies comparing the responses of various EC pheno-
types to specific agonists have provided insight into differ-
ential barrier function along the vasculature. In general,
microvascular ECs are more resistant to agonist-induced
lung permeability. Cultured bovine and sheep pulmonary
artery ECs have been shown to be more sensitive than
microvascular ECs to barrier disruption by agents such as
endotoxin or TNFa. However, this relative resistance of
microvascular ECs is not universal to every model of ago-
nist-induced permeability since thrombin produces more
dramatic barrier disruption in microvascular ECs compared
to pulmonary artery ECs. The mechanisms underlying this
differential EC barrier regulation remain poorly understood,
but it appears that Ca2+-dependent signaling events play a
role. For example, macrovascular ECs are more sensitive 
to barrier disruption induced by store-operated Ca2+ entry,
whereas microvascular ECs have increased levels of intra-
cellular cAMP, a determinant of focal adhesion complex 
formation that contributes to barrier integrity. Differential
adherens junction protein expression may also account for
some of the variability in EC barrier function along the vas-
cular tree. Microvascular ECs express significantly more
VE-cadherin protein than macrovascular cells, an observa-
tion that appears to have functional importance for cell–cell
integrity since the infusion of anti-VE-cadherin antibodies
causes increased permeability primarily in alveolar capillar-
ies. Finally, variability in the extracellular environment
likely plays an important role in differential EC barrier 
function. Mechanical forces such as shear stress and cyclic
stretch significantly affect EC cytoskeletal organization in
ways that alter permeability (as discussed earlier) and are
differentially distributed along the vasculature. For exam-
ple, understanding the effects of shear stress on pulmonary
EC barrier integrity must take into account regional differ-
ences in blood flow that affect the amount of shear applied
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to macrovascular ECs relative to microvessel ECs. The con-
tribution of these mechanical forces to differential EC per-
meability is still incompletely understood.

Glossary

Cytoskeleton: Framework of structural proteins necessary for cell
shape and movement. The three primary components are actin microfila-
ments, microtubules, and intermediate filaments.

Myosin light chain kinase (MLCK): A Ca2+/calmodulin, ATP-
dependent enzyme that phosphorylates myosin light chains on serine-
19 and threonine-18, which results in increased actomyosin interac-
tion. MLCK activity is a necessary step in many models of vascular 
permeability.

Sphingosine 1-phosphate (S1P): A biologically active phospholipid
generated by hydrolysis of membrane lipids, S1P is produced in significant
quantities by circulating platelets and has potent EC barrier-enhancing and
chemotactic properties.

Thrombin: A central regulatory molecule in the coagulation cascade,
thrombin produces potent EC barrier disruption through stimulation of
actomyosin interaction, stress fiber formation, contraction, and intercellular
gap formation.
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In addition to the presence of tight junctions between
cells, the BBB exhibits other unique permeability character-
istics. While the BBB is very selective in relation to sub-
stances are allowed to pass from blood to brain, it also
expresses a host of transporters for key substances such as
glucose and some amino acids.

Many studies have examined the pathophysiology of
changes in permeability of the BBB. This work has identi-
fied veins and venules as major sites of disruption of the bar-
rier, and found that many conditions (including ischemia
with reperfusion, acute hypertension, proinflammatory stim-
uli, subarachnoid hemorrhage, and meningitis) disrupt the
BBB. Although several mechanisms may by involved, a
common mediator of this disruption in disease states may 
be reactive oxygen or reactive nitrogen species (see later
discussion).

In contrast to most regions of the brain, some sites within
the central nervous system do not have tight junctions
between endothelial cells. These sites include the choroid
plexus, which is the major site of formation of cere-
brospinal fluid (CSF), and the circumventricular organs.
Resting levels of blood flow and microvascular permeabil-
ity within these regions are very high compared to regions
expressing the BBB. Regulation of blood flow is also unique
in these structures. For example, humoral stimuli such as
circulating angiotensin II and vasopressin have marked
effects on blood flow to choroid plexus and production of
cerebrospinal fluid but little effect on blood flow to other
regions of the brain.

The cerebral microcirculation is also unique in that
resistance of large arteries appears to be greater in the cere-
bral circulation than in other vascular beds. Large arteries
contribute importantly to total cerebral vascular resistance
and are major determinants of local microvascular pressure
(arteriolar pressure), which is lower than in other vascular
beds.

The microcirculation of the brain is unique with respect
to both its complexity and its heterogeneity. Beginning more
than a century ago, studies by Ehrlich and others led to 
the development of the concept of the blood–brain barrier
(BBB). Later work established that cerebral blood vessels
have an endothelial structure that is unique and a critically
important component of the cerebral circulation. Thus, this
present chapter will focus on basic characteristics of the
cerebral microcirculation with an emphasis on endothelium.
An overview of the role of endothelium under normal 
conditions will be presented, as well as examples of 
mechanisms that contribute to microvascular dysfunction in
disease states.

Endothelium and the Blood–Brain Barrier

In most regions of brain, tight junctions are present
between adjacent endothelial cells. These cells, which con-
stitute the blood–brain barrier (BBB), do not express/
possess fenestrations, contain few pinocytotic vesicles, and
exhibit very high transendothelial electrical resistance.
These unique features are due in very large part to induction
of BBB properties by astrocytes. Once induced during later
embryological development, the BBB plays many important
functions including protecting the brain from fluctuations in
changes in concentrations of ions, neurotransmitters, and
other substances that could affect neuronal and/or glial func-
tion. The genomic and proteomic expression patterns that
account for these unique characteristics are only beginning
to be defined. Recent studies have begun to explain at the
molecular level how permeability of the BBB is regulated.
For example, studies in gene-targeted mice have shown 
that deficiency in claudin-5 (a major cell adhesion protein
expressed within endothelium and at tight junctions)
increases permeability of the BBB to small molecules.

Copyright © 2006, Elsevier Science (USA).
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Endothelium and Vascular Tone

In addition to its fundamental role in controlling vascular
permeability, endothelium is also a major regulator of vas-
cular tone. The primary mechanism by which endothelium
regulates tone of underlying vascular muscle under normal
conditions is by release of endothelium-derived relaxing
factor(s) (EDRFs). These factors include nitric oxide (NO),
endothelium-derived hyperpolarizing factor(s)(EDHFs),
and prostacyclin (Figure 1).

Under normal conditions, most studies indicate that nitric
oxide is the predominant EDRF in the cerebral circulation.
In both pial (vessels on the surface of the brain) and
parenchymal arterioles, many lines of evidence illustrate
that nitric oxide from endothelium influences basal tone 
and mediates the majority of the response to acetylcholine
(the classic endothelium-dependent agonist), other receptor-
mediated agonists, and increased shear stress (Figure 1).
Once it diffuses to vascular muscle, nitric oxide produces
relaxation predominantly via activation of soluble guanylate
cyclase and increased production of cGMP (Figure 1). This
mechanism of endothelium-dependent relaxation may differ
from that seen in select peripheral microvascular beds where
some studies have suggested that EDHF is the major EDRF
in microvessels.

The cerebral microcirculation is unusual in that
responses to bradykinin, another endothelium-dependent

agonist, are mediated by reactive oxygen species (ROS) in
normal cerebral arterioles. It is not entirely clear which reac-
tive oxygen species specifically mediates this response, but
hydrogen peroxide may be responsible for bradykinin-
mediated vasodilatation (Figure 1).

In addition to modulation of microvascular function,
nitric oxide and reactive oxygen species may affect
microvascular structure. For example, preliminary findings
indicate that genetic deficiency in superoxide dismutase-1
(SOD-1), the CuZn isoform of SOD, produces increases in
superoxide and hypertrophy of cerebral arterioles. Increases
in cross-sectional area of the vessel wall (hypertrophy) may
have functional consequences because hypertrophy of vas-
cular muscle can impair maximal vasodilator capacity.

Although nitric oxide is the primary mediator of
microvascular responses to many endothelium-dependent
stimuli, EDHF may mediate a major portion of the response
of cerebral microvessels to other endothelium-dependent
stimuli including selected purines (Figure 1). To date, there
has been no convincing evidence that EDHF or reactive
oxygen species influence resting tone of cerebral arterioles
under normal conditions.

In summary, endothelium-derived nitric oxide influences
resting microvascular tone and is a major EDRF in brain.
For selected stimuli, however, reactive oxygen species 
and EDHF can also be important EDRFs in the cerebral 
circulation.

Potassium Channels

In blood vessels, there is a close relationship between
membrane potential and intracellular calcium, and between
membrane potential and vascular diameter. Thus even small
changes in membrane potential of vascular muscle produce
significant changes in vascular tone. Opening or closure of
potassium channels has important effects on membrane
potential and thus vascular tone.

Studies utilizing pharmacological approaches, and more
recently genetically altered mice, suggest that potassium
channels play a major role in mediating microvascular
dilatation in response to diverse stimuli. These stimuli
include elevations in concentrations of extracellular potas-
sium ion, receptor-mediated agonists (including calcitonin
gene-related peptide, prostacyclin, and adenosine), second
messengers (cAMP and cGMP), EDRFs, reactive oxygen
species (hydrogen peroxide and superoxide anion), chemi-
cal stimuli (hypoxia, hypercapnia, acidosis), and calcium
sparks.

Endothelium-Derived Contracting Factor

Endothelium has the potential to produce and release a
diverse group of contracting factors, named endothelium-
derived contracting factors (EDCFs). These factors include
endothelin, products of cyclooxygenase activity, and reac-
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Hyperpolarization
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COX-1 ?
EDHFROS/H2O2

Acetylcholine            Bradykinin          ADP, ATP, UTP

P2Y1, P2Y2B2

K+ channelsvascular 
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cGMP
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Figure 1 Schematic representation of major mechanisms of 
endothelium-dependent relaxation of vascular muscle in cerebral microves-
sels. Nitric oxide (NO) is produced by the endothelial isoform of NO-
synthase (eNOS) in response to activation of the M5 subtype of muscar-
inic receptor and other endothelium-dependent stimuli. NO diffuses to 
vascular muscle, where it activates soluble guanylate cyclase (sGC), caus-
ing increased production of cyclic GMP (cGMP), activation of cGMP-
dependent protein kinase I, and relaxation. In contrast, bradykinin (via
activation of the B2 subtype of receptor) activates cyclooxygenase-1 (COX-
1), resulting in production of reactive oxygen species (ROS) including
hydrogen peroxide (H2O2). H2O2 activates potassium channels (K+ chan-
nels) in vascular muscle, producing membrane hyperpolarization and relax-
ation. In response to some purines (ATP, UTP, ADP), endothelium can
produce EDHF through an unknown pathway. By definition, EDHF pro-
duces relaxation of vascular muscle by activation of potassium channels
and membrane hyperpolarization. In some vessels, cGMP can also activate
potassium channels.
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tive oxygen species. In normal vessels, production of
EDCFs appears to be absent or minimal. However, EDCFs
may be important mediators of vascular dysfunction in dis-
ease states. For example, a cyclooxygenase-derived EDCF
produces contraction by activation of PGH2-thromboxane
A2 receptors in cerebral arterioles of spontaneously hyper-
tensive rat and in a rat model of type I diabetes. In these
arterioles, indomethacin or inhibition of prostaglandin
H2/thromboxane A2 receptors restores endothelial function
to normal, suggesting that endothelial dysfunction is medi-
ated by a cyclooxygenase-derived EDCF.

Reactive Oxygen and Nitrogen Species

Nitric oxide and superoxide anion react very efficiently
and inactivate each other as they form peroxynitrite. Thus,
the bioactivity of nitric oxide depends, in part, on its 
interaction with superoxide. Increased levels of super-
oxide impair relaxation of cerebral arteries in response to
endothelium-dependent stimuli. Kontos and Wei were the
first to provide evidence that superoxide inactivates nitric
oxide (EDRF) in vivo.

In addition to reducing bioavailability of nitric oxide, the
reaction of nitric oxide with superoxide forms peroxynitrite,
a potent oxidant that has the potential to produce endothelial
dysfunction through a variety of mechanisms (Figure 2).
These mechanisms include nitrosylation and reduction in
function of prostacyclin synthase and the mitochondrial 
isoform of superoxide dismutase, oxidation of tetrahy-
drobiopterin (a critical cofactor for normal function of 

NO-synthase), and activation of poly (ADP-ribose) syn-
thetase (PARS).

Superoxide may mediate impairment of endothelial 
function in the cerebral microcirculation in response to
angiotensin II, b-amyloid peptide, or amyloid precursor pro-
tein (APP), alcohol, nicotine, and homocysteine, as well as
in models of acute hypertension, traumatic brain injury, and
ischemia. Endothelium, smooth muscle, and adventitia all
have the potential to produce superoxide. There are multiple
sources of superoxide, including NAD(P)H oxidase, xan-
thine oxidase, cyclooxygenase, mitochondria, and NO-
synthases, as well as autooxidation of substances such 
as hemoglobin, tetrahydrobiopterin, and b-amyloid. Thus,
inactivation of nitric oxide by superoxide contributes to
impaired endothelial and nitric oxide–mediated dilatation of
cerebral blood vessels under several pathophysiological
conditions.

Angiotensin II

It has been known for many years that the renin–
angiotensin system contributes importantly to some forms
of hypertension. Recent work suggests that activation of 
this system may contribute to vascular disease under other
pathophysiological conditions, including atherosclerosis
and diabetes. Angiotensin II has many effects on vascular
cells. In aorta, for example, angiotensin II produces oxida-
tive stress, activates components of the inflammatory cas-
cade, and produces endothelial dysfunction.

In the cerebral microcirculation, angiotensin II produces
superoxide-mediated endothelial dysfunction and impairs
local increases in blood flow in response to somatosensory
activation. In stroke-prone spontaneously hypertensive rats
(SHRSP) that have endothelial dysfunction, local inhibition
of angiotensin-converting enzyme restores endothelial func-
tion toward normal, suggesting that endogenous angiotensin
II may be a mediator of vascular dysfunction. Using 
transgenic mice that overexpress both human renin and
human angiotensinogen, we have provided evidence that 
the renin–angiotensin system is an important determinant of
microvascular “remodeling” during chronic hypertension.
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culture systems using brain endothelial cells, have proven to
be a promising methodology to define the characteristics of
the brain capillary endothelium at the molecular and cellular
level. The purpose of this review is to describe the virtues
and pitfalls of cell culture-based models of the BBB.

Monodimensional Models of the Blood–Brain
Barrier: Endothelial Cells

The most commonly used model to study the
blood–brain barrier in vitro stems from a rather simplified
view of the BBB and consists of the so-called “Transwell
system,” where cells are grown on porous membranes and
immersed in growth media (Figure 1). A variety of cells
have been successfully grown under these conditions,
including, but not limited to, endothelial and epithelial cells
from rodents, primates, or human origin. The most attractive
features of this model are its simplicity and the ability to
perform several experiments at the same time. Many Tran-
swells can be simultaneously loaded with cells or cell lines,
and experiments can therefore be rapidly performed, mini-
mizing the cost and need for an experimenter’s skills. How-
ever, the major pitfalls of this system are that cells are grown
in the absence of physiological stimuli, such as perivascular
glia, shear stress, or interaction with blood cells present in
the cerebral circulation under normal conditions, develop an
abnormal permeability across the EC layer. Another limita-
tion of this system is that cells are grown in the presence of
serum, on both the luminal and abluminal sides. Conversely,
in vivo, only the luminal side is exposed to serum proteins
and the abluminal part is exposed to glial influences or cere-

The blood–brain barrier (BBB) has been described in
detail over the years, both physiologically and morphologi-
cally [1]. At the cellular level, the BBB is composed of glia
and microvascular endothelial cells (ECs). The latter are
characterized by the presence of tight junctions, lack of fen-
estrations, and minimal pinocytotic vesicles. ECs, together
with astrocytes, form a selectively permeable barrier pro-
tecting the brain from systemic influences, while still pro-
viding pathways of transport for nourishment to neurons in
the parenchyma. Today, it is generally accepted that move-
ment of ions and molecules across the BBB is restricted due
to endothelial cell tight junctions. However, under certain
conditions, some toxins may actually increase BBB perme-
ability, allowing entry of potentially noxious substances into
the brain. It is therefore recognized that the blood–brain bar-
rier plays a crucial role in the determination of neurotoxic-
ity and its prevention by specific transport mechanisms [2].

Because of the anatomical and topographic obstacles
associated with the direct investigation of BBB in vivo, its
structure and physiological properties are often inferred
from studies of isolated microvessels and primary cultures
of brain microvascular endothelial cells. This is true for both
the normal and disease states.

Experimental observations first made over a century ago
showed that the central nervous system (CNS) is not stained
by intravascular water-soluble dyes, providing the first
demonstration of the existence of a barrier to the passage of
polar compounds from the blood to the brain. Pioneering
studies of the BBB were performed in vivo using intrac-
arotid injection single-pass techniques. Further characteriza-
tion of the BBB at the cellular level more recently has led to
the development of in vitro experimental approaches. Iso-
lated brain microvasculature preparations, as well as tissue

Copyright © 2006, Elsevier Science (USA).
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brospinal fluid. In conclusion, monodimensional cultures
based on endothelial cells lack true physiological “barrier
function.” However, Galla and his colleagues have shown
that with the addition of hydrocortisone to serum, the barrier
function greatly improves [3]. The physiopathological 
significance of these findings is unclear, but the modification
provided by these investigators greatly improved the useful-
ness of these models.

Bidimensional Models of the Blood–Brain Barrier:
Co-culture of Endothelial Cells and Glia

Bidimensional models of the BBB have been created
through the addition of glia to the Transwell system with
various levels of success (Figure 1). In doing so, investiga-
tors were able to mimic at least one of the fundamental
aspects of the BBB, that is, glial–endothelial interactions. It
has been well known for some time that glial cells exert a
yet unknown influence on their neighboring endothelial
counterparts. The nature and significance of this interaction
is poorly understood, but it is clear however, that at least in
vitro these cells do interact and that glial cells induce BBB
properties in endothelial cells. Interestingly, the efficacy of
glia to induce BBB properties in endothelial cells is not 
limited to cerebral endothelial cells since investigators were

able to induce BBB properties in nonbrain endothelial cells
as well [4].

The main advantage of the bidimensional model, com-
pared to monodimensional, is the attempt to closely mimic
the in vivo situation. Thus, the addition of glial cells has led
to a decrease in transendothelial leakage. However, this
model may also experience some “nonphysiological leak”
as well, thus making it more difficult to predict or estimate
permeation across the BBB of pharmacological agents or
other molecules. Other than those already stated, there are
no obvious pitfalls, besides that a source of glial cells is
essential, which slightly increases the required skills of the
investigator/scientist (Table I).

Tridimensional Dynamic Models of the Blood–Brain
Barrier (Flow-Based)

Both short- and long-term changes occur in cerebral arte-
rioles in response to intraluminal flow [5]. Endothelial cells
in vivo are continuously exposed to shear stress generated
by blood flow. A new in vitro model of the BBB has recently
been developed and is characterized by a tridimensional,
pronectin-coated hollow fiber structure that enables cocul-
turing of ECs with glia (Figure 2) [6]. In the hollow-fiber
apparatus, ECs are seeded intraluminally and are exposed to

Figure 1 Schematic representation of the Transwell system. Either monodimensional endothelial cultures (left) or 
bidimensional endothelial-astrocyte coculture can be established (right). (see color insert)

Table I Advantages and Disadvantages of Each Model Used to Study the BBB in Vitro.

Monodimensional (Transwell) Bidimensional (coculture) Tridimensional (DIV-BBB)

Pros Ease of use Coculture allows induction of BBB Artificial capillaries connected by gas-permeable
Ideal for Michaelis-Menten kinetics of properties tubing allows source of growth medium,

transport due to fixed volumes in each Molecule flux across is lower than exchange of O2+CO2, exposure to flow 
compartment monodimensional Induction of BBB properties 

Can do several experiments at same time Cost efficient High TEER 
Minimal skills Low permeability to sucrose 
Cost efficient Stereoselective transport 

Can mimic intravenous/intra-abdominal delivery 
versus administration by mouth

Long term studies possible 
Presence of drug extrusion mechanisms

Cons Lacks physiological flow Lacks physiological flow Linear kinetic studies more difficult, because of
High permeability to sucrose High permeability to sucrose flow
Low TEER Low TEER (to a lesser extent) Cost
Exposure to serum on both sides Skills

(luminal + abluminal) Number of cells to be loaded/used
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flow. Under these conditions, endothelial cells develop a
morphology that closely resembles the endothelial pheno-
type in situ, demonstrating that endothelial cells that are
grown under flow conditions develop a greater differentia-
tion than conventional culture. We reported the induction of
BBB properties in endothelial cells grown in hollow fibers
in the presence of extraluminally seeded glia; this induction
of a BBB-specific phenotype included low permeability to
intraluminal potassium, negligible extravasation of proteins,
and the expression of a BBB-specific glucose transporter. In
addition, coculturing of EC with glia affected the overall
morphology of these cells and induced the expression of
BBB-specific ion channels [6, 7].

The model system used for these studies resulted from a
modification of a traditional cell culture system normally
used for expansion of hybridoma cells, and the general
design of the hollow-fiber apparatus was derived from
attempts toward the development of a “cell factory.” Cell
culture on hollow fibers has been extensively exploited for
mass production of rare cell types, antibody production, and
modeling of organlike structures such as the blood–brain
barrier. Ott et al. [8] used a hollow fiber cell culture appara-
tus for studies of flow-mediated effects on endothelial cell
growth, while Stanness and her colleagues [4] further devel-
oped this system by performing permutations of intra- and
extraluminal cell growth to study the effects of glia on
endothelial cells.

The dynamic in vitro BBB model (DIV-BBB) is consti-
tuted by a plastic support containing a variable number of
artificial capillaries (approximately 300mm cross diameter
with a lumen of approximately 75 mm). These capillaries
bear 0.5-mm transcapillary pores that allow free diffusion of
solutes from the extraluminal compartment to the intralumi-
nal space and vice versa. The capillaries are intraluminally
perfused at various shear stress rates by pulsatile flow (Fig-
ure 3). It was shown that induction of BBB-like characteris-
tics occurs following prolonged coculture of glia and bovine

aortic endothelial cells and that glia can induce the expres-
sion of BBB-specific ion channel proteins in non-BBB
endothelial cells [6]. Interestingly, genetically altered astro-
cytes lacking intermediate filaments were not capable of
these induction properties [9].

Several improvements in model design have allowed for
better understanding and study of the central nervous system
and neurological diseases. This model in particular has 
several advantages compared to mono- or bidimensional
models, such as closely mimicking the conditions of pre-
and postcapillary vessels in vivo, and allowing for experi-
mental manipulations and reutilization of the device. In this
model, high transendothelial electrical resistance (TEER),
low permeability to sucrose, and stereoselective transport
also prevail. It is also possible to perform long-term studies
(months), and the presence of drug extrusion mechanisms
allows for meaningful drug permeation studies. However,
there are obvious limitations to this model, including, but
not limited to, lack of blood cells, no intraluminal pressure
changes, and a lack of neuronal influences. Some of these
issues have been addressed recently by Krizanac-Bengez
and co-workers [10].

Figure 2 Tridimensional in vitro model of the BBB: Endothelial cells are seeded intraluminally in a
pronectin-coated hollow fiber, while astrocytes are cultured extraluminally. Left panel: Hollow fiber section 
(L, lumen; ECS, extracellular space); right panel: schematic representation. (see color insert)

Figure 3 Schematic representation of the tridimensional dynamic in
vitro model (DIV-BBB); cells are injected into the system through the load-
ing ports and the flow is maintained by a pump. (see color insert)
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Cell Lines versus Primary Cultures

Once the “ideal model of the blood–brain barrier” has
been designed, one must decide what kind of cells to use 
for a particular experiment. There are no definitive rules, 
but one must keep in mind that some conditions are 
only present in a particular species, as, for example, in the
case of humans. However, experiments with dynamic 
modeling have shown that one of the initiating factors in
endothelial cell differentiation consists of cell cycle arrest
induced by flow [11]. It is therefore imperative, whatever
cells one may decide to use, that these cells themselves be
capable of being distracted from the cell cycle by environ-
mental cues.

In fact, if cell lines are to be used, one has to carefully
assess their tendency to become either hyperproliferative or
immortalized since both conditions will make their differen-
tiation into a mature endothelial phenotype either hard or
impossible (Table II). Obviously, cell lines offer numerous
advantages, including cost-effectiveness and ease of use.
However, with the advent of stem cell research, and our
increasing understanding of how blood cells differentiate
into endothelial cells, one can envision a future where dif-
ferentiating factors will be used to induce blood–brain bar-
rier properties in omnipotent stem cells.

Many factors must be taken into consideration if the
desire exists to use primary human cultures (Table II). The
availability and ease of obtaining human specimens to iso-
late cells can be a challenging obstacle, unless experiments
are performed in proximity to a hospital or similar environ-
ment where specimens are readily available. The numbers 
of cells to be isolated are crucial to running a successful
experiment and therefore increase the techniques and time
required of the scientist. Although these pitfalls seem major,
the benefits of using primary human cultures far outweigh
the costs. The main advantages in using primary human cul-
tures are that these cells are not manipulated, allowing the
study of the actual disease and its progress. Also, cells can
be manipulated as needed for any given experiment. Obtain-
ing human specimens provides a variety of etiologies that
otherwise may not be available in cell lines or commercial
products. Under normal conditions, primary cells also tend

not to divide excessively or take on an “immortal” pheno-
type, as often occurs in cell lines.

In Vitro Models of the Human Blood–Brain Barrier

The main goals of in vitro studies of the blood–brain bar-
rier are to reproduce as many aspects of the physiology and
biology of the BBB in vivo as possible and to understand
human disease. Therefore, it is imperative to stress the need
for human cell-based models since several pathological con-
ditions cannot be reproduced in cell-line-derived or rodent-
based BBB models.

The current understanding of brain pathophysiology has
led to the hypothesis that numerous diseases of the CNS are
associated with failure of BBB structural integrity or func-
tion, as an altered BBB permeability may be observed in
several diseases—epilepsy, ischemia, trauma, etc.

Extravasation of plasma proteins with BBB dysfunction
can occur through any number of different transcellular or
paracellular routes, including altered tight junctions, disrup-
tion of EC membranes, or formation of transendothelial
channels. These pathways, however, are not mutually exclu-
sive. Regardless of whether BBB disruption or conse-
quences of the disease(s) themselves are the main factors
leading to dysfunction or changes in structural integrity, the
understanding of the mechanisms of the BBB is limited.
This is perhaps due to the lack of comprehensive BBB 
models.

Conclusions

This chapter has described several properties of BBB
models along with the advantages and disadvantages of each
apparatus or technique. In the future, new and improved
models may be invented and contribute to a better under-
standing of the etiology of both chronic and acute neuro-
degenerative brain disorders and disease. In conclusion, an
individual cannot clearly define the ideal blood–brain bar-
rier model, since in vivo approaches have obvious pitfalls,
and in vitro models are pliable, yet different from in vivo
conditions. Given that the ideal model does not exist, cau-
tion and skill should be exercised to mimic as closely as 
possible the specific condition that is to be studied. For
example, the use of newborn human cells is a poor model of
Alzheimer dementia.

Glossary

Blood–brain barrier (BBB): A membrane characterized by tight
junctions, presence of glia, lack of fenestrations, and minimal pinocytotic
vesicles separating the brain tissue from circulating blood and possible
harmful substances.

Cell culture: A technique for growing cells outside of the organism in
nutrient medium under laboratory conditions.

In vitro: In an artificial environment outside the organism.
In vivo: In an environment inside the organism.

Table II Advantages and Disadvantages of
Cell Lines versus Primary Human Cultures.

Cell lines Primary human cultures

Pros Cost effective Variety of etiologies available
Easy to use Not manipulated
Readily available Don’t divide uncontrollably

Cons Some conditions/diseases Obtaining human specimens
may be unable to be Skills
mimicked by these cells Number of cells isolated

May become
hyperproliferative or
“immortalized”
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Stem cell: A cell that has the ability to divide (self-replicate) for indef-
inite periods, often throughout the life of the organism. Under appropriate
conditions, stem cells can give rise (differentiate) into many different cell
types that compose the organism.
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CHAPTER 61

Adrenomedullin and Blood–Brain
Barrier Function

Béla Kis
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terminal amide structure, which are essential for the recep-
tor binding and the biological activity of AM.

The biological actions of AM are mediated via two spe-
cific adrenomedullin receptors, and at higher concentrations
AM also can cross-react with the CGRP type 1 (CGRP1)
receptor. Although the pharmacology of these receptors is
distinct, the main component of both is the calcitonin-
receptor-like receptor (CRLR). Whether CRLR functions as
an AM or CGRP receptor is dependent on the presence of
one of the three receptor activity modifying proteins
(RAMP). When CRLR combines with RAMP1 it defines the
CGRP1 receptor, whereas the combination of CRLR with
either RAMP2 or 3 forms the AM receptors.

CRLR is a member of the type II G-protein coupled
receptor family, and like other members of this receptor
family it signals via Gs and adenylate cyclase activation.
Increased intracellular cyclic adenosine 3¢,5¢-monophos-
phate (cAMP) level is the usual result of AM challenge.
Intracellular calcium concentrations appear to be unaffected
by AM in many different cell types expressing endogenous
AM receptors, except endothelial cells where AM can also
increase intracellular calcium concentration. When injected
intravenously, AM acts predominantly in organs in which
the AM gene is highly expressed. These observations sug-
gest a local autocrine and/or paracrine role for AM.

AM has been shown to have a wide range of physiologi-
cal effects. It is implicated in the regulation of fluid/
electrolyte homeostasis, insulin secretion, and glucose
metabolism. AM has an important role in pregnancy 
and fetal growth, inhibits apoptosis, and regulates cell 
proliferation.

The major role of AM is in the paracrine control of vas-
cular function, supported by the high levels of AM secreted

Adrenomedullin (AM), a recently discovered vasodilator
peptide, was originally isolated from human pheochromo-
cytoma, and the initial reports suggested that the adrenal
medulla, ventricle, kidney, and lung have the highest levels
of AM expression. However, since the discovery that the
AM gene expression is twentyfold to fortyfold higher in
endothelial cells than even in the adrenal medulla, this pep-
tide has been regarded as an important secretory product of
vascular endothelium, together with nitric oxide, endothe-
lin-1, and other vasoactive metabolites. Recent data from
our laboratory indicate that adrenomedullin, as an endothe-
lium-derived autocrine/paracrine hormone, plays an impor-
tant role in the regulation of specific barrier properties of
brain endothelial cells. In this chapter, we describe current
knowledge about the possible role of AM in blood–brain
barrier (BBB) functions.

AM, a Vasoactive Hormone

AM is a multifunctional peptide, which is present ubiq-
uitously in the body. The normal plasma concentration of
AM is in the range of 1 to 15pmol/L, and AM is derived
mostly from endothelial cells. Its plasma half life is about 20
minutes. It is degraded initially by metalloproteases fol-
lowed by an aminopeptidase. The lungs are the main clear-
ance site of AM in humans.

AM molecule shows some homology with calcitonin
gene-related peptide (CGRP) and amylin, suggesting that
AM belongs to the CGRP superfamily. AM consists of 52
amino acid residues in humans and 50 amino acid residues
in rats. It has two characteristic structures, a ring structure
formed by an intermolecular disulfide bridge and a C-

Copyright © 2006, Elsevier Science (USA).
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by endothelial cells and vascular smooth muscle cells. 
AM is a powerful hypotensive peptide. Its vasodilator
effects are mediated in part by an elevation of cytoplasmic
cAMP leading to relaxation of vascular smooth muscle
cells. In addition, AM acts on endothelial cells; it stimulates
nitric oxide production via calcium-dependent activation of
endothelial nitric oxide synthase, which also contributes to
vasodilatation. AM regulates vascular smooth muscle cell
proliferation, inhibits endothelial apoptosis, promotes
angiogenesis, and regulates blood coagulation and fibrinol-
ysis. Transgenic overexpressing and knockout models 
further emphasize that AM is crucial to vascular morpho-
genesis and function.

Numerous studies defining the circulating AM plasma
concentration in different clinical settings showed an ele-
vated AM plasma concentration in a variety of pathological
conditions including essential hypertension, chronic heart
failure, acute myocardial infarction, pulmonary hyperten-
sion, chronic renal failure, diabetes, hyperthyroidism,
hyperparathyroidism, sepsis, schizophrenia, autism, bipolar
affective disorders, surgical interventions, or during normal
pregnancy. Because such a broad range of conditions are
associated with elevated AM levels, it seems likely that
increases in AM are not causative of disease but rather are
compensatory to these pathological events. The results from
transgenic mice overexpressing AM gene support the idea of
a protective role for AM.

Role of AM in the Microcirculation

Endothelial cells have been shown to contain an elabo-
rate microfilament system allowing active actin- and
myosin-based cell contraction. In peripheral endothelium,
activation of cell contraction and disturbance of junctional
organization subsequently result in the induction of inter-
endothelial gaps followed by enhanced paracellular
endothelial permeability. An increased intracellular cAMP
level in endothelial cells has been known to decrease 
the basal permeability properties of the barrier and 
attenuate the increase in permeability when the endothelial
cells are exposed to inflammatory agents. AM, as an
autocrine/paracrine hormone, is a potent stimulator of
cAMP elevation in endothelial cells. AM can stabilize the
barrier function of endothelial cells by a cAMP-dependent
relaxation of the microfilament system, thereby preventing
endothelial cell contraction and paracellular fluid flux.

Results on transgenic mice show the importance of AM
in the regulation of microcirculation. Mice overexpressing
AM in their vasculature have turned out to be resistant 
to lipopolysaccharide-induced shock. On the other hand,
AM knockout homozygous mice die at mid-gestation with
extreme hydrops fetalis and cardiovascular abnormalities
including severe hemorrhages and pericardial effusions.
These suggest a general role for AM as an endothelium-
derived autocrine hormone in the regulation of endothelial
permeability.

AM Production in the Cerebral Microcirculation

Cerebral endothelial cells (CECs) are the most important
anatomical and functional constituents of the cerebral
microcirculation. The finding of high AM production in
peripheral endothelial cells made it probable that CECs
could be an important source of AM in the cerebral micro-
circulation. However, the first report did not support this
hypothesis, because Sugo et al. [1] found very low AM pro-
duction by cultured bovine CECs, which was only a few
percent of the AM production of rat aortic endothelial cells.
Later this observation was supported by Ladoux and Frelin
[2], who described weak AM mRNA expression in clones of
rat CECs. It should be mentioned, however, that CECs were
passaged a large number of times (10 to 20 passages) in both
studies, which is known to deteriorate the original pheno-
type of the primary cells.

In contrast to these experiments we have recently found
unexpectedly high AM production in primary cultures of rat
CECs both at the peptide and at the mRNA levels [3]. Rat
CECs had about one magnitude higher AM production than
was published for other primary cells. Thus, available data
indicate that rat CECs have the highest rates of AM synthe-
sis and secretion among the cells studied.

The high AM production of rat CECs was further induced
by astrocyte-derived factors; significantly elevated AM pro-
duction was detected in the culture medium of primary rat
CECs cocultured with astrocytes or cultured in astrocyte-
conditioned medium. These results suggest that the in vivo
AM production may be even higher than that detected in
vitro. AM production by rat CECs, however, could not 
be induced by cytokines, bacterial lipopolysaccharide, and
thrombin, which are the most powerful inducers of AM
release in peripheral endothelial cells. Our studies also
revealed that AM is secreted primarily but not exclusively at
the luminal (blood) side of CEC monolayers. Contrary to
AM, endothelin-1, a vasoconstrictor peptide, is secreted
mostly toward the abluminal (brain) side of bovine CECs.

In addition to CECs, other cellular elements of the cere-
bral vessels can produce AM, that is, vascular smooth mus-
cle cells, pericytes, or even astrocytes and neurons. All of
these cells, however, are on the brain side of the BBB; there-
fore AM production by both these cells and the choroid
plexus seems more likely to contribute to the AM level 
of the cerebrospinal fluid. AM concentration in the cere-
brospinal fluid is comparable to or lower than that in plasma,
and an independent regulation of AM level in these two
compartments was suggested.

In vivo an approximately 50 percent higher AM concen-
tration was found in the jugular vein than that in the carotid
artery, and similarly about a 50 percent higher AM concen-
tration was detected in the venous plasma effluxed from the
brain than that from peripheral organs [3]. Previously no
significant difference was observed between AM levels in
the venous blood from different organs.

These observations strongly support the in vitro findings
that the cerebral circulation has an exceptionally high AM
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concentration due to the significantly elevated basal 
AM secretion by brain endothelial cells that is induced by
astrocyte-derived factors.

AM Receptors in the Cerebral Microcirculation

The fact that AM behaves as a local autocrine and/or
paracrine hormone raises the possibility that AM released by
CECs acts primarily on AM receptors present in the cerebral
endothelium itself and on neighboring cells. The expression
of CRLR, RAMP-1, -2, -3, was characterized on isolated rat
cerebral microvessels [4], in rat CECs and cerebral pericytes
[3], and in rat astrocytes [2]. In cultured rat CECs and peri-
cytes RAMP-2 showed the highest expression, followed by
RAMP-3 and RAMP-1, and exogenous AM increased the
intracellular cAMP concentration suggesting the existence
of functional AM receptors on these cells [3]. Although
astrocyte-derived factors increased the AM production of rat
CECs, they did not change the expression of AM receptor
components in rat CECs. Oliver et al. [5] reported the 
same expression pattern of RAMPs in human cerebral 
vasculature.

Role of AM in Blood–Brain Barrier Functions

Among the endothelial cells of different tissues, the
endothelium of the brain is very specific. Although cerebral
endothelial cells (CECs) share many common properties of
the peripheral endothelium, they have a unique morpholog-
ical and functional feature, the formation of the BBB. The
BBB contributes to the stability of the brain parenchymal
microenvironment by strictly controlling the traffic of mol-
ecules and cells between the blood and the central nervous
system. The BBB has specific, epithelial cell-like morpho-
logical characteristics and physical barrier properties, such
as tight intercellular junctions, the absence of intercellular
clefts, low rate of pinocytosis, many mitochondria, continu-
ous basement membrane, or high transendothelial electrical
resistance. Specific, polarized, highly discriminatory mem-
brane transport systems, such as glucose transporter-1,
nucleoside transport system, or large neutral amino acid
transporter, operate to supply the brain. Efflux transporters,
such as P-glycoprotein or members of multidrug-resistance
protein family (MRP-1, -3, -4, -5, -6), can eliminate toxic
substances from endothelial compartments and brain. The
BBB phenotype of CECs is induced by the astroglial envi-
ronment. Although the effect of neurons on the induction of
some specific CEC properties have been described, the
effect of astroglia on CECs in vitro has been more exten-
sively studied.

The involvement of cAMP in the regulation of BBB
functions has long been known; for example, cAMP ele-
vates transendothelial electrical resistance and decreases
paracellular permeability, reduces the rate of fluid-phase 

endocytosis, and increases P-glycoprotein function. It has
been proved that AM has cAMP-like effects on specific
BBB functions in vitro [6]. Exogenous AM increased trans-
endothelial electrical resistance and reduced endothelial
permeability for the low-molecular-weight sodium fluores-
cein, which suggests a tightening of intercellular junctions.
AM also decreased endothelial fluid-phase endocytosis, a
type of nonspecific endothelial transport, although it did not
change the transendothelial albumin permeability. AM acti-
vated the P-glycoprotein efflux pump, while it did not
change the activity of MRP-1 efflux transporter in cultures
of rat CECs. Treatment with either the AM receptor antago-
nist AM22–52 or the AM antisense oligonucleotide decreased
the basal intracellular cAMP level in rat CECs. Michibata 
et al. [7] have reported that neutralization of endogenous
AM by monoclonal antibodies reduced the basal cAMP pro-
duction in bovine aortic endothelial cells. In primary rat
CECs antisense treatment significantly reduced the AM pro-
duction and decreased transendothelial electrical resistance
[6]. It is remarkable that the basal intracellular cAMP
concentration is the highest in rat CECs followed by 
GP8-immortalized rat CECs and human umbilical vein
endothelial cells, which corresponds to the AM production
of these cells. These observations suggest that AM, as an
autocrine mediator, plays an important role in the mainte-
nance of basal intraendothelial cAMP levels, and AM
appears to be an autocrine inducer of BBB functions of
CECs via the activation of adenylate cyclase enzyme. More-
over, astrocyte-derived factors increased the AM production
by primary rat CECs, suggesting that AM is involved in the
astrocytic regulation of the BBB phenotype. Therefore, AM
can be a physiological link between astrocyte-derived fac-
tors, cAMP, and the induction and maintenance of the BBB
properties by rat CECs (Figure 1).
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Figure 1 Adrenomedullin and the BBB. Adrenomedullin production 
in cerebral endothelial cells is stimulated by unknown astrocyte-derived
factors. The synthesized adrenomedullin is secreted mostly at the luminal
surface of the cerebral endothelial cells into the blood, but also at the ablu-
minal surface. The released peptide acts as an autocrine/paracrine hormone
and stimulates cAMP production in the cells. The elevated intracellular
cAMP will improve the barrier functions of the cerebral endothelial cells.
EC, cerebral endothelial cell; PC, pericytes, TJ, tight interendothelial junc-
tion; AM-R, adrenomedullin receptor.
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Summary

AM seems to be an important hormone in the cerebral
circulation. The concentration of AM is approximately 50
percent higher here than in other regional circulations
because of the astrocyte-induced elevated AM production of
CECs. AM causes vasodilation in the cerebral circulation
and may be important in the maintenance of the resting
cerebral blood flow and protective against ischemic brain
injury. Recent data from our laboratory indicate that AM, as
an endothelium-derived autocrine/paracrine hormone, plays
an important role in the regulation of specific BBB proper-
ties. AM can be one of the physiological links between
astrocyte-derived factors, cAMP, and the induction and
maintenance of the BBB. Moreover, the role of AM in the
differentiation and proliferation of peripheral endothelial
cells and in angiogenesis suggests a more complex function
for AM in the cerebral circulation and in the development of
the BBB.

Glossary

Gs: A G protein that stimulates adenylate cyclase, leading to increased
intracellular cAMP level.

P-Glycoprotein: A 170-kDa integral plasma membrane glycoprotein
that functions as an adenosine triphosphate–dependent efflux pump, caus-
ing multidrug resistance.

Pheochromocytoma: Hormone-producing (mostly catecholamine)
neoplasm of the adrenal medulla.
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culature, and the brain receives approximately 15 percent of
the cardiac output. By reversibly binding oxygen to hemo-
globin located in erythrocytes, oxygen transport capacity
within the vasculature is significantly increased compared to
the amount of oxygen physically dissolved in plasma. Blood
oxygen tension (PO2), hemoglobin oxygen saturation (SO2),
and blood flow of brain microvessels on the one hand, and
tissue oxygen tension on the other hand are the basic param-
eters determining oxygen delivery to tissue. Under resting
conditions, a tight but nonlinear relationship exists for brain
interstitial oxygen tension and regional cerebral blood flow.
The difference in oxygen partial pressure between capillary
blood and the tissue determines the PO2 gradient and, hence,
the oxygen flux from microvasculature to nerve and glial
cells.

In systemic arterial blood, PO2 values of 80 to 90mmHg
result in an oxygen saturation of hemoglobin of 95 percent.
Studies in barbiturate-anesthetized rats have shown that 
following brain passage PO2 values are reduced to appro-
ximately 40mmHg, leading to an oxygen saturation of
hemoglobin of around 60 percent within the blood taken
from the sagittal sinus, the venous outflow system of the
brain. Blood oxygen tension decreases significantly from
pial arteries to intracerebral arterioles, resulting in a compa-
rably low PO2 of approximately 60mmHg in precapillary
resistance vessels. Blood oxygen saturation within the 
capillary bed drops from approximately 80 percent (PO2
60mmHg) to 60 percent (PO2 40mmHg), and the major part
of oxygen supply to brain tissue occurs within capillaries.

Introduction: Definition of the Subject

A tight temporal and spatial relationship exists among
neuronal activity, metabolism, and blood flow in the brain.
Changes in neuronal activity induce localized changes in
metabolism and regional cerebral blood flow (rCBF), a phe-
nomenon termed neurometabolic and neurovascular cou-
pling. Consequently, consumption and delivery of oxygen
and glucose, the metabolic substrates that fuel the brain,
change at the same time. Different temporal and spatial
kinetics of oxygen consumption and blood flow lead to 
complex changes in regional cerebral blood oxygenation.
This chapter presents a detailed description of the dynamic
changes of blood flow and blood oxygenation during func-
tional activation and relates these to our current knowledge
on activation-induced changes of oxygen metabolism in the
brain.

Cerebral Blood Oxygen Tension and Hemoglobin
Oxygen Saturation at Rest

The brain is a highly oxidative organ. It consumes
approximately 20 percent of the body’s oxygen and 25 per-
cent of the body’s glucose supply. Compared to its small
fraction of total body weight (only 2%), a disproportionately
large percentage of oxygen and glucose is consumed in the
brain. The supply of oxygen to the brain depends on the vas-

Copyright © 2006, Elsevier Science (USA).
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However, PO2 on the venous side of the capillary tree further
decreases in small venules. Surprisingly, oxygen saturation
of approximately 55 percent in postcapillary venules is sig-
nificantly lower than in the blood of larger intracerebral
veins and the superior sagittal sinus [1]. This higher PO2 in
larger venules and veins compared to postcapillary venules
can be explained by the well-known fact that arterial O2 is
lost to countercurrent venous exchange before reaching the
tissue. In general it can be concluded that the bulk of oxy-
gen delivery to brain tissue occurs at the level of the micro-
circulation, and not only capillaries but also small arterioles
and venules significantly contribute to oxygen supply to
brain tissue during normoxia.

Microvascular oxygenation strongly depends on erythro-
cyte flux within the vasculature. Whereas all capillaries in
the brain are perfused by plasma, erythrocyte perfusion
under resting conditions is characterized by a pronounced
heterogeneity, suggesting that many capillaries are not max-
imally used. Rapid fluctuations and spatial heterogeneity of
density and velocity of red blood cells occur within the cap-
illary network. During global stimulation of cerebral blood
flow following systemic hypercapnia, mean blood cell flux
and velocity increase, capillary perfusion with red blood
cells becomes more homogenous, and the number of poorly
blood-cell perfused capillaries decreases. In addition there 
is evidence for a dilation of capillaries. “Capillary recruit-
ment” within brain microcirculation exists only in the sense
of a dynamic adjustment of red blood cell perfusion in con-
tinuously plasma-perfused capillaries, but not as opening or
closing of capillaries [2].

Cerebral Microvascular Blood Flow Changes during
Functional Activation

During increased neuronal activity, vasodilation occurs
in the active brain areas. The concept of neurovascular cou-
pling has already been postulated in the 19th century by Roy
and Sherrington (for reference see [3]). From their observa-
tions Roy and Sherrington postulated that “unknown sig-
nals” during increased activity of neurons in the brain
induce regional vasodilation and increase of blood flow.
Despite extensive research these signals are still not fully
understood. In addition, relevant aspects of the different
temporal and spatial kinetics of cellular energy metabolism
and oxygen consumption leading to the observed complex
changes in regional cerebral blood oxygenation have
remained enigmatic. Nevertheless, the vascular changes
based on the phenomenon of neurometabolic and neurovas-
cular coupling are widely utilized under experimental and
clinical conditions by modern techniques providing non-
invasive functional brain imaging, where they serve as sur-
rogate markers for neural activity.

The regional CBF is spatially as well as temporally cou-
pled to brain activity. Studies on neurovascular coupling are
therefore mainly focused on changes within the cerebral
microcirculation.

When neurons are further activated from resting state
activity, within the first 1 to 2 seconds regional CBF
increases. It reaches a peak response after 3 to 5 seconds,
followed by a plateau somewhat lower than the peak
response during ongoing neuronal activity, as shown for the
cortical blood flow response during somatosensory stimula-
tion of the whisker system in rats [4]. When stimulation
stops, CBF returns to baseline within several seconds, and a
transient small undershoot can irregularly be detected. A
typical example of microvascular blood flow changes due to
functional activation by 60 seconds (A) or 4 seconds (B) of
whisker hair deflection in the anesthetized rat is provided in
Figure 1.

Changes of red blood cell flow within single capillaries
can be investigated by two-photon laser scanning imaging,

Figure 1 Typical example of microvascular blood flow changes due to
functional activation by 60 seconds (A) or 4 seconds (B) of whisker hair
deflection (3 Hz) in the anesthetized rat. Regional cerebral blood flow is
measured by laser Doppler flowmetry (LDF); percentage changes from
baseline flow at rest (100%) are presented. The stimulation period is indi-
cated by the gray bar within each figure. The regional cerebral blood flow
change is temporally tightly coupled to the somatosensory stimulation.
Note that during prolonged stimulation (A) the peak blood flow increase is
followed by a plateau response slightly lower than the peak response imme-
diately after stimulation onset. No plateau response occurs when short 
stimulations are performed (B). (see color insert)
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to tissue is limited at rest. Therefore a larger increase in CBF
is required to support the smaller increase of oxygen metab-
olism, because the oxygen extraction fraction is signifi-
cantly dropping with increased red blood cell velocity [7]. A
typical example of microvascular blood oxygenation (A)
and hemoglobin oxygen saturation (B) changes due to func-
tional activation by whisker hair deflection in the anes-
thetized rat is provided in Figure 2.

Early Cerebral Microvascular Blood Oxygenation
Changes during Increased Neuronal Activity

Despite intense research efforts a number of unresolved
issues exist regarding functional activation-induced changes
in oxygen consumption and delivery. Most investigators
agree on the principal features of blood oxygenation
changes more than 2 seconds after stimulation onset. How-
ever, early oxygenation changes, preceding the rCBF

providing higher spatial resolution. In olfactory bulb
glomeruli of anesthetized rats, it has been shown that during
short periods of odor-evoked neuronal activation, a transient
and reproducible increase in red blood cell flow in capillar-
ies within the odor specific glomerulus occurs. This increase
is largely caused by an increase in red blood cell velocity
and only partially accompanied by an increase in linear den-
sity of red blood cells. Vascular responses occur as early 
as 1 to 2 seconds after the neuronal response within the
glomerulus. In the olfactory bulb, the arteriolar network
penetrating into glomeruli from the surface does not exhibit
any precise organization that could provide an arteriolar-
based regulation of the glomerulus-specific vascular re-
sponses to odors. These findings provide first functional
evidence for the hypothesis of a local capillary regulation of
microcirculatory blood flow within activated brain areas [5].

Cerebral Microvascular Blood Oxygenation Changes
during Increased Neuronal Activity

Cerebral Microvascular Blood Oxygenation Changes
Induced by the Regional Cerebral Blood Flow
Response during Increased Neuronal Activity

Changes of hemoglobin oxygenation during neuronal
activity can be investigated by methods measuring reflection
changes followed by spectroscopic analysis of light received
from the cortex illuminated with light in the visible wave-
length range in experimental animals or in the near-infrared
wavelength range in humans. The principle features of
changes in oxy- and deoxyhemoglobin during increased
brain activity is comparable in animals and humans. Coun-
terintuitively, the stimulation-induced changes in oxy- and
deoxyhemoglobin result in regional hyperoxygenation of
the blood and, hence, an increase in hemoglobin oxygen 
saturation. Oxyhemoglobin concentration starts to increase
within the first 1 to 2 seconds of stimulation onset and
reaches its maximum 2 to 3 seconds later followed by a
plateau during ongoing activity. When stimulation stops,
oxyhemoglobin concentration returns to baseline within
several seconds followed by a transient small undershoot.
Deoxyhemoglobin concentration starts to decrease approxi-
mately 2 to 3 seconds after stimulation onset and peaks 2 
to 3 seconds later. At the end of stimulation deoxyhemoglo-
bin also returns to baseline followed by a transient over-
shoot. Beside an increase in hemoglobin oxygenation during
functional activation, a significant increase in partial molec-
ular oxygen pressure within the microcirculation can be
detected. The time course of microvascular PO2 changes
exactly match that of oxyhemoglobin during increased neu-
ronal activity [3, 6]. With neuronal activation the fractional
change in regional CBF leading to blood hyperoxygenation
is approximately twice as large as the fractional change in
oxygen metabolism, and both are coupled through a linear
relationship that does not depend on stimulus type. It can be
suggested that oxygen delivery from brain microcirculation

Figure 2 Typical example of microvascular blood oxygenation (A) and
hemoglobin oxygen saturation (B) changes due to functional activation by
4 seconds of whisker hair deflection (3 Hz) in the anesthetized rat. Regional
cerebral oxygenation changes are measured by microfiber spectroscopy
(wavelength range 510 to 805 nm, wavelength-dependent differential path-
length corrected analysis, estimated hemoglobin concentration 20 mM,
mean saturation 60 percent as determined for microcirculatory areas). Total
hemoglobin and hemoglobin oxygen saturation changes are calculated
from measured oxy- and deoxyhemoglobin changes. Neuronal activity was
recorded as somatosensory evoked potentials (SEP). The SEP (average 
of 4 seconds of 3-Hz stimulation) responsible for the hyperoxygenation
response is provided in the small inset in part A of the figure. During 
functional activation, oxyhemoglobin increases and deoxyhemoglobin
decreases, leading to microvascular hyperoxygenation and an increase in
hemoglobin saturation. The blood oxygenation changes are temporally
tightly coupled to the somatosensory stimulation. (see color insert)
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response leading to hyperoxygenation, are controversial.
The existence of an early hemoglobin deoxygenation within
the first seconds after stimulation onset seems highly 
elusive. The phenomenon of an early deoxyhemoglobin
increase has been termed initial dip, since it is detected as a
decrease in the magnetic resonance imaging signal induced
by an increase of deoxyhemoglobin, which has—in contrast
to oxyhemoglobin—paramagnetic properties and can be
used as an endogenous paramagnetic contrast agent.
Whereas some studies have shown an early increase in
deoxyhemoglobin preceding the onset of the CBF response
[8, 9], other studies argue against the occurrence of an early
loss of hemoglobin oxygenation and decrease in microvas-
cular PO2 that precede the rise in CBF [3, 10]. From further
studies in cats and rats it can be concluded that the detection
of an early dip mainly depends on the hemodynamic 
properties. Strong evidence exists for a correlation of the
occurrence of an early increase of deoxyhemoglobin and the
temporal onset of the regional CBF response, which very
much parallels the oxyhemoglobin increase. Hypothetically,
a lower baseline CBF and thus lower mean transit time of
red blood cells through the cerebral microvasculature may
favor a condition in which oxygen delivery lags oxygen
extraction. In addition, a correlation of an early deoxyhe-
moglobin increase and the systemic arterial pCO2 may exist
in humans as well as in animal experiments. The obvious
variability of occurrence, amplitude, and rise time of the dip
in experiments in cats and monkeys may also depend on the
anesthetic and on the depth of anesthesia. Consequently, the
early dip has a low overall contrast-to-noise ratio. Its occur-
rence seems to be highly susceptible to subtle changes of
basal physiological condition, and it may thus not be
detectable under physiological conditions. In principle, the
existence of an early increase in deoxyhemoglobin at the
onset of functional activation would suggest that early meta-
bolic changes in the brain during increased neuronal activity
are oxidative. An early desaturation of hemoglobin might
support the hypothesis of oxygen tension–related mecha-
nisms within the tissue triggering yet unknown signals to the
vasculature to induce vasodilation. However, it is still un-
resolved whether increases in regional CBF and oxygen
consumption are dynamically coupled following neural 
activation or occur in parallel and independent from each
other.

Spatial Resolution of Cerebral Microvascular Blood
Flow and Blood Oxygenation Changes during

Neuronal Activation

During increased neuronal activity, early changes of
regional CBF are more localized than later changes at time
points when increased blood flow reaches the area of the
draining veins. Deoxyhemoglobin concentration is larger 
in the venous compartment. Therefore, imaging techniques
based on deoxyhemoglobin changes during the phase of

hyperoxygenation are more affected by the draining vein
effect than techniques using early oxyhemoglobin or
regional CBF changes for brain mapping. However, as long
as the mechanisms and mediators of neurovascular coupling
are not known in detail, the question remains whether the
area of increased blood flow exactly matches neuronally
active areas of the brain or whether cerebral blood flow is
controlled on a more coarse spatial scale.

Cerebral Microvascular Blood Oxygenation 
Changes during Increased Inhibition or

Cortical Deactivation

As previously described, noninvasive functional imaging
of the activated brain relies on the elevation of glucose and
oxygen metabolism, blood flow, and oxygenation due to
increased neuronal activity, leading to, for example, an
increase of the blood oxygenation level-dependent (BOLD)
MRI signal. Traditionally, functional activation is equated
with increased excitatory synaptic activity, accompanied by
an increase in energy metabolism and CBF and blood hyper-
oxygenation. On the other hand, reduced activity can be
caused either by a decrease in excitatory input to the region
of interest (deactivation) or by active synaptic inhibition
within the region of interest. Active inhibition is based on
the excitation of g-aminobutyric acid (GABA)-releasing
interneurons followed by the interaction of GABA, the main
inhibitory neurotransmitter in the brain, with its target
receptors. Whereas deactivation is accompanied by a
decrease in energy metabolism and glucose consumption
within the deactivated area, inhibition by activation of
inhibitory interneurons is suppose to be associated with an
increase in energy consumption. In line with these consider-
ations, hypermetabolic areas can be defined as areas where
excitatory as well as inhibitory neurons are activated. On the
other hand, hypometabolic regions are regions with inacti-
vation of both excitatory and inhibitory neurons.

Consequently, different patterns of cerebral microvascu-
lar blood oxygenation changes can be expected during
active inhibition compared to deactivation. Until now no
convincing data have been shown regarding the characteris-
tics of cerebral microvascular blood flow and oxygena-
tion changes during purely or predominantly inhibitory
GABAergic neuronal activity. However, during deactivation
of the visual cortex it was demonstrated that, compared to
classical activation, inverse changes for the microvascular
oxygenation parameters occur. A decrease in cortical neu-
ronal activity is accompanied by a decrease in regional
blood flow, a decrease in the concentration of oxyhemoglo-
bin, and an increase in the concentration of deoxyhemoglo-
bin. In addition, a decrease in BOLD MRI signal can be
detected [6]. This finding implies that the transition from
“deactivation” to “rest” to “activation” is a continuous 
equilibrium of cerebral microvascular blood flow and 
oxygenation.
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Summary

Within the brain, the regional CBF is spatially as well as
temporally coupled to neuronal activity. Increased neuronal
activity is accompanied by an increase in CBF, whereas dur-
ing deactivation CBF is reduced. After more than a century
of research, we still do not fully understand the physiologi-
cal meaning of the regional CBF response to changes in
cerebral activity: Vascular coupling may provide a constant
glucose and oxygen supply to the activated brain tissue—on
the other hand, removal of tissue metabolites as lactate may
be the driving force for vasodilation. In addition, it remains
unclear which signals initiate the very early blood flow
response, and which factors or mechanisms mediate the sus-
tained increase in CBF during increased neuronal activity.
The CBF response to functional activation or deactivation of
brain tissue induces characteristic changes in hemoglobin
oxygenation, leading to microvascular hyper- or hypo-
oxygenation, respectively. Stimulation-induced metabolic
and vascular responses are utilized to visualize human or
animal brain at work and to map brain activity. Neurometa-
bolic and neurovascular coupling thus form the physiologi-
cal basis for modern functional brain imaging techniques
such as functional MRI, near infrared spectroscopy, and
optical imaging spectroscopy. Therefore we still need to bet-
ter understand the physiology of neurometabolic and neu-
rovascular coupling to fully exploit the potential of modern
functional brain imaging.

Glossary

Capillary recruitment: Opening or closing of capillaries as a mecha-
nism regulating microvascular blood flow according to demand.

Functional brain imaging: Investigation of stimulation-induced
active brain areas by utilizing changes of metabolic or vascular parameters.

Initial dip: Early increase of the concentration of deoxyhemoglobin as
evidence for early desaturation of hemoglobin and oxidative tissue metab-
olism at the onset of functional activation.

Neurovascular coupling: Tight temporal and spatial relationship
between regional cerebral blood flow and neuronal activity.
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additional capillary network in the superficial portion of the
nerve fiber layer, called the radial peripapillary capillaries.
The inner blood–retinal barrier is retained with tight junc-
tions between capillary endothelial cells, whereas the outer
barrier is formed by the apical zonulae occludentes of the
retinal pigment epithelium (RPE). The endothelial cells are
oriented along the axis of the capillary, with cytoplasmic
extensions encircling the lumen. A basement membrane
covers the outer surface of the endothelium. There is an
interrupted layer of pericytes (mural cells) in the basement
membrane, with a ratio of 1 :1 to the number of endothelial
cells. Pericytes regulate microvascular growth and function.
Interaction with glial cells including astrocytes is required
for the endothelial cells to develop tight junctions and to
maintain the inner blood–retinal barrier. The retinal capillar-
ies do not leak fluorescein, glucose, amino acids, or small
ions, but are highly permeable to water and lipid-soluble
substances such as O2 and CO2. Metabolic substrates are
transported through the endothelial cells through specific
channels, pinocytosis, and other carrier-mediated transport
systems. Diabetes, hypertension, and surgical trauma com-
promise the inner blood–retinal barrier.

Retinal Arterioles

When compared to the same size arteries of other organs
in humans, retinal arteries lack an internal elastic lamina and
contain gradually decreased layers of smooth muscle cells
from the optic disk to the periphery. Retinal arteriolar 
precapillary annuli are also absent. Where arterioles and
venules cross, they share a common basement membrane.
Venous occlusive disorders commonly occur at an arteri-
ovenous (AV) crossing.

Innervation

In contrast to the choroidal vessels, the retinal vas-
culature lacks sympathetic fibers. The retinal blood flow 

Anatomy

Retinal Circulation

Microangiopathies of the retina, including diabetic
retinopathy and retinal vessel occlusive diseases, are the
leading cause of visual loss. The central retinal artery and its
branches perfuse the inner retina extending to the inner por-
tion of the inner nuclear layer. The outer retina is perfused
by the choriocapillaris, a capillary system of the choroidal
arteries that branch from the ciliary arteries. Both the central
retinal artery and the ciliary artery are derived from the oph-
thalmic artery branch of the internal carotid artery. The
larger retinal vessels lie in the innermost portion of the
retina near the inner limiting membrane. Astrocytes con-
strain the retinal vessels to the retina. The retinal blood ves-
sels usually do not extend deeper than the middle limiting
membrane, formed by a zone of desmosome-like attach-
ments in the region of the synaptic bodies of the photore-
ceptor cells. In 30 percent of eyes, a cilioretinal artery also
supplies part of the inner retina, with contributions to some
portions of the macular circulation in approximately 15 per-
cent of eyes. The venous blood of the retina is drained by the
central retinal vein into the cavernous sinus. The interposed
capillary bed links precapillary arterioles and postcapillary
venules (Figure 1), except in the peripheral retina and the
perifoveal area where large anastomotic capillary communi-
cations connect the terminal arterioles and venules. The
fovea thus contains a capillary-free zone of 400 to 600 mm in
diameter. The extreme retinal periphery measuring approxi-
mately 1.5mm in width is avascular.

Retinal Capillary

The retinal capillary plexus is arranged in a two-layer
pattern. The superficial layer resides in the nerve fiber and
ganglion cell layer and the deeper one in the inner portion of
the inner nuclear layer. The peripapillary area contains an

Copyright © 2006, Elsevier Science (USA).
401 All rights reserved.



402 PART II Organ Microvascular Adaptations

is autoregulated through modifications of vascular 
resistance.

Physiology

Blood Flow

Eighty-five percent of the total blood supply to the eye is
distributed to the choroid and only 4 percent to the retina.
The remaining is distributed to the ciliary body and the iris.
The human retinal blood flow has been calculated to be
between 35 and 80 mL/min. The oxygen extraction for the

retinal blood is about 38 percent. In contrast, the oxygen
extraction from the uveal blood is very low, with the arteri-
ovenous difference for the choroidal blood about 3 percent.
Choroidal blood flow is extremely high, probably because of
the large caliber of the vascular lumen. The choroidal blood
flow near the fovea and around the optic nerve head is much
higher than the blood flow in the periphery of the eye.
Despite the low oxygen extraction rate, about 60 percent of
oxygen and 75 percent of glucose are delivered by the
choroidal circulation. The high volume of choroidal blood
flow may contribute to the removal of heat generated during
visual transduction, to the removal of fluid from the outer
retina, and to meeting the metabolic needs of the retina. Pro-
teins and other substances of high molecular weight can
enter the interstitial space through the fenestration of the
choroidal capillaries. Retinal binding protein, vitamin A,
and many other micronutrients and ions become available to
the RPE for transport to the outer layers of the retina. Both
active and passive transport mechanisms facilitate the
movement of selected nutrients and waste products across
the outer blood–retinal barrier. During aging, lipoprotein
accumulates in Bruch’s membrane from rod outer segment
degradation, which may obstruct the movement of water and
waste products across the RPE.

Regulation of Blood Flow

The retinal blood flow is determined by the perfusion
pressure and the diameter of the retinal capillaries. Local
myogenic responses, metabolic factors, and endothelium-
derived substances influence the vascular resistance. The
retinal blood flow is autoregulated through modifications of
the vascular resistance, that is, changes of the contractile
state of the retinal arterioles. Because of the lack of precap-
illary sphincter in retinal arterioles, metabolic and myogenic
stimuli are the major modifiers of the retinal arteriolar diam-
eter. The retinal blood flow is maintained relatively constant
despite moderate variations in perfusion pressure, up to 41
percent of baseline values of systemic blood pressure or dur-
ing an increase of intraocular pressure up to 30mmHg. As a
result, the inner retina tissue partial pressure of O2 (PO2) is
maintained at constant values during moderate reductions of
the perfusion pressure. In contrast, there is no autoregulation
in the choroidal vasculature. Choroidal blood flow changes
little during sudden increments in blood pressure, as an
increased sympathetic activity and consequent vasoconstric-
tion of the choroidal vessels maintain a constant choroidal
blood flow. The parasympathetic system seems to play little
role in the regulation of the choroidal blood flow. Loss of
sympathetic innervation may cause accumulation of fluid in
the retina and retinal edema. This is important in diseases
such as diabetes and hypertension, in which autonomic con-
trol is altered. The choroidal vessels contain a-adrenergic
vasoconstrictor receptors but no b-adrenergic vasodilator
receptors.

Mechanical stretch and increases in the transmural pres-
sure stimulate the endothelial cells to release contracting

Figure 1 Schematic representation of the retinal and choroidal circula-
tions. The photoreceptor layer is avascular, receiving oxygen from chorio-
capillaris by diffusion. ILM, internal limiting membrane; NFL, nerve fiber
layer; GL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE,
retinal pigment epithelium; As, astrocyte; Am, amcrine cell; H, horizontal
cell; G, ganglion cell; B, bipolar cell; R, rod photoreceptor cell; C, cone
photoreceptor cell. (see color insert)
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factors. The factors released by the retinal metabolism also
optimize retinal blood flow according to metabolic needs.
These factors include PO2, the tissue partial pressure of CO2
(PCO2), nitric oxide (NO), prostaglandins (PGs, including
PGE2, PGF2, PGH2, and fo forth), and lactate, released
either in the blood or in the surrounding retinal arteriole
glial or neuronal tissue. Hyperoxia induces vasoconstriction,
whereas hypoxia induces vasodilatation of retinal arterioles.
The PO2 values measured in the inner retina up to half of its
thickness remained stable during hypoxia. In contrast, the
PO2 measured near the choroid and in the outer retina
decreased in a linear manner according to the variations of
systemic PO2. High oxygen delivery by the choroidal circu-
lation is thus necessary for photoreceptors to function prop-
erly. Systemic hypoxia induces an increase in the retinal
lactate release, which dilates the arteriolar wall. A rise in
PCO2 induces an increase in blood flow.

The endothelium influences the vascular tone by releas-
ing either endothelium-derived relaxing factors, such as 
NO and PGE2 and PGF2, or contracting factors, such as
endothelin-1, thromboxane A2, and PGH2. These molecules
induce relaxation or contraction of vascular smooth muscle
cells and capillary pericytes, thus affecting the diameters of
arterioles and capillaries. NO released by endothelial cells
acts on the vascular smooth muscle cells and accounts for
the biologic properties of the endothelium-derived relaxing
factor. There is a gradient and a continuous production of
NO by the retinal tissue. The effect of endothelin on a vas-
cular bed is difficult to predict, because apart from causing
vasoconstriction, it can also release the vasodilators prosta-
cyclin and NO. PGE2 and PGF2 are the predominant PGs
produced by the retina and choroid, and they induces
vasodilatation of the retinal arterioles.

Retinal Oxygen Distribution

The retina has a high rate of oxygen consumption and
metabolism for visual transduction. The PO2 is heteroge-
neously distributed close to the vitreoretinal interface. O2
diffusion from the retinal arterioles affects the juxta-
arteriolar preretinal and inner retinal layer’s PO2, which is
higher than that of the intervascular areas due to oxygen
consumption by retinal cells. In contrast, the preretinal and
inner retinal (30% depth) PO2 far beyond the retinal vessels
remains constant in all retinal areas. The intraretinal PO2
gradually decreases from both the retinal surface and the
choroid toward the midretina, with the minimal value at 50
percent of retinal depth. The PO2 near RPE is significantly
higher than it is at the inner limiting membrane level, due to
much higher O2 delivery by the choroidal circulation than
by the retinal circulation.

Pathophysiology

Retinal Ischemia

Occlusion of retinal arterioles leads to an acute decrease
of the inner retinal PO2 and subsequent injury to the inner
retinal cells. Systemic hyperoxia but pure O2 increases inner
retina PO2. This is due to the vasoconstrictive effect of 100
percent O2. The ischemic retina may require other metabo-
lites in addition to O2 to resume normal function. In chronic
retinal ischemia such as diabetic retinopathy and retinal vein
occlusion, modifications of the retinal vascular bed lead 
to the formation of ischemic areas. The ischemic areas pro-
duce vasoproliferative factors such as vascular endothelial
growth factor (VEGF), stimulating new vessel formation.
The new vessel is leaky because of the scarce intercellular
junctions between the endothelial cells. Clinical trials are
under way to test the use of intravitreal or subtenon steroids,
as well as oral and local anti-VEGF agents, in preventing
retinal neovascularization due to ischemia.

Glossary

Autoregulation of retinal blood flow: The ability of the retina to
maintain its blood flow relatively constant despite moderate variations of
perfusion pressure.
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of the blood–brain barrier. More than a century ago Ehrlich
found that intravascular injection of dye distributed rela-
tively equally throughout the most tissues of the body, with
the exception of the brain. From these studies, Ehrlich con-
cluded that the brain had a lower affinity for the dye than
peripheral tissues. However, studies by Goldmann found
that dye injected into the circulation stained all tissues
except that of brain and spinal cord. Further, when the dye
was injected into the cerebrospinal fluid, it stained the brain
but did not enter the peripheral circulation. Thus, these dis-
coveries led to the concept that the central nervous system
must be separated from the peripheral circulation by some
type of barrier, that is, the blood–brain barrier. However, 
the identity of the ultrastructure of this barrier remained
unknown for nearly 50 years.

Since astrocytes were shown to encapsulate cerebral cap-
illaries, it was initially thought that astrocytes composed the
blood–brain barrier. With the arrival of the electron micro-
scope, it became clear that structures within cerebral blood
vessels, and not astrocytes, constituted the blood–brain bar-
rier. These structures consist of tight junctions between adja-
cent endothelial cells (i.e., zonulae occludens). In addition,
endothelial cells of cerebral vessels are devoid of fenestra-
tions and transendothelial channels and have a paucity of
pinocytotic vesicles. Because of its morphology, it was ini-
tially thought that the blood–brain barrier was a very static
and rigid structure separating the brain from the peripheral
environment. However, this view of the blood–brain barrier
has evolved over the years, and it is now known that the
blood–brain barrier is a dynamic and multifaceted structure
that contains important transport pathways and complex
enzyme systems that participate in the regulation of the
brain’s microenvironment.

The endothelium of cerebral blood vessels forms the
interface between the blood and brain tissue (blood–brain
barrier), and is the main physical barrier that minimizes the
entry of blood constituents into brain tissue. This restriction
by the blood–brain barrier arises by the presence of tight
junctions (zonulae occludens) between adjacent endothelial
cells and a relative paucity of pinocytotic vesicles within
endothelium of cerebral arterioles, capillaries, and venules.
Physical, chemical, and metabolic stimuli can alter the per-
meability characteristics of cerebral endothelium. For exam-
ple, acute increases in arterial blood pressure beyond the
autoregulatory capacity of cerebral blood vessels, applica-
tion of hyperosmolar solutions, cerebral hypoxia, cerebral
ischemia–reperfusion, synthesis/release of inflammatory
mediators during brain injury, and/or activation of blood-
borne elements can dramatically alter the permeability char-
acteristics of the blood–brain barrier. However, the precise
cellular mechanisms that account for maintaining the basal
integrity of the blood–brain barrier and stimulus-induced
increases in permeability of the blood–brain barrier remain
poorly defined. Recent evidence suggests that the synthe-
sis/release of nitric oxide may play a role in the regulation
of permeability of the blood–brain barrier. Thus, this review
will focus on studies that have implicated an important role
for nitric oxide in the integrity of the blood–brain barrier
during physiologic and pathophysiologic conditions.

Concept of a Blood–Brain Barrier

Before a discussion of the role of nitric oxide in the per-
meability characteristics of the blood–brain barrier, it is
important to understand the evolution of our understanding

Copyright © 2006, Elsevier Science (USA).
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Nitric Oxide Synthases

Nitric oxide is generated from the metabolism of L-
arginine by nitric oxide synthase (NOS). Functionally, NOS
can be separated into constitutive and inducible isoforms.
The constitutive isoforms of NOS [endothelial NOS (eNOS)
and neuronal NOS (nNOS)] appear to be active under basal
conditions and can be stimulated by receptor-mediated
increases in intracellular calcium. These isoforms of NOS
(eNOS and nNOS) produce small quantities of nitric oxide
for relatively short periods of time. In addition to the consti-
tutive isoforms of NOS, an inducible isoform of NOS
(iNOS) was first identified in macrophages. Unlike that
found for the constitutive isoforms of NOS, iNOS is 
calcium-independent, and when stimulated can produce
large, unregulated quantities of nitric oxide for relatively
long periods of time.

Many cell types contained within the brain may be
responsible for the synthesis/release of nitric oxide under
physiologic and pathophysiologic conditions. It appears that
a small portion of parenchymal neurons stain for NADPH
diaphorase (a marker for nNOS), and thus may be capable
of releasing nitric oxide during the activation of nNOS.
Since these neurons may be adjacent to cerebral blood 
vessels, nitric oxide produced during activation of these
neurons may influence vascular tone and the transport of
molecules across the blood–brain barrier (Figure 1).
Endothelium contained within cerebral blood vessels have
been shown to express eNOS, and in some instances iNOS.
In vivo and in vitro studies of cerebral blood vessels have
shown that nitric oxide released by cerebral endothelium
contributes to basal tone, agonist-induced changes in diam-
eter of cerebral blood vessels and in reactivity of cerebral
blood vessels in response to physiologic stimuli. Thus, the
synthesis/release of nitric oxide by activation of eNOS is
important in the control of diameter of cerebral blood ves-
sels, and could conceivably be important in the regulation of
permeability of the blood–brain barrier (Figure 1). Glial
cells (astrocytes, microglia, and oligodendrocytes) are the
predominant cell types in the brain and have been shown to
release nitric oxide by activation of iNOS. Astrocytes, for
example, not only appear to express a constitutive form of
NOS in response to a number of vasoactive agonists includ-
ing neurotransmitters, but also are capable of the synthe-
sis/release of nitric oxide from iNOS in response to
lipopolysaccharide and a number of other important
cytokines (Figure 1).

Thus, it is conceivable that the synthesis/release of nitric
oxide by these cells contained within the brain could have a
major impact on the basal integrity of the blood–brain bar-
rier and on increases in permeability of the blood–brain bar-
rier during brain trauma. Unfortunately, very few studies
have examined the role of these cellular elements and the
various isoforms of NOS on the regulation of permeability
of the blood–brain barrier.

Role of Nitric Oxide in Basal Integrity of the
Blood–Brain Barrier

Although it is clear that the endothelium, by the synthe-
sis/release of nitric oxide, plays a critical role in basal tone
of peripheral and cerebral blood vessels, the role of nitric
oxide in maintaining the integrity of the endothelial barrier
in peripheral and cerebral vessels remains controversial. A
few investigators have suggested that inhibition of NOS
(using L-NMMA or L-NAME) increases basal levels of per-
meability in the peripheral circulation and potentiates ago-
nist-induced increases in peripheral vascular permeability.
In contrast, a majority of studies including studies from our
laboratory have suggested that inhibition of nitric oxide syn-
thesis using L-NMMA and L-NAME does not influence or
decreases basal levels of peripheral microvascular perme-
ability, and inhibits increases in venular permeability of 
the peripheral microcirculation in response to mechanical
stimuli and/or inflammatory mediators. The precise reasons
for discrepancies between studies regarding a role for nitric
oxide in peripheral microvascular permeability remain elu-
sive, but may relate to regional differences in responses of
the microcirculation.

Since many cell types of the central nervous system are
capable of the synthesis/release of nitric oxide from the var-

Figure 1 Schematic showing possible sources of nitric oxide (NO) in
the brain. NO can be synthesized/released by cerebral endothelium, neu-
rons, astrocytes, and microglia. Activation of glutamate receptors on neu-
rons and stimulation of astrocytes and microglia can stimulate nNOS
and/or iNOS, causing local production of NO that could diffuse to cerebral
endothelium and influence the permeability of the blood–brain barrier via
activation of a number of cellular pathways. Endothelial generated NO
from L-arginine (L-arg) in response to inflammatory mediators also may
stimulate a number of cellular pathways to influence the permeability of the
blood–brain barrier.
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ious isoforms of NOS it is conceivable that nitric oxide may
play a critical role in maintaining the integrity of the
blood–brain barrier under physiologic conditions. Unfortu-
nately, no studies have systematically examined the precise
role of the various isoforms of nitric oxide on basal integrity
of the blood–brain barrier, and studies that have attempted
to examine the potential role of nitric oxide, in general, in
basal permeability of the blood–brain barrier have reported
conflicting results. Studies from our laboratory found that L-
NMMA (a nonspecific inhibitor of NOS) and aminoguani-
dine (a specific inhibitor of iNOS) did not alter the basal
transport of molecules across the blood–brain barrier. In
addition, others have not reported any differences in the
basal permeability characteristics of the blood–brain barrier
between wild-type and nNOS knockout mice. In contrast,
others have reported that inhibition of NOS with L-NAME
produced an increase in permeability of the blood–brain bar-
rier. However, treatment with L-NAME also produced a sig-
nificant increase in blood pressure, and the contribution of
changes in blood pressure to an increase in the permeability
of the blood–brain barrier was not examined. Thus, although
the basal synthesis/release of nitric oxide may play a critical
role in basal tone of cerebral blood vessels, the role of nitric
oxide in maintaining the integrity of the blood–brain barrier
during physiologic conditions remains uncertain. Future
studies, using a variety of specific inhibitors of NOS and
genetically altered models, will be required in order to pre-
cisely determine the role of the various isoforms of nitric
oxide in basal integrity of the blood–brain barrier.

Role of Nitric Oxide in Stimuli-Induced Changes in
the Blood–Brain Barrier

As discussed for the role of nitric oxide in maintaining
the basal integrity of the peripheral circulation, the role 
of nitric oxide in stimuli-induced changes in peripheral
microvascular permeability is also controversial. Some have
suggested that the generation of nitric oxide inhibits,
whereas an increasing number of studies now suggest that
the synthesis/release of nitric oxide accounts for increases 
in permeability of peripheral blood vessels in response 
to a variety of stimuli. Although the role of nitric oxide in
permeability of the peripheral circulation is becoming
increasingly clear, the precise role and cellular mechanisms
by which nitric oxide may alter the permeability of the
blood–brain barrier in response to various stimuli remains
uncertain. The following discussion focuses on studies that
have begun to implicate a role for nitric oxide in permeabil-
ity of the blood–brain barrier under several conditions, that
is, stimulation with inflammatory mediators, cerebral
hypoxia, cerebral ischemia, and bacterial infections.

Inflammatory Mediators/Cytokines

Before a precise role for nitric oxide in stimuli-induced
changes in permeability of the blood–brain barrier could 

be advanced, it was important to determine whether nitric
oxide could directly alter the permeability of the
blood–brain barrier. Several lines of evidence suggest that
nitric oxide can influence the permeability of the
blood–brain barrier. Initial studies found that application 
of a nitric oxide donor, sodium nitroprusside, could reduce
electrical resistance across cultured brain endothelium. In
addition, application of nitric oxide increased paracellular
permeability of isolated cerebral endothelium. Further, stud-
ies from our laboratory have shown that application of
donors of nitric oxide (Sin-1 and SNAP) to the cerebral
microcirculation produced an increase in permeability of 
the blood–brain barrier. Thus, it appears that nitric oxide has
the ability to produce an increase in the permeability of the
blood–brain barrier.

Over the past several years, it has become apparent that
many cerebrovascular diseases have an inflammatory com-
ponent. Since nitric oxide has been shown to contribute 
to changes in peripheral vascular permeability in response to
inflammatory mediators, a number of studies have begun to
examine the contribution of nitric oxide to changes in per-
meability of the blood–brain barrier during stimulation with
inflammatory mediators/cytokines. Unfortunately, few stud-
ies have examined the precise role of the various isoforms of
nitric oxide in this process. For example, it has been difficult
to examine the precise role of eNOS in the permeability of
the blood–brain barrier since there are no specific inhibitors
of eNOS. Thus, most studies that have attempted to impli-
cate a role of eNOS in stimuli-induced changes in perme-
ability of the blood–brain barrier have used a rationale
similar to that used for studies of cerebrovascular reactivity,
that is, the use of nonspecific inhibitors of NOS (L-NAME,
L-NMMA, and L-NNA). Using this experimental regimen,
we and others have suggested that the synthesis/release of
nitric oxide, presumably via activation of eNOS, contributes
to increases in permeability of the blood–brain barrier, 
primarily in cerebral venules and veins, in response to 
several important inflammatory mediators (i.e., histamine,
bradykinin) that may be released during brain trauma and
during acute arterial hypertension.

Cytokines are a group of polypeptides that are involved
in the activation of the immune system and in the inflam-
matory response. Cytokines are classified into several cate-
gories including interleukins, tumor necrosis factors,
chemokines, interferons, growth factors, and neurotrophins.
Cytokines are synthesized/released by many cell types
within the brain (microglia, astrocytes, endothelial cells,
macrophages, and T-cells) and may play a crucial role in 
the development of inflammation in the brain during 
cerebrovascular diseases. For example, there is an increase
in the levels of interleukins and tumor necrosis factor in 
the cerebrospinal fluid of human subjects following acute
stroke, subarachnoid hemorrhage, cerebral ischemia, or
traumatic brain injury. In addition, neurological diseases
such as Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, and AIDS-related dementia also appear to have 
an inflammatory component in their pathology that may be
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related to the synthesis/release of cytokines. Thus, although
a number of studies have shown that cytokines can produce
dramatic changes in the permeability of the blood–brain bar-
rier, only recently has the role of nitric oxide in this process
been acknowledged. However, the precise role of nitric
oxide, the contribution of the various cellular sources of
nitric oxide, and potential mechanisms by which nitric oxide
can alter the permeability of the blood–brain barrier during
pathophysiologic conditions remain unknown.

Cerebral Hypoxia

A number of metabolic changes to the brain can influence
reactivity of cerebral blood vessels, regulation of cerebral
blood flow, and perhaps the permeability of the blood–brain
barrier. Hypoxia produces dramatic increases in the diame-
ter of cerebral blood vessels that appears to be related, in
part, to the synthesis/release of nitric oxide, presumably via
the activation of nNOS. However, the effects of hypoxia on
the blood–brain barrier are controversial. Some investiga-
tors have shown that hypoxia produces an increase in per-
meability of the blood–brain barrier that can be inhibited by
exogenous generation of nitric oxide. In contrast, others
have shown that hypoxia-induced changes in permeabil-
ity of the blood–brain barrier can be markedly reduced by
inhibition of eNOS or iNOS. Further, others have shown
that hypoxia-induced alterations in permeability of the
blood–brain barrier are related to changes in the expression
of tight-junctional proteins between adjacent endothelial
cells. Thus, future studies will be required to precisely
examine the role of nitric oxide, the cellular source of nitric
oxide, and the influence of nitric oxide on pathways that
account for changes in permeability of the blood–brain bar-
rier during hypoxia.

Cerebral Ischemia

Cerebral ischemia has dramatic effects on the nitric oxide
biosynthetic pathway. NOS-dependent reactivity of cerebral
arteries is impaired following cerebral ischemia/reperfusion
via a mechanism that appears to be related to the inactiva-
tion of nitric oxide by oxygen radicals. In addition, studies
have shown that nitric oxide concentration in the ischemic
area increases within several minutes during cerebral
ischemia. This increase in nitric oxide production appears 
to involve activation of eNOS and nNOS during the onset 
of ischemia, and iNOS during the progression of cerebral
ischemia. Although there is little debate regarding the
effects of cerebral ischemia on reactivity of cerebral blood
vessels and the production of nitric oxide, there is consider-
able debate regarding the role nitric oxide plays in the mech-
anisms of ischemic brain injury. Early studies that examined
the effects of nonspecific inhibition of nitric oxide on
ischemic brain damage found contradictory results, that is,
enhanced, reduced, or no change in cerebral ischemic dam-
age. Since these early studies, the use of more specific

inhibitors of NOS has yielded more consistent results.
Selective inhibition of nNOS has been shown to reduce
cerebral ischemic damage, including cerebral edema. Simi-
larly, the use of specific inhibitors of iNOS has been shown
to reduce postischemic infarct size following cerebral
ischemia. Further, the use of NOS-deficient mice has
strengthened the position that eNOS activity might be pro-
tective (due to the effects of eNOS on cerebrovascular
hemodynamics), while nNOS and iNOS activity may be
detrimental to the ischemic brain. Thus, an understanding 
of the precise roles for the various isoforms of NOS in
ischemia-induced damage to the brain, including an increase
in permeability of the blood–brain barrier, may lead to new
therapeutic approaches for the treatment of many cere-
brovascular disorders, including stroke.

Bacterial Infection

Bacterial meningitis remains a life-threatening illness
with high morbidity and mortality rate in infants, children,
and adults. A characteristic feature of bacterial meningitis,
which appears to contribute to the adverse neurological out-
come, is an inflammatory response to endotoxins that pro-
duces disruption of the blood–brain barrier. Investigators
have examined the pathology of meningitis by examining
the effects of lipopolysaccharide on the permeability of 
the blood–brain barrier. Lipopolysaccharide is a major 
constituent of the outer membrane of Gram-negative 
bacteria and plays a pivotal role in initiating inflammation 
of the brain. Treatment of the cerebral circulation with
lipopolysaccharide produces an increase in the permeability
of the blood–brain barrier. Further, treatment of the cerebral
microcirculation with aminoguanidine, to inhibit iNOS,
inhibited lipopolysaccharide-induced increases in perme-
ability of the blood–brain barrier. Thus, it appears that the
synthesis/release of nitric oxide plays a critical role in
changes in permeability of the blood–brain barrier during
bacterial infections.

Cellular Mechanisms for the Effects of Nitric Oxide
on the Blood–Brain Barrier

There are several potential mechanisms by which nitric
oxide could contribute to changes in permeability of the
blood–brain barrier (Figure 2). It appears that changes in
permeability of the blood–brain barrier during stimulation
with inflammatory mediators, for example, may involve the
activation of the cGMP pathway by nitric oxide. Activation
of this pathway may, in turn, activate a cascade of cellular
pathways, including protein kinase G, protein kinase C,
and/or mitogen activated protein kinase (MAPK). In addi-
tion, it is possible that the synthesis/release of nitric oxide
may stimulate the contraction of endothelial cytoskeletal
proteins to produce contraction of adjacent endothelial cells,
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and thus provide a pathway for the movement of molecules
and/or influence the formation of pinocytotic vesicles within
cerebral endothelium (Figure 2). Further, it is possible that
that nitric oxide does not directly produce an increase in
vascular permeability, but plays an obligatory role in macro-
molecular transport, as has been shown for peripheral blood
vessels. Future directions to determine the precise role of
nitric oxide and mechanisms by which nitric oxide produces
changes in permeability of the blood–brain barrier in
response to various stimuli, including inflammatory media-
tors and mechanical and metabolic stimuli, will certainly
advance our understanding of this process and will con-
tribute to new therapeutic approaches for the treatment of
inflammatory cerebrovascular diseases.

Summary and Conclusions

Although a significant number of studies have clearly
demonstrated an important role for nitric oxide in the regu-
lation of diameter of cerebral blood vessels, there is an over-
all lack of information regarding the potential role of nitric
oxide in permeability of the blood–brain barrier. Future
studies must continue to focus on identifying the contribu-
tion of the nitric oxide biosynthetic pathway to the perme-
ability of the blood–brain barrier. In addition, while many
cellular second-messenger systems have been implicated 
in contributing to the effects of nitric oxide on peripheral
microvascular permeability, the role of these pathways in
changes in permeability of the blood–brain barrier under
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Figure 2 Schematic representation of potential pathways by which nitric oxide (NO) may influence the per-
meability of the blood–brain barrier. It appears that an agonist (A) binding to a receptor may activate phospholi-
pase C (PLC) via a G protein (Gp) to catalyze the production of inositol trisphosphate (IP3) and diacylglycerol
(DAG) from inositol bisphosphate (PIP2). IP3 stimulates the release of calcium from the endoplasmic reticulum
(ER) and also increases the influx of extracellular calcium, leading to activation of nitric oxide synthase (NOS)
to produce NO from L-arginine. NO appears to stimulate guanylate cyclase (GC) to produce cyclic GMP (cGMP),
a potent activator of protein kinase G (PKG). PKG may directly increase the permeability of the blood–brain bar-
rier, may interact with protein kinase C (PKC), and/or may stimulate mitogen activated protein kinase (MAPK)
to produce an increase in permeability of the blood–brain barrier. In parallel, DAG may stimulate PKC, may inter-
act with PKG, and/or may stimulate MAPK to produce an increase in permeability of the blood–brain barrier. In
addition to this pathway, NO may have direct effects on the formation of pinocytotic vesicles within endothelial
cells and/or on tight junctional proteins to produce a pathway for the movement of molecules from the vascula-
ture into brain tissue. Further, changes in permeability of the blood–brain barrier may be related to the effects of
NO on endothelial cytoskeletal components. Thus, an increase in intracellular calcium via a Ca-calmodulin inter-
action (CaM) activates myosin light chain kinase (MLCK) to phosphorylate myosin light chain (MLC), leading
to an increase in actinomyosin interaction, and subsequent endothelial cell contraction to increase permeability
of the blood–brain barrier. It is also possible that an agonist and/or NO may stimulate myosin light chain phos-
phorylation (MLC-P) through Rho kinase (Rho-K) pathway inhibition of myosin light chain phosphatase
(MLCP) activity resulting in contraction of actinomyosin filaments and an increase in permeability of the
blood–brain barrier.
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physiologic and pathophysiologic conditions remains
unknown. Thus, future studies directed at identifying the
precise cellular role of nitric oxide in the permeability of the
cerebral microcirculation will be critical. The complemen-
tary use of in vitro and in vivo models using innovative
pharmacological approaches and unique genetic models will
certainly advance our understanding of the role of nitric
oxide in basal integrity and pathophysiologically induced
changes in permeability of the blood–brain barrier. The
answers provided by these unique studies will provide
insights into new therapeutic approaches for the treatment 
of many neurological and cerebrovascular diseases that 
produce an increase in the permeability of the blood–brain
barrier.

Glossary

Blood-brain barrier: An anatomical and physiological barrier. It is
formed by complex interendothelial cell tight junctions that form a contin-
uous sealing. The barrier serves to protect the brain from agents in the
blood, but also controls the influx and efflux of numerous substances to
maintain proper homeostasis in the brain.

Cerebrovascular disease: Disease processes that involve blood vessels
of the brain.

Inflammation: A condition in which tissues react to an injury. Inflam-
mation is marked by vasodilation, leukocyte infiltration, redness, heat and
pain.

Nitric oxide: A free radical gas derived from a guanidino nitrogen of L-
arginine. Nitric oxide is a major secretory product of many cell types and
is a pluripotent biological mediator.

Permeability: A process by which substances penetrate or pass across
or through a cell membrane.
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ions, many amino acids, small peptides, and proteins. The
maintenance of such an efficient barrier between the blood
and brain compartments is essential for normal brain func-
tion. The barrier formed by the tight junctions has the
important function of protecting the brain from fluctuations
in the composition of the plasma. Accordingly, disruption of
the BBB can be a relatively major part of the pathology fol-
lowing cerebral ischemia. Physiological and morphological
studies have indicated that the relationship between the
transepithelial electrical resistance (TER) and intramem-
brane particle strand number is logarithmic. In fact, the TER
across the BBB in vivo is believed to be 1,000 W ·cm2. In
freeze-fracture electron micrographs, tight junctions appear
as a set of continuous, anastomosing intramembrane particle
strands in the cytoplasmic face with complementary grooves
in the extracellular face. Various tight junction–associated
proteins have been identified, including zonula occludens
(ZO)-1, ZO-2, ZO-3, cingulin, 7H6 antigen, occluding, and
claudin. It has been shown that ZO-1 binds to occludin in
vitro and is colocalized with F-actin in cultured cells. In 
particular, occludin and claudin-5 are integral membrane

Introduction

The brain is highly enriched in fatty acids such as
docosahexaenoic acid (DHA) and arachidonic acid. These
fatty acids are major constituents of the phospholipid bilayer
of the cell membrane, and modulate the tight junction per-
meability and occludin protein expression in brain capillary
endothelial cells (ECs). This review summarizes the main
findings of the in vitro approach in blood–brain barrier
(BBB) research, describes the unique tight-junction features
of the brain endothelium, and provides a short overview on
how these BBB characteristics can be induced by the fatty
acids in cerebral ECs.

Overview: Tight Junction and Fatty Acids

Brain capillary ECs lining the cerebral microvasculature
form the BBB. The BBB is a complex of tight junctions
between brain ECs. This barrier between the blood and the
central nervous system (CNS) is relatively impermeable to

Copyright © 2006, Elsevier Science (USA).
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proteins localized within tight junction strands that have
been shown to serve as functional components of the tight
junction of vascular ECs. Therefore, both occludin and
claudin-5 contribute to the electrical barrier function of tight
junctions and possibly to the formation of aqueous pores
within tight junction strands in brain ECs. These proteins
together with the actin cytoskeleton are major determinants
of tight-junction structure and also play a role in the regula-
tion of tight junctions. Tight-junction formation appears to
be regulated in part by signal transduction pathways involv-
ing G proteins, release of intracellular Ca2+, and activation
of protein kinase C. Fatty acids are the major constituents of
the phospholipid bilayer of the epithelial cell membrane and
reportedly modulate the permeability of the epithelial cells.
Various reports have demonstrated the effects of fatty acids
on tight junction permeability and occludin protein expres-
sion in an umbilical vein endothelial cell line. It has also
been demonstrated that exposure to fatty acids significantly
increased TER in ECs derived from the brain. On the other
hand, the absorption-enhancing effects of the sodium salts
of two medium-chain fatty acids have been studied in mono-
layers of intestinal epithelial cell lines derived from colonic
carcinoma. Medium fatty acids induced a rapid increase in
epithelial permeability in the intestinal cell lines. These
reports suggest that the fatty acids contribute to the regula-
tion of tight junctions in ECs. Essential fatty acids are struc-
tural components of all tissues and are indispensable for cell
membrane synthesis. Brain, retinal, and other neural tissues
are particularly rich in long-chain polyunsaturated fatty
acids (PUFAs). These fatty acids serve as specific precursors
for eicosanoids, which regulate numerous cell and organ
functions. It is generally accepted that PUFAs are essential
for growth and development, and their crucial role in the
development of the CNS has been the subject of many stud-
ies. The important role of fatty acids, including PUFAs, for
tight junction assembly in brain capillary ECs is well estab-
lished. Furthermore, tight junction formation appears to 
be regulated in part by the release of PUFA from astrocytes
in vivo.

Metabolism and Supply of Polyunsaturated Fatty
Acids to Brain Capillary Endothelial Cells

The brain is highly enriched in the long-chain PUFAs
such as DHA (22:6w-3) and arachidonic acid (20:4w-6). In
particular, DHA is the most abundant w-3 fatty acid in 
the brain. These PUFAs can be synthesized from fatty acid
precursors linoleic acid (18:2w-6) and linolenic acid
(LA,18:3w-3) through a process of fatty-acid chain elonga-
tion and desaturation. By contrast to the PUFAs, their
respective precursors, linoleic acids and LA, are present 
at only low levels in the brain. The liver is a major site
where shorter-chain dietary PUFA is converted to arachi-
donic acid and DHA, although some retinal and cerebral
cells, such as retinal pigment epithelial cells and astrocytes,

have the ability to produce DHA. Moreover, low levels of
DHA and several of its w-3 PUFA precursors normally 
are present in the plasma, and all of these substrates can 
be utilized in the brain. The brain capillary endothelial cells
are thought to take up PUFA precursors and target them
preferentially into the brain, performing some elongation
and desaturation in the process. In rats, after incubation of
cultured brain endothelial cells with [3–14C] docosapen-
taenoic acid (22:5w-3) in the presence of serum, radioactiv-
ity is primarily recovered in eicosapentaenoic acid (EPA,
20:5w-3); however, DHA, 24:5w-3, and 24:6w-3 were also
labeled. Therefore, brain ECs can synthesize and secrete
DHA and it 24-C precursors. In addition, one study demon-
strated that mouse cerebral endothelium converted 18:3w-3
into 22:5w-3, but could not accomplish the last desaturation.
The brain capillary ECs are highly enriched in DHA and
arachidonic acid and important for the supply of nutrients to
the brain, but it is thought that ECs do not play a major role
in DHA synthesis. On the other hand, it has been demon-
strated that rat astrocytes appear to be a major site for DHA
and arachidonic acid synthesis. Indeed, astrocytes, not neu-
rons, elongated and desaturated the 18- and 20-carbon pre-
cursors and released DHA and arachidonic acid into the
culture medium. It has also been shown that the amount of
DHA synthesis from w-3 PUFA precursors in astrocytes
may be regulated by the availability of DHA or other PUFA
in the brain tissue or cerebral circulation. Furthermore, in
vitro data indicate that DHA synthesis from w-3 PUFA pre-
cursors takes place primarily in astrocytes and that these
cells supply some of the newly formed DHA to the neurons
and BBB endothelium. In order to examine the participation
of astrocytes in this synthesis, cocultures of endothelial cell
and astrocytes mimicking the in vivo BBB were used.
Endothelial cells cultured alone weakly converted the pre-
cursor fatty acids into 20:4w-6 and 22:6w-3. Astrocytes play
a major role in the delivery of essential PUFAs to the barrier
itself and to the brain. It was discovered based on experi-
ments using cocultures of astrocytes and ECs that astrocytes
synthesize DHA from w-3 PUFA precursors and contribute
to the ability of brain ECs in the reconstituted BBB to syn-
thesize DHA and arachidonic acid from their 18-carbon 
precursors. When endothelial cells were cocultured with
astrocytes, their content of PUFA increased dramatically.
These fatty acids were released by astrocytes after they were
synthesized from the precursor fatty acids that passed
through the endothelial cell monolayer into the astrocyte
medium. Astrocytes play an important role in the brain by
elongation of free fatty acids and desaturation action of w-3
and w-6 of fatty acid precursors of arachidonic acids and
DHA. Astrocytes may thereafter complete the conversion of
precursors to DHA, releasing it for uptake by neurons and
brain ECs. Studies of cultured cells suggest that astrocytes
are the main site of DHA and arachidonic acid synthesis 
in the brain. Astrocytes may contribute positively to the 
high level of fatty acid desaturation necessary for capil-
lary endothelial cell functions such as those carried out in
the BBB.
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Regulation of Tight Junction Formation 
by Fatty Acids

Fatty acids are major constituents of the phospholipid
bilayer of the epithelial cell membrane, and there have been
a few reports on the effects of fatty acids on tight junction
permeability; fatty acids have been shown to affect occludin
protein expression in the umbilical vein endothelial cell line
ECV304 and in brain capillary ECs. It has been demon-
strated that the TER and the level of occludin mRNA were
increased by fatty acids in capillary ECs isolated from brain,
and the expression of occludin protein paralleled the change
in the pattern of its mRNA expression. The first reported
such finding was that the changes in tight junction perme-
ability induced by EPA and gamma LA (GLA) in brain cap-
illary ECs are due to the increase in TER and expression of
occludin protein, respectively. Subsequent reports demon-
strated the effect of a range of oleic acids, LA, GLA, alpha
LA, arachidonic acids, eicosatrienoic acids, and EPA on 
the permeability of tight junctions and the protein level of
occludin in the human umbilical vein endothelial cell line
ECV304. GLA, alpha LA, and EPA significantly increased
the TER and protein expression, whereas LA significantly
decreased the TER of ECV304 cells. These changes in TER
were related to alterations in paracellular permeability,
which was significantly reduced by EPA and GLA, and sig-
nificantly increased by LA in ECV304. Furthermore, it was
recently shown that PUAC induces tight junctions to form 
in brain capillary ECs. In brain capillary ECs, the effects 
of GLA, EPA, and LA on tight junctions were studied in 
cell monolayers. In those studies the mRNA expression of
occludin and the involvement of tyrosine phosphorylation,
protein kinase C, and PI 3-kinase were investigated. In vitro
studies have shown that fatty acids, EPA, and GLA affect
TER and apical-basol permeability. The effect of LA, how-
ever, was different from that reported in the umbilical vein
endothelial cell line ECV304. Namely, in the in vitro study
using ECV304 cells, it was demonstrated that LA decreased
the TER. This finding suggests that the difference in the
effect of LA is due to a difference of response to fatty acids
between umbilical vein ECs and brain capillary ECs,
although the mechanism of the response remains unknown.
In addition, the rise in TER induced by EPA and GLA was
inhibited by tyrosine kinase inhibitors and protein kinase C
inhibitor in brain capillary ECs. In contrast, the rise in TER
induced by EPA and GLA was not inhibited by the PI 3-
kinase inhibitor. EPA and GLA have the ability to increase
the TER and the expression of occludin mRNA in brain cap-
illary ECs. This GLA- and EPA- induced assembly of tight
junctions is likely to be regulated by protein kinase C and
tyrosine kinase activity. The tight junction barrier is regu-
lated by phosphorylation. Various reports have shown that
phosphorylation of occludin is a key step in tight junction
assembly, which in turn affects the localization of occludin
in the cell. The high-molecular-weight forms of occludin are
the functional forms that participate in the formation of the

tight-junction barrier. The localization of different phospho-
rylated forms of tight junction–associated proteins in the
cell may be especially important. It has been demonstrated
that in Madin-Darby canine kidney (MDCK) cells, the less
phosphorylated low-molecular-weight forms of occludin are
found in the basolateral membrane and cytosol, whereas the
more highly phosphorylated high-molecular-weight forms
are concentrated exclusively in the tight junction. Differen-
tial phosphorylation of occludin might be important for 
generating tight junctions with different permeability 
properties. Indeed tyrosine phosphorylation of occludin is
known to occur during the assembly of the tight junctions 
in MDCK cells. Recently the effects of tyrosine kinase
inhibitors, genistein, and PP2 on the response to polyunsat-
urated fatty acids have been reported. It was found that tyro-
sine kinase inhibitors inhibited the EPA- and GLA-induced
increases in TER in brain capillary ECs. The data suggested
that EPA and GLA stimulated the tyrosine phosphoryla-
tion of multiple proteins. Furthermore, the results indicated
that GLA and EPA act through the phosphorylation of pro-
tein tyrosine residues. On the other hand, the absorption-
enhancing effects of the sodium salts of two medium-chain
fatty acids, capric acid and lauric acid, have been studied in
monolayers of intestinal epithelial Caco-2 cells derived
from colonic carcinoma. Both fatty acids induced a rapid
increase in epithelial permeability to the hydrophilic marker
molecule sodium fluorescein in the Caco-2 cell line. These
reports showed that diverse reactions of free fatty acid
depend on differences of the organization. However, the role
of fatty acids in tight junction assembly in brain capillary
ECs in vivo is not yet well understood.

Conclusion

In summary, in vitro studies have demonstrated that fatty
acids induce tight junction formation in brain capillary ECs.
On the other hand, brain endothelial cells take up preformed
PUFA and transfer them into the brain. Furthermore, astro-
cytes can complete the conversion of precursors to DHA and
arachidonic acid. Astrocytes may modulate tight junctions
through provision of fatty acids.
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anatomic peritoneum. The system elements are made up of
cells that are highly reactive to immunologic stimuli and
which in turn affect transport across the peritoneum. In addi-
tion to the elements of the transport system, the area of con-
tact between a solution in the peritoneal cavity and the tissue
determines the route of absorption, metabolism, and rate of
transfer. Each of these elements will be integrated to provide
a conceptual model of the transport of solutes and water
across the peritoneum.

Description of the System

Peritoneal Development and Anatomy

The peritoneal cavity has not been designed as an effi-
cient organ of solute or water exchange, in the same fashion
as the kidney. The yolk sac of the primitive embryo is the
progenitor of the peritoneal cavity. Analogous to the col-
lapse of an inflated balloon around a tube, the peritoneal
cavity develops as a potential space due to intricate folding
of the yolk sac into which grow associated elements of the
digestive and genitourinary systems. The surface area of the
peritoneum approximates the body surface area, and there-
fore there is potentially a large area of transfer with a multi-
tude of well-perfused organs in the abdominal and pelvic
cavities. The peritoneum covers a portion of the diaphragm
and liver, a large part of the stomach and spleen, the small
and large intestines, the uterus, ovaries, fallopian tubes,
retroperitoneal muscles, kidneys, and a broad expanse of the
anterior abdominal wall. The multiple tissues with their dif-
ferent blood circulations lead to the question of which parts
are most important to the transport processes.

Introduction

The importance of the peritoneal microcirculation is
dependent on its use as an exchange organ, and this chapter
will focus on those aspects of the transport barrier that affect
the use of the peritoneal cavity in therapy. Therapy can be
divided into two broad categories: (a) removal of waste
metabolites and water by peritoneal dialysis from the body
of a renal failure patient and (b) regional drug delivery,
exemplified by intraperitoneal (IP) chemotherapy for
metastatic ovarian or colorectal cancer. Whereas the goals 
of intraperitoneal chemotherapy are different from those of
peritoneal dialysis, the transport mechanisms are basically
the same. In intraperitoneal chemotherapy drugs are 
dissolved within a 2- to 3-L solution of dialysis fluid, 
which is instilled into the peritoneal cavity and allowed 
to absorb into the surrounding tissue. While in the cavity, 
the drugs diffuse across the peritoneum, through the tissue
space, and into the blood vessels. A prime concern is 
maximizing the concentration in the targeted peritoneal
metastases. In contrast, the goal of dialysis is to maximize
transfer of water and solutes from the blood of anephric
patients to the solution in the cavity. As illustrated in 
Figure 1, blood circulates through microvessels in the tissue 
below the peritoneum, and solutes and water must transport
across the endothelium of the capillary, through the tissue
interstitium, and across the peritoneum to the dialysis fluid,
which is drained every 2 to 6 hours and replaced with fresh
solution.

This functional view of the peritoneal microcirculation
calls for an integrative approach that includes discussion of
the lymphatic drainage of the cavity, the microvasculature,
the interstitium surrounding the microvasculature, and the

Copyright © 2006, Elsevier Science (USA).
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The Anatomic Peritoneum

Careful dissection of the human intestinal peritoneum
reveals six layers with a total thickness of somewhat less
that 100 mm. The most superficial layer is the mesothelium,
a continuous monolayer of cells that closely adhere to each
other, which is a potential resistance to transport. Separating
the mesothelial layer from the underlying connective tissue
is a basement membrane. Under the basement membrane are
networks of collagenous and elastic fibers. These five layers,
making up the most superficial 30 to 40 mm, are devoid of
blood and lymphatic vessels. The final layer is the deep lat-
ticed collagenous layer that ranges from 50 to 60 mm thick
and contains most of the blood vessels of the anatomic peri-
toneum. The total thickness of the intestinal peritoneum of
the human is 80 to 95 mm. Thus after passing the mesothe-
lium, a solute transporting from the peritoneal cavity
towards the blood must pass through 25 to 35 mm of tissue
before reaching any blood vessels, which are scant in the
deep collagenous layer. In the intestine, the layer of tissue
under the peritoneum is the smooth muscle of the gut. There
are at least 1,000 to 3,000 mm of muscle between the peri-
toneum and the extensive blood vasculature of the human
intestinal villi. As discussed in the following section, the
blood supply available to the cavity is chiefly from the
smooth muscle of the gut.

The rat has been used as a model of peritoneal transport
for more than 30 years, and the normal rat peritoneum
resembles that of the human in many respects. Differences
are that there is not a collagenous layer with blood vessels
and that the peritoneum has a total thickness of 25 mm.

Because the rat has very few blood vessels in the normal
peritoneum, transport occurs between blood vessels in the
parenchymal tissue below the peritoneum and the peritoneal
cavity. Recent research has shown that the rat anatomic peri-
toneum has very little resistance to the passage of small
solutes and macromolecules. Viral vectors, such as aden-
ovirus, are the exception to this; they are completely
absorbed into the mesothelial cell layer and do not pass
beyond the normal anatomic peritoneum.

The Transport System Extends Well Beyond the
Anatomic Peritoneum

The microcirculation of the underlying tissues is essen-
tial to transport of solutes and fluid between the peritoneal
cavity and the circulating blood. The microcirculation of 
the anatomic peritoneum makes up only a small part of the
microcirculation that is involved in transport of solute and
water across the peritoneum. The blood supply to the
mesentery exemplifies the microcirculation of the intrinsic
peritoneum. The membranous-like structure of the mesen-
tery with the sparse population of blood capillaries is a con-
venient means of study of the microvasculature, but it may
not be representative of the microcirculation involved in
transperitoneal exchange. Evidence for the amount of tissue
involved with transport across the peritoneum is best
obtained through the study of solute penetration into this 
tissue from the peritoneal cavity. Figure 2 demonstrates 
the degree of penetration of small solutes (MW = 200 to
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Figure 1 Distributed model concept of peritoneal transport in dialysis.
Solutes in the blood transport across the wall of the capillaries distributed
in the subperitoneal tissues. Solutes must follow a tortuous path through the
interstitium, restricted by matrix molecules and by cells. The final barrier is
the peritoneum, made up of a single layer of mesothelial cells and several
layers of connective tissue. All solutes must pass across the peritoneum to
the therapeutic solution in the cavity, which is replaced with fresh solution
periodically to maintain the blood-to-peritoneal cavity concentration gradi-
ent that drives diffusion.

Solute Concentration Profiles
Rat Abdominal Wall Muscle

Immunoglobulin G (3 hours)

Small solute (1 hour)

0 200 400 600 800 1000

1.00

0.80

0.60

0.40

0.20

0.00

Distance from Peritoeum (microns)
peritoneum

Ti
ss

ue
 C

on
ce

nt
ra

tio
n/

IP
 C

on
ce

nr
at

io
n(

t-
0)

Figure 2 Solute concentration profiles measured by quantitative
autoradiography in the abdominal wall of rats after 1 to 3 hours of dialysis
with an isotonic solution containing either radiolabeled immunoglobulin G
(MW = 150,000 Da) or a small solute (MW = 340 Da). Intraperitoneal pres-
sure was 3 to 4 mmHg. The tissue concentrations have been normalized by
the concentration in the original solution infused into the cavity. The degree
of penetration of the profiles (0.5–0.6 mm for small solutes and >1 mm for
macromolecules) demonstrate that transperitoneal transport involves much
more than the peritoneum itself.
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5,000Da) and a larger molecule such as immunoglobulin G
(IgG, MW = 150,000Da). In both of these experiments, a rat
was dialyzed with large volume in the peritoneal cavity with
a radiolabeled compound of mannitol or IgG. At 60 to 180
minutes after the introduction of the solution into the peri-
toneal cavity the animal was rapidly euthanized, the fluid
was drained, and the tissue was rapidly frozen to preserve
the concentration profile. Tissue was subsequently collected
and analyzed with quantitative autoradiography. The pro-
files demonstrate that in the case of diffusion-dominated,
small molecules (MW less than 5,000Da), the penetration is
on the order of 500 to 600 mm or approximately 1mm. This
is well beyond the thickness of the peritoneum, which in the
rat is approximately 25 mm. On the other hand, the profile of
a large molecule such as a protein, which is dominated by
hydrostatic pressure-driven convection, demonstrates a
much greater degree of penetration within the abdominal
wall, because of tissue binding and relative lack of lymphat-
ics that could remove the protein from the tissue. From this
figure, it can be concluded that the tissue underlying the
peritoneum that is involved with transport is a minimum 
of 0.5 to 1mm thick and involves a significant amount of
parenchymal tissue below the anatomic peritoneum.

The Subperitoneal Blood Circulation

Despite its continuous surface, there is an anatomical
division of the peritoneum into the visceral portion, cover-
ing the intra-abdominal and pelvic organs, and the parietal
peritoneum, which adheres to the retroperitoneal structures,
the diaphragm, and the anterior abdominal wall. The
abdominal aorta is the large vessel that passes through 
the diaphragm and supplies all of the abdominal tissues. The
vena cava is the large vein to which all abdominal vessels
ultimately drain. The visceral circulation supplies all of the
internal organs including the liver, spleen, stomach, and
intestines. The celiac artery divides into the splenic, left gas-
tric, and hepatic arteries supplying respectively the spleen,
stomach, and liver. Two other major vessels, the superior
and inferior mesenteric arteries, form the arcade of vessels
supplying the small and large intestines. Branches of the
inferior mesenteric artery anastomose with branches of 
the superior mesenteric, which in turn anastomose with
branches of the celiac. The venous drainage of the subperi-
toneal tissues is a distinguishing feature of the visceral and
parietal peritoneum. The veins that correspond to the arter-
ies for these tissues combine to form the portal vein, through
which blood is delivered first to the liver prior to reaching
the vena cava. Therefore substances that transport into the
blood from either the luminal side or the peritoneal side of
the hollow organs will transit through the liver before reach-
ing the central circulation and experience a “first-pass
effect” of hepatic metabolism.

In contrast to the venous system draining the visceral tis-
sues, blood from the parietal tissues drains directly into the
vena cava. Separate arteries supply the kidneys and the
ovaries, while their respective veins drain to the vena cava.

The right and left deep circumflex iliac arteries supply the
sublumbar muscles of the abdominal wall, and at the level
of the sacrum approach the skin. Five lumbar arteries branch
from the abdominal aorta and supply the para-axial and lum-
bar muscles, the skin, and the spinal cord, while the epigas-
tric arteries supply the remaining muscles of the abdominal
wall. The veins corresponding to these arteries that supply
the retroperitoneal tissue and the inferior abdominal wall are
close to the arteries and essentially drain into the vena cava
directly without going through the liver. The phrenic arter-
ies supply the diaphragm, and the corresponding veins drain
to the ipsilateral renal veins, which lead directly to the vena
cava.

From a pharmacokinetic point of view, the important
information to note from this discussion is that the parietal
peritoneal circulation is separate from the visceral circula-
tion and that the drainage from the parietal circulation does
not transit through the liver before joining the general circu-
lation. Thus substances that transport into the tissue of the
diaphragm, lumbar muscles, or the anterior abdominal wall
are transferred directly to the vena cava and to the central
circulation without passing through the liver. On the other
hand, substances that transport into the tissues of the gut,
liver, spleen, and pancreas will transit through the liver prior
to entering the central circulation. Figure 3 is a diagram of a
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Figure 3 Multicompartment model of intraperitoneal drug delivery.
The four tissue compartments result from the anatomy of the cavity and the
blood and lymph drainage of the tissues. In the figure: Q, blood flow; L,
lymph flow; S, solute transport; F, volume flow. Subscripts: AW, abdominal
wall; D, diaphragm; HV, hollow viscera; L, liver; LA, liver artery; LV, liver
vein; PV, portal vein; RLD, right lymph duct; TD, thoracic duct. (Data
replotted from M. F. Flessner, Am. J. Physiol. 1985, Cancer Res. 1994.)
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multicompartment model that includes this division of the
circulation and which is particularly useful in consideration
of drug absorption and mathematical modeling.

Peritoneal Microcirculation Involved in Transport

The classic description of the peritoneal microvascula-
ture was provided by Chambers and Zweifach more than 50
years ago. The typical capillary network consists of arteri-
oles, terminal arterials, precapillary sphincters, arterial
venules and anastomotic thoroughfare channels, capillaries,
postcapillary venules, and venules. Blood flows into the
capillary system through the arterioles and exits through
venules. Arterioles and thoroughfare channels control actual
blood flow to the exchange vessels, which are the capillaries
and the venules. Although most data have been collected in
studies of the mesenteric bed because of the convenience of
imaging these vessels, they may not be the best representa-
tion of the major microcirculation involved in transperi-
toneal transport. As discussed earlier, the transport involves
vessels within approximately a millimeter of the mesothelial
surface. The mesentery is a double-walled fold of the
mesothelium with a single layer of sparse vessels making up
the mesenteric circulation. The vessels tend to be much
greater distances apart than the vessels in the abdominal
wall or in the wall of the gut. Because the largest percentage
of the anatomic peritoneum is made up of muscle (either
smooth muscle of the hollow viscera or the skeletal muscle
of the abdominal wall or of the retroperitoneum), it may be
better to think of the peritoneal circulation involved with
transport to be similar to that of muscle. This circulation is
only bathed by solution in the cavity on one side, whereas
the mesentery is bathed on both sides of a single layer of
vessels. Although nonfenestrated capillaries of the liver and
spleen are extremely permeable and are likely a source of
protein loss during peritoneal dialysis, the amount of direct
exchange is limited because their surface exposure is a small
fraction (about 10%) of the potential surface area.

Transendothelial Transport: The Three-Pore Model

Because of the importance of muscle capillaries, the
remainder of this discussion will be focused on this type of
nonfenestrated capillaries. Rippe and colleagues have
recently published a detailed description of the microcircu-
lation and has described the endothelial barrier in terms of a
three-pore model as illustrated in Figure 4. One to two per-
cent of the total pore surface area is made up of transcellu-
lar pores or “aquaporins” of radius 0.1 to 0.5 nanometers
(nm) in diameter that permit only water to cross. Most of the
pore surface area (about 95%) is made up of “small pores”
with a radius of 4.0 to 6.0nm. The remaining 2 to 3 percent
of the total pore area is made up of “large pores” on the
order of 20 to 30nm, across which the hydrostatic pressure
dominates the transport forces. The figure also depicts the
endothelial cells coated on the luminal side with a glycoca-
lyx, which is typically 0.1 to 0.2 mm thick but can be as thick

as 0.5mm. The pore-matrix theory hypothesizes that this
glycocalyx restricts the passage of molecules across the
endothelium and may be responsible for the membrane
properties of the “pores.” In this theory, the pore sizes,
which have been estimated from the transfer of different
molecular size solutes across the capillary wall, may be in
fact made up of similar-sized interendothelial gaps that are
filled with different densities of glycocalyx. Mathematically,
each theory can be shown to be equivalent to the other.

Water, which transports during dialysis in response to an
osmotic pressure difference across the capillary wall, flows
chiefly through endothelial aquaporins, unique structures in
the cell membrane that allow only water to pass through the
membrane. The portions of endothelium containing these
very small pores are perfect semipermeable membranes, and
therefore the entire osmotic pressure difference is effec-
tively exerted. In experiments in an aquaporin-knockout
mouse, approximately 50 percent of the osmotic filtration
during dialysis was eliminated, demonstrating that these
water-only pores are responsible for half of the osmosis dur-
ing dialysis. The remaining 50 percent of the water transport
occurs across the small pores and the large pores.

Small pores make up approximately 95 percent of the
total pore area and are primarily responsible for
transendothelial transport of substances with a molecular
weight of less than 5,000. Permeability of the small pore
decreases with increasing molecular size up to a radius of
3.0nm. Larger solutes are excluded from these pathways
and pass through the large pore. Since these openings are
too large to restrict macromolecules, there is essentially no
osmotic pressure difference across these pores. Because the
hydrostatic pressure in the capillary or venule lumen is 
typically higher than in the interstitium, solutes and water
are driven out of the bloodstream under hydrostatic 
pressure–driven convection. Although some have postulated
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details.
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that there is a vesicular transport of macromolecules across
the endothelium, this has been discounted by functional
studies in which macromolecular transport continued to 
be observed under conditions in which vesicular transport
should be near zero. Additional evidence comes from direct
histologic observation in serial thin sections, which demon-
strated that the so-called vesicles were actually invagina-
tions in the cell wall.

Blood Flow and Limitations of Transport

In the transfer of solutes and water, there has been dis-
agreement on whether blood flow limits the transport. In
theory, very low blood flows may limit transfer of very
small solutes such as urea (MW = 60Da). However in
experiments in rats, the blood flow perfusion to individual
organs was decreased to 20 to 30 percent of its original level
without change in the mass transfer rates of urea across the
peritoneum of the cecum, stomach, or abdominal wall. The
transfer across the liver was significantly altered with a
decrease in blood flow. In analogous experiments, water
transport was decreased across all of these surfaces, but only
approached statistical significance across the liver peri-
toneum. In another approach to the problem, animals were
bled to decrease their blood pressure to shock levels, which
resulted in minor but statistically significant changes in rates
of mass transfer in small solutes. However, even under these
extreme conditions the rate of transfer was sufficient to sup-
port dialysis. From these studies it can be concluded that
under normal circumstances, there are no significant blood
flow limitations for water-soluble molecules, but there may
be limitations in removal of water during states of systemic
shock.

Peritoneal Lymphatic System

The lymphatic system that drains the peritoneal cavity
can be divided up into two parts. In the subdiaphragmatic
system, which drains 70 to 80 percent of the lymphatic flow
from the peritoneal cavity, the diaphragm acts as a pumping
mechanism that pulls fluid from the pelvic regions of the
cavity toward itself. As the diaphragm moves upward in
expiration, the lymphatic plexus expands and a negative
pressure is established in the lymphatic vessels. Penetrations
in the basement membrane called lacunae open to take in
fluid, solutes, and particles up to 25 mm in diameter. When
the diaphragm contracts, the tension in the lymphatic wall is
released and the lacunae are closed. The fluid is then pro-
pelled upward toward the right lymphatic duct or into the
thoracic duct. The remaining 20 to 30 percent of lymph flow
from the peritoneal cavity travels through the visceral lym-
phatics. These drain to the mesenteric lymphatics and ulti-
mately to the cisterna chyli at the base of the thoracic duct.
In healthy peritoneal dialysis patients, the total lymph flow
has been determined to be between 7 and 21mL/hour. The
capacity of the lymphatic system can increase significantly

in states of massive cirrhotic ascites to rates of greater than
30mL/hour or decrease to near zero with carcinomatous
obstruction of the lymph channels.

Subperitoneal Interstitium and Effects of
Intraperitoneal Pressure

Although some transport models neglect the presence of
interstitium and portray the peritoneal barrier as a capillary
endothelium, the interstitial space, which surrounds the
blood vessels and parenchyma cells of the subperitoneum,
presents a significant barrier to transport. This was demon-
strated most clearly by the absorption of inert gases from the
peritoneal cavity of pigs, which demonstrated a one-
hundredfold range of clearances that correlated with the log
of the aqueous diffusivity. If the resistance in the barrier
were equivalent to just the blood capillary wall, then the
transfer of gas would be limited by blood flow as it is in the
lung, and the rates of inert gas absorption would have been
the same. Correlation with diffusivity of water implies that
the resistance in the tissue interstitium limits the transport of
these inert gases.

The space between the cells, termed interstitium, is a
very ordered structure of the tissue. At one time the intersti-
tial matrix of molecules was considered an amorphous 
mixture of interstitial ground substance. However, now it is
known to be a highly ordered matrix made up of collagen
fibers that are anchored to the surrounding cells by adhesion
molecules called integrins. Collagen fibers have been
demonstrated to hold the cells and extracellular matrix in
active tension that can be disrupted in states of inflammation
or tissue damage. Wrapped around the collagen molecules
are large hyaluronan molecules, which imbibe water and
bind proteoglycans such as chondroitin sulfate, keratin 
sulfate, and heparin sulfate. The hyaluronan molecules are
negatively charged and together with the collagen present a
major barrier to the passage of negatively charged proteins.
These molecules also restrict proteins to approximately 20
percent of the extracellular space. These interstitial mole-
cules in the subperitoneal tissues link the parenchymal cells,
fibroblasts, and other cells and force solutes to take a very
tortuous path when transiting from the blood to the peri-
toneal cavity or vice versa. The presence of the interstitium
and cells surrounding the exchange blood vessels in the tis-
sue has the effect of decreasing the rates of diffusive trans-
port from the blood to the peritoneal cavity 30 to 100 times
from the rate of free diffusion of the same molecule through
water. The greater the distance between the capillary and the
peritoneal surface, the more significant the resistance of the
interstitium becomes. The portion of resistance attributable
to the interstitium in the diffusion of a small solute such 
as sucrose is estimated to be 20 percent if the capillary is
located 50 mm from the peritoneum. However, it increases to
more than 80 percent of the total peritoneal resistance if the
capillary is located 600 mm from the peritoneum.

During a therapeutic procedure in which a volume of 2 to
3L is infused into the cavity, pressures are 2 to 20mmHg,
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depending on the size of the patient, the volume adminis-
tered, and the position of the patient (sitting position has 
the highest pressure; supine, lowest). In the abdominal wall,
even a relatively low pressure of 4mmHg causes the extra-
cellular volume of the abdominal wall of the rat to expand
by 100 percent, which results in a marked decrease in the
resistance to diffusion or convection. Therefore, the intersti-
tial portion of the peritoneal transport system during a large
abdominal dwell of fluid can potentially be quite variable in
its characteristics.

Quantitative Approach to Peritoneal Exchange

Distributed Model of Peritoneal Transport

Because of the complex relationships between the vari-
ous parts of the peritoneal transport system, an integrative
approach needs to be taken in order to quantify the system.
The distributed model was devised as a simplification of the
actual system. In this concept, the blood capillaries are dis-
tributed uniformly throughout the tissue space, surrounded
by parenchymal cells and the interstitium, which is also
assumed to have uniform concentrations of interstitial
matrix molecules. A layer of mesothelial cells and the under-
lying connective tissue of the peritoneum overly the tissue
space. These principles are portrayed in a simplified fashion
in Figure 1. Lymphatic vessels, which are typically at the
tissue planes in the parietal tissue or distributed within the
multiple layers of smooth muscle of the visceral tissues, are
modeled as a separate flow from each tissue compartment
(see Figure 3). Within this system, diffusion of small mole-
cules (MW less than 6,000Da) between the blood and the
peritoneal cavity is a symmetrical process, that is, small
molecules from blood to the peritoneal cavity or from the
peritoneal cavity to the blood follow an equivalent path. An
asymmetry in transport exists in the case of larger mole-
cules, which can transfer across capillary walls from the
lumen to the interstitium via “large pores” but can only
return to the blood via the lymphatics.

An engineering approach to the transfer of small solutes
across the peritoneum is illustrated in the following 
equation:

(1)

where Cpc, Cplasma are concentrations in the peritoneal cavity
and the plasma respectively. Vpc is the volume in 
the peritoneal cavity and in this version is assumed to
remain constant. The terms MTCi and Ai are, respectively,
the mass transfer coefficient and the contact surface area 
of each tissue element “i” of the transport system. In this
equation, the peritoneal volume is assumed to be well mixed
with a uniform concentration, and the total transport resist-
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ance of each tissue element has been lumped into the term
MTCi.

The MTCi can be related to the tissue diffusivity and the
capillary permeability with the following equation:

(2)

where Di is the effective solute diffusivity for each tissue
and (pa)i is the capillary permeability (p) times the area den-
sity (a) for the tissue. The term p incorporates the contribu-
tions from the two pores that permit passage of solute. This
equation implicitly assumes that there are no blood flow
limitations.

For a diffusion-limited solute (MW less than 6,000Da),
the concentration profile in the tissue can defined as

(3)

where Ci is the tissue concentration and x is the distance into
the tissue.

Peritoneal Surface Contact Area

In consideration of Equation (1), a major factor that
determines the rate of mass transfer across the peritoneum 
is the peritoneal surface contact area (Ai) between the peri-
toneal solution containing a therapeutic drug or dialysate
and the peritoneum. As illustrated in Figure 1, transfer will 
not occur between the vessels located in the tissue and the
cavity without contact of fluid on the overlying surface.
Although some authors have discounted the three-
dimensional nature of the transport barrier and equate 
the perfused vascular area to the peritoneal surface area, ani-
mal and human studies have demonstrated that rate of solute
transfer is directly dependent on the peritoneal contact area.
In human studies, increasing the volume of fluid within the
peritoneal cavity increases the surface contact area, which
increases the creatinine mass transfer proportionately. With
the use of relatively large volumes in rodents and human
dialysis patients, only 30 to 40 percent of the total anatomic
peritoneal surface area is in contact with the solution.

Contact surface area is likely not distributed proportion-
ally between parietal and visceral tissues. Although the vis-
ceral peritoneum makes up approximately 60 to 70 percent
of the mammalian anatomic peritoneum, evisceration in
rodents has been shown to decrease the peritoneal mass
transport only 10 to 30 percent. Transfer rates of small
solutes across different surfaces of the visceral and parietal
peritoneum, independent of surface area, have been shown
to be essentially equivalent. Therefore, the actual distribu-
tion of the fluid contact area may not make a difference in
determination of the overall average mass transfer rate.
Pathological changes in the peritoneum, such as the devel-
opment of adhesions that restrict free flow of fluid in the
cavity, may alter the distribution.
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Modulation of Transport Barrier: 
Normal Physiology

ALTERING SURFACE CONTACT AREA

A problem may develop in IP chemotherapy if the resi-
dence time of the solution in contact with the carcinomatous
target is short. The goal of intraperitoneal chemotherapy is
to expose 100 percent of the peritoneal surface to the thera-
peutic solution for a maximal duration. Typically, this is per-
formed in humans by infusing 2L of peritoneal dialysis fluid
into the cavity and allowing it to be absorbed. Rates of fluid
transfer are typically unimportant to the chemotherapist,
since most of these patients have intact kidneys and can
excrete the absorbed fluid. Increased surface area during
intraperitoneal chemotherapy would be very advantageous
to treatment of metastatic carcinoma. If the solution con-
taining the drug is in contact with the surface of the tumor
for 10 minutes out of a 24-hour period there will likely be
very little drug deposited into the tumor. Use of relatively
high concentrations of diacetyl sodium sulfosuccinate
(DSS) in rodents resulted in 100 percent of the peritoneal
surface area in contact with the fluid, but toxicity was
observed. A further problem occurs in some patients with
extensive carcinomatoses who develop severe adhesions,
which bind together portions of the visceral and parietal
peritoneum, restricting the movement of fluid to all parts of
the peritoneal surface and limiting therapy. Surface-active
agents may be useful in patients with end-stage carcinoma,
but testing in animals should be undertaken prior to use in
humans to elucidate potential toxicity.

In Equation (1), which describes the rate of mass transfer
across the peritoneum in quantitative terms, the rate is
directly proportional to the surface contact area. Enhance-
ment of the peritoneal surface area by even 20 percent
would increase the rate of mass transfer by 20 percent and
could provide enough additional dialytic therapy to improve
dialysis efficacy. Increasing the volume from 2 to 3L in
average-sized humans has been shown to improve the rate
of transfer of creatinine by 25 percent, proportional to the
increased surface area in contact with the fluid. In animals,
the use of surface-active agents such as DSS has been
shown to increase the surface contact area and to propor-
tionally increase the rate of mass transfer. In small rodents,
this was shown to also increase the rate of protein loss dur-
ing the dialysis. Since in chronic dialysis, the fluid is
removed from the body and discarded, this additional loss of
protein could be detrimental to the patient. At this time,
there is no data on the use of surface active substances in the
human peritoneal cavity. Low doses of surface-active sub-
stances should first be tested in animal models and demon-
strated to be safe for chronic use prior to their utilization in
human beings.

Use of larger volumes to cover more of the peritoneal
surface is currently the simplest method of increasing sur-
face contact area. The major factors that determine the 
tolerable peritoneal volume are the size of the patient, the
expansion capability of the abdominal wall, the length of

time of the procedure, and the position of the patient. For
ambulatory peritoneal dialysis, the volumes are typically 2
to 3.5L. Very few people can tolerate more than this volume
in their peritoneal cavity, while carrying out their activities
of daily living. On the other hand, a patient undergoing rad-
ical resection of metastases in the peritoneum and who is
anesthetized might tolerate very large volumes in the cavity
while supine and anesthetized. During experimental IP
chemotherapy, rates of transfer have also been markedly
enhanced by placing two catheters into the cavity after sur-
gical debulking of tumor and perfusing at a very high flow
rate into one catheter and removing the fluid from the other.
By maintaining a very high drug concentration in the peri-
toneal cavity and by perfusing the peritoneal surface with 
a rapid flow rate, the surface area and the concentration 
difference between the cavity and the blood in the underly-
ing microcirculation were maximized, and these mea-
sures caused a doubling of the mass transfer rate of 
low-molecular-weight drugs from the cavity.

ALTERING THE MASS TRANSFER COEFFICIENT

A second method of altering transperitoneal transport 
is adjustment of the mass transfer coefficient (MTC). As
shown in Equation (2), the MTC is equal to the square root
of tissue diffusivity times the capillary permeability–area
density product. By altering any of these terms, one can
obtain a modest increase or decrease in the MTC in propor-
tion to the square root of the factor. In the setting of dialysis
where maximal rates of transfer are desired, many studies
have demonstrated that the use of drugs such as nitroprus-
side does increase the clearance of urea, creatinine, inulin,
and protein in a dose-dependent fashion. Although there are
no data on which term within the (pa) is actually altered, it
is assumed that vasodilators increase the vascular surface
area per unit volume of tissue or a. Vasodilator substances
diffuse into the tissue from the peritoneal cavity and set up
a concentration profile similar to the small solute profile 
in Figure 2. Thus the most marked effect would be close to
the peritoneal surface, whereas the vasodilation more than
500mm from the surface would be much less. Unfortunately,
intraperitoneal nitroprusside appears to be limited by a loss
of effect after approximately five exchanges with the drug.
Removal of the drug from the dialysis solution causes a
decrease to the baseline of the permeability. In addition,
there may be effects on systemic blood pressure that limit
the use of vasodilators in the peritoneal cavity.

In contrast, vasoconstrictors cause an acute decrease in
the rate of mass transfer. It is presumed that they work in the
opposite fashion by decreasing the perfused vascular surface
area. These might be useful in chemotherapy where local
absorption into tissue should be maximized, but systemic
absorption into general circulation should be minimized.
Experiments in animals have shown that these drugs acutely
will cause a change, but there is little data in humans. 
Theoretically none of the vasodilators or vasoconstrictors
should change the intrinsic capillary permeability, nor should
they change any characteristics of the tissue diffusivity.



424 PART II Organ Microvascular Adaptations

The tissue diffusivity can be altered by changing the
structure of the extracellular space. As described earlier, a
large volume dwell tends to increase the extracellular space
of the subperitoneal tissue. Even at very low intraperitoneal
pressures of 4mmHg, the extracellular space of the rat
abdominal wall doubles. This will translate to a doubling 
of the effective diffusivity for small solutes, which are
restricted to the extracellular space. This may also cause an
increase in the rate of diffusion of larger solutes, such as
immunoglobulins, which distribute to a much smaller por-
tion of the tissue space because of interactions with the 
negatively charged matrix molecules. Alteration of the
extracellular matrix by decreasing the concentration of
hyaluronan or collagen will lead to less macromolecular
restriction and a higher rate of transport.

Pathological States and Alterations in the Peritoneal
Transport System

Metastatic Cancer in the Peritoneum

In the patient undergoing intraperitoneal chemotherapy,
the peritoneum has been altered by metastasis of the primary
tumor. The subdiaphragmatic lymphatics may become
obstructed, and the outflow of cellular materials, protein,
and fluid may be markedly decreased. In addition, metasta-
sis to the liver may cause an increase in transhepatic ascitic
fluid production, which, coupled with the loss of outflow
through subdiaphragmatic lymphatics, will result in accu-
mulation of fluid in the peritoneal cavity and marked dis-
tention of the abdominal wall with an increase in
intraperitoneal volume and pressure. Additionally, metasta-
sis to specific areas of the peritoneum will cause the
mesothelium to be altered and will result in adhesions
between the parietal and visceral peritoneum or between
tumor and normal peritoneum. This leads to reduction of
peritoneal volume, dysfunction of the gastrointestinal tract,
decreased access of a therapeutic solution to the entire peri-
toneum, and nonuniform distribution of the peritoneal fluid
in the cavity. The presence of ascitic fluid and extensive
adhesions decreases the effectiveness of intraperitoneal
chemotherapy. Only with radical peritoneal surgery can the
cavity be restored to a state appropriate for treatment of
metastatic abdominal cancer. Recent evidence has shown
that peritoneal stripping of intra-abdominal carcinomatosis
results in restoration of the distribution of the therapeutic
solution and the anticipated rates of mass transfer across the
peritoneum.

Chronic Inflammation from Sterile 
Dialysis Solutions

With the use of the peritoneal cavity as a dialysis system,
the requirements are significantly different from those of
chemotherapy, and the types of pathology that alter the tis-
sue barrier are somewhat different. Although some patients

have had prior cases of peritonitis or abdominal surgery that
have produced adhesions, the vast majority of peritoneal
dialysis patients do not have the same problem that patients
with peritoneal carcinomatoses have. Over the past 10 years
knowledge has grown concerning the chronic state of
inflammation that the peritoneum experiences with long-
term, continuous peritoneal dialysis. The solutions, which
typically have a low pH, a high osmotic pressure due to glu-
cose, and glucose degradation products from heat steriliza-
tion, have been shown to cause significant changes in the
peritoneum, subperitoneal interstitium, and transport
microvasculature. The high glucose content, which varies
from 15 to 42.5g/L, sets up a diabetic state within the cav-
ity. Twenty-four hours a day the mesothelium is bathed with
these solutions. The resident macrophages in the peritoneal
cavity and the mesothelial cells have both been shown to
react to these glucose solutions. Human studies have
demonstrated that in as little as 8 months, the peritoneal
mesothelium changes from an epithelioid cell type to a
fibroblastic phenotype. This is not due to repeated infective
peritonitis but merely constant exposure to sterile, hyper-
tonic solutions. Although the low pH and hyperosmolality
have been implicated in these changes, current evidence
points to glucose degradation products and glucose itself.
Biopsy studies of long-term peritoneal dialysis patients have
shown that the submesothelial compact zone, which is typi-
cally less than 60 to 80 mm thick, increases in thickness to 
as much as 2,000 mm after 6 to 7 years. Simultaneously, 
the degree of angiogenesis and vasculopathy in the layer
directly under this subcompact mesothelial layer increases
in approximately 90 percent of patients after 6 years of
exposure. The rate of solute transfer is often enhanced while
the rates of fluid removal with osmotic ultrafiltration are
markedly depressed. This results in loss of capacity to
remove fluid from the patient and necessitates an alternative
mode of therapy.

Peritoneal Inflammatory Response

Figure 5 illustrates the peritoneal cellular system and
some of the mediators of the inflammatory cascade.
Mesothelial cells overlie the connective tissue of the peri-
toneum, and within the tissue space, there are fibroblasts,
muscle (parenchymal) cells, and endothelial cells. The 
glucose solutions stimulate the production of interleukin 1
(IL-1) and tumor necrosis factor alpha (TNFa) and the 
peroxidatic activity of macrophages that reside in the peri-
toneal cavities of dialysis patients. Mesothelial cells also
respond directly to glucose solutions and spontaneously
release hydrogen peroxide, IL-1, and TNFa. Whereas in
vitro exposure of mesothelial cells to low pH dialysis solu-
tions causes marked toxicity, these solutions are buffered in
10 to 15 minutes in vivo. Therefore the solution pH may not
be a major factor in a chronic inflammation. However, bicar-
bonate-buffered solutions have been shown to decrease 
production of transforming growth factor-1 (TGFb-1) and 
to improve the overall health of the mesothelium. The
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mesothelial cells, once stimulated by glucose or by the 
IL-1 and TNFa from stimulated macrophages, produce
prostaglandins, interleukins, hyaluronan, cancer antigen 125
(CA125, a marker for mesothelial cell number), monocyte
chemoattractant protein (MCP-1), RANTES, vascular
endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), and TGFb-1. In vivo gene transfer of an
active TGFb-1 into rat mesothelium via an adenoviral vec-
tor resulted after 7 days in a markedly thickened peritoneum
with increased vascularization and extensive collagen depo-
sition. The infected animals demonstrated an increased
transport of solutes and decreased ultrafiltration in response
to hypertonic solutions.

Stimulated fibroblasts produce a series of cytokines as
well as hyaluronan and collagen. It is likely that they play a
major role in the fibrosis in the subcompact area of the peri-
toneum during long-term peritoneal dialysis. Coupled to
cells in the interstitium are activated endothelial cells in the
vessels through which white blood cells pass through the
endothelium into the tissue space. Nitrogen oxide synthetase
(NOS) has been shown to be upregulated and to result in a
state of vasodilation. A constant state of hyperosmolality
due to high glucose concentrations essentially sets up a dia-
betic state within the tissue, with the possible formation of
advanced glycation end products. These are correlated with
many of the fibrotic and angiogenic changes within the tis-
sue. Whether parenchymal muscle cells or other cells such
as pericytes associated with endothelium within the tissue
take part in this product state of inflammation is unknown.

Intravital microscopy has recently been used to analyze
the vasoactive effects of peritoneal dialysis solutions on the
mesenteric vessels. Low-GDP solutions have caused tran-
sient vasodilation, whereas conventional 4.25 percent dex-
trose solutions result in maximal vasodilation, doubling of
the arterial flow, and a 20 percent increase in perfused cap-
illary length/area. Neutral, lactate-buffered solutions had
only transient effects. Peritoneal NOS has been shown to
rise fivefold in long-term dialysis patients. It also correlated
with increased vascular density and endothelial area in biop-
sies. VEGF was colocated in the peritoneal endothelium
with advanced glycation end products. Filtered dialysis
solutions contain far less of the glucose degradation prod-
ucts that occur with heat sterilization. Treatment of patients
with these more biocompatible solutions typically produces
lower concentrations of hyaluronan (a marker of inflamma-
tion) in the peritoneal dialysate, higher concentrations of
CA125, and higher concentrations of procollagen-1-C pep-
tide and procollagen–3-N-terminal peptide.

In summary, mesothelial cells that are continually
exposed to the high concentrations of heat-sterilized, 
glucose-based peritoneal dialysis undergo a cellular tran-
sition from an epithelial cell type to a fibroblastic pheno-
type. High levels of TGFb-1 and VEGF appear to promote
fibrosis and angiogenesis in these subperitoneal tissue
spaces. Attempts to block specific modulators of this inflam-
matory system have resulted in decreased proliferation in
vitro. In vivo investigation will likely proceed in the next
several years.
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Figure 5 Cellular system in peritoneal inflammation. Dialysis solutions in the peritoneal cavity
contain glucose and glucose degradation products (GDPs) that activate macrophages and mesothe-
lial cells to secrete numerous cytokines. These in turn stimulate fibroblasts and attract leukocytes to
migrate through activated endothelium. This chronic inflammatory process results in scarring of the
subperitoneal tissue and vasculopathy in the parenchymal vessels. See text for definitions of cytokine
acronyms. (see color insert)
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Integration of the Peritoneal Transport System

The complexity of the peritoneal transport barrier
requires an integrated approach toward its description. Fig-
ure 3 is a useful conceptual model when the system is mod-
eled mathematically. Quantitative flows of blood and lymph
must be assigned to all of the various pathways in this illus-
tration. Rates of mass transfer with individual mass transfer
coefficients and surface contact areas must be assigned to
each tissue group. The system in Figure 3 must then be inte-
grated into a total-body system with multiple compartments
for each organ system. Quantitative values for the various
parameters have been suggested by Flessner and Dedrick
(see Further Reading).

The distributed model concept of Figure 1 requires tis-
sue-specific transport coefficients that cannot be obtained
from the compartmental model of Figure 3. Solutes trans-
port from the cavity through the peritoneum, which has been
shown to be an insignificant barrier, through the tissue inter-
stitium and are absorbed either directly into the distributed
blood system throughout the subperitoneal tissues or into
the lymphatic vessels, if macromolecules. Characteristics of
the interstitium and its variability during a large-volume
dialysis or chemotherapeutic procedure must be taken into
account. In addition, the vascular system is highly reactive
to hypertonic solutions often used in dialysis. Therefore in
the early stages of dialysis, there may be a localized vasodi-
lation in the layers of the tissue closer to the anatomic peri-
toneum. However, after 15 to 20 minutes, this tends to
disappear and a rather uniform rate of blood flow appears to
be the rule. Rates of small-solute transport appear to be the
same whether in the direction from the cavity to the blood or
from the blood to the cavity. Larger solutes, however, expe-
rience an asymmetry in their transport. They leave the blood
vessels via large pores and transport through the tissue inter-
stitium to the peritoneal cavity. However, if administered
into the peritoneal cavity, they transport across the peri-
toneum and through the interstitium, but cannot be reab-
sorbed directly across the endothelium; they must be taken
up by lymphatics. The restrictive properties of the peritoneal
interstitium must be taken into account when describing the
transport. Although a small portion of the peritoneal surface
area is made up of solid organs such as the liver and spleen,
the vast majority of the tissue microcirculation can be rep-
resented by vessels of the muscle.

The cells illustrated in Figure 5 need to be considered as
a system. Although each of these cell types can be studied in
vitro, it is only through their interaction that the clinically
observed pathology is created. It is also only through this
interaction that an improved understanding of the complex
process of chronic inflammation will come about. The inte-
grated cellular system within the peritoneal tissue reacts to
multiple stimuli. In bacterial peritonitis, the interaction of
the organisms with the macrophages and the mesothelium
results in a rapid response of the local inflammatory cas-
cade. This affects the underlying tissue space in the short
term but appears to be rapidly reversed if the infection is

brought under control. On the other hand, chronic inflam-
mation occurs at a very slow rate and is due to the exposure
of the peritoneum to noncompatible dialysis solutions. It 
is not known whether any solutions other than an isotonic
salt solution could be truly compatible with these cells. The
macrophages and the mesothelial cells are both stimulated
by dialysis solutions to produce a myriad of cytokines,
prostaglandins, and matrix proteins, such as collagen and
hyaluronan. Hyaluronan is secreted into the peritoneal 
cavity and is deposited within the tissue. This along with
fibronectin and other macromolecules that escape the
inflamed endothelium results in a thickening and scarring of
the submesothelial peritoneum. Stimulation of tissue fibrob-
last results in greater deposition of matrix materials with
further scarring. Parenchymal cells such as skeletal muscle
may just be innocent bystanders, but their true role has not
been elucidated. It is anticipated that the system in Figure 5
will become more complex and more specific over the next
several years.

To truly understand the peritoneal transport system in 
living human beings who utilize this for solute and water
excretion over many years, one must combine Figures 1 
and 5. Overlying the physiologic transport resistances of the
various portions of the tissue space is a highly reactive cel-
lular system of resident macrophages, mesothelial cells,
fibroblasts, and endothelial cells. All of these combine in an
integrated system of inflammatory response, which has the
capacity to bring about over time marked alterations in the
peritoneal transport system and its functional characteris-
tics. It is anticipated that many advances will be made in the
description of these changes and how to combat them and
improve intraperitoneal therapies.

Glossary

Distributed model: A conceptual and integrative model of transperi-
toneal transport in which the microvasculature is distributed uniformly in
the tissue.

Intraperitoneal chemotherapy: Regional treatment of peritoneal
metastases with intraperitoneal solutions containing high concentrations of
chemotherapeutic agents.

Peritoneal dialysis: A therapeutic technique used to remove waste
metabolites and excess water from patients with kidney failure.

Three-pore model: A classic conceptual model of transendothelial
transport.
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Peritoneal Microvascular Architecture

Like other tissues, a series of systemic vascular flows can
be recognized in the biopsy specimens of peritoneal tissue.
Specifically, the series is composed of a small artery, arteri-
ole, precapillary arteriole, capillary, postcapillary venule,
venule, and small vein.

The small artery has a triple-layered structure including
intima that is covered with endothelial cells, media consti-
tuting a layer composed of smooth muscle cells, and adven-
titia that is composed mainly of collagen and a few
fibroblasts. The first two layers are distinguished by the for-
mation of internal elastic lamina; the adventitia, however, is
an aggregate of collagen fibers that does not form a mem-
branous structure like an internal elastic lamina. The arteri-
ole is composed of two layers—one of endothelial cells and
the other of the media. The latter is made up of one or two
layers of smooth muscle cells, but the growth of the elastic
lamina is not well developed. The inner vascular diameter 
is less than 15 mm. The morphological characteristics of the
capillary are low muscular volume and composition of only
endothelial cells, basement membrane, and a few pericytes
that form a reticular periphery; they also lack an intima and
media. The inner diameter is less than 10 mm for the capil-
lary. More peripherally located postcapillary venules are of
diameter 10 to 30 mm and have a richer loose media compo-
nent composed of reticular frame lamella and smooth mus-
cle cells. The larger venule and small vein are composed of

Introduction

It is well known that peritoneal solute transport rate
(PSTR) increases during peritonitis in peritoneal dialysis
(PD) patients. However, there was great concern recently
over the possibility that long-term PD itself increases PSTR.
An increasing number of studies report that an increased
PSTR may have a negative impact on both the technique
survival and the patient survival in PD patients. Further-
more, it was reported that encapsulating peritoneal sclerosis,
which is a serious complication for PD patients, is related to
high PSTR.

Several factors such as increases in the peritoneal contact
area, tissue diffusivity, capillary surface area, and capillary
permeability could conceivably explain an increase in
PSTR. The contact area between the dialysate and the peri-
toneum is the first barrier to solute transport between the
underlying microvessels and the dialysis solution. The wall
of microvessels is considered to be the main functional bar-
rier to the peritoneal solute transport as demonstrated by
Flessner et al. It is conceivable that increasing vascular sur-
face area could be caused by both increase of the amount
and dilatation of peritoneal perfused capillary.

Copyright © 2006, Elsevier Science (USA).
429 All rights reserved.
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endothelial, intima that is made up of cells, and smooth
muscle cell–based media. The inner diameter is less than 
50mm for venules and 100 mm for small veins.

Three-Pore Theory

Three-pore theory explains water and solute transport
across the peritoneal microvessel during peritoneal dialysis.
For this transport process, there are three kinds of pores: a
large number of small pores (radius 40 to 50Å) for low
molecular weight, a very low number of large pores (radius
250Å) for macromolecules, and ultrasmall pores (radius 
3 to 5Å) for water transport but rejecting the transfer 
of solutes. Aquaporins, especially aquaporin-1, which was
identified recently, are the proteins constituting these
transendothelial water channels; they are assumed to be
ultrasmall pores.

Estimation of Peritoneal Solute Transport Rate

The peritoneal transport of low-molecular-weight solutes
has traditionally been investigated with the peritoneal equi-
libration test (PET). Parameters that can be calculated from
such a standardized test are the mass transfer area coefficient
(MTAC) of a solute, its dialysate-to-plasma (D/P) ratio, and
the clearance of that solute. The MTAC or the D/P ratio is
determined mainly by the peritoneal vascular surface area,
because this solute transport is the major process in PD. It is
suggested that under basal circumstances only about 25 to
50 percent of the peritoneal capillaries are perfused. Based
on D/P creatinine, practically used as small solute transport
rate, patients have been classified into four transport cate-
gories: low, low-average, high-average, and high.

The Relationship between PSTR and Alterations of
Peritoneal Microvessels in PD Patients

As described earlier, many reports have been published
with the theory that peritoneal transport is related to peri-
toneal vascular surface area; however, there is only one
report, from the present authors, that investigated this phe-
nomenon as the clinical fact. We reported alterations in the
peritoneal capillary and postcapillary venule (i.e., the main
part of water and solute transport; named “microvessel” in
the report) in biopsy specimens of peritoneum obtained
from PD patients.

The parietal peritoneal tissue was obtained from PD
patients and stained by the modified Masson-Noguchi
method (Figure 1) before using an image analysis program.
The relative microvessels area (RVA, calculated as total area
of microvessels/total area of peritoneal field) and relative
microvessels number (RVN, calculated as number of
microvessels/total area of peritoneal field) were determined

for each specimen. The ratio RVA/RVN was used to assess
the average area of microvessels. The D/P for creatinine
showed a significant positive correlation with both RVA
(Figure 2) and RVA/RVN (Figure 3), but not with RVN 
(Figure 4). This indicates that the dilatation of each perfused
microvessel has an impact on PSTR. The D/P for b2
microglobulin (middle size molecule) correlated with RVA
(Figure 5) with weaker correlation than the D/P for creati-

Figure 1 Human peritoneal membrane stained with Masson-Noguchi
modified stain (original magnification 200¥). (see color insert)
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Figure 2 Correlation between the relative microvessels area and D/P
creatinine (rho = 0.77, p < 0.001, n = 22).
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Figure 3 Correlation between D/P creatinine and microvessel cross-
section (RVA/RVN) (rho = 0.66, p = 0.003, n = 22).
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nine, but not with RVN and RVA/RVN. No correlation 
was found between D/P albumin (large molecule) and RVA
(Figure 6) or RVN. These observations cannot be explained
only by the presence of microvessel dilatation, and therefore
other pathology may be present in the PD peritoneum as
well.

Increased microvessel surface area may be well reflected
by the perfusion volume. In the study mentioned earlier, 
it was not possible to take into consideration the 
possible influence of the actual perfusion state of the
microvessels. The various microvascular networks are open
or closed at different times, and this might have an impact
on the transport properties of the membrane. Recently
intravital microscopy was introduced in the PD field. It 
may be helpful to clarify the peritoneal microvessels status
during PD.

In PD animal models, the peritoneum has been reported
to gain in thickness, and presumably this occurs also in
patients on PD. Thus, it can be speculated that the thicken-
ing of the peritoneum may provide an increase in the total
capillary length, while the density of microvessels does not
decrease. However, this has not been elucidated in the clin-
ical study.

Candidate Molecules Related to 
Angiogenesis and/or Dilatation

The main pathology that alters the vasculatures of the PD
peritoneum has not been clarified in patients on PD. How-
ever, accumulating studies have reported the important role
of some cytokines.

Based on the experimental study, vascular endothelial
growth factor (VEGF) is assumed to be the main factor
enhancing angiogenesis and vascular permeability. It is
expressed in the endothelium lining peritoneal capillaries in
the human peritoneal membrane. VEGF is detected in the
dialysate from both PD rat model and PD patients. In the rat
model it was reported that the dialysate level of VEGF cor-
relates with small-solute transport. Furthermore, VEGF con-
centration in the effluent is increased as a function of time
on CAPD, and it is very closely related with PSTR in PD
patients. It was reported that VEGF blockade normalized
PSTR in streptozotosin-induced diabetic rats.

VEGF stimulates nitric oxide synthase (NOS) produc-
tion, leading to the production of nitric oxide (NO).
Endothelial NOS (eNOS) is required for angiogenesis and
vascular permeability driven by VEGF, and VEGF upregu-
lates eNOS production. Therefore, NO plays an important
role in the regulation of vascular tone and permeability. In
fact, it is reported that NOS production is increased in the
peritoneum of long-term CAPD patients. There is an inter-
esting recent report that eNOS4(a/b) gene polymorphism is
associated with PSTR at the start of PD in uremic Chinese
patients.

Vasculopathy

It is suggested that change of peritoneal vascular charac-
teristics develops in PD patients. Honda et al. has reported
that peritoneal vascular hyalinization is observed especially
in the media of postcapillary venules to small venules in
long-term PD patients with high PSTR. They observed that
formation of carboxymethyl lysine (CML), an advanced
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Figure 4 Relationship between D/P creatinine and relative microves-
sels number (rho = 0.02, p = NS, n = 22).
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Figure 5 Correlation between the relative microvessels area and D/P
b2 microglobulin (rho = 0.52, p = 0.018, n = 22).
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Figure 6 Relationship between the relative microvessels area and D/P
albumin (rho = -0.01, p = NS, n = 22).
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glycation end product (AGE), in the peritoneum correlates
with the development of microvascular sclerosis in PD
patients, and this vascular change is associated with high
PSTR. They also pointed out that the morphological
changes of the peritoneal vasculature are similar to those
associated with diabetic microangiopathy.

AGE accumulation in CAPD peritoneum, especially in
the vascular area, increases with time on CAPD, and it may
be directly related with PSTR and peritoneal fluid absorp-
tion rate. AGE formation could be driven by several factors
such as high-glucose solutions, glucose degradation prod-
ucts (GDPs), which are present in the unused PD solution as
well as the uremic circulation. It was reported that GDPs
could induce VEGF production; on the other hand, NO
inhibits AGE (pentosidine) formation by scavenging free
radicals and by inhibiting carbonyl compound formation.

AGEs influence cellular properties that allow the binding
of AGEs to specific receptors, of which the best character-
ized is the receptor for AGEs (RAGE). RAGE is a member
of the immunoglobulin superfamily and is expressed by the
endothelium, smooth muscle cells, and mononuclear phago-
cytes, cells central to both vascular homeostasis and patho-
genesis of vascular lesions. Recently it was reported that
RAGE is expressed in peritoneal mesothelial cells and that
anti-RAGE antibody does not affect the PSTR, but does
affect submesothelial fibrosis in diabetic rat. These findings
suggest the possible role of mesothelium for developing
high PSTR through AGE–RAGE interaction.

In summary, it is suggested that the dilatation of
microvessel, the increasing number of microvessels, and the
progression of vasculopathy play a role in increased PSTR.
However, at present, there is little clinical information about
cause(s) and mechanisms for the observed alterations in the
peritoneal microvessels in PD patients. Further studies are
needed in this area.

Glossary

Advanced Glycation Endproduct: The products by non enzymatic
chemical reaction between glucose or glucose degradation products and
proteins.

Peritoneal dialysis: Dialysis method using peritoneal membrane.
Dialysate are infused in and remain in the peritoneal cavity for a time and
are drained. The wall of microvessels is considered to be the main func-
tional barrier to the solute transport between dialysate and blood.

Peritoneal solute transport rate: It is associated with an increased
surface area of peritoneal microvessels. At the same time, other factors such
as increases in the peritoneal contact area and tissue diffusivity could con-
ceivably explain an increase in PSTR.
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flow also helps to maintain a barrier against back-diffusion
of luminal acid, thereby preventing mucosal damage and
ulceration. Impairment of gastric blood flow renders the
mucosa vulnerable to the damaging actions of gastric juice
as well as ingested agents, such as ethanol, aspirin, and bac-
teria (e.g., Helicobacter pylori).

The parallel-coupled capillary networks of the gastric
muscular layer and the mucosa are under separate control,
responding independently to tissue metabolism, other local
factors, and extrinsic neural input. Between meals, blood
flow in the mucosal layer is about six times higher than that
of the muscle layer, and approximately 75 percent of total
gastric blood flow is distributed to the mucosa, with 25 per-
cent directed to the muscle layer. This intramural distribu-
tion of blood flow is altered when either of the two layers
becomes functionally active—that is, when the mucosa is
stimulated to produce acid, mucosal blood flow (and its per-
cent of total flow) preferentially increases.

Gastric blood flow is controlled by neural, humoral, and
metabolic factors. Sympathetic activation elicits reductions
in total gastric blood flow and mucosal flow through arteri-
olar constriction. Parasympathetic nerves exert a tonic
vasodilatory influence on gastric arterioles, with vagotomy
resulting in a reduction in blood flow. Gastrin and histamine,
both powerful stimulants of gastric acid secretion, increase
mucosal blood flow. Oxygen consumption by the stomach
increases in proportion to acid production. Changes in both
blood flow and oxygen extraction assist in meeting the
demand for additional oxygen in the acid-secreting stomach.
When gastric blood flow is reduced, however, acid secretion
and blood flow may fall in parallel, owing to the fact that the
rate of oxygen delivery to the parietal cells is limited by
blood flow.

More than 25 percent of cardiac output normally flows
through the gastrointestinal tract. However, the rate of blood
perfusion through the gastrointestinal (GI) tract is dynamic,
responding to both the metabolic requirements of local tis-
sue and the needs of vital organs. For example, the ingestion
of a meal is associated with large increases in GI blood flow,
while profound reductions in flow are elicited by stresses
(e.g., hemorrhage) that threaten to deprive the brain and
heart of their normal blood supply. Although blood vessels
in the different organs comprising the GI tract share com-
mon mediators and mechanisms of blood flow regulation,
some differences related to tissue function have been
demonstrated. The vascular supply to the gastrointestinal
mucosa is particularly well suited for the absorptive and
secretory functions of this tissue in that it allows for a high
rate of blood flow, has a large exchange surface area, and
exhibits characteristics that allow for easy permeation of
nutrients and water, yet proteins are largely retained within
the plasma compartment. Disease processes affecting the 
GI circulation can be associated with either impaired 
blood perfusion (e.g., ischemia) or over-perfusion (portal
hypertension).

Gastric Microcirculation

Gastric blood flow plays an important role in sustaining
the normal physiologic functions of the stomach, and it
helps to protect the gastric mucosa against ulcer formation.
Intrinsic regulatory mechanisms have evolved to ensure that
blood flow is adjusted to meet the energy-demanding
processes of gastric secretion and motility. Gastric blood

Copyright © 2006, Elsevier Science (USA).
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The gastric microcirculation contributes to gastric ulcer
formation in several ways. Capillary transport of parietal
cell–derived bicarbonate normally plays an important role 
in protecting the surface epithelium against acid-induced
injury and ulceration. The mucosal capillaries originating
near the gastric pits transport bicarbonate toward the
mucosal surface, where it can diffuse into the interstitial
compartment beneath the surface epithelial cells. The latter
cells transport bicarbonate into the gastric lumen where it
can buffer luminal acid. As a consequence, there is an
inverse relationship between gastric mucosal injury and the
rate of vascular bicarbonate delivery to the mucosal surface.

Intestinal Microcirculation

The blood circulation plays an important role in the sup-
port of intestinal functions, such as propulsion of chyme and
assimilation of ingested nutrients. Intrinsic regulatory mech-
anisms allow the intestine to adjust the distribution of blood
flow between the muscular and mucosal layers in accor-
dance with local metabolic needs. An extensive network of
collateral channels within and external to the gut wall helps
to ensure adequate intestinal blood flow.

Intestinal blood flow accounts for 10 to 15 percent of 
the resting cardiac output (500 to 750mL/min) in the adult
human. There appears to be an oral-to-anal gradient in blood
flow (mL/g tissue) along the small intestine. In the resting
state, approximately 65 percent of the total intestinal blood
flow is directed to the mucosa, 25 percent to the muscularis,
and the remainder to the submucosa. This distribution of
flow within the bowel wall is usually attributed to the
greater metabolic demand of the mucosa. Stimulation of
epithelial transport processes favors improved mucosal per-
fusion while enhanced motor activity redistributes blood
flow toward the muscle layers.

Extrinsic control of intestinal blood flow is exerted by
neural and humoral factors. Activation of parasympathetic
nerves usually results in vasodilation (increased blood flow)
mediated by acetylcholine. Sympathetic nerve stimulation
elicits vasoconstriction (decreased blood flow) that is medi-
ated by norepinephrine. This a-adrenergic vasoconstriction
is short-lived because intestinal arterioles escape from the
constrictor influence of norepinephrine, resulting in partial
restoration of normal blood flow (autoregulatory escape).
Local release of adenosine appears to mediate this autoreg-
ulatory escape. Hormones such as VIP, cholecystokinin, and
secretin can induce vasodilation and increase blood flow,
while angiotensin II and vasopressin are potent constrictors
of intestinal arterioles. Indeed, a large proportion of basal
vascular tone in the intestine can be attributed to circulating
angiotensin II and vasopressin.

Intrinsic control of intestinal blood flow is mediated by
both metabolic and nonmetabolic factors. Ingestion of a
meal results in an increase in both intestinal oxygen con-
sumption and blood flow. The postprandial hyperemia is
directly coupled to the increase in intestinal oxygen con-

sumption. For any given increase in oxygen consumption, a
greater initial oxygen extraction results in a larger postpran-
dial hyperemic response. If the initial oxygen extraction is
low, then the postprandial hyperemia is minimal and the
increased oxygen demand is met primarily by an increase in
oxygen extraction. The opposite holds if the initial oxygen
extraction is high.

The postprandial hyperemia is confined to that segment
of intestine directly exposed to chyme; segments distal to
the bolus of chyme have normal resting blood flow. Of the
hydrolytic products of food digestion, luminal glucose and
oleic acid are capable of eliciting an intestinal hyperemia.
Intraluminal glucose presumably elicits a hyperemia due to
stimulation of absorptive processes, since 2-deoxyglucose
(which is not absorbed) does not elicit a hyperemia. The 
glucose-induced hyperemia is mediated by metabolic fac-
tors, such as low tissue po2, and adenosine release. The same
metabolic factors contribute to the oleic acid–induced func-
tional hyperemia; however, a portion of the hyperemia can
be attributed to oleic acid–induced irritation of the mucosa,
which is linked to local release of vasoactive intestinal pep-
tide. The importance of active transport of nutrients to the
postprandial hyperemia is best exemplified by the differen-
tial responses of the jejunum and ileum to luminal bile or
bile salts. In the jejunum, bile does not elicit a hyperemia,
whereas in the ileum (where bile salts are actively trans-
ported), luminal bile produces a profound hyperemic
response.

Pathophysiology of the GI Circulation

Ischemia–Reperfusion (I/R)

Ischemic damage to the GI tract occurs when splanchnic
blood flow falls to a level at which delivery of oxygen and
other nutrients is insufficient to maintain oxidative metabo-
lism and hence cell integrity. Reduced blood flow to the 
gastrointestinal tract may occur during generalized 
nonocclusive ischemia (e.g., circulatory shock and conges-
tive heart failure, especially in those treated with cardiac
glycosides) and in occlusive disorders (e.g., emboli, athero-
sclerosis, thrombosis) that primarily involve the mesenteric
circulation. Occlusion of a major intestinal artery does not
result in the expected reduction in intestinal blood flow. In
adult animals, occlusion of a branch of the superior mesen-
teric artery results in only a 30 to 50 percent reduction in
intestinal blood flow, which is attributed to the extensive
network of intramural and extramural collateral channels. In
neonatal animals, which have less developed collateral
channels, a similar arterial occlusion reduces intestinal
blood flow by 70 percent. This may explain why the neo-
natal intestine is more vulnerable to ischemic necrosis than
adult intestine.

Increases in the capillary filtration coefficient and a
reduction in the osmotic reflection coefficient have been
demonstrated in the GI tract after I/R. The permeability



CHAPTER 68 The Gastrointestinal Microcirculation 435

response is derived from an increase in the number of large 
(200Å radius) pores, while the small-pore (50Å radius)
population is unaffected. In the intestine, the increase in the
capillary filtration coefficient observed after I/R is not solely
a result of increased capillary surface area.

Ischemic injury in the intestine appears to be related,
either primarily or secondarily, to the effects of tissue
hypoxia. Possible mechanisms of mucosal injury induced by
tissue hypoxia include depletion of high-energy phosphates
necessary to produce protective substances; accumulation of
histamine, leading to increased microvascular permeability;
production of metabolic acidosis, leading to release of lyso-
somal enzymes and cellular digestion; conversion of xan-
thine dehydrogenase to xanthine oxidase, an enzyme that
can produce cytotoxic oxygen-derived free radicals during
reoxygenation; and the attraction and activation of circulat-
ing granulocytes that can injure tissue by producing pro-
teases and oxidants. There is considerable evidence that
implicates both reactive oxygen species and infiltrating
granulocytes in I/R injury in the GI tract. The I/R-induced
microvascular responses in the GI tract are comparable to
those observed during an intense inflammatory response.
With the reintroduction of molecular oxygen at reperfusion
endothelial cells assume both a proinflammatory and pro-
thrombogenic phenotype that is characterized by the recruit-
ment of adherent leukocytes and platelets in postcapillary
venules. The platelets act to amplify the neutrophil activa-
tion response while neutrophils per se appear to mediate 
the endothelial barrier dysfunction associated with I/R.
Extravasated neutrophils then contribute to the mucosal dys-
function and epithelial cell necrosis after I/R by releasing a
variety of proteases and reactive oxygen metabolites.

Chronic Portal Hypertension

Whereas an acute elevation in portal venous pressure is
likely to elicit a myogenic-mediated constriction of splanch-
nic arterioles, chronic portal hypertension tends to exert a
vasodilatory influence on the splanchnic vasculature. Fur-
thermore, chronic portal hypertension has a significant
impact on other regional vascular beds and on systemic
hemodynamics. Blood flow to the gastrointestinal tract, kid-
neys, and skeletal muscle is significantly elevated. This pre-
sumably results from an increase in circulating vasodilators
(e.g., glucagon) and a decrease in vascular sensitivity to
vasoconstrictors (e.g., norepinephrine). The widespread
dilation of arterioles results in a reduction of peripheral vas-
cular resistance and a corresponding reduction of arterial
blood pressure. In addition, cardiac output is elevated as a
consequence of the increased venous return associated with
the splanchnic and peripheral vasodilation. The elevated
portal pressure results in the opening of portosystemic
shunts to divert portal blood from the liver and reduce por-
tal pressure. The increase in portal pressure impairs venous
drainage from the spleen into the portal vein. This results 
in the accumulation of blood within, and distension of, the
spleen (splenomegaly).

Organ blood flow is determined by the arterial–venous
pressure gradient and vascular resistance. It follows then
that portal pressure is determined by portal venous inflow
and portal venous resistance. When portal vascular resist-
ance is normal, an increase in portal venous flow will pro-
duce a proportional increase in portal pressure. However,
when portal vascular resistance is increased, the relationship
between portal pressure and portal venous flow is shifted
upward and to the left. At any given portal venous inflow, an
increased portal vascular resistance will result in an increase
in portal pressure. Portal pressure can be further increased
when there is a concomitant increase in portal venous flow
and portal vascular resistance. Indeed, the latter instance
appears to reflect the vascular changes that account for the
elevated portal pressure that is observed in some experi-
mental models of chronic portal hypertension and is likely
to account for the portal hypertension associated with some
forms of liver disease. With a portal vascular resistance that
is 40 percent higher in the portal hypertensive than in the
control state, it is predicted that increased portal inflow 
and increased portal vascular resistance account for 40 per-
cent and 60 percent of the increase in portal pressure,
respectively.

The portal hypertensive state leads to the development of
collaterals (mostly along the esophagus; esophageal varices)
to shunt blood from the congested portal vein, around the
liver, to the systemic circulation (portosystemic shunting).
Since a large proportion of portal venous blood bypasses the
liver via portosystemic shunting, the hepatic degradation 
of different compounds, including circulating vasodilators,
such as glucagon, is reduced. The diminished catabolism of
circulating vasodilators increases their concentration in the
plasma, allowing these agents to relax arteriolar vascular
smooth muscle and reduce splanchnic vascular resistance.
Another important action of some of the vasodilators that
accumulate in chronic portal hypertension (e.g., glucagon)
is to reduce the sensitivity of splanchnic arterioles to vaso-
constrictors such as norepinephrine, vasopressin, and
angiotensin. The net result of the direct and indirect actions
of the accumulated circulating vasodilators is an increased
splanchnic blood flow, which serves to perpetuate the portal
hypertensive state.

Glossary

Chyme: Hydrolytic products of food within the lumen of the 
intestine.

Portal hypertension: An abnormal elevation of hydrostatic pressure
within the portal veins that drain the GI tract and empty into the liver.

Portosystemic shunting: Diversion of blood flow from the portal vein
away from the liver, through either existing or newly formed channels
(shunts).

Postprandial hyperemia: Increase in gastrointestinal blood flow that
results from ingestion of a meal.

Reperfusion: The restoration of tissue blood flow following a period
of ischemia.
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ing blood to be delivered to the different peripheral tissues.
The finely tuned process of release into blood of mature
cells is taking place in a vascular structure specific for the
BM, the BM sinus.

In the adult mammal, HSCs are located in the BM. Dur-
ing development HSCs migrate from one site to the other.
For example, in the fetus HSCs migrate from the liver to the
BM via the circulating blood where HSC concentration is
high. In the adult such HSC migration is restricted and the
HSC blood concentration is small. When patients lacking
BM hematopoiesis because of a blood disease (aplastic 
anemia) or following myelotoxic treatment (heavy radio- or
chemotherapy) are given allogeneic HSCs by intravenous
injection, the stem cells circulate until they settle within the
marrow tissue. This process called engraftment is experi-
mentally duplicated by injecting allogeneic or syngeneic
BM HSCs to animals that have been lethally irradiated and
can be rescued by the marrow graft. Instead of being re-
covered from the BM, HSCs can be mobilized from BM to
peripheral blood using myelotoxic chemotherapeutic agents
and/or hematopoietic growth factors (HGFs), in particular
granulocyte colony-stimulating factor (G-CSF). This proce-
dure is in wide use since it allows the collection of HSCs
from the peripheral blood, avoiding the surgical act of mar-
row collection under general anesthesia.

The BM tissue is made essentially of hematopoietic cells
packed in the hematopoietic parenchyma (the marrow cords
or “logettes”). The nonhematopoietic cells found in the BM
constitute the hematopoietic microenvironment, consisting
of endosteal cells lining bone trabeculae, of scattered fat-
laden adipocytes, and of vascular cells forming the various
vascular structures. The description of long-term marrow
cultures where HSCs are maintained for months in mice and
weeks in humans has shown that “stromal” cells generated
in the adherent layer are required for survival, proliferation,
and differentiation of HSCs. A subset of stromal cells forms
the hematopoietic niche where HSCs in physical contact

The bone marrow (BM) is the site of hematopoiesis in 
the adult mammal. The BM vasculature that comprises a
specific structure, the sinus where exchange between BM
parenchyma and circulating blood takes place, not only has
a structural role, but also is actively regulating hemato-
poietic stem cell (HSC) self-renewal/differentiation and
hematopoietic cell trafficking. The molecular mechanisms
accounting for HSC homing and engraftment and for HSC
mobilization from BM to blood begin to be understood. The
BM vasculature contributes to the physiopathology of a
number of blood neoplastic diseases.

Hematopoiesis and Its Microenvironment

Hematopoiesis is the process of blood cell formation. In
adult mammals it takes place in the bone marrow (BM). In
normal humans hematopoietic BM is located in flat bones
(skull, sternum, ribs, pelvis) and vertebrae. It may extend in
case of increased hematopoietic demand (e.g., in anemias)
or in some blood neoplastic diseases (e.g., chronic or acute
leukemias) to long bones (humerus, femur, tibia). In rodents
long bones are hematopoietic under normal conditions.

During development hematopoiesis occurs at different
sites. In the embryo, hematopoiesis is first detected in the
yolk sac and on the ventral floor of the dorsal aorta. In the
fetus, hematopoiesis develops in the liver. By the second
half of gestation, hematopoiesis finds its final location, that
is, the BM. Spleen also constitutes a late fetal site of
hematopoiesis, transient in humans, but persisting into
adulthood in the mouse.

All blood cells derive from a small compartment of
hematopoietic stem cells (HSCs). HSCs are characterized
by two cardinal properties: They are multipotent and they
self-renew. HSCs give rise to hematopoietic progenitors, in
turn the progeny of precursors. The mature cells having
completed their differentiative cycle must enter the circulat-

Copyright © 2006, Elsevier Science (USA).
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with stromal cells maintain the adequate balance between
self-renewal and differentiation. In vivo, the BM counter-
part for stromal cells appears to be a subpopulation of
microenvironmental cells with vascular smooth muscle cell
characteristics. Such a cell population belongs to the BM
vasculature. Cells from the BM vasculature are therefore
essential for blood cell formation since they regulate both
HSC self-renewal/differentiation and hematopoietic cell
trafficking.

The Vascular Network

As for other vasculatures throughout the body, the BM
vasculature is a network of arteries, arterioles, capillaries,
and veins. However, there is a structure highly specific for
the BM, which is the marrow sinus that connects capillaries
to the venous system.

The Network

In mouse long bones, the arterial blood supply comes
from two sources. The first source is the nutrient artery that
penetrates the bony cortex through the nutrient canal. In the
marrow cavity it bifurcates into ascending and descending
arteries, which give rise to radial branches that travel to the
inner surface of the cortex and penetrate it. In the cortex,
they become capillaries forming the bone canalicular sys-
tem, then reenter the marrow parenchyma where they give
rise to the branching network of marrow sinuses. Blood
from the sinuses is collected in a larger, central sinus from
which emissary veins depart, crossing back the cortex to
enter the systemic venous circulation. The second source of
blood supply is derived from muscular arteries giving rise to
periosteal capillaries that enter the cortex, where they anas-
tomose with the radial capillaries issuing from the nutrient
artery.

In long bones (in particular in rodents where they have
been extensively studied), the concentric structure of the
vascular network is conspicuous, with vessels running along
the bone longitudinal axis, that is, the nutrient artery and the
central sinus. However, in flat bones and in vertebrae, the
marrow vascular network appears to be more complex, bony
trabeculae of significant thickness being found within the
central region and large sinuses being observed in the imme-
diate juxtaosseous region.

BM arteries and arterioles are similar to structures found
in other tissues, comprising an intima, a media, and an
adventitia. The intima is made of endothelial cells (ECs).
The media comprise one or several layer(s) of vascular
smooth muscle cells (VSMCs). The adventitia is made of
loose connective tissue, with often nerve structures. In mice,
a particular cell type, the periarterial adventitial cell, con-
centrically surrounds both nerves and arterioles.

BM capillaries comprise, as for other capillaries through-
out the body, an endothelial lining and, on the abluminal or

adventitial side of the ECs, pericytes forming a discontinu-
ous cover.

Sinuses are usually small (5 to 30 mm in diameter in
mouse long bones, but they may be larger in human flat
bones). They are made of an endothelial lining flanked on
the abluminal side by cells with VSMC characteristics.
These abluminal cells are called by different names—
adventitial reticular cells, myoid cells, barrier cells—
depending on the author who first described them.
Abluminal cells are separated from ECs by a thin and inter-
rupted basement membrane.

The Cells

ECs express, as usual, the membrane antigens CD31 and
CD34 and, in the cytoplasm, the von Willebrand factor.
Sinusal ECs are broad and flattened with often overlapping
and interdigitated junctions. In some cells, away from the
prominent nucleus, the cytoplasm thickness may attenuate
to a diameter approaching that of a double plasma mem-
brane, forming fenestrae with a diaphragm. The looseness of
the junctions, the presence of fenestrae, and the interrupted
underlying basement membrane are features specific for the
BM sinus endothelial lining.

VSMCs contain, as usual, myofibers expressing alpha-
SM actin (ASMA). Pericytes also express ASMA. Ablumi-
nal cells from BM sinuses are all believed to be contractile
cells akin to VSMCs: Adventitial reticular cells contain bun-
dles of microfilaments, myoid cells are ASMA-positive, and
barrier cells are similar to wound-healing myofibroblasts.
Abluminal cells are flattened cells covering, in the unper-
turbed mouse, approximately 65 percent of the endothelial
abluminal surface. However, in situations of stress or in
leukemias the coverage may substantially decrease. Ablu-
minal cells also present long cytoplasmic extensions within
the cord, being in contact with many surrounding
hematopoietic cells. Some myoid cells might even be
observed within the parenchyma, without obvious relation
to a BM sinus. Hence, myoid or barrier cells form a 
network joining one sinus to the other. The network is 
reinforced in case of stress. In particular, in the mouse after
administration of the proinflammatory cytokine interleukin-
1, the network extends almost continuously from bone
endosteal surfaces to medullary sinuses, coursing within the
parenchyma and enveloping hematopoietic cells.

In conclusion, the BM sinus is characterized not only by
a particular endothelial lining, but also by a sheath of ablu-
minal contractile cells forming a regulated outer vascular
coat. The highly specialized cell types found in these 
specific structures are involved in the regulation of
hematopoiesis, that is, both proliferation/differentiation of
HSCs and hematopoietic cell trafficking.

The Vasculature during Development

In human long bones, at 6 to 8 gestational weeks (gw),
the bone rudiments are entirely cartilaginous. Numerous
CD34-positive capillaries are found in the perichondral limb
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mesenchyme, running parallel to the rudiments. At 8 to 9gw
BM cavities appear: chondrolysis is actively proceeding and
capillaries invade the rudiments. At 9 to 10.5gw the vascu-
lar bed develops between ossifying trabeculae. In the 
diaphyseal region loose connective-tissue chambers are
observed. They are centered by an arteriole with an intima
of CD34-positive cells and a media of ASMA-positive
VSMCs. They are limited from the surrounding vascular
space by an endothelial lining of CD34-positive cells
flanked by ASMA-positive myoid cells. At this stage, these
structures, called primary logettes, do not contain
hematopoietic cells. At 11 to 15gw hematopoietic cells
appear within the primary logettes. The chambers then
extend considerably within the diaphyseal vascular space,
being attached to the juxtaosseous tissue by a short pedicule.
They are now centered by an artery. The number of myoid
cells lying in an abluminal position to the outer endothelial
lining or observed within the logette increases. Maximal
extension of the primary logette is observed by 15gw. The
central artery is on some sections connected to a perforating
artery, a situation similar to what is observed in long bones
of adult rodents. From gw 16 onward the hematopoietic
parenchyma fills almost all the space within the diaphyseal
medullary area, hampering the visualization of logettes. It is
only after birth that BM human hematopoiesis declines in
long bones. In rodents the sequence of events before and
after the onset of BM hematopoiesis (by day 16 post-coitus)
has not been studied in detail.

In conclusion, vascular structure formation precedes the
onset of hematopoiesis and vascular organization appears to
be a prerequisite for hematopoiesis.

The BM Blood Flow

Measurements made after injection of flow tracers (in
particular microspheres) whose distribution to the various
organs mirrors organ blood flows indicate that in humans the
BM blood flow is approximately 10mL/min/100g tissue;
the hematopoietic BM receives therefore approximately 2 to
4 percent of the cardiac output. Similar values have been
found in animals.

Various factors regulate the BM blood flow: cytokines
conveyed by the bloodstream such as erythropoietin (Epo)
or secreted locally such as G-CSF, endothelium-derived
vasoactive substances such as nitric oxide (NO), neurotrans-
mitters, and neuropeptides released by efferent nerve termi-
nals or by vascular or hematopoietic cells.

BM blood flow increased threefold in rats with 50 per-
cent blood loss and in rats supplemented with high doses of
Epo. The administration of G-CSF to rats also caused a
twofold increase in the BM blood flow. Following injection
of either cytokine, cardiac output, mean arterial blood pres-
sure, and ventilation rate remained unchanged, which
excludes a generalized systemic effect of the cytokines on
the vasculature. The increase in blood flow after Epo was
found not only in BM, but also in bone. The increase in

blood flow after G-CSF was restricted to the BM; blood
flows in nonhematopoietic organs (muscle, small bowel,
skin, kidneys), in spleen, and even in the bone itself were
unchanged. Epo and G-CSF appear therefore to cause dif-
ferent perfusion patterns, with different effects on the blood
supplies of the nutrient artery versus the muscular arteries,
as well as on venous collection. Inhibition of NO formation
in BM greatly decreased the increase in blood flow observed
after bleeding or administration of G-CSF, indicating that
the cytokines may induce the synthesis and/or release of the
vasodilatory substance by ECs. NO may then affect the tone
of nearby VSMCs.

Nerve fibers are observed in BM of humans or rodents,
most conspicuously in association with the vasculature. In
the mouse, approximately 92 percent of the efferent nerve
terminals with many synaptic vesicles have been found
nearby arteries and arterioles (in contact with VSMCs or
periarterial adventitial cells), while only 3 percent were in
contact with sinuses and 5 percent within the hematopoietic
parenchyma. In humans, approximately 75 percent of the
arteries and arterioles and 6 percent of the capillaries are
associated to nerve fibers. In spite of so widespread a BM
innervation, whether there is neuronal control of BM blood
flow remains controversial; noticeably, the increase in BM
blood flow induced by bleeding or administration of G-CSF
has not been modified by denervation.

The Marrow Sinus

The sinus is the exclusive site of exchange between the
hematopoietic and the circulating blood. It is at this sole
location that mature hematopoietic cells (polymorphs,
platelets, and red cells) enter the circulation to finalize their
life cycle as blood cells and that hematopoietic stem cells
(HSCs) enter the marrow parenchyma during engraftment.

BM Sinus ECs: Molecular Aspects

BM sinus ECs express in a specific way a number of 
molecules. Some cell adhesion molecules (CAMs), such as
E-selectin or vascular cell adhesion molecule-1 (VCAM-1),
are expressed constitutively while in ECs from non-
hematopoietic tissues, their expression is usually induced by
proinflammatory cytokines. The heparan sulfate (HS) pro-
teoglycans present on the luminal face of BM ECs bind,
with an affinity depending on the sulfatation patterns of 
the composing disaccharides, chemotactic cytokines
(chemokines), such as interleukin-8, macrophage inhibitory
protein-1a (MIP-1a), growth-related activity-a(GRO-a),
and stromal-derived factor 1 (SDF-1), known to be the
major chemotactic factor for HSCs. A current model hypo-
thesizes the existence of a SDF-1 gradient within the
hematopoietic parenchyma, with increasing concentration
from the sinus wall to the depth of the parenchyma, which
would explain how HSCs are maintained within the marrow
cords.
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Release of Mature Cells

As opposed to diapedesis, where leukocytes migrate
between two endothelial cells to enter peripheral tissues
(interendothelial migration), the egress of mature cells from
BM occurs through pores within endothelial cells
(transendothelial migration). When cell maturation is
achieved, reticulocytes or polymorphs go through a fenestra
with a diaphragm creating a pore whose diameter (of
approximately 2 mm) is far less than the cell size. Active
movements of ECs favor the cell release into the vessel
lumen. In the case of platelet release, pseudopods arising
from the megakaryocyte membrane flow through pores into
the sinus lumen where platelet fragmentation takes place.

The release of hematopoietic cells must occur when cells
are fully differentiated and not before. One mechanism is
via extracellular matrix (ECM) to integrin receptor recogni-
tion. Fibronectin is such an ECM protein widely expressed
in the BM cords. Precursors of red cells express fibronectin
receptors (integrins VLA-5) up to the stage of reticulocytes.
It is generally assumed that the lack of adhesion of reticulo-
cytes to fibronectin is a critical factor for the release of these
cells into circulating blood. Similar, but less known, inter-
actions involving other integrins and ECM molecules might
be at play for leukocytes, or even for immature cells in
pathological conditions. Other mechanisms might also be
operative, in particular those involving abluminal 
cells whose number and endothelial coverage are tightly
regulated.

HSC Homing and Mobilization

Homing of circulating HSC to BM requires sequential
specific signals for, first, attachment to sinus ECs; second,
transendothelial migration; and third, anchoring within the
hematopoietic parenchyma. This multistep process, compa-
rable to transendothelial migration of leukocytes in response
to inflammatory stimuli, involves interactions of HSCs with
CAMs expressed on sinus vascular cells and with ECM
adhesive molecules. These interactions are modulated by
HGFs and SDF-1. Present data, provided mainly by studies
in vitro, suggest the following scenario (Figure 1A). In the
first step, HSCs must reduce their speed by tethering to, and
rolling along, the endothelial lining. The sinusal blood flow
is relatively slow, allowing weak interactions between P-
selectin glycoprotein ligand-1 (PSGL-1) expressed on HSCs
and E- and P-selectins expressed on BM ECs. Chemokines,
such as SDF-1, or HGFs, such as Flt3-ligand or throm-
bopoietin, located on the endothelial membrane or bound to
proteoglycans, may then activate VLA-4 and LFA-1 inte-
grins on the rolling HSCs. VLA-4 and LFA-1 activation
would convert to firm adhesion the interactions of these
molecules with CAMs of the Ig superfamily (VCAM-1 and
ICAM-1) on the endothelial cells, resulting in HSC arrest.
Actin polymerization would then be activated in HSCs,
leading to their migration through the endothelium. The
transendothelial migration would be mediated by VLA-4

and VLA-5 expressed on HSCs and fibronectin present in
the sinusal ECM. The platelet endothelial cell adhesion 
molecule-1 (PECAM-1/CD31) expressed on both ECs and
HSCs could also be involved in this process through homo-
typic interactions. In the last step, HSCs would polarize and
migrate following a SDF-1 gradient to reach the hematopoi-
etic niche. The final anchoring might depend on interactions
of HSC VLA-4 with microenvironmental cell VCAM-1 and
of HSC VLA-5 with parenchyma ECM fibronectin; the c-
Kit ligand produced locally might enhance the anchoring;
moreover, the continuous production of SDF-1 by stromal
cells would allow HSCs to be confined within the niche.

Mechanisms leading to the mobilization of HSC are less
well understood. Among the multiple CAMs involved in
HSC adhesion to the microenvironment, HSC VLA-4 inter-
acting with microenvironmental cell VCAM-1 appears 
critical. It is now well established that HSC mobilization is
associated with an increased local production of proteases
within the BM, such as leukocyte serine proteases (elastase,
cathepsin G) or matrix metalloproteinases (MMP-9), able 
to degrade the ECM. Elastase is known to disrupt VLA-
4/VCAM-1 interactions (by degrading VCAM-1) and
CXCR-4/SDF-1 interactions (by degrading both CXCR-4,
the SDF-1 receptor, and SDF-1), while MMP-9 can also
cleave SDF-1. Collectively, the increase in BM protease
activity can explain the decrease, observed after G-CSF-
induced HSC mobilization, in BM SDF-1 levels and in
CXCR-4 expression on circulating CD34-positive
hematopoietic cells. A model showing the main factors
involved in HSC trafficking is proposed in Figure 1B.

Pathology

Increased BM blood flow has been described in cases of
increased hematopoietic demand such as that observed in
hemolytic anemia, which is in agreement with experimental
data on animals after bleeding. Similarly, some authors have
related the bone pain experienced by patients administered
with G-CSF to the increased blood flow associated to an
increase in the interstitial fluid pressure in the BM.

The myeloproliferative syndrome associates neoplastic
blood cell diseases (polycythemia vera, chronic myeloge-
nous leukemia, myelofibrosis) affecting HSCs and resulting
in overproduction of blood cells, fibrosis of the hematopoi-
etic parenchyma, and reactivation of liver and spleen
hematopoiesis. In this syndrome the BM blood flow is
increased. In myelofibrosis there is novel vessel formation
(angiogenesis).

Angiogenesis is also a major anatomo-pathological fea-
ture of acute leukemias and multiple myeloma. Neoplastic
cells (leukemic blasts or plasma cells), by producing angio-
genic factors -cytokines such as fibroblast growth factor-2
(FGF-2) or vascular endothelial growth factor (VEGF)
and/or metalloproteases (MMP2, MMP9), induce endothe-
lial cell proliferation and organization into capillary tubes
that provide oxygen and help tumor development. 
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Figure 1 Molecular modeling of HSC trafficking. Data supporting the following models are provided mainly
by studies in vitro using HSCs, BM ECs, and stromal cells generated from long-term marrow cultures. (A) HSC
homing. (1) Weak interactions between P-selectin glycoprotein ligand-1 (PSGL-1) expressed on HSCs and E-
and P-selectins constitutively expressed on BM ECs lead HSCs to tether to, and roll along, the BM endothelium.
SDF-1 located on the endothelial surface and bound to heparan sulfates induces activation of HSC integrins
VLA-4 and LFA-1. VLA-4 and LFA-1 activation converts to firm adhesion their interactions with VCAM-1 and
ICAM-1 constitutively expressed on endothelial cells. (2) This activation induces the arrest of HSCs and stimu-
lates actin polymerization that favors HSC transendothelial migration mediated by VLA-4 and VLA-5 in the
presence of fibronectin (Fn). (3) HSCs polarize, migrate along the local gradient of SDF-1 produced by stromal
cells, and reach the hematopoietic niche. This anchoring depends mainly on close interactions of HSC VLA-4
with stromal cell VCAM-1 and of HSC VLA-5 with Fn of the ECM. Moreover, the continuous production of
SDF-1 by stromal cells allows the confinement of HSC within the hematopoietic niche. (B) HSC mobilization.
(1) Addition of G-CSF induces (2) a local production of proteases (MMPs, elastases, and cathepsin G). (3) These
molecules are able to degrade the ECM. Moreover, elastase can cleave VLA-4/VCAM-1 and (4) CXCR-4/SDF-
1 interactions by degrading both CXCR-4 and SDF-1. The loss of attachment to stromal cells and to the ECM
together with the loss of SDF-1 activity (5) favors the release of HSCs from the hematopoietic niche. (see color
insert)
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Angiogenesis is characteristic of diseased BM since in nor-
mal conditions there is little, if any, novel vessel formation.
Antiangiogenic compounds are therefore promising novel
therapeutics for leukemias.

Glossary

Cell adhesion molecules (CAMs): These molecules, expressed on the
cell membrane, are involved in cell-to-cell and cell-to-extracellular matrix
interactions. They include integrins (e.g., VLA-4 and VLA-5), selectins
(e.g., P-, E-, and L-selectins), sialomucins (e.g., CD34 antigen), and
immunoglobulin superfamily molecules (e.g.,VCAM-1 and ICAM-1).
Interactions between selectins and sialomucins are of low affinity while
integrin activation transforms interactions between integrins and
immunoglobulin superfamily molecules into the high-affinity state. Inte-
grins can be transiently activated by growth factors, such as c-Kit- and Flt3-
ligands and thrombopoietin, or by chemokines, such as SDF-1 and IL-8.
This induces changes in the cytoskeleton structure that affects cell motility.

Chemokines: Chemotactic cytokines with low molecular mass (8 to
17 kDa) showing approximately 20 to 50 percent sequence homology
among each other at the protein level. These molecules mainly exert a
chemotactic activity on leukocyte subpopulations induced during inflam-
matory reactions. They are divided into four groups (CXC, CX3C, CC, and
C) according to the positioning of the first two closely paired and highly
conserved cysteines of the amino acid sequence. Chemokine receptors
belong to the large group of G-protein-coupled seven-transmembrane-
domain receptors.

Hematopoiesis: The process of blood cell formation. Blood cells
derive from hematopoietic stem cells (HSCs) that are multipotent: They
give rise to cells of all blood lineages, and that self-renew. In the progeny
of a mother HSC there is a daughter HSC with identical capacity for pro-
liferation and differentiation. HSCs give rise to hematopoietic progenitors
with great proliferative potential but that are unable to self-renew, being
already committed to a hematopoietic lineage, in turn giving rise to precur-
sors (differentiating cells). The process is extremely dynamic since several
billion hematopoietic cells need to be generated from a small compartment
of HSCs each day to replace dying blood cells.

Microenvironment: The set of nonhematopoietic cells found in the
BM parenchyma (cells from the vasculature, fat cells, and endosteal cells).
Cells from this compartment derive from a specific population of mes-
enchymal stem cells (MSCs). One finds therefore in the BM parenchyma
two different types of stem cells: HSCs giving rise to blood cells and MSCs
giving rise to microenvironmental cells. In long-term marrow cultures
hematopoiesis can be maintained for several weeks to months, provided
there is generation of adherent stromal cells, therefore considered to be the
population associated to HSCs and critical for their maintenance. A subset
of stromal cells forms the hematopoietic niche where HSCs in physical
contact with stromal cells maintain the adequate balance between self-
renewal and differentiation. In vivo, the BM counterpart for stromal cells
appears to be a subpopulation of microenvironmental cells with vascular
smooth muscle cell characteristics.

Migration: A fundamental process in cell biology that allows cell
locomotion. This property is essential during development, particularly
embryogenesis, but also throughout adult life. It is a mandatory process 
for cell renewal such as occurs in hematopoiesis. Two classical types of
migration are known: chemotaxis, where cell migration is directed by con-
centration gradients of soluble extracellular agents, and chemokinesis, char-
acterized essentially by an undirected movement of cells. The main
molecular factors involved in the migration process are cell adhesion mol-
ecules, chemotactic factors such as chemokines, and proteases, particularly
matrix metalloproteinases (MMPs).
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interbundle capillary plexus. The “simple” vascular bundle
(rabbit, guinea pig, dog, cat, monkey, man) is made up of
DVR and AVR separated by a minimum of interstitium.
Close apposition of DVR and AVR in vascular bundles pro-
vides opportunity for exchange of solutes and water. The
capillary plexus of the interbundle region arises from DVR
that peel off from the periphery of the vascular bundles in
the inner stripe, suggesting a role for DVR to regulate
regional blood flow within the medulla. Based on this
arrangement it seems likely that modulation of perfusion of
the interbundle capillary plexus regulates oxygen delivery to
the thick ascending limb in the hypoxic medulla. Below the
inner–outer medullary junction, vascular bundles disappear
and vasa recta become more evenly dispersed among loops
of Henle and collecting ducts. DVR terminate at various lev-
els to form a sparse capillary plexus that coalesces to form
AVR. DVR have a continuous endothelium with tight junc-
tions. Fenestrations appear in the DVR wall as they termi-
nate and fenestrations cover the majority of capillary plexus
and AVR surface area. AVR return to the renal cortex from
the inner medulla by traversing outer medullary vascular
bundles. AVR that arise from the interbundle plexus reach
the cortex independent of the bundles [1].

Countercurrent Exchange and 
Transport Properties

General Concepts

It is broadly accepted that the microcirculation of the
renal medulla is a countercurrent exchanger that traps NaCl
and urea deposited to the interstitium by the loops of Henle
and collecting ducts. Textbook illustrations generally show
parallel vessels that equilibrate by diffusion. Most simply,
DVR blood flow is concentrated by diffusive influx of NaCl
and urea as blood flows from the corticomedullary junction

Introduction

The purpose of this chapter is to review the current state
of knowledge concerning the microcirculation of the renal
medulla. This is a broad topic that touches on many areas.
Perhaps the best recognized function of descending and
ascending vasa recta (DVR and AVR) is to trap solute
through countercurrent exchange. The classical notions 
of diffusive exchange have been revised to account for
endothelial expression of aquaporin-1 water channels and
the UTB-facilitated urea carrier. In addition to transport-
related functions, DVR are contractile microvessels that
regulate regional perfusion of the medulla. Medullary perfu-
sion is of great importance, not only to the urinary concen-
trating mechanism but also to the maintenance of oxygen
tension and renal salt handling. Evidence has accumulated
that reduction of medullary perfusion can be accompanied
by ischemic insult because oxygen tensions in the renal
medulla are particularly low. Also of great interest is the
finding that reduction of perfusion can lead to experimental
forms of hypertension.

Tubular Vascular Relationships in the 
Renal Medulla

Blood flow to the renal medulla is provided by descend-
ing vasa recta, microvessels approximately 15 mm in diame-
ter that are predominantly derived from efferent arterioles 
of juxtamedullary glomeruli. As efferent arterioles cross the
corticomedullary junction to the outer stripe of the outer
medulla, the muscular layer is diminished and replaced by
smooth muscle–like cells called “pericytes” (Figure 1). Per-
icytes impart contractile function and are less prominent as
DVR penetrate to the inner medulla. The outer medulla is
characterized by its separation into vascular bundles and the

Copyright © 2006, Elsevier Science (USA).
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Efflux of Water from DVR

DVR plasma protein concentration rises along the direc-
tion of blood flow, indicating water loss from plasma to
renal medullary interstitium. Thus, DVR and nephrons
deposit water to the renal medulla and AVR take up that
water, accounting for overall mass balance. Water efflux
from DVR raises two paradoxes. First, the purpose of
depositing water from DVR plasma to the hypertonic
medullary interstitium seems enigmatic. Second, Starling
forces (hydraulic and oncotic pressure) do not account for
the direction of DVR water transport because intraluminal
oncotic pressure that favors water uptake exceeds the
hydraulic pressure that favors efflux. NaCl and urea gradi-
ents generated by the lag in equilibration of DVR blood with
interstitium favor water efflux and could account for
osmotic water abstraction from DVR, but this requires the
presence of a “small pore” pathway across which such small
solutes exert effective osmotic driving force. The discovery
of the aquaporins led to the molecular identification of that
route (Figure 2A). Blockade of aquaporin-1 (AQP1) with
mercurial agents or AQP1 knockout eliminates water efflux
driven by abluminal hypertonic NaCl [3, 5]. Thus, transport
of water across the DVR wall must be described by at least
two parallel pathways, the properties of which are summa-
rized in Table I. One is the highly water-selective AQP1
molecule. Another is a “large pore” route, likely paracellu-
lar, that conducts the majority of water movement driven by
Starling forces. Evidence is consistent with the notion that
the paracellular pathway offers little or no restriction to con-
vective small solute flux (small solute reflection coefficient
nearly 0, sSS ª 0) while the AQP1 pathway is completely
restrictive (sSS ª 1). In addition to AQP1, another mercurial
insensitive pathway conducts water efflux across the DVR
wall when the driving solute is urea, glucose, or raffinose.

Figure 1 Anatomy of the medullary microcirculation. Cortex: Inter-
lobular arteries arise from the arcuate artery and ascend toward the cortical
surface. Juxtamedullary glomeruli arise at a recurrent angle from the inter-
lobular artery. The majority of blood flow reaches the medulla through 
juxtamedullary efferent arterioles; however, some may also be from
periglomerular shunt pathways. Outer medulla: In the outer stripe, jux-
tamedullary efferent arterioles give rise to DVR that coalesce to form vas-
cular bundles in the inner stripe. DVR on the periphery of vascular bundles
give rise to the interbundle capillary plexus that perfuses nephrons (thick
ascending limb, collecting duct, long looped thin descending limbs, not
shown). DVR in the center continue across the inner–outer medullary junc-
tion to perfuse the inner medulla. Thin descending limbs of short looped
nephrons may also associate with the vascular bundles in a manner that is
species dependent (not shown). Inner medulla: Vascular bundles disap-
pear in the inner medulla and vasa recta become dispersed with nephron
segments. AVR that arise from the sparse capillary plexus of inner medulla
return to the cortex by passing through outer medullary vascular bundles.
DVR have a continuous endothelium (inset) and are surrounded by con-
tractile pericytes. The number of pericytes decreases with depth in the
medulla. AVR are highly fenestrated vessels (inset). As blood flows toward
the papillary tip, NaCl and urea diffuse into DVR and out of AVR. 
Transmural gradients of NaCl and urea abstract water across the DVR 
wall across aquaporin-1 water channels. Reproduced with permission from
Ref. [2]. Renal Medullary Microcirculation in Encyclopedia of the Micro-
circulation, edited by David Shepro, Elsevier Inc.

toward the papillary tip. Conversely, blood flowing toward
the corticomedullary junction in AVR is diluted by diffusive
efflux so that solute is trapped and recycled. Recent studies
have shown that this depiction of a purely diffusive “U-
tube” exchanger is oversimplified. Osmotic removal of
water from DVR across water channels occurs, sieving
NaCl and urea to concentrate these solutes in DVR plasma.
Thus, both molecular sieving and diffusion contribute to
equilibration of DVR plasma with the interstitium. As dis-
cussed later, shunting of water from DVR to AVR in vascu-
lar bundles might play a role in optimization of urinary
concentrating ability by reducing blood flow rate to the deep
medulla.
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The UTB urea transporter is expressed by DVR endothelia
and exhibits mercurial insensitive water channel activity.
The role of UTB to conduct water as well as urea flux across
the DVR wall has yet to be examined. Simulation of these
various transport pathways has been the underpinning of
recent mathematical models of medullary microvascular
exchange [7].

Mathematical simulations showed that DVR AQP1
might improve medullary concentrating ability by providing
a route through which DVR water is shunted to AVR. The
effect of that activity in the superficial medulla is to reduce

blood flow to the deep medulla where interstitial gradients
of NaCl and urea are most steep. A broadly unsettled ques-
tion concerns regulation that might shift DVR equilibration
between diffusive influx and water efflux/molecular sieving.
High DVR solute permeability favors diffusive influx while
low permeability favors water efflux across endothelial
AQP1 water channels. If DVR permeability is acutely or
chronically regulated, effects on “solute washout” and per-
fusion of the deep medulla would be expected to occur.

AVR Water Uptake

As required for overall mass balance in the medulla, AVR
must remove the water deposited to the interstitium by
nephrons, collecting ducts, and DVR. Transmural oncotic
pressure gradients favor water uptake across the AVR wall
and AVR hydraulic conductivity is very high [8, 9]. In vivo,
transmural gradients in the AVR generated by the osmotic
lag between blood and interstitium are directed to favor
water uptake (luminal concentration greater than interstitial
concentration). For AVR water uptake to be augmented by
those gradients, the AVR wall must have nonzero reflection
coefficients to NaCl and/or urea and transmural gradients 
of those solutes must be of significant magnitude. Rigorous
measurements of AVR NaCl and urea reflection coefficients
have been thus far impossible to obtain, but the general
hypothesis that NaCl might augment transmural volume flux
has been tested. In contrast to similar experiments in DVR,
in vivo microperfusion of AVR with buffers made hyper-
tonic or hypotonic to the papillary interstitium yielded no
measurable water flux [10], suggesting that AVR reflec-
tion coefficients to small hydrophilic solutes is negligible
(sSS ª 0).

Vasa Recta Solute Permeability

As blood flows from the corticomedullary junction
toward the papillary tip, rising interstitial concentrations of
NaCl and urea are encountered. Those solutes equilibrate
with the DVR lumen; however, the lag creates transmural
gradients so that interstitial NaCl and urea concentrations
exceed their respective concentrations in DVR plasma. Dif-
fusive influx of NaCl and urea is favored. Additionally, the
transmural gradient abstracts water across AQP1 water
channels leading to molecular sieving of NaCl. Thus both
diffusion and sieving across AQP1 contribute to DVR
plasma equilibration. Quantification of diffusive permeabil-
ities of the DVR wall to NaCl has been achieved by mea-
surement of the rate of efflux of radiolabeled tracers from
microperfused vessels. Those experiments have been per-
formed both in vivo, on the surface of the exposed papilla,
and in vitro, in isolated microperfused DVR. A summary of
reported permeability measurements is provided in Table II.
In vivo perfusion can underestimate permeabilities if the
rate of diffusion of the isotopes away from the vessel in the
surrounding interstitium is too low. In that case, 22Na or
[14C]urea concentrations on the abluminal surface accumu-

Figure 2 Osmotic water permeability of murine DVR. (A) All Pf meas-
urements are summarized (ordinate, mean SE) for AQP1 -/- (left) and +/+
mice (right). The solute used to drive water movement is shown on the
abscissa. Transmural NaCl gradients failed to induce water flux across
AQP1-deficient DVR; however, larger solutes (glucose, urea, raffinose)
were effective. Reproduced with permission from Ref. [3]. (B) Simultane-
ous measurement of 14C-urea (PU) and 22Na (PNa) permeability was per-
formed by dual isotope microperfusion of outer medullary (OMDVR),
inner medullary descending vasa recta (IMDVR), or inner medullary
ascending vasa recta (IMAVR). OMDVR were studied by in vitro perfusion
while inner medullary vessels were perfused on the surface of the exposed
papilla in vivo. OMDVR PU was always high, independent of PNa. This is
due to expression of the UTB urea carrier in DVR endothelia. Reproduced
with permission from Ref. [4]. Renal Medullary Microcirculation in Ency-
clopedia of the Microcirculation, edited by David Shepro, Elsevier Inc.
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late, violating the assumption of zero abluminal concentra-
tion. In vitro perfusion, due to the presence of a continu-
ously flowing bath, is less likely to yield errors from such
boundary layer effects, but necessitates the trauma of isola-
tion and exposes the vessel to artificial buffers that could
alter transport properties. In addition, DVR permeability is
strongly dependent upon perfusion rate. Whether this rate
dependence exists in vivo is uncertain but has important
implications. If the true DVR NaCl permeability is very low,
then abstraction of water across AQP1 might be the domi-
nant mode of NaCl equilibration. That mode of equilibration
may reduce blood flow to the deeper regions of the medulla
and enhance interstitial osmolality. DVR urea permeability
is the sum of transport via phloretin-sensitive transcellular,
carrier-mediated route(s) and other, for example pericellular,
pathways (Figure 2B). Histochemical evidence and in situ
hybridization have identified the DVR urea transporter as
the same as that expressed by the RBC-UTB.

AVR solute permeability has not been as thoroughly
evaluated as that in DVR because AVR have not been iso-
lated and perfused in vitro, owing to technical difficulties.
Transport properties have been measured only by the diffi-
cult approach of in vivo microperfusion of vessels on the
surface of the exposed papilla of rats and hamsters (Table
II). The values so obtained exceed DVR permeabilities but,
even so, are probably underestimated because the 22Na and
14C-urea tracers might have accumulated in the interstitium
to significant levels.

Vasoactivity of DVR

Constriction and Dilation of DVR by 
Vasoactive Agents

DVR are contractile microvessels (Figure 3). A large
number of mediators have been shown to constrict or dilate
DVR, and a number of receptors have been identified in
medullary vascular bundles by ligand binding, autoradiog-
raphy, RT-PCR, or immunochemistry. Table III summarizes
the findings. The entries listed in Table III include observa-
tions of pharmacological effects on vasomotion of micro-
perfused DVR isolated from vascular bundles of the rat 
as well as receptor studies that have employed a variety of
methods. We attribute constriction to the action of pericytes.
Vasopressin (compared to angiotensin II and endothelin) is
a weak DVR vasoconstrictor. Endothelins constrict prima-
rily via the ETA receptor and are thought to exert a self-
limiting vasodilatory effect through ETB receptor stimula-
tion. ET1 and ET2 isoforms are ETA and ETB receptor 
agonists and have proven to be the most potent vasocon-
strictors of DVR thus far observed [11]. Angiotensin II
(AngII) also reliably constricts isolated DVR. AT2 receptor
antagonists enhance AngII constriction and AT2 receptor
expression has been verified in DVR by RT-PCR. Effects of
adenosine effects are concentration dependent. At low con-
centration, adenosine A1 receptor stimulation induces DVR
constriction. At high concentration, A2 effects predominate

Table I Hydraulic Conductivity (Lp), Osmotic Water Permeability (Pf), and
Reflection Coefficients of Vasa Recta.

Parameter OMDVR IMDVR IMAVR Driving force

Lp ¥ 10-6 (cmsec-1 mmHg-1) 1.4a Albumin gradient

Lp ¥ 10-6 (cmsec-1 mmHg-1) 1.6 Albumin gradient

Lp ¥ 10-6 (cmsec-1 mmHg-1) 0.12b NaCl gradient

Lp ¥ 10-6 (cmsec-1 mmHg-1) 12.5 Hydraulic pressure

Parameter OMDVR IMDVR IMAVR Method

salbumin 0.89c Sieving

salbumin 0.78 Sieving

salbumin 0.70 Osmotic

sNa <0.05d 0.00d Osmotic

sNa ~0.03d Osmotic

sNa ~1.0e Sieving

sRaffinose ~1.0e Sieving

a Assumes a reflection coefficient to albumin of 1.0.
b Evidence shows that transmural NaCl gradients drive water flux exclusively through water channels, whereas

albumin drives water flux predominantly through water channels along with a small component via other pathway(s).
c Not significantly different from 1.0.
d Measurement of sNa for the vessel wall as a whole.
e sNa, sRaffinose for the aquaporin-1 water channel pathway through which NaCl gradients drive water flux. Ref-

erences to original data in Ref. [6].
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and adenosine dilates preconstricted DVR. Kinins increase
DVR endothelial intracellular calcium concentration and
promote nitric oxide generation through the bradykinin, B2
receptor. The cataloging of agents in Table III does not pro-
vide an integrated hypothesis of renal medullary function;
however, the large number of agents to which DVR respond
is clear. We assume that, in vivo, DVR vasomotor tone is
governed by the integrated response to many hormonal and
paracrine influences.

Pericyte Ca2+ Signaling and Channel Architecture

Recently, the mechanisms by which AngII induces vaso-
constriction have been evaluated using fluorescent probes of
intracellular calcium concentration and membrane potential
and by electrophysiological recording. As expected for sig-
naling via the AngII AT1 receptor, a classical peak and
plateau [Ca2+]i response is elicited in globally fura2-loaded
pericytes. Both electrophysiological recording and measure-
ments with a potential-sensitive fluorescent probe showed
that AngII depolarizes the pericyte, mediated primarily
through activation of a Ca2+-sensitive Cl- conductance that

Table II Solute Permeability of Vasa Recta.

Permeability OMDVRa IMDVRb IMAVRb Species
¥10-5 cm/sec

PNa 28 51 Hamster

PNa 76 75 115 Rat

PNa 67 116 Rat

PUrea 47 Rat

PUrea 360 76 121 Rat

PUrea 343 Æ 191c Rat

PD 476d Rat

Praffinose 40 Rat

Permeability OMDVRa IMDVRb IMAVRb Species
ratio

PUrea/PNa 1.09 0.98 Rat

PCl/PNa 1.33 Rat

Praffinose/PNa 0.35 Rat

PInulin/PNa 0.22 Rat

Abbreviations: OMDVR, outer medullary descending vasa recta;
IMDVR, inner medullary descending vasa recta; IMAVR, inner medullary
ascending vasa recta.

a Values obtained with in vitro microperfusion are highly dependent
upon perfusion rate.

b Values obtained with in vivo microperfusion in the exposed papilla
are probably underestimated due to boundary layer effects.

c Values are before and after inhibition with 50mM thiourea.
d Diffusional water permeability measured with 3H2O efflux. Refer-

ences to original data in Ref. [6].

Figure 3 Vasoconstriction of outer medullary DVR. (A) DVR isolated
and microperfused in vitro is exposed to AngII (10 nM) by abluminal appli-
cation from the bath. Panels a and b show the vessel prior to and after con-
striction. Two cell types can be seen. Pericyte cell bodies project from the
abluminal surface and endothelia line the lumen. (B) The graph shows
quantification of DVR constriction through measurement of luminal diam-
eter. Results are expressed as percent constriction = 100 ¥ (Do - D)/Do,
where Do is basal diameter and D is after constriction. The mean luminal
diameter of perfused DVR is ~14 mm. Constriction has been induced 
by abluminal exposure to endothelin 1 (0.1 nM, n = 6) or AngII (10 nM, n
= 15), or by raising extracellular K+ concentration from 5 to 100 mM by
isosmotic substitution for NaCl (n = 6). Reproduced with permission from
Ref. [2]. Renal Medullary Microcirculation in Encyclopedia of the Micro-
circulation, edited by David Shepro, Elsevier Inc.

Table III Mediators That Constrict and
Dilate DVR.

Constrictiona Dilation Receptor studiesb

Angiotensin +++ + AT1, AT2

AT1 AT2

Endothelins ++++ - ETA, ETB

ETA > ETB

Vasopressin ++ + V1

V1 V2

Adenosine ++ + A1, A2a, A2b

A1 A2a, A2b

Prostaglandin E2 - + -
Nitric oxide - + -
Kinins + + -

B1 B2

Acetylcholine ++ + -
Norepinephrine ++ - a2B

a Table entries refer to observations of constriction or dilation in
response to receptor specific or nonspecific agonists. The intensity of con-
striction is graded from (-) to (++++).

b Table entries show the receptor subtypes expressed in DVR. Infor-
mation is derived from studies that employed various methods, including
RT-PCR, radioligand binding, and immunochemistry.
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shifts membrane potential away from the equilibrium poten-
tial of K+ ion toward that of Cl-. An 11 pS Ca2+-sensitive
Cl- channel has been identified in DVR pericytes. Mem-
brane potential of AngII-treated pericytes often oscillates
and voltage-clamped cells held at -70mV exhibit classical
spontaneous transient inward currents (STICs) typical of
various smooth muscle preparations [12, 13].

The role of membrane depolarization to gate Ca2+ entry
had been well established in the afferent arteriole. Until
recently, however, the existence of voltage-gated calcium
entry pathways in the efferent circulation and DVR pericyte
was uncertain. RT-PCR, immunochemistry, and examina-
tion of vasoreactivity in isolated arterioles verified expres-
sion of T-type and L-type calcium channel a subunits in
efferent arterioles of juxtamedullary (but not superficial)
glomeruli and in DVR [14]. Indeed, the L-type channel
blocker diltiazem vasodilates AngII constricted DVR and
reduces [Ca2+]i of AngII-treated pericytes. Both high exter-
nal K+ concentration and the L-type agonist BAYK8644 are
weak DVR vasoconstrictors. Finally, agents that repolarize
pericytes, bradykinin and the KATP channel opener pinacidil,
are effective vasodilators (Figure 4) [15]. The many down-

stream effects of pericyte AngII and endothelin receptor
activation remain unknown, however actions independent of
[Ca2+]i elevation must occur. Principally, depolarization in
the absence of agonist induces far less intense constriction
than does AngII or endothelins. Phosphorylation events that
sensitize the intracellular contractile machinery to the
effects of Ca2+ are likely to be implicated.

Endothelial Ca2+ Signaling and NO Production

The calcium-sensitive fluorophore fura2 loads avidly into
DVR endothelia (to the near exclusion of pericytes) and so
it has been possible to examine global intracellular Ca2+

transients generated by endothelium dependent vasodilators.
Bradykinin (BK) generates a peak and plateau calcium
response, enhances NO generation, and induces vasodila-
tion. An unexpected finding is that the vasoconstrictor AngII
suppresses basal calcium and inhibits BK, acetylcholine,
thapsigargin, and cyclopiazonic acid induced calcium
responses in DVR endothelia [16]. This is surprising
because the effect is inhibited by high concentrations of the
AT1 blocker losartan and modulated by AngII AT2 receptors
[17]. AngII and AT1 receptors mediate the vast majority of
effects by signaling through IP3 generation and calcium
mobilization. Second, infusion of AngII has been observed
to lead to secondary enhancement of NO levels within the
medulla and in isolated cortical microvessels. Given that
eNOS/NOS3 is a calcium-dependent isoform of nitric oxide
synthase (NOS), suppression of calcium would be expected
to block rather than enhance endothelial NO generation.
Possibly, adjacent nephrons that also express NOS isoforms
might be responding to generate NO on the vascular bundle
periphery, providing a feedback loop through which those
structures regulate their own perfusion. It has been hypoth-
esized that AngII might suppress DVR endothelial Ca2+ sig-
naling as a means of turning regulation of DVR vasoactivity
away from the endothelium to the medullary thick ascend-
ing limb (mTAL).

The physiological roles of NO cannot be thoroughly
evaluated without considering interactions with oxygen free
radicals. Oxygen radicals result from reductions of O2 to
generate superoxide (O·

2
-), hydrogen peroxide (H2O2),

hypochlorous acid, and hydroxyl radical (·OH), the “reactive
oxygen species” (ROS). O·

2
- reacts with NO to form perox-

ynitrite (ONOO-), a product that is a weak vasodilator. ROS
are generated by “leak” of electrons from the mitochondrial
electron transport chain and a variety of enzymatic
processes. Intrinsic mechanisms limit cellular levels of
ROS. Several isoforms of superoxide dismutase (SOD) 
convert O·

2
- to O2 and H2O2. The SOD mimetic tempol 

has been shown to enhance medullary perfusion. NO 
production by, and AngII constriction of, isolated DVR 
are both enhanced by tempol. Given the importance of 
NO in the maintenance of medullary blood flow, it is invit-
ing to speculate that the level of “oxidative stress” in the
renal medulla has physiological and pathophysiological 
regulatory roles.

Figure 4 Repolarization of AngII depolarized pericytes by vasodila-
tors. (A) Recording of membrane potential from a DVR pericyte succes-
sively exposed to AngII (10 nM) and then bradykinin (100 nM). A biphasic
repolarization occurs after exposure to bradykinin. (B) Similar recording
from a DVR pericyte exposed to AngII (10 nM) and then the KATP channel
opener, pinacidil (10 mM). Both bradykinin and pinacidil repolarize peri-
cytes and vasodilate preconstricted DVR. Reproduced with permission
from Ref. [2]. Renal Medullary Microcirculation in Encyclopedia of the
Microcirculation, edited by David Shepro, Elsevier Inc.
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Medullary Oxygen Tension and 
Perfusion of the Medulla

Oxygen tension in the medulla of the kidney is low, 10 
to 25mmHg. This is predicted to be a consequence of the
countercurrent arrangement of vasa recta because oxygen in
DVR blood diffuses to AVR to be shunted back to the cor-
tex. Several hormonal systems play a role in the protection
of the medulla from ischemic insult. Each shares the ability
to enhance medullary blood flow and inhibit salt reabsorp-
tion by nephrons. Hypothetically this should have a dual
effect to enhance the supply of oxygen and simultaneously
reduce the demand for O2 consumption. One example 
is cyclooxygenase (COX) production of vasodilatory
prostaglandins. Medullary perfusion is sensitive to COX
inhibition, and renomedullary interstitial cells release
prostaglandin E2 (PGE2) in response to AngII and
bradykinin. Apparently, the cylooxygenase-2 isoform is
responsible because AngII reduces medullary blood flow in
COX2- but not COX1-deficient mice. In most vascular beds,
ischemia favors generation of adenosine, a paracrine agent
that enhances blood flow through local vasodilation. Within
the renal medulla (but not the cortex) adenosine acts as a
vasodilator and inhibits salt reabsorption by the medullary
thick ascending limb of Henle (mTAL). It is reasonable to
hypothesize that adenosine produced by the mTAL diffuses
to and dilates DVR on the periphery of vascular bundles.
Adenosine A1 and A2 receptor stimulation constricts and
dilates DVR, respectively.

The Importance of Medullary Blood Flow and 
Nitric Oxide in Hypertension

Renal medullary NOS activity and NO production
exceeds that in the cortex. NO acts in autocrine and
paracrine fashion to modulate both vasoconstriction and
epithelial NaCl reabsorption. NOS isoforms have specific
effects [18]. NOS1 inhibition reduces NO levels in the
medulla and induces salt-sensitive hypertension without
altering medullary perfusion. Global inhibition of NOS1,
NOS2, and NOS3 isoforms decreases medullary NO levels,
medullary blood flow, and tissue oxygen tension and leads
to salt-dependent hypertension [19]. NO generation may be
important to abrogate tissue hypoxia that would otherwise
arise from release of vasoconstrictors. AngII, norepineph-
rine, and vasopressin stimulate release of NO in the
medulla. Subpressor infusion of N(w)-nitro-L-arginine
methyl ester (LNAME) into the renal interstitium does not
affect medullary blood flow or pO2 but enables otherwise
ineffective doses of AngII, norepinephrine, or vasopressin to
reduce perfusion. Data broadly support the conclusion that
medullary NO production has a tonic effect to maintain per-
fusion, favor saliuresis, and protect from ischemic injury
and hypertension.

Glossary

Hydraulic conductivity: Proportionality constant generally denoted
Lp that relates the rate of vectorial water flux that occurs across a membrane
in response to driving forces imposed by osmotic, oncotic, and hydraulic
pressures.

Juxtamedullary: Refers to the deepest region of the renal cortex.
Glomeruli that lie in the deep, juxtamedullary cortex have efferent arteri-
oles that extend into the outer stripe of the outer medulla where they break
up like a horse’s tail to form descending vasa recta.

Osmotic water permeability: Proportionality constant generally
denoted Pf that relates the rate of vectorial water flux that occurs across a
membrane in response to driving forces imposed by osmotic, oncotic, and
hydraulic pressures. Can be converted to hydraulic conductivity by the rela-
tionship Lp = (Pf Vw)/(R T), where Vw is the partial molar volume of water,
R is the universal gas constant, and T is absolute temperature.

Solute permeability: Proportionality constant for the ith solute gener-
ally denoted Pi that relates the rate of diffusive solute flux across a mem-
brane that occurs when a transmural concentration difference of that solute
exists across the membrane.

Vasa recta: System of parallel microvessels that traverse the renal
outer and inner medulla. Descending vasa recta carry blood flow from the
juxtamedullary cortex to the medulla and are sometimes referred in older
literature to as arteriolar vasa recta. Ascending vasa recta carry blood flow
from the inner and outer medulla back to the cortex and are sometimes
referred to as venous vasa recta.
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regulate vascular tone, affecting segmental and overall renal
vascular resistance. Access to the important resistance ves-
sels is limited, but recent methodological gains have pro-
vided new information. Both in vivo and in vitro
observations continue to be made in hydronephrotic kid-
neys, developed by prolonged ureteral occlusion. However,
there is concern that responses in this nonfiltering kidney
model are not fully representative of normal function. The
recent use of intravital microscopy, with improved optics
and imaging analysis, shows promising results suggesting
that in vivo inspection of renal cortical microcirculation in
normal kidneys is possible. Isolated segments of the interlo-
bar, arcuate, and interlobular arteries continue to provide
data, though they often are similar to nonrenal vessels.
However, more studies have emerged from direct perfusion
of the isolated afferent arterioles and in some cases the effer-
ent arterioles, which provide more renal specific responses.
These extremely small (15 to 30 mm) vessels have been iso-
lated from rabbits, mice and more recently rats and micro-
perfused in temperature-controlled baths. Though many of
these observations may be limited to the experimental
species, they provide a sensitive resistance vessel model
with which to test several hypotheses. Renal micropuncture
also continues to provide data on the control of cortical vas-
cular tone.

Angiotensin II

Angiotensin II is the major end product of the proteolytic
enzyme renin, which is primarily produced in the kidney in
the afferent arteriole. Ang II is a potent vasoconstrictor in
vascular beds mediated by abundant type 1 (AT1) receptors.
Type 2 receptors (AT2), which are much less abundant, may
cause vasodilation when activated, but supporting evidence
for a physiological role is currently lacking. Ang II may
have unique vascular control in the kidney, since it is well
established that the level of Ang II–dependent constriction

Introduction

The kidney maintains homeostasis by regulation of fluid
and electrolyte balance, as well as the elimination of
nitrogenous and toxic products. The kidney has adapted 
an intricate vascular network that contains as much as 20
percent of the cardiac output at any given time. This high
throughput is critical to the function of the glomerular 
capillaries, which filter the fluid component of blood. Fluid
and electrolytes filtered at the glomerulus are reabsorbed 
by the nephron and mostly returned to the circulation. The
glomerular capillaries are located exclusively in the cortex
and give rise to cortical (superficial) and juxtamedullary
nephrons. Cortical nephrons have short loops of Henle pass-
ing only a short distance into the medulla. Juxtamedullary
nephrons, with long loops of Henle, pass deep into the
medulla to the papilla. Cortical glomeruli give rise to short
efferent arterioles that pass into a peritubular capillary that
bathes the proximal tubule of cortical nephrons and is 
structurally similar to nonrenal capillaries. Juxtamedullary
glomeruli also give rise to efferent arterioles, some of which
lead to peritubular capillaries and some that lead directly to
small venules, the vasa recta. The main determinant of fil-
tration, glomerular capillary hydrostatic pressure, is tightly
regulated by the highly resistant afferent and efferent arteri-
oles, which are subject to humoral, neural, and physical 
factors. In this review, I will summarize studies that make
new and important observations on renal cortical microcir-
culation and are representative of recent research in this
area.

Control of Renal Cortical Microvascular Resistance

Methods of Evaluation

Much of the recent focus on cortical microcirculation
research has been on identification of the systems that 

Copyright © 2006, Elsevier Science (USA).
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varies between afferent and efferent arterioles. Several new
studies have focused on the relative contributions of Ang
II–dependent constriction of the AA and EA. In an attempt
to characterize Ang I and Ang II actions in these arterioles,
Marchetti et al. [1] measured changes in intracellular Ca2+

(Cai) concentrations as a parameter of vasoactive responses
in isolated rat juxtaglomerular arterioles. They studied 
three populations of arterioles isolated from juxtamedullary
glomeruli, the afferent arterioles (AA), efferent arterioles
terminating as peritubular capillaries (EA-T), and EA termi-
nating as vasa recta (EA-M). Cai was increased in all arteri-
oles by both Ang I and II and was blocked in all arterioles
by losartan, an Ang II receptor blocker. Lisinopril (an
angiotensin-converting enzyme inhibitor) blocked the
increase in Cai due to Ang I in the AA and the EA-M, yet
had no effect in EA-T. The ratio of EC50 values for Ang I to
Ang II was also much higher in EA-M. The authors suggest
that local ACE acts to convert Ang I to Ang II, which then
activates AT receptors and initiates Cai mobilization and
constriction. However, in the EA-M, which may have no
ACE activity, Ang I either activates the Ang II receptors or
is converted to some other active form. The authors fail to
identify a physiological role for this arteriolar heterogeneity.
The same group also assessed expression of AT1a, AT1b, and
AT2 receptors in these microdissected arterioles. All three
receptors were expressed in AA and EA-M. Yet, only mod-
est levels of mRNA for AT1a and AT2 were expressed in EA-
T. The expression of the receptor subtypes correlates with
the Ang II effects on Ca2+ mobilization.

The arteriolar diameter responses to systemic infusion of
Ang II were also evaluated in the dog kidney using intra-
vital microscopy [2]. This improved imaging method may
provide direct evidence of differential responses to Ang II.
However, renal artery injections of Ang II reduced diame-
ters in EA and AA similarly in superficial glomeruli. Total
constriction differed only modestly between the AA
and EA in the juxtamedullary glomeruli. Inhibition of
prostaglandins enhanced the Ang II response only in the jux-
tamedullary AA, suggesting that PG vasodilating products
offset Ang II in the juxtamedullary AA, but not in the corti-
cal AA. However, nitric oxide may also contribute to the
Ang II response in juxtamedullary AA. This study was able
to demonstrate zonal heterogeneity of Ang II control of vas-
cular tone. The lack of sufficient resolution made it difficult
to distinguish major differences between AA and EA
responses to Ang II, which has been demonstrated more
clearly in isolated perfused arterioles. Another weakness of
this technique is the inability to inject vasoactive agents
directly into the microvasculature in the video field to ascer-
tain local responses.

Adenosine Receptors

Adenosine, acting on type 1 receptors (A1-R) in the
afferent arteriole, constricts the AA, reduces the GFR, and
also mediates tubuloglomerular feedback (TGF). Local
adenosine levels are increased during elevated Na+ transport

in the nephron and subsequent metabolism of adenosine
triphosphate (ATP). The relationship between Ang II and
adenosine on the regulation of afferent arteriolar tone has
been the focus of several studies. These agents act through
AT1 and A1 receptors that have been localized in the AA.
Both acute and chronic suppression of the renin–angiotensin
system (RAS) reduces A1-R vasoconstriction. The depend-
ence of Ang II on A1-R is not as clear. In the hydronephrotic
kidney, A1-R inhibition had no effect on Ang II constriction.
However, in isolated perfused rabbit AA, A1-R inhibition
reduced Ang II constriction by 50 percent. With the devel-
opment of A1-R knockout mice, this question was re-
addressed to test the chronic effects of A1-R inhibition.
Hansen et al. [3] measured renal function in anesthetized
mice and in separate experiments tested the tone of the iso-
lated perfused AA in response to Ang II. The GFR did not
differ between wild type and mice lacking A1-R during the
control period. An acute pressor dose of Ang II raised MAP
similarly in both groups (+11 to +13mmHg). However, Ang
II reduced GFR by 40 to 50 percent in the wild-type (+/+)
mice, but only by 20 percent in the A1-R (-/-) mice (Figure
1). Ang II reduced the renal blood flow (RBF) more in the
knockout mice, similar to its effect on GFR. In the micro-
perfused AA the baseline diameters were similar between
the groups. However, Ang II was more effective in the A1-
R (+/+) than in the A1-R (-/-) in reducing AA diameter. At
a physiological dose (10-10 M) Ang II reduced the diameter
in A1-R (+/+) by 50 percent, yet had no effect in A1-R 
(-/-). These differences were probably not due to differ-
ences in AT1 receptor density, since the expression of
mRNA for AT1 was not different between AA from the two

Figure 1 Glomerular filtration rate (GFR) of wild-type and A1 adeno-
sine receptor (A1R) knockout mice in three consecutive 10-minute periods
during control and during intravenous infusion of Ang II at 1.5 ng/min. Val-
ues are means of 6 experiments  SE. *Significance between A1R +/+ and 
-/- for a given period (p < 0.05).
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groups. This study provides clear evidence that the full
effect of Ang II constriction in the AA requires a function-
ing A1-R, and presumably activation by increased adeno-
sine release. Alternately, the level of interaction could 
be mediated by G-protein coupled signaling of these two
receptors.

Purinergic Receptors

The vascular control mediated by adenosine and its A1-
R may be closely related to ATP-linked purinergic receptors,
particularly in the renal cortical circulation where both fam-
ilies of receptors are abundantly expressed. The P2X (ATP)
and P2Y (UTP) families of receptors, specifically P2X1,
P2X3, and P2Y2, mediate increases in intracellular calcium
concentration in vascular smooth muscle cells and perhaps
vascular tone in the afferent arterioles. Activation of both
types of receptors in freshly harvested preglomerular
smooth muscle cells increases intracellular calcium concen-
tration, presumably through different mechanisms. To test
this hypothesis in a vascular preparation, Inscho and Cook
[4] measured the diameters of rat juxtamedullary AA in
response to perfusion of ATP and UTP with and without
treatment of diltiazem, a calcium channel blocker. The P2
agonists a. ,b-methylene ATP, ATP, and UTP reduced the
diameters of AA by 8 to 30 percent (Figure 2). The con-
strictive response to the specific P2X1 agonist a. ,b-methyl-
ene ATP was completely blocked by diltiazem, which
suggests that this receptor acts to increase calcium concen-
tration from extracellular sources. The constrictive response
to ATP at doses less than 10 mM was also blocked by dilti-
azem. However, the response to UTP was similar before and
during diltiazem. These physiological observations confirm
previous studies in cells that ATP and UTP increase intra-
cellular calcium, which is consistent with the increased 
tone of the AA elicited in this study. Further, the increases 

to ATP appear to be mediated via L-type channels from
extracellular sources and the increases to UTP from release
of intracellular stores.

Arachidonic Metabolites

The major product of cyclooxygenase activity in the kid-
ney is prostaglandin E2 (PGE2), which mediates vaso-
dilation through activation of the EP2 receptor. Four G
protein–coupled EP receptors have been identified in the
kidney, and the physiological effects of these have not been
fully established. In an attempt to clarify these roles, Imig et
al. [5] tested the effects of PGE2 in mice with disrupted EP2
receptors. They used a preparation in the isolated perfused
mouse kidney that surgically exposes the juxtamedullary
glomeruli. PGE2 added to the perfusate dilated the precon-
stricted afferent arteriole in EP2 (+/+) mice, but further con-
stricted the AA in EP2 (-/-) mice (Figure 3). This suggests
that the renal vasodilation associated with PGE2 is mediated
specifically by the EP2 receptor. In the absence of EP2, PGE2
activates other EP receptors, which causes vasoconstriction.
Selective inhibition of EP1 and EP3 receptors prevented the
PGE2-associated constriction. In addition this constriction
was also blocked with ACE inhibition, demonstrating the
link between PGE2 and Ang II. EP2 receptors may be criti-
cally involved in maintenance of renal blood flow or
glomerular filtration, specifically by mediating the vasodila-
tion associated with PGE2.

Endothelially Derived Hormones

The relative resistance of preglomerular arteries and the
afferent arteriole is often considered when assessing total
renal vascular resistance and its hormonal control. Larger
arteries are more accessible and are often used for isolated
in vitro studies, yet the well-established dominant resistance

Figure 2 Afferent arteriolar responses to repeat applications of P2 agonists. *Significant reduction in diam-
eter compared with the preceding control diameter (i < 0.05).
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capacity of the afferent arteriole makes this tissue more
applicable in control of glomerular hydrostatic pressure and
RBF. However, because of the small size and fragility of this
tissue, there have been only a few in vitro observations in
this key resistance vessel, and these have been limited to
rabbits and mice. Several hormones have been implicated in
the control of larger artery resistance in studies using iso-
lated preglomerular vessels. Wang et al. [6] recently evalu-
ated several vasodilators in the isolated perfused rabbit AA.
Nitric oxide (NO) and endothelium-derived hyperpolarizing
factors (EDHF) mediate acetylcholine-induced vasodilation
in small vessels, and the relative effects of these have been
fully investigated in the larger preglomerular arteries. EDHF
may be more important in smaller resistance vessels, yet the
relative roles have not been studied extensively in the AA.
The epoxide product epoxyeicosatrienoic acid (EET) may
mediate vasodilation in these vessels, but another epoxide
20-hydroxyeicosatetraenoic acid (20-HETE) acts as a vaso-
constrictor and may offset its effect. Wang et al. tested the
roles of EDHF, NO, and prostaglandins on the Ach-induced
dilation in isolated preconstricted AA [6]. COX inhibition
had no effect on the Ach-induced vasodilation, whereas
more than 50 percent could be blocked with inhibition of
NO. Most of the remaining dilation was blocked by
inhibitors of Ca2+ activated K+ channels or by high extra-
cellular K+, which suggests EDHF. In an effort to character-
ize the EDHF, the tissue was treated with a competitive
inhibitor of 14,15-EET, the vasodilating epoxide identified
in other renal arteries. During NO inhibition 14,15-epoxye-
icosa-5(Z)-enoic acid (14,15-EEZE) blocked much of the
remaining dilation, equal to K+ channel blockade. Both
inhibitors, however, did not account for all of the Ach-
induced vasodilation in this model. Though this study iden-

tified a novel dilator in the AA, the level of NO-dependent
dilation was greater than in studies with other small-
resistance vessels.

Rho/Rho Kinase

More novel pathways that may regulate renal vascular
tone continue to be described and investigated. In vascular
smooth muscle cells (VSMC), one of the final steps for con-
traction is the increased intracellular Ca2+ activation of
myosin light chain (MLC) kinase, which leads to MLC
phosphorylation (MLCP). However, several studies have
shown that MLCP inhibition increases Ca2+ sensitivity and
contraction in VSMC. One endogenous mechanism that
checks MLCP is the activation of Rho kinase (ROK) by the
G protein RhoA. Recently developed ROK inhibitors have
been used to characterize its role in constriction. The early
use of these compounds reduced in vitro vascular contrac-
tion, which is consistent with the theoretical control of ROK
on Ca2+ sensitivity. However, since ROK increases stress
fiber formation and actin polymerization, the vasoconstric-
tion could occur via these mechanisms. Cavarape et al. [7]
were the first to test the effects of ROK inhibitors on the
renal vascular tone. In the in vivo hydronephrotic rat kidney,
they showed that ROK inhibition increased glomerular
blood flow and dilated interlobular arteries, and afferent
arterioles more than efferent arterioles. They further tested
agonists to three small renal artery constrictors that all
increase intercellular Ca2+: endothelin B receptors (ETB),
adenosine 1 receptors (A1-R), and guanylyl cyclase (GC).
ETB and A1-R are more effective on AA and GC is more
effective in EA. ROK inhibitors prevented the constriction
associated with each agonist in nearly all vessels. ROK

Figure 3 Afferent arteriolar diameter responses to PGE2 in EP2 +/+ and EP2 -/- mice. The affer-
ent arteriolar PGE2 responses in EP2 +/+ mice are shown in A, and PGE2 -/- mice are shown in B.
Diameter measurements at 15-second intervals are depicted under control conditions (first 5 minutes)
and after addition of PGE2 (second 5 minutes).



CHAPTER 71 Renal Cortical Microcirculation 459

inhibitors had no effect on expression of actin; therefore the
authors conclude that the action of ROK inhibition is on
renal VSMC Ca2+ sensitivity.

Ischemia

The recent development of miniaturized video imaging
and improved image analysis has spurred the study of corti-
cal microcirculation under normal and experimental condi-
tions. With a pencil-like lens of 1mm diameter, this video
system is capable of visualizing the glomerular and pre- and
postglomerular circulation, as well as interlobular arteries.
This improved instrument has been validated by confirming
microcirculatory responses to Ang II and TGF stimulation
originally observed by in vivo renal micropuncture. Early
use of this instrument was made in anesthetized dogs, but
now applications are made in the rat, as well. Evaluations 
of microcirculatory changes due to pathophysiology and
responses to vasoactive agents are now emerging.

In a study that demonstrates the capabilities of this new
tool, Yamamoto et al. [8] observed peritubular capillaries,
glomerular arterioles and interlobular arteries before and
after 45 minutes of renal artery occlusion in the rat (Figure
4). By measuring the velocity of red blood cells (RBC), they
showed that blood flow quickly returned to normal levels
during the first 1 to 2 minutes after release of the occlusion.
However, capillary flow dropped to levels 10 to 20 percent
of normal during the first 2 to 5 minutes after release and
gradually improved over the next 60 minutes (Figure 5).
Similar observations were made in the glomerular blood
flow, except that flow was fully restored after 60 minutes.
This could not be explained by interlobular artery flow,
since these vessels tended to dilate after occlusion. A second
finding was that flow through the peritubular capillaries 
was always orthograde during the control period, but 

after ischemia the authors noted a mixture of orthograde,
retrograde and no flow. The lack of perfusion of all per-
itubular capillaries confirms and strengthens the “no-flow”
theory of postischemic vascular damage, directly demon-
strating profound and sustained reduction of flow. The
authors conclude that 45 minutes of renal ischemia can
induce vascular nephropathy.

Vascular Resistance in Transplanted Kidneys

Chronic allograft failure of transplanted kidneys is often
related to hemodynamics rather than immunological rejec-
tion, which usually occurs more acutely. Therefore the 
vascular compliance of transplanted kidneys is now being
considered as another predictive parameter in long-term sur-
vival of renal transplants. Using an animal model to assess
the role of changes in vascular resistance in transplanted
kidneys, Gabriels et al. [9] measured the responses of
excised small renal arteries to a series of vasoactive agents.
Small arteries (200 to 270 mm) were obtained from kidneys
donated from Fischer rats (Fl) transplanted into nephrec-
tomized Lewis rats. Several control animals were also stud-
ied: rats with syngeneic transplants, uninephrectomized,
uninephrectomized with denervated kidneys, and kidneys
made ischemic, as well as native kidneys. All animals were
treated with cyclosporine. After 18 weeks, the coronary,
femoral, and mesenteric arteries and small arteries from the
kidney were excised and placed in a myograph. The reactiv-
ity was assessed by the responses to constrictors (norepi-
nephrine, epinephrine, Ang II, vasopressin) and dilators
(Ach, sodium nitroprusside). Histology showed that only the
kidneys from FL rats had glomerular lesions and vasculo-
pathy. However, renal vessels from both allogeneic and 
syngeneic transplants were more sensitive to all 

Figure 4 Sequential images obtained from a representative field of superficial peritubular capillaries before
renal artery occlusion and after release of the clamp. Note the initially interrupted blood flow abated after the
renal artery was clamped and 1 to 2 minutes after release of the clamp (frame 46¢). Of note, not all capillaries
seen at the initial image remain perfused on the subsequent postischemia images.
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vasoconstrictors, compared to the control groups. Similarly,
the vessels from transplanted kidneys were less responsive
to the vasodilators than was the control tissue. There were
no vessel reactivity differences in nonrenal arteries. This
study demonstrates that small-artery reactivity is reduced in
transplanted kidneys, regardless of their source. Further, the
small arteries in all the transplanted kidneys appeared more
constricted, which may contribute to reduced function and
survival in transplanted kidneys.

A recent clinical study used a similar hypothesis to iden-
tify the predictive value of vascular resistance on allograft
survival. In a prospective study of 601 transplanted patients,
renal segmental arterial index (RI) was measured at least 3
months after surgery in order to exclude acute rejection
causes [10]. RI was determined by the percent reduction 
of the end-diastolic flow compared with the systolic flow 
in renal segmental arteries, measured by Doppler ultra-
sonography. This value reflects primarily renal cortical 
vascular resistance. They divided the subjects into RI of
greater than 80 (122 patients) and less than 80 (479 patients)
and tested the hypothesis that lower renal resistances (an 
RI of less than 80) predicted long-term allograft survival.
The combined end point that defined survival was a reduc-
tion in creatinine clearance of 50 percent. Patients were 
followed for up to 3 years. Sixty-nine percent of the high-
RI patients showed a 50 percent reduction in creatinine
clearance compared to only 12 percent of the low-RI
patients. In addition, 47 percent of the high-RI patients and
only 9 percent of the low-RI patients required dialysis.
Though this study did not evaluate nonresistance issues in
rejection, it confirmed that high vascular resistance pre-
dicted poor allograft performance.

Summary

The renal cortical microcirculation delivers blood to the
glomerular capillaries, where blood is filtered into the
nephron. Pre- and postglomerular arteriolar tone is closely
regulated to maintain a sufficient filtering pressure. The sys-
tems that control resistance of these arterioles remain a rich
source of investigation. The goals of these studies are to bet-
ter understand the physiology of glomerular blood flow and
the potential dysfunctions that may contribute to renal fail-
ure and hypertension. Advances have been made both in
methods to study these small-resistance vessels, such as
intravital microscopy and isolated perfused afferent arteri-
oles, and in studies of the hormones that regulate arteriolar
resistance.

Glossary

Afferent arteriole: The small artery leading into the glomerular capil-
lary, providing the major vascular resistance in the kidney.

Efferent arteriole: The smallest artery in the cortex, which emerges
from the glomerular capillary and leads to either a peritubular capillary (in
the outer cortex) or vasa recta (in the juxtamedullary cortex). This vessel
has a relatively high resistance capacity.

Glomerular capillary: A capillary containing an intricate network of
branches and anastomoses, where the filtration of the fluid component of
blood passes into the nephron. Located only in the renal cortex.

Renal vascular resistance: The change in hydrostatic pressure due to
the tone of the downstream vasculature.

Figure 5 Time course of changes in red blood cell (RBC) velocity in postischemic peritubular
capillaries. Shaded area, means  SE. Individual experimental sequences are represented by different
symbols. Inset: Proportion of nonfunctional peritubular capillaries in the postischemic kidney.
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(terminal) vein. Close to the portal tract the sinusoids form
an interconnecting network that becomes organized into
parallel vessels. As blood leaves the sinusoids it flows
through outlet sphincters. These sphincters control the rate
of blood flow entering the central veins.

The portal blood represents a route through which infec-
tious gut-derived organisms can enter the liver. Specific
mechanisms have evolved to instigate and regulate inflam-
matory responses against invading pathogens. The close
proximity and cross-talk between the different cells within
the liver dictates that many of the hepatic cells are involved
in an inflammatory response. Unfortunately the develop-
ment of an inflammatory response, if uncontrolled, can man-
ifest in permanent liver injury. Indeed, there is irrefutable
evidence for the involvement of inflammatory cells in a
large number of known liver diseases, including alcoholic
hepatitis and cirrhosis, viral hepatitis, ischemia–reperfusion
injury (transplantation, tumor resection, shock), sepsis- or
endotoxin-induced liver injury, acute and chronic rejection,
primary biliary cirrhosis, and primary sclerosing cholangi-
tis. Following is an overview of the inflammatory cells, mol-
ecules and mechanisms used by the liver to combat and
regulate liver injury and dysfunction. As this review is brief,
we strongly encourage the readers to turn to our list of sug-
gested reading, and elsewhere, for more information.

Liver Constitution

The liver is formed by parenchymal cells, that is, hepato-
cytes, and nonparenchymal cells. In contrast to hepatocytes
that occupy almost 80 percent of the total liver volume,
nonparenchymal liver cells occupy only 6 percent. Notably,

Introduction

A hallmark feature of hepatic inflammation is the activa-
tion of resident nonparenchymal cells, the upregulation of
proinflammatory mediators, and the recruitment of leuko-
cytes from the blood to the afflicted site. The liver is a
unique organ that houses an elaborate vasculature to handle
an enormous volume of blood and monitors for any
pathogens that may have breached the gut wall. In this arti-
cle we highlight cells and substances that mediate hepatic
inflammation. We also discuss the adhesion molecules that
are key for leukocyte recruitment to the liver during an
inflammatory response.

The Hepatic Microvascular System

The liver receives as much as 25 percent of the cardiac
output, and much of this blood has already passed through
the intestinal tract. In conjunction with handling such a large
quantity of incoming blood, it also responds to potential
infectious agents that have entered the blood. To do all this,
the liver has evolved to maximize vascular spaces and
developed mechanisms to fight foreign entities.

The hepatic microvascular system consists of a portal cir-
culation including portal venules, sinusoids, and central
venules and an arterial circulation (hepatic arterioles).
Blood leaving the gut via the portal venules enters the sinu-
soids via the sphincter-like cells. Arteriole blood enters the
sinusoids through branches of the hepatic arterioles. Both
portal and arterial vessels can contract and therefore regu-
late blood flow within the sinusoids. The sinusoids take
blood through the lobule from the portal tract to the central

Copyright © 2006, Elsevier Science (USA).
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it is the nonparenchymal cells of the liver that regulate an
inflammatory response. For the following section we rec-
ommend reviews [1–3].

Endothelial Cells

Liver endothelial cells line the portal venules as well as
the sinusoids. Whereas the endothelium of the portal
venules can be likened to endothelium in other parts of the
body, the sinusoidal endothelial cells are morphologically
unique. The sinusoidal endothelial cells are characterized by
an absence of tight junctions between cells, by a lack of
basal lamina, and by the presence of open fenestrations that
are arranged into characteristic sieve plates. These cells 
perform an important filtration function, as these small 
fenestrations allow free diffusion of many small substances
between the blood and the hepatocyte surface. Sinusoidal
endothelial cells have also been shown to endocytose many
ligands including glycoproteins, components of the extra-
cellular matrix (such as hyaluronate, collagen fragments,
and fibronectin) and immune complexes. Sinusoidal
endothelial cells may function as antigen-presenting cells in
the context of both MHC-I and MHC-II restriction and are
also active in the secretion of cytokines, eicosanoids, (i.e.,
prostanoids and leukotrienes), endothelin-1, nitric oxide,
and some extracellular matrix components.

Kupffer Cells

Kupffer cells are intrasinusoidally located tissue
macrophages (Figure 1) and have endocytic and phagocytic
capabilities. Hepatic macrophages are in constant contact
with gut-derived portal blood. Exposure of Kupffer cells to
bloodborne pathogens (e.g., endotoxin) can lead to the
intensive production of inflammatory mediators and the for-
mation of liver injury. Liver macrophages modulate immune
responses via antigen presentation and interaction with T
cells. Among the many inflammatory mediators produced
by Kupffer cells are reactive oxygen species, eicosanoids,
nitric oxide, carbon monoxide, cytokines (TNFa), and
chemokines [CXCL10 (IP-10) and CXCL9 (Mig)]. The
activation of these cells identifies them as regulators of the
early phase of liver inflammation and an important part in
innate immune defense.

Hepatic Stellate Cells

Hepatic stellate cells are present in the perisinusoidal
space. They are positioned with their well-branched cyto-
plasmic processes in close proximity to the endothelial cells
(Figure I). In the normal liver, hepatic stellate cells control
turnover of extracellular matrix and are important in regu-
lating the contractility of sinusoids. In the event of hepato-
cyte damage, stellate cells transform into myofibroblast-like

Figure 1 The leukocyte recruitment cascade. Fast-moving leukocytes in the bloodstream tether and roll on
activated endothelium via interactions between adhesion molecules. Chemokines or other proinflammatory medi-
ators released by various sources within the tissue are presented on the endothelium to rolling leukocytes, result-
ing in firm adhesion. Leukocyte transmigration across the endothelium and entry into inflamed tissue ensues. (see
color insert)
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cells and mediate the fibrotic response during inflammation.
Activated stellate cells, like Kupffer cells, are potent sources
of several chemokines including CXCL-10 (IP-10) and
CCL-2 (MCP-1).

Lymphocytes

Intrahepatic lymphocytes comprise 25 percent of non-
parenchymal cells in the normal liver (Figure 1). In contrast
to peripheral blood, the major lymphoid population in the
normal liver are pit cells (i.e., NKT cells, 30%), then T cells
(20% TCR-ab and 10% TCR-gd), NK cells (20%), and very
few B lymphocytes (5%). Natural killer T cells are a unique
population of cells that express both CD3 and NK1 on their
cell surface, secrete IL-2, IL-4, and IFNg, and recognize
antigen in association with CD1. After NKT cells, the pre-
dominant intrahepatic T cells are CD8+. Notably, this pre-
dominance of CD8+ T cells in the liver differs from the
CD4+ T cell majority observed in peripheral blood and
spleen. CD8+ T cells, NKT cells, and NK cells all possess
cytotoxic activity. Activated CD8+ T cells can be retained
by the liver via their interaction with sinusoidal endothelial
cells. These “trapped” activated T cells can then cause liver
injury by releasing inflammatory cytokines and by apoptos-
ing. Alternatively, circulating lymphocytes can be activated
within the liver by Kupffer cells or hepatocytes. Prior to
their “activation-induced” cell death, these nonspecifically
trapped T cells can also mediate liver damage by secreting
mediators of inflammation (e.g., IL-12 and IFNg).

Neutrophils

Neutrophils are an essential component of innate host
resistance and the adaptive responses to inflammation.

Although neutrophils constitute a relatively small percent-
age (1 to 2%) of the nonparenchymal liver cells in a normal
(uninfected) mouse, a dramatic tenfold to twentyfold
increase in neutrophils occurs within 2 hours following viral
infection. Previous observations suggest that neutrophils are
the first cell type to arrive at sites of inflammation and as
such form the first line of immune defense. In response to
chemotactic factors released at inflammatory sites, neu-
trophils migrate from the bloodstream through the vascular
endothelium and adhere to parenchymal cells (Figure 1).
Once at the inflammatory site, neutrophils can act as effec-
tor cells in an attempt to resolve the inflammation. Alterna-
tively, neutrophils may be cytotoxic and cause necrotic
tissue destruction by releasing proteases or reactive oxygen
species. Neutrophils can also release chemokines such that
more inflammatory cells are recruited to the afflicted site. A
detrimental effect of neutrophils in acute and chronic liver
disease processes has been shown in hepatic ischemia–
reperfusion injury, endotoxemia, sepsis, and alcoholic 
hepatitis.

Taken together, the unique structure and constitution of
the liver, such as the open fenestrations and position of the
Kupffer cells, dictate that the barriers against inflammation
differ from those in other parts of the body. Indeed, it has
repeatedly been shown that inflammatory mediators have
easy access to hepatocytes.

Mediators of Hepatic Inflammation

When microbes and other inflammatory stimuli first enter
the hepatic circulation, they activate sinusoidal endothelial
cells and Kupffer cells. These cells then produce a cocktail
of proinflammatory mediators such as prostanoids, nitric
oxide, cytokines, chemokines, many growth factors, and
reactive oxygen species. With the increased expression of
these inflammatory mediators comes (1) the recruitment of
leukocytes into the inflamed area, (2) the killing of the
invading microbes, and in some cases (3) damage to liver
parenchymal cells. For more elaborate discussions on the
mediators of hepatic inflammation, we recommend the fol-
lowing reviews: Ref. [4–7].

Vasocontriction and Vasodilation

Alterations to blood flow within the liver have a signifi-
cant impact on liver function. Several vasoactive substances
can affect constriction and relaxation of hepatic stellate
cells. These mediators have been shown to come from stel-
late cells themselves (endothelin-1, NO) as well as hepato-
cytes (carbon monoxide, leukotrienes), endothelial cells
(endothelin, nitric oxide, prostaglandins), and Kupffer cells
(prostaglandins, NO). Notably, during the early phase of
sepsis both nitric oxide (NO) and carbon monoxide (CO) act
as antagonists of vasoconstrictors (e.g., endothelin-1) by
mediating relaxation of sinusoidal vessels such that there is
an increase in vasodilation. In acute and chronic hepatic

Table I Adhesion Molecules and
Chemokines Upregulated during Hepatic

Inflammation.

Inflamed portal vessels Inflamed sinusoids

ICAM-1 ++ +
VCAM-1 + +
VAP-1 + +
PECAM-1 + -
P-selectin + -
E-selectin + -
CCL2 (MCP-1) ++ +
CCL3 (MIP-1a) ++ +
CCL4 (MIP-1b) ++ +
CCL5 (RANTES) ++ +
IL-8 ++ ++
CXCL9 (Mig) + ++
CXCL10 (IP-10) + ++
CXCL11 (I-TAC) + ++
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inflammation, dysregulation of the vasoactive substances
can result in a circulatory collapse within the liver.

Reactive Oxygen Species

Reactive oxygen species (ROS) are important cytotoxic
and signaling mediators in the pathophysiology of inflam-
matory liver diseases. They can be generated by resident and
nonresident liver cells following stimulation. ROS are
essential for host-defense functions of phagocytes. In addi-
tion, ROS have been shown to indirectly affect vasocon-
striction and liver regeneration. Although ROS are able to
induce cell damage, they also modulate signal transduction
pathways by regulating transcription factors such as NF-kB.
By regulating NF-kB, ROS can indirectly affect the patho-
physiology of the liver by (1) directly inducing and/or regu-
lating apoptotic and necrotic cell death and (2) modulating
the expression of inflammatory mediators and adhesion
molecules.

Eicosanoids

Prostaglandins and leukotrienes are ubiquitous mediators
of liver function and disease. In the inflamed liver, Kupffer
cells produce prostaglandins to modulate hepatic glucose
metabolism. Upregulation of glucose correlates with the
increasing demand for energetic fuel by the inflammatory
cells such as leukocytes, sinusoidal endothelial cells, and
Kupffer cells. Studies have also demonstrated a protective
role of PGE2 in viral hepatitis as it abrogates the induction
of TNFa, attenuating the expression of antigens on hepato-
cytes, and may inhibit viral replication. By contrast, in cir-
rhosis and fulminant hepatic failure a dysregulation of
prostaglandin metabolism has been noted. Leukotrienes
(e.g., LTB4) have vasoconstrictive and metabolic effects in
the liver. These mediators have been shown to cause liver
injury in ischemia–reperfusion and endotoxemia.

Cytokines

Experimental data have demonstrated a critical role for
proinflammatory cytokines (e.g., TNFa, IL-1, and IFNg in
the development of liver injury. Although TNFa is required
for normal hepatocyte proliferation during liver regenera-
tion, it is also involved in inflammation. TNFa is known to
induce the transcription factor nuclear factor-kappaB (NF-
kB) which regulates many proinflammatory mediators (e.g.,
TNFa and IL-1). Overexpression of TNFa (from Kupffer
cells or infiltrating neutrophils) has been shown to correlate
with hepatotoxicity in endotoxemia, alcoholic liver disease,
and viral hepatitis. Another cytokine noted for its involve-
ment in liver injury is IFNg. In alcoholic hepatitis, over-
expression of IFNg mediates liver injury. By contrast, in
viral hepatitis it is a lack of functioning IFNg that permits
the liver damage.

Chemokines

The recruitment of inflammatory cells to the liver is a
critical step to the development of liver disease. Chemo-
kines have emerged as one of the most important regulators
of leukocyte trafficking and activation. In the noninflamed
liver resident cells express and secrete low levels of CCL5
(RANTES), CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 
(MIP-1b), and IL-8. These chemokines have been detected
on the vascular endothelium in portal tracts as well as the
sinusoids. Interestingly, inflammation-induced chemokine
expression varies between portal and sinusoidal vessels.
Chemokines CXCL9 (Mig), CXCL10 (IP-10), and CXCL11
(I-TAC) are detected on sinusoids in association with liver
inflammation, whereas relatively little induction of CCL5
(RANTES), CCL2 (MCP-1) or IL-8 is observed. By con-
trast, elevated levels of CCL5 (RANTES), CCL3 (MIP-1a),
CCL2 (MCP-1), and CCL4 (MIP-1b) have been detected on
the portal vessels. Although the reasons for these differences
are still unclear, it may reflect that the sinusoidal endo-
thelium is fundamentally distinct from the portal endothe-
lium. In fact, these observations may suggest a selective
process for regional leukocyte recruitment during liver
injury.

Cellular Adhesion Molecules

Cellular adhesion molecules (CAMs) are cell surface
glycoproteins involved in cell–cell and cell–matrix interac-
tions. CAMs are critical for leukocyte adhesion to endo-
thelium, transmigration, binding to target cells, and
cytotoxicity. Following is a review of CAMs that have been
shown to be relevant to inflammatory liver disease, and we
suggest the following articles to readers: Ref. [6, 8–10].

Integrins

Resident liver cells (e.g., Kupffer cells and pit cells) as
well as newly recruited monocytes, T lymphocytes and 
neutrophils have b1 and b2-integrins on their surface. LFA-
1 (aLb2) is highly expressed on all leukocytes. By contrast,
Mac-1 (aMb2) is present primarily on neutrophils, Kupffer
cells, and monocytes, and to a small degree on pit cells.
VLA-4 (a4b1) is expressed mainly by T cells, pit cells, and
monocytes, and to some degree on Kupffer cells and under
limited conditions neutrophils. The activation of integrins
has been observed in situations akin to liver injury in vivo.
Indeed, increased Mac-1 expression on neutrophils was
observed during reperfusion after hepatic ischemia, endo-
toxemia, and sepsis.

Intercellular Adhesion Molecules

Intercellular adhesion molecules (ICAM-1, -2 and -3),
vascular adhesion molecule (VCAM-1), and platelet
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endothelial adhesion molecules-1 (PECAM-1) are also
important in an inflammatory response. In the normal liver,
no ICAM-1 is found on hepatocytes or stellate cells and low
expression of ICAM-1 can be found on the entire hepatic
endothelium and Kupffer cells. During inflammation,
ICAM-1 is strongly upregulated by TNFa, IL-1b, and IFNg
on all liver cells (Table I). This induction is promptly fol-
lowed by the recruitment of leukocytes into the liver, where
they attach to and subsequently damage the liver cells. In
normal livers there is low VCAM-1 expression on venule,
arteriole, and sinusoidal endothelial cells. No constitutive or
inducible VCAM-1 has been observed on hepatocytes. With
exposure to TNFa or IL-1b both Kupffer cells and endothe-
lial cells upregulate VCAM-1 (Table I). Vascular adhesion
protein (VAP)-1 is constitutively expressed on human 
sinusoidal endothelial cells and has been shown to mediate
lymphocyte recruitment and possibly transendothelial 
transmigration. PECAM-1 has been shown to be important
for leukocyte transendothelial migration. Studies have
shown PECAM-1 to be constitutively expressed on large
vessel endothelial cells but not sinusoidal endothelial cells.
PECAM-1 is not inducible with inflammatory mediators
(Table I).

Selectins

The selectin family includes three molecules, that is, L-,
E-, and P-selectin. L-selectin is constitutively expressed on
neutrophils and is shed from the cell surface during activa-
tion. Notably, this shedding coincides with Mac-1 upregula-
tion on neutrophils. There are important differences in the
expression of selectin adhesion molecules between vascular
and sinusoidal endothelium. P-selectin is stored in secretory
granules (Weibel-Palade bodies in endothelial cells). Liver
sinusoidal endothelial cells do not contain WP bodies and
consistent with this lack of WP bodies, sinusoidal endothe-
lial cells do not express P-selectin (Table I). By contrast,
under inflammatory conditions, P- and E-selectin can be
strongly induced on the portal vascular endothelium (Table
I). These differences may reflect a lack of requirement for
selectin-mediated tethering in the low-flow environment of
the sinusoid. Indeed, leukocyte recruitment to the sinusoidal
area has been shown, in vivo, to occur in the absence of
selectins.

Conclusion

In conclusion, the liver is unique in its histoarchitecture
compared to other organs. Additional differences exist
within the liver itself, and these become more obvious dur-
ing an inflammatory response. Herein we have touched on
the concept that the disruption of the normal liver occurs
through a multitude of cells and proinflammatory mediators.
The challenge in the future is to define various models that
best describe the mechanisms that are critical to induction

and/or maintenance of liver damage. Understanding the 
precise mechanisms of hepatic injury or inflammation may
permit the development of specific anti-inflammatory strate-
gies. Only then can we aim at preventing effector cell
recruitment while leaving general homeostatic liver func-
tions intact.

Glossary

Adhesion molecules: Molecular determinants that regulate homeosta-
tic recirculation and tissue-specific trafficking of cells.

Inflammation: A localized protective response elicited by injury 
or destruction of tissues, which serves to destroy, dilute, or sequester both
the injurious agent and the injured tissue. Histologically, it involves a 
complex series of events, including dilation of arterioles, capillaries, and
venules, with increased permeability and blood flow, exudation of fluids,
including plasma proteins, and leukocyte migration into the inflammatory
focus.

Liver: A solid organ located in the right upper quadrant of the
abdomen that plays a major role in metabolism, digestion, detoxification,
and elimination of substances from the body.

Mediators: Substances released from cells as a result of the interaction
between antigen and antibody or by the action of antigen with a sensitized
lymphocyte.

Recruitment: The collection or increased abundance of cells into a
defined area, such as antigen-experienced lymphocytes into inflammatory
effector sites via specific vascular addressins and chemokines.
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Microvascular Functional Units

The organization of each liver lobe into structural or
functional units related to function and/or disease has been
the subject of considerable debate during the past century.
Several models, none of which are mutually exclusive, have
been proposed as follows and as illustrated in Figure 1.

The classic hepatic lobule is a polygonal structure having
as its central axis a central venule, with portal tracts distrib-
uted along its peripheral boundary. The peripheral bound-
aries of these lobules are poorly defined in most species,
including humans. (In some species, e.g., the pig, there is
considerably more connective tissue present in the liver and
the connective tissue is distributed along the peripheral
boundary of classic lobules, thus making them very dis-
tinct.) Considerable sinusoidal anastomoses occur between
adjacent lobules, and thus the blood collected by each cen-
tral venule is supplied by several portal venules. For these
reasons, and because of intralobular regional differences in
oxygenation, metabolic functions, and responses to some
disease, an acinar concept was proposed to define the
hepatic functional unit.

The hepatic acinus is a unit having no distinct morpho-
logic boundaries. Its axis is a portal tract and its peripheral
boundary is circumscribed by an imaginary line connecting
the neighboring terminal hepatic venules (central hepatic
venules of the classic lobule), which collect blood from
sinusoids. Contained within the acinus are three zones, each
having different levels of oxygenation and metabolic func-
tion. Although the acinar concept has been widely accepted,
it fails to account for those mammalian species (e.g., pig,
seal) that have connective tissue boundaries circumscribing
the classic lobule. Additional inconsistencies increasingly
have been identified in three-dimensional studies of meta-
bolic heterogeneity and microvascular structure.

In yet another model of hepatic organization, the unit is
defined by bile drainage. So-called portal lobules have at

The purpose of this chapter is to provide an overview of
what is known about the dynamic structure, function, and
regulation of the hepatic microvascular system in health and
some of its basic responses to disease.

Blood Supply to the Liver

It is important to recognize that the liver has a dual blood
supply. Approximately 80 percent of the blood entering the
liver is poorly oxygenated blood supplied by the portal vein
containing venous blood flowing from the intestines, pan-
creas, spleen, and gallbladder. The remaining 20 percent of
the blood supply is well oxygenated and delivered by the
hepatic artery. Both the hepatic portal vein and hepatic
artery enter the liver at the hilus, where efferent bile ducts as
well as lymphatics also exit the organ.

Branches of the hepatic artery, hepatic portal vein, bile
duct, and lymphatic vessels travel together in portal tracts
through the liver parenchyma. After repeated branching, ter-
minal branches of the blood vessels (portal venules and
hepatic arterioles) supply blood to the sinusoids, which are
the exchange vessels in the liver. Branches of hepatic arteri-
oles also supply the peribiliary plexus of capillaries nour-
ishing the bile ducts and then drain into sinusoids or
occasionally into portal venules. After flowing through the
sinusoids, blood is collected in small branches of hepatic
veins termed central venules (central veins, terminal hepatic
venules). These course independently of the portal tracts and
drain via hepatic veins, which leave the liver on the dorsal
surface and join the inferior vena cava. Occasionally,
branches of hepatic arterioles bypass the sinusoidal bed to
supply the walls of hepatic veins.

Lymphatic vessels originate as blind-ending capillaries in
the connective tissue spaces of portal tracts. The fluid con-
tained in these lymphatics flows toward the hepatic hilus
and eventually into the cisternae chyli.

Copyright © 2006, Elsevier Science (USA).
471 All rights reserved.
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their center a portal tract, with central veins present around
the periphery of each lobule. This concept has received lit-
tle support.

Currently, the concept of subunits of the classic lobule
forming functional units is the most consistent with existing
evidence. In this model, each “classic” lobule consists of
several “primary lobules.” Each primary lobule is cone-
shaped, having its convex surface at the periphery of the
classic lobule supplied by terminal branches of portal
venules and hepatic arterioles, and its apex at the center of
the classic lobule drained by a central (terminal hepatic)
venule. These “primary lobules” were renamed hepatic
microvascular subunits (HMS) and were demonstrated to
consist of a group of sinusoids supplied by a single inlet
venule and its associated termination of a branch of the
hepatic arteriole from the adjacent portal space. Further con-
firmation of this HMS concept was obtained by studying
their development in neonatal livers. Accompanying the
HMS are hepatic parenchymal cells and the associated
cholangioles and canaliculi. Hepatocellular metabolic gradi-
ents also have been demonstrated to conform to this pro-
posed functional-unit concept.

Studies using three-dimensional reconstruction of sec-
tioned livers, scanning electron microscopic examination of
corrosion casts, and in vivo microscopy of several species
support this concept of the functional unit being a conical
microvascular subunit of the classic lobule.

Hepatic Microvascular System

The hepatic microvascular system comprises all blood
and lymphatic vessels immediately involved in the delivery
and removal of fluids to and from the hepatic parenchyma,
namely, portal venules, hepatic arterioles, sinusoids, central
venules, and lymphatics. Figure 2 is a diagram illustrating
the afferent and efferent microvascular connections to the
sinusoids within a single hepatic lobule.

Most blood enters the sinusoids from portal venules.
These inlets are reported to be guarded by sphincters com-
posed of sinusoidal lining cells termed the afferent or inlet
sphincters. Arterial blood enters some of the sinusoids, prin-
cipally through branches of the hepatic arterioles. These
vessels, arterio-sinus twigs, terminate in sinusoids near their
origins from portal venules. In addition, occasional direct
connections (arterio-portal anastomoses, APA) have been
observed with the terminal portal venules. The frequency of
these APAs appears to be species-dependent. Because all of
these structures are independently contractile, the sinusoids
receive a varying mixture of portal venous and hepatic arte-
rial blood. Finally, some evidence suggests that the fraction
of blood delivered to the sinusoids by the hepatic artery dif-
fers between the hilus and periphery of hepatic lobes. Within
the network of sinusoids, blood flow is reportedly regulated
by contractile sinusoidal lining cells that control not only the
velocity of flow but also its distribution within the network.

Figure 1 Contiguous hepatic lobules illustrating the interconnecting network of sinusoids derived from two
portal venules (PV). Note that the sinusoids become more parallel as they course toward the central venule (CV),
which forms the axis of the classic lobule. Hepatic arterioles (HA) supply blood to sinusoids near the periphery
of the lobule, usually by terminating in inlet venules or terminal portal venules. As a result, three zones (1, 2, 3)
of differing oxygenation and metabolism have been postulated to compose a hepatic acinus, with its axis being
the portal tract (lower left). Several acini would compose the portal lobule (lower right). Each classic lobule con-
tains several cone-shaped subunits having convex surfaces fed by portal and arterial blood at the periphery and
apices at the central venule (upper left). A, B, and C represent hemodynamically equipotential lines in a “pri-
mary lobule.” A recent modification further subdivides lobules into conical hepatic microcirculatory subunits
(HMS), each being supplied by a single inlet venule. (see color insert)
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Blood leaves the sinusoids by flowing into central (terminal
hepatic) venules, reportedly by passing through outlet or
efferent sphincters composed of sinusoidal lining cells.

Structure and Function of Hepatic Sinusoids

The sinusoids are unique exchange vessels composed of
specialized nonparenchymal cells that exhibit structural and
functional heterogeneity.

Structure

The structure of the sinusoid is illustrated in Figure 3.
The endothelial cells are highly fenestrated and lack a sup-
porting basal lamina. The fenestrae are organized in clusters
known as sieve plates. As a result, there is continuity
between the plasma in the sinusoid lumen and the perisinu-
soidal space (of Disse). The sinusoidal endothelial cells con-
tain numerous endosomes and scavenge a number of
substances including breakdown products of connective tis-
sue. They also are the source of several cytokines,
eicosanoids, nitric oxide, and endothelins.

Stellate cells (fat-storing cells of Ito) lie external to the
endothelium in the space of Disse. They are pericytes that
frequently contain lipid droplets serving as storage sites for
vitamin A. Multiple cytoplasmic projections of these cells
surround and embrace the abluminal surfaces of the
endothelial cells. When activated, these cells produce colla-
gen and become contractile. As a result, they are thought to
play a role in the regulation of sinusoidal blood flow.

Kupffer cells are attached to the luminal surfaces of the
endothelium. These are highly phagocytic, specialized fixed

macrophages of the liver and contain numerous lysosomes
and phagosomes. Kupffer cells are involved in a number of
host defense mechanisms and immune functions and are the
source of a number of cytokines, eicosanoids, free radicals,
and nitric oxide.

Heterogeneity

The organization of the sinusoid network exhibits hetero-
geneity. Near portal venules and hepatic arterioles, sinusoids

Figure 2 Hepatic microvasculature as determined by in vivo microscopic studies. PV, portal
venule; HA, hepatic arteriole; L, lymphatic; BD, bile ductule; N, nerve; CV, central venule; SLV,
sublobular hepatic vein. Arrows indicate direction of flow. (see color insert)

Figure 3 Sinusoid and contiguous hepatic parenchymal cells (HC). 
E, endothelium; KC, Kupffer cell; SD, space of Disse; SP, sieve plate com-
posed of endothelial fenestrae; FSC, fat storing cell (stellate) cell; BC, bile
canaliculus.
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are arranged in interconnecting polygonal networks; farther
away from the portal venules the sinusoids become organ-
ized as parallel vessels that terminate in central venules 
(terminal hepatic venules). Short intersinusoidal sinusoids
connect adjacent parallel sinusoids. Figure 4 is a microvas-
cular cast illustrating these regional differences.

In the periportal area, the volume of liver occupied by
sinusoids is greater than that surrounding central venules.
However, because of the smaller size and anastomotic
nature of the periportal sinusoids, the surface available for
exchange in this area (surface/volume ratio) is greater than
in centrilobular sinusoids. The size and pattern of distribu-
tion of endothelial fenestrae differs along the length of the
sinusoid. At the portal end, the fenestrae are larger but com-
prise less of the endothelial surface area than they do in the
pericentral region. The functional significance of these
regional differences is unclear but relates to the functional
metabolic heterogeneity that has been demonstrated for
hepatocytes in different regions of the lobule. This, in turn,
may depend on the recognized portal-to-central intralobular
oxygen gradient and the unique microcirculation in the liver.

Morphologic Sites for Regulating the 
Hepatic Microcirculation

There are several potential morphological sites for regu-
lating blood flow through the sinusoids. These include the
various segments of the afferent portal venules and hepatic
arterioles, the sinusoids themselves, and central and hepatic
venules. These vessels contain several potentially contrac-
tile cells—smooth muscle cells in arterioles and venules,
and in sinusoids, endothelial, stellate, and Kupffer cells.

Portal venules and central venules contain limited
amounts of smooth muscle in their walls relative to their
luminal size, but nevertheless are contractile and respond to

pharmacologic agents. Hepatic arterioles are more respon-
sive because of a complete investment of smooth muscle
and relatively small lumens. The principal site of regulation
of blood flow through the sinusoids, however, is thought to
reside in the sinusoid itself, where the major blood pressure
drop occurs in the liver.

The sinusoidal lining cells are responsive to a wide vari-
ety of pharmacodynamic substances. By contracting (or
swelling), they may selectively reduce the patency of the
sinusoid lumen, thereby altering the rate and distribution of
blood flow. The relative roles of Kupffer versus endothelial
cells in this process are not yet resolved, but both appear to
be involved. The participation of perisinusoidal, stellate
cells (fat-storing, Ito cells) in regulating sinusoidal diameter
also has been reported. All three cell types contain filaments,
tubules, and contractile proteins suggestive of contractile
activity.

Because of these structures, blood flow through individ-
ual sinusoids is variable. At sites where the lumen is nar-
rowed by the bulging, nuclear regions of sinusoidal lining
cells, flow may be impeded by leukocytes that transiently
plug the vessel and obstruct flow. Transient leukocyte plug-
ging is more frequent in the periportal sinusoids, which are
narrower and more tortuous than those in the centrilobular
region. The more plastic erythrocytes usually flow easily
through such sites unless the lumen is reduced to near zero.
Some sinusoids, however, may act as thoroughfare channels
and have relative constant rates of blood flow, while others
have more intermittent flow. This may depend on not only
the distribution of intrasinusoidal sphincter cells but also on
the distribution of arterio-sinus twigs (AST) and the contri-
bution of arterial blood flowing to individual sinusoids. For
example, arterial blood flowing into an individual sinusoid
through a dilated AST may increase the rate of sinusoidal
blood flow. Because of the delivery of arterial blood at
higher pressure, some arterial blood may even reverse the
entry of portal blood into the sinusoids. As a result, the AST
in concert with the initial segment of the sinusoid in which
it terminates may form a “functional” arterio-portal anasto-
mosis so that arterial blood is delivered into the portal
venules. In the anesthetized, healthy animal, however, ter-
minal branches of the hepatic arteriole containing flow are
seen infrequently so that most blood delivered to the sinu-
soids is derived from the portal venules. Consistent with this
is the in vivo microscopic observation that the velocity of
flow in sinusoids and portal and central venules located near
the capsule of the liver is not significantly altered by hepatic
artery occlusion in healthy anesthetized rats. However, arte-
rial inflow to the sinusoids may be more significant in
regions near the hepatic hilum.

The frequency distribution of the wide variations in
blood flow in the sinusoids exhibits a polymodal pattern
composed of several Gaussian distributions. These wide
variations in flow are due to the structural features previ-
ously described for sinusoids and also are due to intermittent
arterial inflow into the sinusoids. Blood pressures in portal
and central venules have been measured to be about 6 to 

Figure 4 Vascular cast of the hepatic microvasculature illustrating the
tortuous, anastomotic sinusoids adjacent to the portal venule (PV) and the
more parallel and larger sinusoids near the central venule (CV). (see color
insert)
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7cmH2O and 1.5 to 3.0cmH2O, respectively. Arterial 
blood enters the sinusoid at pressures ranging from 12 to 
25cmH2O.

Pathophysiology of the Hepatic Microcirculation

Significant interactive roles for endotoxin, cytokines,
chemokines, reactive free radicals, nitric oxide (NO),
endothelin (ET-1), carbon monoxide (CO), sinusoidal lining
cells, leukocytes, and platelets have been demonstrated in
the pathophysiology of hepatic microvascular disturbances
and parenchymal injury resulting from infection, toxicants,
and ischemia/reperfusion following hemorrhage or liver
transplantation. The responses of the hepatic microvascula-
ture are of two basic types: (a) an inflammatory response
involving paracrine activation of the sinusoidal endothelial
cells (SEC) by mediators released from adjacent Kupffer
cells and/or hepatic parenchymal cells following stimulation
by toxicants, leading to the upregulation of adhesion mole-
cules and the subsequent adhesion of leukocytes to the SEC,
as well as swelling of the SEC, both of which restrict sinu-
soidal blood flow; and (b) direct injury of the SEC, resulting
in loss of fenestrae, formation of gaps, penetration of the
sinusoidal lining by blood cells, destruction of SEC, and
obstruction of the sinusoid by SEC debris. The inflam-
matory response results from endotoxemia, sepsis,
ischemia–reperfusion injury, and acute alcohol ingestion
while direct injury is elicited by acetaminophen (APAP) or
during hepatic venoocclusive disease by pyrrolizidine alka-
loids. Both types of injury may occur together or sequen-
tially, as is seen when ethanol sensitizes sinusoidal lining
cells to other toxicants such as APAP or endotoxin, which
exacerbates the extent of injury. It should be noted that
because of the highly anastomotic nature of the hepatic
sinusoid bed, plugging of single or scattered segments of
sinusoids results in redirection of blood flow into adjacent
unplugged vessels. However, unless the injury is highly
localized, these latter vessels eventually become plugged,
resulting in microcirculatory failure.

Glossary

Hepatic lobule: A polygonal structure having as its central axis a cen-
tral venule, with portal tracts distributed along its peripheral boundary;
major functional unit in the liver.

Hepatic microvascular system: Comprises all blood and lymphatic
vessels immediately involved in the delivery and removal of fluids to and
from the hepatic lobule and its parenchymal cells, namely, portal venules,
hepatic arterioles, sinusoids, central venules, and lymphatics.

Hepatic sinusoids: Unique exchange vessels in the liver com-
posed of specialized nonparenchymal cells (sinusoidal endothelial 

cells, Kupffer cells, and stellate cells) that exhibit structural and functional
heterogeneity.
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coupled with active transport of protons from the inner to
the outer side of mitochondrial inner membrane. Reflux of
the electron across the membrane through ATP synthase is
necessary to maintain oxidative phosphorylation. Consider-
ing that more than 95 percent of oxygen consumed in our
body is used for this reaction, it is not unreasonable to
hypothesize that the enzyme per se serves as an oxygen sen-
sor. Experiments using the photochemical action spectrum
by Wilson et al. [1] first suggested that CCO serves as an
oxygen sensor in the carotid body. The hypoxia-induced
activation of the afferent neural burst of glomus cells in the
body was CO sensitive, suggesting that the sensor is a heme
protein, and the sensitivity profile of the CO effect to mono-
chromatic light followed the absorption spectrum of CCO as
a function of the wavelength of the light. However, mecha-
nisms by which the CCO changes transfer the hypoxic sig-
nal to glomus cells are quite unknown in these experiments.
Hypoxia-induced alterations in the CCO reaction trigger a
number of events leading to remodeling of cell functions.
Active transport of protons across the membrane is auto-
matically reduced. NADH in the matrix is increased to
inhibit dehydrogenase reactions in the Krebs cycle; this
event secondarily decreases ATP and increases AMP to
accelerate anaerobic glycolysis to compensate ATP synthe-
sis. Cessation of oxygen consumption and accumulation of
NADH causes generation of reactive oxygen species from
the midpoint of the mitochondrial electron transfer system.
In addition, a reduction of ATP synthesis inversely increases
adenosine, a potent vasodilator. At present, it is unknown
which of these events could play a critical role in transduc-
ing the hypoxic signal toward critical intracellular compo-
nents to regulate vascular functions.

Gaseous signal transduction is an event where gaseous
molecules produced or utilized in the body transfer 
biological signals to their receptors. Molecular oxygen (O2)
is not only necessary to maintain aerobic ATP synthesis 
in mitochondria but also serves as a primary substrate to 
synthesize the signaling gases, such as, nitric oxide (NO) 
and carbon monoxide (CO). These gaseous monoxides are
generated by oxygenases, such as, NO synthase (NOS) and
heme oxygenase (HO), respectively, and both play impor-
tant roles in regulation of microvascular functions. Aerobic
consumption of molecular oxygen occurs concurrently with
glucose oxidation and thereby upregulates synthesis of CO2
in the Krebs cycle. On the other hand, 3-phosphoglyceric
acid, a product of glycolysis, serves as a substrate for 
serine, which interacts with methionine to generate cysteine.
Besides its roles in synthesis of glutathione, taurine, and 
sulfate ion, this amino acid serves as a substrate for 
cystathionine b-synthase and/or cystathionine g-lyase to
generate hydrogen sulfide (H2S) (Figure 1). Among these
gases, this article focused on the roles of O2, NO, and CO in
microvascular signal transduction where molecular mecha-
nisms for their reception have been revealed with physio-
logic implications.

Signal Transduction by O2

Cytochrome c Oxidase (CCO)

Molecular oxygen (O2) functions primarily as a terminal
acceptor of electrons on mitochondria and is consumed
through this enzyme to generate H2O. This reaction is 

Copyright © 2006, Elsevier Science (USA).
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Oxygenases and Hemoglobin as a Class of 
Oxygen Sensors

Oxygenases constitute another class of oxygen sensors,
since some of these enzymes accept molecular oxygen as a
substrate and generate biologically active compounds as
messenger molecules. Cyclooxygenases, cytochromes
P450, NO synthase (NOS), and heme oxygenase (HO) are
such candidate oxygenases that produce potent vasoactive
mediators for hypoxic remodeling. NOS has largely been
examined for its roles in regulation of neurovascular sys-
tems, but few studies showing its role in oxygen sensing
have been available. Although a reduction of molecular oxy-
gen in the cells could decrease the generation of the gas
from the enzyme, it is unlikely that hypoxia causes a
decrease in NO, since the half-life of NO by itself in vivo
greatly depends on local oxygen tension [2]. Recent studies
suggest that not only endothelial cells but also erythrocyte-
dependent recycling mechanisms for NO serve as resources
of the gas available in microcirculation. Under hypoxic con-
ditions, erythrocytes alter their hemoglobin allostery toward
the T-state, and thereby increase the conductance of band III
on their membranes; this reaction causes an increase in out-
flow of NO-glutathione into circulation [3]. Such sequential
reactions in and around the erythrocyte membrane also 

trigger the release of ATP which could secondarily stimu-
lates NO in endothelial cells [4]. Besides endothelial and
neural NOS in situ, these circulating resources of NO or NO
stimulators could explain an endothelial cell-independent
fraction of NO supplied into microvascular beds in vivo [5].

Prabhakar et al. [6] suggested that HO-2 serves as an
oxygen sensor in the carotid body; CO constitutively gener-
ated by HO-2 in glomus cells is decreased upon hypoxia and
secondarily causes depolarization of the cells, leading to
neural burst of their dopaminergic fibers. Interestingly, NOS
and HO can be induced upon hypoxia as a result of tran-
scriptional upregulation of the inducible enzymes, and com-
pensate blood supply in hypoxic regions. Such events are
mediated by nuclear translocation of hypoxia-inducible fac-
tor (HIF-1) upon hypoxia as described next.

Hypoxia-Inducible Factor (HIF)-1a and 
HIF Prolyl-hydroxylase

In the early 1990s, a novel hypoxia-inducible transcrip-
tional factor, HIF-1, was identified. This factor binds at the
3¢ region of the hypoxia response element (HRE) of the 
erythropoietin gene after exposure to hypoxia [7]. HIF-1 
is a heterodimeric transcription factor that consists of two

Figure 1 Landscape view of gas mediators and their receptor systems. From Ref. [17] with permission.
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distinct components, the oxygen-sensitive a subunit (HIF-
1a) and constitutively expressed b subunit that is also
known as the aryl hydrocarbon receptor nuclear transloca-
tor. Genes regulated by this transcription factor involve ery-
thropoietin, transferrin, cyclin E, VEGF, inducible NO
synthase, heme oxygenase-1, and a series of glycolytic
enzymes.

Until recently, mechanisms by which organisms sense
alterations in oxygen concentration and subsequently induce
HIF-1 activities remained unknown. Under normoxia, HIF-
1a binds to a von Hippel-Lindau tumor suppressor gene
product, pVHL, that rapidly leads to ubiquitin-dependent
proteolysis of HIF-1a [8]. On the other hand, HIF-1a does
not bind to pVHL and is rapidly accumulated in nuclei
within a few minutes, suggesting structural alterations in
HIF-1a upon hypoxia. Two distinct molecular mechanisms
by which HIF-1a alters its structure to escape from the
pVHL binding involve oxygen-dependent hydroxylation of
specific amino acid residues. First, hydroxylation of prolyl
residues of the protein (Pro402 and Pro564) is necessary to
escape from pVHL-dependent ubiquitination and requires a
prolyl-4-hydroxylase, a member of a subfamily of novel
protein hydroxylases distinct from those for collagen stabi-
lization. In mammals, three homologs termed HPH-1, -2,
and -3 have been cloned, constituting the superfamily of
dioxygenases, and require molecular oxygen and 2-oxoglu-
tarate as cosubstrates. Second, hydroxylation of a critical
asparagine residue (Asn803 in HIF-1a) occurs in an 
oxygen-dependent manner and in turn renders it unable to
associate with CBP/p300 transcriptional coactivators.
Lando and colleagues [9] determined that the asparagine
hydroxylase involved in the catalytic reaction is identical to
factor-inhibiting hypoxia-inducible factor-1 (FIH-1), which
was initially identified by Semenza and coworkers as a
novel HIF-1-binding protein. This enzyme is a 2-oxoglu-
tarate-dependent dioxygenase that utilizes molecular oxy-
gen to modify its substrate. Through these mechanisms,
oxygen tension not only affects HIF-1a degradation but also
dictates its subcellular localization.

Microvascular Actions of CO

CO is a gaseous product of the HO reaction that utilizes
molecular oxygen to oxidatively degrade protoheme IX into
biliverdin-IXa, ferrous iron, and the gas. CO has been con-
sidered a gaseous mediator analogous to NO that activates
soluble guanylate cyclase (sGC) as a common transducer to
relax vascular systems. In mammals, HO exists in two
forms: HO-1 and HO-2. HO-1 is induced by varied stressors
such as cytokines, heavy metals, ROS and hypoxia. Excess
NO could also cause the HO-1 induction. Microvascular
actions of endogenously generated CO was first demon-
strated in the liver [10]. Liver constitutes a major organ
responsible for detoxification of the hemoglobin-derived
heme and biliary excretion of bilirubin-IXa, a product gen-
erated from biliverdin-IXa through biliverdin reductase. We

demonstrated intrahepatic distribution of two major HO
isozymes immunohistochemically, with the finding that the
two isozymes have distinct topographic patterns; HO-1, the
inducible form, is expressed prominently in Kupffer cells,
while the constitutive HO-2 is abundant in hepatocytes [11].
CO derived from HO-2 is necessary to keep sinusoids in a
relaxing state through mechanisms involving sGC in hepatic
stellate cells (HSC), also known as Ito cells, that constitute
microvascular pericytes in this organ. HSC cultured on 
silicon membrane–coated dishes exhibited wrinkling forma-
tion through their intercellular connection of cytoplasmic
processes and can respond to micromolar levels of CO to
reduce the density of wrinkles, suggesting a relaxing
response (Figure 2). Considering the microanatomical ori-
entation of the liver cells in and around sinusoids, HO-2 in
parenchyma stands in a reasonable position for the gas
reception by HSC where CO released from hepatocytes 
can directly access to the cells and thereby modulate their
contractility without being captured by hemoglobin in 
circulation. When exposed to disease conditions such as
endotoxemia and advanced cirrhosis, liver could upregulate
HO-1 in Kupffer cells and hepatocytes as a result of
cytokine responses [12]. In experimental models of endo-
toxemia, such an induction of HO-1 expands the ability 
of liver to degrade heme and to trigger overproduction of
CO. Under these circumstances, CO turned out to contribute
to maintenance of blood perfusion as well as that of bile
excretion.

How can our neurovascular systems distinguish these
two gases for sGC-mediated signaling events? As widely

control

+CO

Figure 2 Effects of CO on wrinkling formation of hepatic stellate cells
in culture. The cells were cultured in dishes coated with a thin silicon mem-
brane that displays wrinkles in response to spontaneous contraction of the
cells. Note that the spontaneous wrinkles disappear in response to 15-
minute superfusion of 10 mmol/L CO.
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known, in the case of hemoglobin, CO stabilizes the six-
coordinated form of the prosthetic heme and increases the
affinity of molecular oxygen in other subunits, whereas NO
binds to the a subunit of the heme and breaks the proximal
histidine–Fe bond, forming a five-coordinated nitrosyl heme
complex to decrease the affinity of oxygen in b subunits
[13]. Similar to the case of hemoglobin, differences between
NO and CO in the heme structure in the b-subunit of sGC
appear to cause distinct activation states of the catalytic a-
subunit of the enzyme. Because of such a structural differ-
ence in the heme coordination between NO and CO, the
interaction of the two gases on the prosthetic heme of 
the enzyme leads to a unique regulatory response of the
enzyme: Low tissue NO makes CO a modestly stimulatory
modulator of the enzyme, whereas high tissue NO makes
CO an inhibitory one. Observation that vascular smooth
muscle cell-specific heme oxygenase-1 transgenic mice
exhibit systemic hypertension rather than hypotension sup-
ports such a possibility [14]. This notion was also confirmed
by our recent studies by showing that the interactions
between the two gases cause fine-tuning of the sGC function
in vivo [15]. In this study, we applied the newly developed
monoclonal antibody (mAb) 3221 against sGC that can 
recognize the specific structure produced by the enzyme
activation. Immunohistochemical analyses of rat retina
where the background NO-generating activities appear het-
erogenous among different neuronal layers revealed that
light-induced upregulation of HO-1 activates sGC in retinal
pigment epithelia (low NO), while it suppresses the enzyme
in the inner plexiform layer (high NO). The physiological
roles of CO in biological systems have not fully been 
investigated. However, distinct from NO, retina could bene-
fit from the nonradical CO to maintain housekeeping 
cGMP without a risk of potential degradation of retinoids.
Such a method of using CO is likely to be the case in 
relaxation of hepatic stellate cells to guarantee sinusoidal
patency or in apoptotic control of spermatogenesis, where
NO-breakable DNA or vitamin A is abundantly stored,
respectively [16].

Glossary

Carbon monoxide: a gaseous monoxide produced through the break-
down of heme catalyzed by heme oxygenase.

Gas biology: a new concept proposed by authors. A new research field
that investigates biological functions of gaseous molecules produced and/or
consumed in cells and tissues.

Nitric Oxide: a gaseous signal molecule produced by nitric oxide syn-
thases. It has numerous functions including relaxation of vascular smooth
muscle cells and neural signal transduction.

Oxygen sensing: the ability of biological systems to sense the changes
of oxygen concentrations in and around the cells.

Oxyradical bioimaging: a method for real-time imaging of behavior of
oxygen radicals such as superoxide anion and nitric oxide.
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While endothelial cells in all vascular beds or segments
share certain features in common, there is a growing recog-
nition of their phenotypic diversity as well. For example,
endothelial cells lining different organs exhibit a discernible
histological structure. Endothelium that lines the
blood–brain barrier, skin, muscle, and connective tissue is
continuous, whereas endothelium that lines the sinusoids of
the hepatic or splenic circulations, red bone marrow, adrenal
and parathyroid glands, and the carotid body is not continu-
ous. Indeed, fenestrated endothelial cells (with transcyto-
plasmic vacuoles) are observed in vessels of glomeruli,
some endocrine glands, pancreas, and intestinal villi.
Whereas fluid readily permeates renal glomerular and liver
sinusoidal endothelium, brain endothelium is nearly fluid
impermeable. Similarly, striking diversity may also be
found within a single organ and, in some instances, within
the same vascular segment such as described by Majno and
Palade [1], who observed histamine-induced intercellular
gaps between the endothelial cells of postcapillary venules,
but not in all immediately adjacent cells. Although the
notion of heterogeneity of endothelial cells and its potential
role in organ specific function is appreciated, the origins and
mechanisms of heterogeneity are poorly understood.

Heterogeneity may be broadly defined as secondary
diversity in a grossly “homogeneous” population. Morpho-
logical and functional cellular heterogeneity among a
“homogenous” type of cell population can be related to
developmental origins, anatomical and histological location,
local environmental influences, and, most importantly, the
pattern of gene expression. For example, in any particular

Introduction

Although all individual endothelial cells share some
properties in common, the vascular endothelium taken as a
whole represents a conglomerate cell system that exhibits
diverse biological functions. All endothelial cells lie on the
luminal surface of a vascular basement membrane, thereby
forming a continuous interface between blood (or lymph)
and the tissue interstitium. In this position the endothelial
cell is strategically positioned to fulfill an essential bidirec-
tional signaling role. A critical function of the vascular
endothelium is the formation of a semipermeable barrier
that limits bulk water and protein transport from the vascu-
lar space, while specifically trafficking particular protein
molecules, such as hormones and immunoglobulins, across
the barrier. Under homeostatic conditions, the endothelial
cell barrier is antiadhesive but may, in response to certain
chemical stimuli, become proadhesive to facilitate the
directed recruitment of white blood cells to sites of injury or
infection. An additional role for the vascular endothelium
apart from its ability to regulate permeability is its role in
regulating vascular tone and distribution of flow. Endothe-
lial cells produce multiple vasoactive autocoids that regulate
vascular tone moment by moment. For example, nitric oxide
and prostacyclin are well-recognized vasodilators, whereas
endothelin and angiotensin-converting enzyme are well-
recognized vasoconstrictors. These physiologic roles, which
are essential vascular functions, clearly establish that the
vascular endothelium is a key regulator of homeostasis.

Copyright © 2006, Elsevier Science (USA).
485 All rights reserved.
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cultured cell type, considerable variation is seen with regard
to cellular morphology and function. Some of the variations
can be attributed to different stages of cell cycle, but others
may be due to a differential organization, regulation, or
expression of genes (i.e., due to epigenetic controls). The
study of cellular heterogeneity and its origins not only is
interesting from a theoretical biological viewpoint, but also
is important in predicting the fate of a cell and, conse-
quently, its contribution to the development of disease. Indi-
vidual susceptibility to a particular disease, vulnerability to
particular disease risk factors, or responsiveness to a partic-
ular treatment are all factors that likely represent manifesta-
tions of cellular heterogeneity.

Endothelial Cell Heterogeneity in the 
Pulmonary Circulation

The pulmonary circulation is unique among vascular
beds in that it is the only organ system to receive 100 per-
cent of the cardiac output through a low-resistance, low-
pressure circuit. Within this unique circulation, different
anatomical compartments can be distinguished between the
macro- and microvascular segments and between the
bronchial and pulmonary circulations. Whereas the
bronchial circulation delivers oxygenated arterial blood
from the left ventricle to support the bronchial and large air-
way tissues, the pulmonary circulation delivers mixed
venous blood from the right ventricle through the pul-
monary artery to the alveolar septal network for gas
exchange. This oxygenated blood is then returned through
pulmonary venules and veins to the left atria and ventricle
for delivery to the systemic circulation. Considerable struc-
tural and functional diversity has been described among
endothelial cells in these various compartments within the
pulmonary circulation.

Heterogeneity among pulmonary endothelial cells of
large vessels and capillaries is now well recognized both
morphologically and physiologically. Morphologically, cells
in larger vessels under laminar shear rates are elongated and
aligned in the direction of flow, whereas those in the capil-
laries are not aligned in the direction of flow. Because of
their exposure to different magnitude and types of shear
stress, part of the heterogeneity may be attributed to adapta-
tion to blood flow, suggesting that lung macro- and
microvascular endothelial cells differ in their interpretation
of and response to mechanical forces.

In addition, physiologic heterogeneity has also been
demonstrated by various groups who have examined seg-
ment-specific permeability features of lung endothelium.
Early work in this area illustrated most of the baseline fluid
flux occurred across capillary (46%) and venous segments
(38%). Segment measurements rely on subtracting arterial
or venule permeability from total filtration. To ascertain
these values, high airway pressure is typically used to col-
lapse alveolar capillaries segments, stopping continuity of

blood flow. Although it is unlikely that flow is completely
abolished through corner vessels, these findings are broadly
reflective of segment-specific responses. In fact, a series of
subsequent studies have borne out these initial results,
demonstrating pulmonary artery/arteriole segments account
for 16 to 24 percent of basal water permeability, while cap-
illary (36 to 50%) and venule/vein (33 to 46%) segments
each account for the bulk of the circulation’s total basal
water flux [2]. Although this work illustrates that capillary
endothelial cells account for a substantial portion of basal
permeability, they do not suggest capillary endothelial cells
are highly water and protein permeable. Indeed, when stan-
dardized to relative surface area, it becomes immediately
apparent that the capillary endothelial cell barrier is 58 and
26-fold more restrictive to flux than either the pre- or post-
capillary barrier segments, respectively.

It is of particular importance that precapillary
(artery/arteriole), capillary, and postcapillary (venule/vein)
vascular segments are differentially targeted by physiologi-
cal and pathophysiological stimuli. In the case of increased
airway pressure, which is relevant to ventilator-induced lung
injury, increased permeability occurs primarily across capil-
lary segments [2]. Similar results were observed by West
and colleagues [3] in capillaries subjected to high vascular
pressure that illustrated endothelial cell “stress failure” by
electron microscopy. In the case of oxidant-mediated injury,
which is relevant to lung transplantation, and in the case of
hydrogen peroxide- and xanthine oxidase–induced vascular
injury, postcapillary venule/vein segments are the preferen-
tial targets [4]. Increased permeability arising from either
segment can eventually cause frank pulmonary edema if the
rate of fluid accumulation exceeds the rate of reabsorption
and clearance through the lymphatics. Thus, it is critical to
understand the basis for such site-specific heterogeneity.

In 1997 our group demonstrated that the plant alkaloid
thapsigargin activates store operated calcium entry and
increases lung endothelial cell permeability. These findings
indicate that calcium entry across the cell membrane is suf-
ficient to produce intercellular gaps that form a paracellular
pathway for water and protein transudation, similar to ear-
lier work using Gq agonists such as histamine, thrombin, and
substance P. However, upon close inspection of the pul-
monary circulation, we resolved that not all segments were
equally effected by thapsigargin [5]. Indeed, this agonist
only induced intercellular gaps in arteries and veins larger
than approximately 75 to 100 mm (Figure 1A). These find-
ings suggested that rises in cytosolic calcium, through store-
operated calcium entry channels, selectively targeted large
vessel segments, prompting a more sophisticated evaluation
of mechanisms of endothelial cell heterogeneity.

Evidence that thapsigargin increases permeability in 
pulmonary artery and vein segments, but not in capillary
segments, suggests that neither drug concentration nor site-
specific “environmental” influences underlie the hetero-
geneity in response. Another possible explanation is that
endothelial cells within the large and small blood vessels
arise from different progenitor cells and become imprinted
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by their unique (site-specific) environments to achieve a 
differentiated phenotype. As these endothelia are geneti-
cally identical, multiple epigenetic (i.e., beyond the gene
sequence) mechanisms likely account for the stable modifi-
cations in cell phenotype, including methylation of pro-
moter sequences that inhibit gene expression, and
acetylation of histone proteins that control access of tran-
scription factors to promoter sequences [8].

Lung developmental studies also provide evidence that
the endothelia in particular segments are phenotypically dis-
tinct. DeMello and coworkers [6] mapped the origin of lung
blood vessels using a Mercox casting technique (Figure 1B).
Their findings indicated the rudimentary pulmonary circula-
tion was first apparent in the early pseudoglandular phase of
lung development. However, the circulation was incom-
plete, and only large blood vessels could be resolved to be
intact with the right ventricle (Figure 1B, left panel). Paral-
lel studies revealed simultaneous development of blood

islands with immature capillaries, apparently not contiguous
with the pulmonary artery or vein. Late in the pseudoglan-
dular phase of lung development, an intact circulation was
observed with large vessel segments contiguous with capil-
laries (Figure 1B, right panel). These authors suggested that
large vessels arise from angiogenesis, the sequential branch-
ing of new blood vessels from existing ones, whereas capil-
laries (alveolar septal network) arise by vasculogenesis, the
coalescence of blood lakes made up of mesenchymally
derived cells. They further suggested at mid-gestation these
different segments fuse to form a continuous vascular 
network. Although certain aspects of these findings have
been debated, it appears clear that large and small blood ves-
sel endothelium is derived from different mesenchymal cells
that interact with site-specific environmental cues and are
stably imprinted to become differentiated phenotypes.

If this idea is correct, then macro- and microvascular
cells should share global endothelial cell behaviors but pos-

Vein                             ArteryVein

Control Thapsigargin-perfused pulmonary vessels

Microcirculation

[A]

14-Day Fetal Mouse Lung
Branching Angiogenesis

15-Day Fetal Mouse Lung
Connection of Central and Peripheral Systems
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Figure 1 Functional heterogeneity along the lung vascular tree can be resolved by segment-specific
responses to agonists such as thapsigargin and is related to the unique differentiation of endothelial cells during
their normal embryological development. (A) Thapsigargin induces intercellular gaps in artery/arteriole and
venule/vein segments, but not in capillary segments. For experimental details see Ref. [5]. (B) Scanning electron
microscopy evaluation of vascular casting reveals an incomplete pulmonary circulation in the early pseudoglan-
dular phase of lung development (left panel), even though blood islands can be resolved in parallel by transmis-
sion electron microscopy (not shown). Near the end of the pseudoglandular phase of lung development,
capillaries can be resolved intact with the pulmonary artery (right panel). For experimental details see Ref. [6]. 
(C) Rat pulmonary macro- and microvascular endothelial cells can be distinctly resolved in the intact circulation
by their interaction with Griffonia simplicifolia and Helix pomatia (top panel). (see color insert) Since lectins are
agglutinins, cells isolated from each segment agglutinate with exposure to lectin even in the presence of trypsin
(bottom panel). For experimental details see Ref. [7].
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Figure 1 Continued.

sess specialized functions. It is not surprising then that pul-
monary artery endothelial cells flow-align in vivo, but
microvascular endothelial cells do not flow-align. Macro-
and microvascular endothelial cells in vivo each fulfill a 
barrier function, but the microvascular barrier is more
restrictive. To more rigorously divulge the environment-
independent features of macro- and microvascular endothe-
lial cells, we sought approaches to isolate and culture cells
from these different vascular segments.

Ryan and colleagues [9] approached the problem of 
isolating lung capillary (microvascular) endothelial cells in

the 1970s. They (and other groups) developed methods for
enriching endothelial cells from capillaries using minimal
vascular protease digestion and perfusion of small beads. As
an alternative, peripheral lung segments were cut (pleural
cut technique), minced, exposed to minimal protease diges-
tion, and expanded from cell colonies. Both approaches
were successful, and have been adapted to further improve
the isolation success rate. One major advance was recogni-
tion that endothelial cells from different vascular segments
uniquely interact with plant lectins. Griffonia simplicifolia
and Glycine max have been shown by many different labo-
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ratories to recognize pulmonary microvascular endothelial
cells and not pulmonary artery endothelial cells, whereas
Helix pomatia (in rat) recognizes pulmonary artery endothe-
lial cells [7]. Thus, by incubating cells isolated using the
pleural cut technique with Griffonia simplicifolia coated
beads, microvascular endothelial cells can be efficiently
ascertained (Figure 1C, top panel) and isolated (Figure 1C,
bottom panel).

Use of purified pulmonary artery and microvascular
endothelial cells has greatly contributed to our understand-
ing of heterogeneity along the vascular tree. As in the intact
circulation, pulmonary artery endothelial cells in vitro flow-
align in response to shear stress, whereas microvascular
endothelial cells do not flow-align (Al-Mehdi, unpublished).
Similarly, cultured pulmonary artery endothelial cells align
tangential to the axis of mechanical perturbation, whereas
microvascular endothelial cells do not (Parker, unpub-
lished). These findings are consistent with conclusions from
the intact circulation, suggesting that these cell types pos-
sess unique mechanotransduction signaling programs.

Because oxidant-induced lung injury occurred princi-
pally in postcapillary (venule/vein) segments, Gillespie and
others [10] examined potential mechanisms that may
account for such site-specific oxidant sensitivity. Using
endothelial cells isolated from each of the three vascular
segments, their results indicated that pulmonary vein
endothelial cells were most susceptible to xanthine oxidase
and hypoxanthine-induced DNA damage. This DNA dam-
age corresponded with DNA repair rates in the respective
cell types, where vein endothelium exhibited the lowest rate
of DNA repair. These findings therefore support the results
from the intact circulation, suggesting that the propensity for
oxidants to increase permeability in postcapillary segments
could result from the inability of these cells to mitigate the
oxidant signal.

Since thapsigargin initiated site-specific responses in
situ, our group examined its effect in vitro. Activation of
store-operated calcium entry triggered reorganization of the
actin cytoskeleton into stress fibers, increased myosin light
chain phosphorylation, decreased adhesive forces, and
induced intercellular gap formation in pulmonary artery
endothelial cells. Gap formation corresponded to increased
macromolecular permeability. Although thapsigargin
increased myosin light chain phosphorylation in pulmonary
microvascular endothelial cells, it did not induce intercellu-
lar gaps and was not sufficient to increase micromolecular
permeability. Thus, these findings are also consistent with
results from the intact circulation.

Mechanisms accounting for the enhanced barrier func-
tion of pulmonary microvascular endothelial cells are not
well understood, but microarray analysis comparing the two
cell types has begun to reveal some insight. Microvascular
endothelial cells express a number of cell–cell adhesion
molecules not typically observed in pulmonary artery
endothelial cells, including activated leukocyte cell adhe-
sion molecule (ALCAM/CD166; immunoglobulin family),
N-cadherin (cadherin family), and ZO-2 (ZO/MAGUK fam-

ily). We have confirmed our results from microarray studies
using either quantitative PCR or Western blot analysis, but
the functional contribution of any of these molecules to bar-
rier enhancement has not been established. Nonetheless,
these findings provide a step toward understanding the dis-
tinct molecular anatomy of the macro- and microvascular
endothelial cell barrier.

A similar but more comprehensive approach has been
undertaken by Brown and colleagues [11], when they 
performed global expression profiling experiments using
mRNA from 53 different endothelial cell phenotypes. More
than 2.4 million gene expression measurements were made.
Using stable gene profiles in culture, they were able to dis-
criminate macrovascular from microvascular endothelial
cells and, further, artery from vein endothelial cells. Rele-
vance of these unique expression profiles in vitro has not
been confirmed in the intact circulation. Nonetheless, their
work makes the important point that endothelial cells in cul-
ture are able to retain a stable memory of their origin, even
under otherwise similar environmental conditions.

Whereas the wealth of in vivo, in situ, and in vitro evi-
dence supports the notion of distinct endothelial phenotypes
among precapillary, capillary, and postcapillary segments,
an even more puzzling diversity exists within highly con-
fined vascular segments. The idea of pacemaker cells was
introduced in cell culture experiments to acknowledge that
single cells control in synchrony the signal transduction
events of near neighbors. Bhattarcharya and colleagues [12]
have recently illustrated this concept in the pulmonary cir-
culation in situ. They showed that calcium oscillations orig-
inate first in pacemaker endothelial cells that control the
calcium response of their surrounding neighbors, indicating
the presence of heterogeneity within the microvascular cells
themselves in the pulmonary circulation. More recently, 
the same group has shown that endothelial cells at branch
points of lung venular capillaries possess twofold more
mitochondrial content by MitoTracker Green staining 
than their midsegment counterparts. The spatial pattern of
the TNF-a-induced cytosolic Ca2+ transition and oxygen
radical generation corresponded to the mitochondrial distri-
bution pattern [13]. A major difference in the environment
of midsegment and branch point cells is the magnitude and
pattern of shear stress. In midsegment, flow is laminar and
shear stress is thought to be of consistent magnitude; in the
branch points flow is turbulent and shear stress is thought to
be highly variable. This suggests that shear stress regulates
the endothelial cell phenotype, perhaps partly by altering
mitochondrial mass and function in individual cells.

Conclusion

For many years structural and functional differences in
endothelial cells have been recognized among organs, and
between specialized sites, such as in high endothelial
venules. More recently, however, phenotypic variation in
endothelial structure and function along a single blood ves-
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sel has been examined. These results illustrate a heterogene-
ity that arises not only because of the environment in which
the cell resides, but also because of the cell’s origin. Indeed,
endothelial cells become imprinted in the course of devel-
opment, as do all cells, based upon their interactions with
surrounding tissue environments to achieve differentiation.
As this differentiated phenotype is stable through mitotic
cell divisions, the cell retains a memory from whence it
came even through multiple passages in tissue culture. We
are only now beginning to appreciate the significance of
these epigenetic modifications in endothelial function and
their relevance to site-specific disease susceptibility. Subse-
quent investigation will provide significant insight into how
normal lung vascular development imprints on macro- and
microvascular endothelial cells a phenotype that is uniquely
suited to fulfill their site-specific functions.

Summary

Although all endothelial cells form a metabolically
active, semipermeable interface between blood (or lymphat-
ics) and tissue, considerable heterogeneity in endothelial
structure and function exists even within a single vascular
segment. Part of this heterogeneity is due to the environment
in which a cell resides. However, endothelial cells are also
imprinted during their development to impart a stable dif-
ferentiated phenotype. Accordingly, endothelial cells from
different sites within a blood vessel can be discriminated
based upon their active gene expression profiles, even when
their environments are the same. Interaction between envi-
ronmental stimuli (as in blood flow patterns or transmural
pressure) and the cell’s origin (precapillary, capillary, post-
capillary) therefore coordinately regulate site-specific
endothelial cell behavior.
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term (Pc - Pi) gives the transmural hydrostatic pressure dif-
ference and the product s(Pc - Pi) the effective transmural
oncotic pressure drop; the difference between these paren-
thetical terms defines the “driving pressure” for net fluid 
filtration or reabsorption through pulmonary microvessel
walls. Note that higher (Pc - Pi) favors fluid filtration
(increased Jv), whereas higher s(Pc - Pi) favors fluid reab-
sorption. Normally, an overall equilibrium is achieved
between fluid filtration and fluid reabsorption at proximal
and distal segments of capillaries, and little or no net filtra-
tion occurs through capillary walls. The lymphatic system in
the lung maintains a negative interstitial pressure by contin-
uously withdrawing fluid from interstitium. Edema develops
when fluid filtration substantially exceeds its reabsorption
and the capacity of the lymphatic system to remove fluid
from the pulmonary interstitium.

UNDERLYING CAUSES OF EDEMA FLUID FORMATION: 
ROLE OF STARLING FORCES

An elevated net driving pressure without a marked
increase in permeability underlies “pressure edema” (i.e.,
edema resulting from increase in the pulmonary capillary
hydrostatic pressure). Hydrostatic edema, when it is not as-
sociated with frank barrier breakdown, is generally protein-
poor, at least in early stages of the syndrome, because the
barrier properties tending to exclude large molecules are
preserved. In hydrostatic edema the ratio of plasma to alve-
olar fluid protein concentration is usually less than 0.6. Crit-
ical capillary pressure for formation of edema due strictly to
elevated hydrostatic pressure is a Pc above 25mmHg. Fluid
accumulation in the lung is minimized by “safety factors”
that are activated below this critical capillary pressure 
(see later discussion). The pulmonary extravascular water

Introduction

Pulmonary edema, or fluid accumulation in the lung
extravascular spaces, results in impaired gas exchange and
hypoxemia. When the lung fails to maintain fluid balance,
liquid initially accumulates in the interstitium and ultimately
invades the alveolar airspaces. The restrictive barrier prop-
erties of the pulmonary microvascular endothelium are
established by tight junctions and adherens junctions
between neighboring endothelial cells. Breakdown of the
endothelial barrier leads rapidly to lung edema, the hallmark
of acute lung injury and ARDS (acute respiratory distress
syndrome). This chapter will focus on the mechanisms that
regulate the barrier properties of the lung, highlighting the
role of the transcellular and paracellular permeability path-
ways in edema formation.

Starling Forces Underlying Pulmonary Edema
Formation, Accumulation, and Resolution

Formation of Edema Fluid

Edema formation can be understood by consideration of
the Starling forces across the microvessel wall. The mathe-
matical relationship between fluid filtration rate (Jv) and
transmural hydrostatic and oncotic pressures is written as

where s is the osmotic reflection coefficient, S the vessel
surface area, Lp the hydraulic conductivity, P the capillary
hydrostatic pressure, P the oncotic pressure, and the sub-
scripts c and i, capillary and interstitial compartments. The

J L S P Pv p c i c i= -( ) - -( )[ ]s P P ,
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content increases progressively as a result of the inability of
these safety factors to reduce fluid filtration rate when cap-
illary hydrostatic pressure increases above the critical value.
Most clinical manifestations of pulmonary edema can be
understood in terms of changes in Starling forces through
pulmonary microvessel walls. A decrease in the plasma 
protein concentration, such as in hypoalbuminemia, reduces
the transmural oncotic pressure difference, thus favoring
increased fluid filtration. In this case, the critical capillary
pressure at which lungs begin to gain water decreases 
in direct proportion to the reduction in plasma oncotic 
pressure.

CAUSES OF LUNG EDEMA: INCREASED VASCULAR

PERMEABILITY

Barrier rupture or breakdown underlies “permeability
edema,” which creates a protein-rich fluid because of 
the loss of normal protein-excluding properties of the 
alveolar–capillary barrier. Some evidence suggests 
that stimulation of protein transport could make a contribu-
tion to formation of protein-rich edema fluid. For example,
a vigorous transcellular albumin transport process involving
vesicular carriers is well established in pulmonary
microvascular endothelial cells [1]. These carriers are pre-
dominantly caveolae that occupy a remarkably high per-
centage (15%) of the endothelial cell volume. An important
area of investigation is whether pathologic conditions can
substantially stimulate this active transport process leading
to secretion of a protein-rich edema fluid.

Lung vascular permeability can increase as a result of a
direct injury of endothelial cells, alterations in the dimen-
sions of interendothelial junctions (i.e., paracellular path-
ways), or a combination of these factors [2]. The increase in
lung vascular permeability is operationally defined in the
Starling equation by an increased capillary filtration coeffi-
cient (Kf,c), which is equivalent to the LpS term in the equa-
tion. An increase in the Kf,c value corresponds to decreased
barrier resistance to the movement of liquid across the cap-
illary wall barrier. The albumin reflection coefficient (fAlb),
which describes the albumin permeability of the vascular
endothelial barrier, provides a widely used measure of 
the protein permeability of the barrier. In high-permeability
pulmonary edema, the alveolar fluid protein concentra-
tion approximates the plasma protein concentration. The
increase in lung vascular permeability shifts the relationship
between left atrial pressure and pulmonary extravascular
water content toward lower pressures, indicating that edema
will occur at a reduced driving pressure in the face of an
increased vascular permeability.

CAUSES OF PULMONARY EDEMA: ROLE OF THE

LYMPHATIC SYSTEM

Lymphatics are capable of removing excess extravascu-
lar fluid because of their effectiveness as a pump. Lymphatic
propulsion is determined by the intrinsic contractility of
lymphatic vessels, by inspiration and expiration, and by uni-
directional lymphatic valves. The extent to which lymphatic

insufficiency serves as an important mechanism of fluid
accumulation in the lung is not clear. Some studies have
indicated that surgical removal of the lymphatics predis-
poses lung to edema, although the increase in water content
is usually transient.

Fluid Accumulation in the Lung

Newly formed edema fluid initially distends the intersti-
tial compartment and then disrupts the interstitial lattice;
proteolysis of interstitial structural proteins may occur, lead-
ing to increased interstitial compliance [3]. Fluid that cannot
be cleared by lymphatics accumulates in the connective tis-
sue surrounding smaller vessels and bronchioles. The fluid
then migrates down the interstitial fluid pressure gradient to
interstitial spaces around larger vessels and airways. If lym-
phatics in the connective tissue sheaths are unable to remove
the excess fluid, undrained fluid becomes compartmental-
ized and forms perivascular cuffs. Normally the interstitial
hydrostatic pressure in the lung is a negative value 
(-9mmHg; [4]). Because of the low interstitial compliance,
excess fluid accumulation within the interstitium will rap-
idly increase tissue pressure to slightly positive values. The
alveolar barrier breaks down at a pressure of 2mmHg, cor-
responding to an increase in the interstitial fluid volume of
35 to 50 percent; tissue pressure values above this threshold
will cause a precipitous alveolar edema during which indi-
vidual alveoli begin to flood in an all-or-nothing manner.
Initially, the distribution of alveolar flooding is patchy, but
rapid severe flooding follows this. The exact route by which
fluid moves into the alveoli is not known. Fluid movement
may involve bulk flow through large epithelial pores or
channels or may be the result of increased transport through
intercellular pathways in respiratory epithelium of terminal
bronchioles. There is also the possibility of epithelial injury
involving detachment of epithelial cells from the underlying
matrix, resulting in movement of fluid directly into the 
alveoli.

Removal of Accumulated Edema Fluid

Resolution of pulmonary edema involves both removal
of already accumulated fluid and protein from alveoli and
termination of the conditions causing edema. Mechanisms
governing edema resolution following lung injury are
poorly understood. A restructuring of the dilated pulmonary
interstitium following the degradation of matrix proteins
appears to be required. Stimulation of transport processes
that drive fluid and protein from distal alveolar epithelium
including the (Na, K)-ionic pump [5] and albumin transport
[6] may be critical removal processes.

Role of “Safety Factors” in Lung Fluid Homeostasis

Several safety factors protect the lung against edema;
these are the decrease in albumin exclusion volume, the
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lymphatic system, and the increase in interstitial hydrostatic
pressure.

In high-pressure edema, protein-poor fluid begins to
accumulate in the pulmonary interstitial space by ultrafiltra-
tion. A decrease in the exclusion volume for albumin (or 
an increase in its actual volume of distribution) becomes
important in decreasing the interstitial protein concentration
and thereby decreasing pc. Such a decrease in pc, according
to the Starling equation, further reduces net fluid filtration
and augments fluid reabsorption through pulmonary
microvessel walls.

The pulmonary lymph flow is capable of increasing by a
large factor in response to increased interstitial fluid volume.
Lymph flow is actually dependent on the interstitial pres-
sure, which in turn is a function of interstitial volume and
compliance. Beyond a critical fluid volume, pulmonary
lymph flow can no longer increase in proportion to the
increase in interstitial pressure. Until this saturation value is
attained, lymphatic drainage tracks the rate of edema fluid
formation and thereby limits fluid accumulation.

An increase in tissue pressure also represents the lung’s
short-term protective mechanism to limit edema formation.
The low interstitial compliance in the lung reflects an unusu-
ally low interstitial volume plus a rigid protein infrastruc-
ture. This means that pulmonary tissue pressure (Pi)
undergoes a large rise for a relatively small increase in inter-
stitial volume; such an increase in Pi favors fluid reabsorp-
tion, according to the Starling equation, and in this sense
qualifies as an important safety factor.

Cellular Mechanisms of Permeability Edema:
Endothelial Barrier Dysfunction

Overview

Capillary endothelial cells form the primary barrier
between the plasma and interstitial fluid. Intercellular con-
tacts between endothelial cells and cellular adhesion to the
underlying subendothelial matrix are responsible for the
characteristic barrier properties of endothelium, including a
low permeability to plasma proteins. The manner in which
pathological conditions foster barrier dysfunction is not well
understood. Barrier dysfunction results in a loss of contact
between microvascular endothelial cells and/or weakening
of their adhesion to the basement membrane. Certain sub-
stances elaborated during inflammatory processes such as
thrombin, histamine, and bradykinin disrupt barrier function
by a direct action on the endothelium to increase vascular
permeability by opening intercellular junctions.

Activation Endothelial Retraction and Disruption 
of Cell–Cell Junctions

The endothelial cell is a target for many proinflammatory
and thrombogenic mediators and growth factors. These
agents may disrupt interendothelial junctions, increasing

endothelial permeability and allowing the passage of plasma
proteins through intercellular gaps. Inflammatory mediators
such as thrombin result in increased endothelial permeabil-
ity by causing an intense endothelial cell retraction and
shape change. The signal transduction pathways activated
by thrombin that promote loss of barrier function involve 
a complex series of biochemical events leading to a rapid
and sustained phosphorylation of myosin light chain (MLC)
and a simultaneous inhibition of MLC phosphatase that pre-
vents dephosphorylation of MLC and prolongs the response.
The disruption of endothelial junctions is likely precipitated
by increased interaction of endothelial contractile proteins
actin and myosin. Phosphorylation of MLC by calcium-
dependent myosin light chain kinase (MLCK) is required
for actin–myosin interaction. Filamentous actin within
endothelial cells is known to associate with the cytoplasmic
tail of the major adherens-junction protein VE-cadherin.
Contractile force may “unhinge” adherens junctions
between endothelial cells, resulting in formation of interen-
dothelial gaps [7]. Such gaps, which thrombin induces
within minutes in pulmonary endothelial cells in vitro, pro-
vide a plausible structural basis for increased paracellular
permeability.

Ca2+-Dependent and Ca2+-Independent Permeability
Increasing Mechanisms

Several key signaling and effector proteins in this impor-
tant pathway have been identified (see Figure 1). The ago-
nist thrombin activates PAR-1 (the proteinase activated
receptor). GTP-binding protein Gq signals calcium release
from intracellular stores, and calcium-store depletion, in
turn, signals calcium entry (see later discussion). Free cal-
cium in the cytosol is thought to bind to calmodulin (a cal-
cium-binding protein); the calcium–calmodulin complex
activates MLCK, which induces the phosphorylation of
MLC. In parallel with Gq, the G12/13 G-protein pathway, act-
ing through cytoplasmic Rho GTPase and its effector Rho
kinase, inhibits MLC dephosphorylation. The combined
effect of MLCK plus Rho kinase activity is to strongly
induce and maintain MLC phosphorylation, resulting in for-
mation of contractile units (stress fibers) that exert force
upon interendothelial junctional complexes [8]. The model
provided is probably an oversimplification of the biochemi-
cal process underlying endothelial cell retraction, since
there is considerable cross talk and lateral regulation of the
seemingly parallel pathways.

Considerable attention has been devoted to the regulation
of endothelial calcium entry by thrombin. Inositol (1,4,5)-
trisphosphate (IP3) formation induced by thrombin is known
to cause release of sequestered calcium and elicit calcium
entry via store-operated channels (SOC). Tiruppathi and
associates have identified TRPC4 (Transient Receptor
Potential Channel 4) as an essential constituent of the SOC
in the mouse lung [9]. Their data support a causal relation-
ship between increases in calcium entry and elevated 
pulmonary microvascular permeability. Thus, increased 
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calcium influx leading to activation of endothelial retraction
may be a fundamental, underlying cause of pulmonary
edema.

Summary

The pulmonary microvessels serve as primary sites for
fluid and solute exchange within the lung tissue. Starling
forces govern fluid filtration from microvessels into the sur-
rounding perimicrovascular interstitial space. The pul-
monary lymphatics collect fluid and protein leaking into the
interstitium and return the fluid and dissolved solute to the
vascular system. Pathophysiologic events and mediators
that substantially perturb the Starling forces culminate in
pulmonary edema.

Glossary

Adherens junction: An anchoring junction between two cells 
(made up of cadherin and associated proteins) that is linked to the actin
cytoskeleton.

Edema: Swelling or excessive buildup of fluid in the tissues, or an
increase in tissue mass due to fluid accumulation.

Fluid filtration: The passage of a liquid through a porous membrane
resulting from a hydrostatic pressure difference.

Reflection coefficient: A measure of the relative permeability of a par-
ticular membrane to a particular solute calculated as the ratio of observed
osmotic pressure to that calculated from van’t Hoff’s law.

Vascular permeability: The velocity of transport through the 
endothelial barrier through any or all of the following pathways: (1)
between the cells, (2) through the cells, via pores (diaphragms or 
fused vesicles), and (3) transcellularly, via shuttling vesicles and specific
receptors.
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Figure 1 Signaling mechanism of thrombin-induced endothelial cell retraction and vascular bar-
rier dysfunction. The protease thrombin activates the G protein coupled protease activated receptor 1
(PAR-1) on the endothelial cell surface. The Ca2+-dependent signaling pathway is activated by G pro-
tein Gq stimulation of phospholipase C, the generation of lipid intermediates that induce the release
of Ca2+ from an intracellular storage compartment, and the regulation of myosin light chain kinase
(MLCK) by Ca2+–calmodulin (Ca2+-CaM). Phosphorylated MLC interacts with F-actin, forming
stress fibers that contract and pull apart the cell–cell junctions. The Ca2+-independent component of
thrombin signaling is mediated by G12 and G13 activation of Rho and Rho kinase, which inhibits
myosin light chain phosphatase (MLC-Pase), thereby preserving MLC phosphorylation and the con-
tractile event in the face of declining Ca2+ levels. Thus, endothelial barrier dysfunction caused by
inflammatory mediators such as thrombin is the result of Ca2+ induced actin–myosin based contrac-
tion of individual endothelial cells, which generates gaps between cells and increases albumin leak-
age into perivascular spaces.
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able bound for the minimum time required for red blood cell
PO2 to increase from 40 to 100 torr. With exercise, capillary
transit times decrease as cardiac output increases, and more
of the capillary length is utilized for oxygen uptake. Only if
capillary transit time becomes too rapid, that is, less than
0.25seconds, will red blood cells leave the capillaries with-
out becoming fully saturated.

The predominant method for measuring pulmonary cap-
illary transit time is based on the diffusing capacity of the
lung for carbon monoxide to compute pulmonary capillary
volume. Capillary transit time can then be calculated by
dividing capillary blood volume by cardiac output measured
concomitantly. For example, 75mL (capillary volume) ∏
75mL/second (a 4.5L/minute resting cardiac output) = 1.00
second (capillary transit time). Based on this kind of calcu-
lation, it is believed that, in the resting human, red blood
cells spend an average of 0.75 to 1.0 seconds in the pul-
monary capillaries [1], well above the calculated 0.25-
second minimum transit time. During maximal exercise,
however, hypoxemia has been shown to be present in
horses, in exercising humans at simulated high altitude, and
even in normal humans exercising maximally at sea level.
Too rapid a transit time for the fastest moving red cells is
implicated in these findings. Naturally, not every red cell
traverses the pulmonary capillaries at the mean time. Rather,
there is a range of transit times distributed about the mean
with some times significantly shorter than the mean, but the
shape of that important distribution has escaped measure-
ment with nearly all methods. During the past two decades,
there has been sufficient development of intensified televi-
sion cameras and computer video processing systems to
permit pulmonary capillary transit times to be measured
directly. Video fluorescence microscopic recordings of the

Basic lung anatomy is simple. Branching airways termi-
nate in alveoli, and the arterial and venous trees interconnect
via capillaries that are embedded in alveolar walls. The
complexity of the structure comes from its ~3 ¥ 108 alveoli
and their accompanying ~3 ¥ 1010 capillaries. These very
large numbers have caused anatomists and physiologists to
simplify the lung to a one-alveolus, one-capillary model.
With time, this model has tended to be thought of as the real
lung; some senior scientists express considerable surprise
when they realize that pulmonary capillary pathways cross
more than one alveolus.

Although pulmonary microvascular anatomy and its
effect on perfusion are extremely complex, they are not
hopelessly so. We have considerable information about how
the pulmonary circulation utilizes the extensive reserve in
the pulmonary capillary bed when the demand for oxygen
increases. In trying to understand how these reserves come
into play when the lung reaches its full potential as a gas
exchanger during heavy exercise, we consider three kinds of
changes that occur in the capillary bed as cardiac output
increases from rest to exercise.

Capillary Transit Time

As red blood cells pass through the capillary network
during basal conditions, oxygen and hemoglobin combine
with sufficient rapidity to completely saturate hemoglobin in
about the first quarter of its transit. The results of a number
of studies of the saturation of hemoglobin with oxygen, each
using differing assumptions, have been reviewed by Wagner
[1]. Even with the wide range of variables used by the in-
vestigators, 0.25seconds consistently appeared as a reason-

Copyright © 2006, Elsevier Science (USA).
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passage of a fluorescent dye bolus through the subpleural
pulmonary microcirculation have been used to obtain dye
dilution curves from an arteriole and venule that shared a
common capillary network. Initially, the experiments were
restricted to calculation of the mean capillary transit time.
Using this technique, rabbits have a more rapid mean transit
time than dogs at basal cardiac outputs, (rabbits, 0.41 to 0.60
seconds and dogs, 1.37 to 2.0 seconds). These experiments
also showed a substantial vertical gradient of transit times in
the dog lung, 10 to 20 seconds in the upper lung and 1.5 to
2.0 seconds in the lower lung. These video microscopic
measurements have been confirmed by Hogg and colleagues
using independent techniques.

Although the measurements of mean capillary transit
time have been important, the accurate measurement of the
entire distribution of transit times, including the minimum
and maximum, has eluded investigators. Recently, however,
Presson et al. have made these measurements using a fluo-
rescent plasma marker. As blood flow was increased in this
study, both the skew and kurtosis of the curves changed so
that the longest times shortened, and the curves approached
the ideal shape, that is, a spike at 0.25 seconds such that all
red blood cells would become saturated exactly at the down-
stream end of the capillaries. The more homogeneous tran-
sit time distribution (a higher, sharper peak with a narrower
base) along with some perfusion of previously unperfused
capillaries that increased capillary blood volume, both acted
to prevent even the most rapidly moving plasma from cross-
ing in less than 0.25 seconds.

In the latest report from Presson and colleagues [2], the
transit time distribution of fluorescently labeled red blood
cells was reported. In intact dogs, they found that fluores-
cently labeled plasma boluses required about half again as
long to traverse the capillaries as red blood cells (Figure 1),
probably because of a combination of factors including the
plasma-skimming Fahraeus effect in perfused capillaries,
and the possibility of plasma alone perfusing some capillar-
ies. This means that data obtained from the fluorescently
labeled plasma dilution curves overestimate red cell transit
time. Nevertheless, at the highest cardiac outputs, capillary
recruitment and increasing red blood cell transit time homo-
geneity combined, as they did for plasma capillary transit
time, to prevent even the most rapidly transiting red blood
cells from going below 0.25 seconds in the dog lung at a car-
diac output increased fourfold over basal.

Distention

Distention of the capillaries, which increases the number
of red blood cells in the gas exchanging vessels, has been
studied extensively by Fung and Sobin [3] and colleagues.
Much of their work has been based on careful measurements
of capillary diameters filled under various pressure condi-
tions by a polymer that, after having flowed into all the ves-
sels, formed a cast of the capillary bed. The appearance 
of the extraordinarily dense capillary network embedded 

in thin alveolar walls suggested that perfusion of the pul-
monary capillaries functioned more like a sheet of flowing
blood rather than flow through a network of tubes. Mea-
surements of the polymer casts produced the relationship
shown in Figure 2. In this preparation, once transmural cap-
illary pressures exceeded alveolar pressure, the capillary
bed opened suddenly to form a sheet about 4 mm thick. Ad-
ditional pressure increases produced a linear increase in
thickness. The sheet flow model permitted mathematical
modeling of capillary hemodynamics, a significant advan-
tage. The complexity of other models, composed of a seem-
ingly infinite number of tubes nearly as wide as they were
long, made it virtually impossible to manage the mathemat-
ical analysis of flow.

Other workers have also found that the capillaries dis-
tended as pressure increased. In their classic paper, Glazier
et al. [4] studied isolated perfused greyhound lungs that
were rapidly frozen. The lungs were frozen under three vas-
cular pressure conditions: (1) where alveolar pressure was
greater than pulmonary arterial pressure, which in turn, was
greater than pulmonary venous pressure, and there was little
or no flow (PA > Ppa > Ppv = zone 1); (2) where arterial
pressure exceeded alveolar pressure, but alveolar pressure
was greater than venous pressure (Ppa > PA > Ppv = zone 2);
and (3) where arterial pressure exceeded venous pressure,
and venous pressure was greater than alveolar pressure 
(Ppa > Ppv > PA = zone 3). In lungs frozen under zone 2 and
zone 3 conditions, the capillaries distended linearly as vas-
cular transmural pressure increased.

Figure 1 In intact dogs, fluorescently labeled plasma boluses require
about half again as long to traverse the capillaries as red blood cells. This
causes the plasma dilution curves to overestimate red blood cell capill-
ary transit times. The mean transit times (plasma = 1.4 seconds, red blood 
cell = 1.0 seconds), the minimum transit times (plasma = 0.6 seconds, red 
blood cell = 0.4 seconds), and the maximum transit times (plasma = 3.5
seconds, red blood cell = 2.5 seconds) were all significantly longer for
plasma. At higher cardiac outputs, the curves become more narrow with
higher peaks; the minimum transit time is < 0.25 seconds, even at very high
cardiac outputs. (Reproduced with permission from Ref. [2].)
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As a final note about distending capillaries, the situation
becomes more complex when hematocrit is considered. In
individual capillaries, hematocrit varies from moment to
moment, as can readily be demonstrated by in vivo
microscopy. As the capillaries distend sufficiently to admit
red blood cells edge on, rouleau formations become possi-
ble. In that extreme, capillary hematocrit can reach very
high values. One the other hand, large plasma gaps between
red cells can reduce individual capillary segmental hemat-
ocrit to 0 percent momentarily. Other combinations of red
cells and plasma cause the entire gamut of hematocrits to be
run in a matter of seconds. These variations have been quan-
titated; their implications for gas exchange have recently
been explored and suggest that hematocrit, red blood cell
orientation, and the cross-sectional shape of the capillary
may have an important effect on gas exchange.

Recruitment

At baseline, not all capillaries are perfused by red blood
cells. As more capillaries become perfused by red blood
cells, they are “recruited” and add to the gas exchange sur-
face area. There are two models of capillary recruitment:
segment-by-segment recruitment over a wide range of 

distending pressure, and the sheet flow model in which all
capillaries suddenly become perfused when alveolar pres-
sure is exceeded. This disparity between capillary recruit-
ment models has been a difficult and important issue to
resolve. The evidence supporting each idea appears solid,
yet the physiological implications of each model are signif-
icantly different. Recent work by Godbey et al. [5] may have
resolved the issue, because they found a way in which cap-
illaries could be predictably recruited either segment by seg-
ment or as a sheet. The pattern of recruitment did not depend
on capillary pressure or on alveolar pressure per se; rather,
the recruitment pattern depended in a surprising way on the
state of distention of the alveoli. Distended alveoli stretch
capillaries into oval cross sections, which seemed to cause
the individual segments to have a range of opening pres-
sures. This, in turn, led to segment-by-segment recruitment.
Whether alveolar distention was caused by positive airway
pressure or by the pull of gravity on a lung suspended in the
thorax by negative intrapleural pressure as in life (0mmHg
airway pressure), progressive capillary recruitment occurred
over a wider range of capillary pressures as the alveoli
enlarged. Further, the oval cross sections of the capillaries
constrained the red blood cells to flow single file with their
broad sides facing alveolar gas, an orientation favorable 
for gas exchange. Smaller, less distended alveoli permit 

Figure 2 (Upper panel) The distensibility curve of the pulmonary capillaries in the cat lung.
Transmural capillary pressure is shown on the x-axis and sheet thickness on the y-axis. The sheet
remains empty until capillary pressure is ª 0, then the sheet opens suddenly to a thickness of ~4 mm
and distends linearly thereafter. (Lower panel) Theoretical capillary shapes are shown as transmural
pressure increases. (Reproduced with permission from Ref. [3].)



500 PART II Organ Microvascular Adaptations

capillaries to become circular; the “relaxed” capillaries in
smaller alveoli opened suddenly as alveolar pressure was
exceeded, that is, as a sheet. The circular cross sections per-
mitted the red blood cells to flow in any orientation with
respect to alveolar gas. However, many of these orientations
are less favorable for gas exchange.

These experiments showed that each model of capillary
recruitment was possible; the appropriate model depended
on the amount of alveolar distention (Figure 3). The sheet
flow model seems more predictive for the lower lung of
large animals where alveoli are small, and in small animals
in which the alveoli are relatively small in diameter. Seg-
ment-by-segment recruitment seems more appropriate in the
upper lung of large animals where alveoli are large. That the
state of alveolar distention could so dramatically affect 
capillary recruitment characteristics was unexpected and
surprising. One explanation is based on the anatomical
observation that connective tissue fibers are interlaced
throughout the capillary network. When the lobes are
inflated to low levels of distention (airway pressure = 2
mmHg), the connective tissue fibers are slack. Under these
conditions, all of the capillaries could be readily perfused as
microvascular pressure exceeds alveolar pressure. As the
alveoli are distended, the connective tissue fibers are
stretched. Individual fibers become progressively taut, but
not equally so. As taut fibers cross each capillary, they tend
to pinch the segments. The amount of pinching would be
likely to vary among segments and lead to a range of open-
ing pressures and therefore recruitment over a range of pres-
sures. Further increases in alveolar distention would make
these variations more pronounced. In this way, capillary
recruitment on a segment-by-segment basis or on a sheet
flow basis can be explained (Figure 3).

Although the work of Godbey explained how average
patterns of recruitment (sheet versus segment-by-segment)
were a function of the degree of alveolar distension, there
was significant variability in the recruitment pattern among
neighboring alveoli, all of which were inflated with the same
pressure. Baumgartner and colleagues [6] designed a study
to investigate this variability. In isolated, pump-perfused
canine lung lobes, fields of six neighboring alveoli were
recorded with video microscopy as pulmonary venous pres-
sure was raised from 0 to 40mmHg in 5-mmHg increments.
The largest group of alveoli (42%) recruited gradually.
Another group (33%) recruited suddenly (sheet flow). Half

Figure 3 In excised perfused dog lobes (panels A, B, and C), when
alveolar pressure is low (A), the capillary bed opens suddenly and com-
pletely as alveolar pressure is exceeded by perfusion pressure; the capillar-
ies are perfused as a sheet. As alveolar pressure is increased (B) and alveoli
enlarge, capillary recruitment occurs more gradually. Once the alveoli are
distended (C), recruitment is linear. Recruitment patterns are different in
panel D. The lungs were inflated by negative intrapleural pressure and per-
fused in an intact canine thorax (alveolar pressure = 0 mmHg). Observa-
tions were made on the uppermost lung where highly distended alveoli 
had capillary networks that were distended and recruited gradually on a
segment-by-segment basis. (Reproduced with permission from Ref. [5].)

of the neighborhoods had at least one alveolus that paradox-
ically derecruited when pressure was increased, even though
neighboring alveoli continued to recruit capillaries. At pul-
monary venous pressures of 40mmHg, 86 percent of the
alveolar–capillary networks were not fully recruited. They
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concluded that the pattern of recruitment among neighbor-
ing alveoli was complex, was not homogeneous, and may
not have reached full recruitment, even during extreme pres-
sures. Taken as a group, however, the capillaries recruited
gradually (Figure 4).

Although these investigations have increased our knowl-
edge about capillary recruitment, it was not known whether
larger vessels in the circulation could be recruited. If arteri-
oles or arteries could be recruited, then the recruitment of 
a single precapillary vessel would add significantly to 
capillary volume. Hanson et al. [7] investigated this issue
using in vivo microscopy to study capillary segments and
branches of arterioles and venules in the dog lung. With
each vessel serving as its own control, observations were
made during low and high vascular pressures. The only ves-
sels to recruit were capillaries, indicating that, in the dog,
recruitment was exclusively a capillary event (Figure 5). A
similar conclusion was reached in the study of Warrell et al.,
who studied frozen dog lungs.

Much of the data discussed thus far have involved static
or very nearly static conditions: injected vessels, frozen
lungs, or vessels perfused at very low flow rates all sampled

at one point in time. As valuable as those data are, they lack
the dynamic quality of perfusion that exists in the living
lung. The complexity of the pulmonary microcirculation can
only be measured by performing studies in vivo. Data from
in vivo microscopy produced the first direct evidence for a
recruitable reserve of pulmonary capillaries. Those classic
observations were made by Wearn et al. [8], who studied the
pulmonary microcirculation on the surface of the cat lung.
Not only did they demonstrate that the capillary bed was
only partially perfused by red blood cells at any given time,
but they also showed that the perfusion pattern varied with
time within a single alveolar wall. Wearn et al. speculated
that the changes in the capillary perfusion pattern could be
explained by changes in pulmonary blood flow or pressure,
but in 1934, they lacked the techniques necessary to study
these hemodynamic variables.

These important findings remained unconfirmed by
direct observation for 60 years until Okada et al. [9]
repeated Wearn’s experiment using modern cardiovascular
monitoring combined with in vivo microscopy of an intact
canine preparation. During a 45-minute study period, 1-
minute observations were made every 5minute to determine
which capillaries were perfused. On average, Okada et al.
found about half of the capillaries to be perfused over the
course of a total of nine observations, confirming that not all
of the capillaries were perfused all of the time. The level of
recruitment fluctuated, but the variations in perfusion did
not correlate with the small fluctuations in pulmonary arte-
rial pressure or cardiac output that occurred during the
study. In most animals, the correlation was poor (r2 less than
0.06), which was a surprise, because previous work by this
group [10] had shown that pulmonary arterial pressure and
capillary recruitment were tightly correlated (Figure 6), at
least when the pressure changes were large. These findings
imply that capillary perfusion alterations were being influ-
enced by factors more subtle than small variations in pul-
monary arterial pressure or cardiac output.

Figure 4 Average capillary recruitment for alveoli (n = 54) in six iso-
lated, pump-perfused dog lung lobes. Although there were a variety of
modes of recruitment among alveoli, the average recruitment was gradual.
The arterio-venous pressure gradient at a venous pressure of zero was 
8 mmHg, which decreased to 3 mmHg at a venous pressure of 40 mmHg,
which suggests that capillary transmural pressure was close to venous pres-
sure at the higher perfusion pressures. (Reproduced with permission from
Ref. [6].)

Figure 5 Experiments in intact dogs in which pulmonary arterial pres-
sure was raised either by airway hypoxia or by fluid loading with dextran.
In both cases, pulmonary arterial pressure rose from 8 to 23 mmHg. The
only vessels that recruited in response to these hemodynamic loads were
capillaries, which showed that recruitment is a capillary event. (Repro-
duced with permission from Ref. [7].)
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Two characteristics emerged when the perfusion of 
individual capillary segments was studied in detail. First, of
the perfused segments, more than half were perfused by red
blood cells during at least eight of the nine observations.
This finding showed that some capillary segments 
had hemodynamic characteristics that were sufficiently 
stable to cause them to be continuously or nearly con-
tinuously perfused. These capillaries generally were inter-
connected to form pathways across entire alveolar walls.
Second, the remaining half of the segments were not 
perfused stably. Some were perfused only once or twice 
during the nine 1-minute observation periods. The fre-
quency of perfusion of the unstably perfused segments was
evenly dispersed among observations and resulted in con-
siderable switching of flow among the segments within each
alveolar network.

The complexity of the recruitment process is even more
apparent when it is considered that capillary recruitment
generally refers to perfusion of new segments by a combi-
nation of red cells and plasma. However, capillaries can be
perfused (recruited) by plasma alone. Recent work by Con-
haim and Rodenkirch [10a] has shown that capillaries in the
rat lung even under zone 1 conditions have an estimated
functional diameter of 1.7 mm, sufficiently large to admit
plasma, but an impediment to red blood cell perfusion. Con-
sistent with these findings, König et al. [10b] injected col-
loidal gold nanospheres (8nm diameter) into the pulmonary
circulation of rabbits.  After 2minutes, the circulation was
stopped, and the lungs were fixed and examined both by
electron and light microscopy. They found that the entire
pulmonary capillary bed was perfused by gold particles after
2minutes, and in later experiments, complete dispersion
occurred in 10seconds. These studies suggest that all of the

capillaries were perfused by some of the plasma all of the
time. This work suggests the following possibilities. The
entirety of the capillary endothelium could act continuously
on the plasma to perform its many metabolic functions. Red
blood cell recruitment, however, would occur only when
capillary pressure increased sufficiently to distend capillary
segments enough for the passage of red cells.

At the outset, we pointed out that the lung is concep-
tualized in an overly simplistic way: a single-airway, 
single-alveolus, single-capillary model. Much evidence
demonstrates that the pulmonary microcirculation behaves
in a complex manner with perfusion rapidly switching
between capillary segments and red blood cell velocity and
hematocrit continually varying. As cardiac output increases
with exercise, however, a number of changes occur that
cause the microcirculation to behave more homogeneously.
First, as capillary pressure increases, capillary recruitment
approaches 100 percent. Presumably, capillary resistance
becomes more uniform as segments that were closed open
and distend toward the plateau of their compliance curve.
These changes lead to a diminution of red blood cell veloc-
ities, and the heterogeneity of capillary transit times lessens.
The complexity of perfusion of the pulmonary microcircu-
lation during increasing exercise, therefore, decreases and
the simplistic one-alveolus, one-capillary model becomes
progressively more realistic.

Glossary

Capillary recruitment: perfusion of previously unperfused capillary
Capillary transit time: time to vessel from arteriods to venules
Pulmonary capillaries: gas exchange vessel in alveolar wall
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Fragility of Pulmonary Capillaries
John B. West
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A cardinal feature of a pulmonary capillary as shown in
Figure 1 is that parts of its wall are extraordinarily thin. For
example in the human lung the wall is of the order of 0.2 mm
in thickness over much of its area of 50 to 100m2 [2]. This
extreme thinness is essential to allow the enormous amounts
of gas exchange of oxygen and carbon dioxide to occur by
passive diffusion. The pulmonary capillary is essentially
naked in the sense that it is directly exposed to the alveolar
gas.

By contrast, systemic capillaries are embedded in tissue
and receive substantial mechanical support from this [3].
Baez and colleagues measured the diameters of various
small blood vessels in the exteriorized meso-appendix 
of rats and showed that the smallest (8 to 10 mm), that is, 
the capillaries, behaved essentially as rigid tubes in that 
their diameter remained constant over a range of pressures
from 20 to 200mmHg. Fung calculated that the surround-
ing tissue of capillaries in mesentery contributed over 99
percent of their rigidity with less than 1 percent coming
from the endothelium and basement membrane. Pressures 
of the magnitude of 100mmHg will certainly cause 
damage to the walls of pulmonary capillaries. It is critically
important to appreciate the very different mechanical envi-
ronment of pulmonary capillaries compared with systemic
capillaries.

Structure of Pulmonary Capillaries

Pulmonary capillaries typically have a thick and thin side
as shown in Figure 1. On the thin side, the blood–gas 
barrier consists only of a thin epithelium, this being the pro-
toplasmic extension of a type I alveolar epithelial cell, an
interstitium or extracellular matrix, and a thin capillary
endothelial layer. There is also a very thin layer of surfactant
lining the alveolar space, but this is not shown in Figure 1
because it was lost during preparation of the section.

Introduction

Only in the past 15 years has it been appreciated that pul-
monary capillaries are remarkably mechanically fragile, and
that ultrastructural changes can occur in their walls under
normal though unusual physiological conditions. We now
know that many pulmonary and cardiovascular disorders are
associated with structural failure of the walls of the capillar-
ies in response to high mechanical stresses (“stress failure”).
In retrospect it is extraordinary that it took so long to realize
the vulnerability of pulmonary capillaries because recogni-
tion of the extreme thinness of their walls goes back to the
first electron micrographs in 1952. A simple calculation on
the back of an envelope using the Laplace relationship will
show that any substantial increase in transmural pressure 
of the capillaries must result in extremely high hoop or 
circumferential stresses. Perhaps people were misled by
early measurements suggesting that pulmonary capillary
pressures remained low under all physiological conditions,
although we now know that this is a serious misconception.
This brief account summarizes information on the structure
and strength of pulmonary capillaries, the stresses that can
develop in their walls under both physiological and patho-
logical conditions, the phenomenon of stress failure, 
and recent work on how the structure of the capillary wall is
regulated.

Pulmonary versus Systemic Capillaries

Those of us who work on the pulmonary circulation tend
to bristle at the term “lesser circulation.” After all the lung is
the only organ of the body that receives the whole of the car-
diac output. It is true that the pulmonary circulation has
much lower pressures than the systemic circulation, but of
course its functions are equally important.

Copyright © 2006, Elsevier Science (USA).
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By contrast, the thick side of the pulmonary capillary
contains additional structures in the interstitium, notably
fibers of type I collagen that contribute to the structural
framework of the lung, and also interstitial cells including
fibroblasts and other pericytes. This anatomy means that the
thin side of the blood–gas barrier is mainly responsible for
diffusional gas exchange, whereas the thick side is con-
cerned with fluid exchange and also mechanical stability.
Discussion about the fragility of pulmonary capillaries
mainly concerns the thin side where the stresses will be
highest, other things being equal.

Strength of Pulmonary Capillaries

There is now good evidence that the strength of the thin
side of the blood–gas barrier comes not from the cellular
layers themselves, but from the interstitium or extracellular
matrix, and in particular the type IV collagen in the base-
ment membranes. Here it is important to appreciate that in
the thin side of the blood–gas barrier, the basement mem-
branes of the alveolar epithelium and capillary endothelium
fuse in the center of the extracellular matrix to give a central
electron-dense band rich in type IV collagen perhaps only
50nm thick. It is believed that this extremely thin sheet of
type IV collagen is mainly responsible for the mechanical
strength of the thin side of the blood–gas barrier.

The evidence for this can be summarized as follows. We
have found that in animal studies where the capillary pres-
sure is raised to high levels, disruptions can be seen in the
epithelial and endothelial layers but often the basement
membrane remains intact [4, 5]. Additional evidence comes
from studies on isolated rabbit renal tubules that show that
the distensibility of the tubules is determined by their base-
ment membrane [6]. In addition, studies of the distensibility
of frog mesentery capillaries show that this is attributable to
the mechanical properties of the basement membrane. Fur-
ther studies show that the thickness of the basement mem-
brane of systemic capillaries increases down the body as the

pressure within them rises. Finally, it is well known that
renal glomerular capillaries have a thick basement mem-
brane consistent with their high transmural pressure.

What is known about the structure and ultimate tensile
strength of type IV collagen? It has a triple helix structure
similar to that of other matrix collagens, but is unusual in
that two molecules join at the C-terminal end to give a 
doublet about 800nm long, and four molecules join at the N
terminal to give a matrix configuration rather like chicken
wire. There are few studies of the ultimate tensile strength of
basement membrane, but measurements on cat lens capsule
together with studies on isolated rabbit renal tubules suggest
that the ultimate tensile strength is approximately 1 ¥
106 Nm-2, a very large value. Thus type IV collagen is ide-
ally suited to confer the high tensile strengths needed in the
wall of the summary capillary.

Mechanical Stresses in the Walls of 
Pulmonary Capillaries

Figure 2 shows two mechanisms by which mechanical
stresses develop in the capillary wall. The first is the hoop or
circumferential stress that results from the difference of
pressure between the inside and outside of the capillary
(transmural pressure) acting across the curved capillary wall
according to the Laplace relationship. We can think of the
capillary as part of a thin-walled cylindrical tube, and in
such a structure the wall stress S is given by Pr/t, where P is
the transmural pressure, r is the radius of curvature, and t is
the thickness of the load-bearing structure.

It is informative to make an approximate calculation 
of this hoop or circumferential stress. First, how high can
the transmural pressure in human capillaries rise during

Figure 1 Electron micrograph of a pulmonary capillary. The thin side
of the blood–gas barrier is in the upper part of the micrograph while the
thick side is below. The micrograph emphasizes the extreme thinness of
some portions of the barrier and the fact that it is completely unsupported
by surrounding tissue. (From Ref. [1].)

Figure 2 Diagram showing the two mechanisms that can increase the
mechanical stress in the capillary wall. 1 shows the hoop or circumferen-
tial stress as a result of an increase in the capillary transmural pressure. 2
indicates the longitudinal tension in the alveolar wall as the lung is inflated
to a high volume. Part of this tension is transmitted to the capillary wall.
(From Ref. [5].)
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exercise? Pulmonary arterial wedge pressures (a measure of
pulmonary venous pressure) as high as 21mmHg have been
recorded. Consistent with this, mean pulmonary artery pres-
sures have been shown to be as high as 37.2mmHg during
exercise. Micropuncture studies of the pressures in small
pulmonary blood vessels in anesthetized cats have shown
that mean capillary pressure is about halfway between arte-
rial and venous pressures, but that much of the fall in pres-
sure occurs in the capillary bed. Therefore a conservative
estimate for capillary pressure at midlung during maximal
exercise is about 29mmHg, although the pressures seen by
capillary segments in the upstream regions of the bed will be
higher. If we add the hydrostatic gradient for capillaries at
the bottom of the upright human lung, this gives a capillary
pressure there of about 36mmHg [5].

There are no good data on the radius of human pul-
monary capillaries at high capillary pressures, but in rabbit
and dogs the value is about 3.5 mm [7]. The most elusive
number is the thickness of the load-bearing structure, but if
we assume that this is the thin band of type IV collagen in
the center of the extracellular matrix of the thin side of the
blood–gas barrier, the value is of the order of 50nm. Insert-
ing these numbers into the Laplace relationship gives a ten-
sile stress in the layer of type IV collagen of about 3 ¥
105 Nm-2, which is approaching the ultimate tensile strength
of type IV collagen as discussed earlier. The upshot of all
this is that the normal lung does not appear to have a great
deal of reserve in terms of the strength of the capillary wall,
and this is consistent with evidence for changes in the struc-
ture of the wall that we have seen in elite athletes at high
levels of exercise as discussed later.

The second mechanism for increasing mechanical
stresses in the capillary wall is increased tension in the alve-
olar wall as a result of inflating the lung to high volumes. We
can think of the alveolar wall as a string of capillaries with
part of the longitudinal tension of the wall being transmitted
to the capillary walls. As we shall see later, there is strong
evidence that when the lung is inflated to high volumes, for
example as a result of high levels of positive end-expiratory
pressure, the capillary wall is damaged.

Stress Failure in the Wall of the Pulmonary Capillary

The ultrastructural changes that occur in the walls of pul-
monary capillaries when the wall stresses are increased have
been extensively studied. Measurements have been made in
anesthetized rabbits where the pulmonary artery and left
atrium were cannulated so that the capillary transmural pres-
sure could be raised and accurately measured. The lungs
were prepared for electron microscopy using intravascular
fixation with buffered glutaraldehyde at the required pres-
sure. An example of the ultrastructural changes seen in such
experiments is shown in Figure 3. Note that the alveolar
epithelial layer is disrupted near the top of the micrograph
and, in addition, there is disruption of the capillary endothe-
lial layer near the bottom. Interestingly, a blood platelet

appears to be adhering to the exposed basement membrane,
which is not surprising because the membrane is electrically
charged and highly reactive.

The pressures required to cause these ultrastructural
changes have been investigated and it has been shown that
the first indications of stress failure in rabbit lung occur at
capillary transmural pressures of about 24mmHg, but the
number of breaks is much increased at a pressure of 
39mmHg [4]. It is perhaps remarkable that pressures as low
as 24mmHg result in some changes in view of the fact that
in the human lung capillary transmural pressures as high as
36mmHg apparently occur during heavy exercise. Of
course, we cannot assume that the strength of the capillary
walls is the same in rabbit and human lung, and in fact we
have shown that different pressures are required for stress
failure in rabbit, dog, and horse lung [7].

An important feature of these ultrastructural changes is
that many are rapidly reversible when the capillary trans-
mural pressure is reduced. This has been shown in our rab-
bit preparation by first raising the pressure to a high level,
and then reducing it to a low level for several minutes with
intravascular fixation at the low pressure. The result was that
about 70 percent of both the endothelial and epithelial
breaks closed within a few minutes [8]. The breaks that
closed were mainly those that were initially small and asso-
ciated with an intact basement membrane.

The micromechanics of stress failure are not fully under-
stood, but one possibility is that the high tensile stress in the
type IV collagen layer causes this to stretch with distortion
of the matrix arrangement. It is known that type IV collagen
molecules have sites that allow bending to occur. Thus it 
is possible that the basement membrane elongates under
stress, causing the overlying cell to disrupt. When the tensile
stress is removed the matrix reestablishes its normal config-
uration and the disruptions in the cells close. However, there
is no direct evidence for this hypothesis.

Figure 3 Electron micrograph showing some effects of raising the cap-
illary transmural pressure in rabbit lung. Note that there is disruption of the
alveolar epithelial layer (top arrows) and also a disruption of the capillary
endothelial layer (bottom arrows). A platelet is adhering to the exposed
basement membrane below. ALV, alveolus; CAP, capillary. (From Ref. [5].)
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Physiological Conditions Associated with Stress
Failure of Pulmonary Capillaries

The most remarkable physiological situation where stress
failure of pulmonary capillaries is seen is in galloping thor-
oughbred racehorses. There is now evidence that all thor-
oughbreds in training bleed into their lungs. This condition,
called exercise-induced pulmonary hemorrhage, has been
known since Elizabethan times, and all sorts of explanations
have been offered such as moldy hay. However, recently it
has become apparent that exercising thoroughbreds have
extremely high pulmonary vascular pressures. For example,
studies on animals galloping on a treadmill show that a left
atrial pressure measured directly with a catheter can be as
high as 70mmHg, and this is associated with a mean pul-
monary artery pressure as high as 120mmHg. Other vascu-
lar pressures are equally astonishing, with a mean systemic
arterial pressure as high as 240mmHg and a mean right
atrial pressure up to 40mmHg.

The reason for these high pressures is that these animals
have been selectively bred for hundreds of years for very
high aerobic performances. As examples, their maximal
oxygen consumptions reach 180mLmin-1kg-1 and cardiac
outputs are as high as 750mLmin-1kg-1. In order to develop
these extraordinary cardiac outputs the filling pressures of
the left ventricle must be very high, and this in turn trans-
lates to high pulmonary venous and capillary pressures. We
have looked at the lungs of thoroughbreds immediately 
after they have been galloped on a treadmill and shown
unequivocal evidence of breaks in the pulmonary capillaries
[9].

These extraordinary findings in racehorses raise the ques-
tion of whether elite human athletes ever develop ultrastruc-
tural changes in their pulmonary capillaries during maximal
exercise. There is now strong evidence for this. Six elite
cyclists sprinted uphill over several minutes at maximal
effort sufficient to give a mean heart rate of 177 beats 
minute-1, and within an hour they voluntarily underwent 
bronchoalveolar lavage (BAL). The results were compared
with those of normal sedentary subjects who did not exer-
cise before BAL, and it was found that the athletes had sig-
nificantly higher concentrations of red blood cells, total
protein, albumin, and leukotriene B4 (LTB4) in their BAL
fluid compared with the control subjects [10]. Thus brief but
very intense exercise in elite athletes apparently causes
changes in the integrity of the capillary wall.

Would the same changes occur if the athletes worked for
a longer period at slightly lower levels of exercise? This was
tested by making additional measurements on a similar
group of six elite cyclists who exercised at 77 percent of
their maximal work level for 1 hour and then underwent
BAL. Again the controls were eight normal nonathletes who
did not exercise before BAL. In contrast to the results of the
previous studies, these athletes showed no differences com-
pared with the controls. Thus we can conclude that only
extremely high levels of exercise cause changes in the 
capillary walls, and indeed this is what might be expected 

on evolutionary lines. In general organisms evolve to cope
with all but the most extreme stresses to which they are 
subjected.

Pathological Conditions Causing Stress Failure

The fact that normal subjects develop stress failure of
their pulmonary capillaries at extremely high but neverthe-
less physiological pressures immediately suggests that any
pathological condition that raises the transmural pressure of
the capillaries to unphysiologically high levels will result in
stress failure. This is indeed the case, and Table I summa-
rizes the pathological conditions under which stress failure
of the capillaries has been described. There is insufficient
space here to discuss these conditions. However, attention
should be drawn to the third group, namely high states of
lung inflation. It was pointed out earlier that increased lon-
gitudinal tension in the alveolar wall associated with high
lung volumes would be expected to increase the wall stress
of the capillaries. We have tested this in animal preparations
where lung volume was increased to high levels while keep-
ing the capillary transmural pressure constant. Such experi-
ments show a great increase in the number of disruptions of
both the capillary endothelial and alveolar epithelial layers
at the high lung volumes. Consistent with this, trials of low
versus traditional high tidal volumes during mechanical
ventilation in intensive care units have shown reduced mor-
tality with the low tidal volumes [11], although there is still
some controversy in this area.

Regulation of the Structure of Pulmonary Capillaries

It is clear from the above that the blood–gas barrier has a
bioengineering dilemma. On the one hand it needs to be
extremely thin for adequate gas exchange, but on the other
it must be immensely strong to withstand the high mechan-
ical stresses that develop when the capillary pressure rises
on exercise, or the lung is expanded to high volumes. We
have seen that the human blood–gas barrier maintains its
integrity under all but the most exceptional physiological
conditions, that is, maximal exercise in elite athletes. 
However, pathological conditions associated with an
unphysiologically high capillary pressure inevitably cause
stress failure.

Table I Pathological Conditions Causing
Stress Failure of the Blood–Gas Barrier.

1. High capillary pressure resulting in high-permeability edema, e.g.,
high-altitude pulmonary edema, neurogenic pulmonary edema

2. High capillary pressure causing edema and hemorrhage, e.g., mitral
stenosis, left ventricular failure

3. High state of lung inflation, e.g., positive end-expiratory pressure in
the intensive care unit

4. Abnormal extracellular matrix, e.g., Goodpasture’s syndrome
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A central question in lung biology is how the structure of
the blood–gas barrier is regulated to optimize these conflict-
ing requirements. The most likely hypothesis is that the cap-
illary wall senses wall stress in some way, and then the wall
structure, presumably particularly the amount of type IV
collagen in the extracellular matrix, is regulated accord-
ingly. Much of our research over the past few years has been
devoted to testing this hypothesis.

Remodeling of the walls of larger pulmonary blood 
vessels in response to increased stress is well known, 
and there is an extensive literature on the subject; see 
Stenmark and Mecham [12] for a review. As an example,
Tozzi and colleagues stretched explanted rings of rat main
pulmonary artery and showed increases in collagen synthe-
sis, elastin synthesis, mRNA for pro-a1(I) collagen, and
mRNA for proto-oncogene V-sis within 4 hours. A feature of
these changes is that they were endothelium dependent
because they did not occur when the endothelium was
removed.

However, it is remarkable that in contrast to the large lit-
erature on vascular remodeling in larger pulmonary blood
vessels, remodeling of pulmonary capillaries has been
almost completely neglected. There is certainly evidence
that it occurs because marked thickening of the basement
membranes of the capillary endothelial and alveolar epithe-
lial cells is seen in the pulmonary capillaries of patients with
mitral stenosis where the capillary pressure is raised over
months or years. The same appearances have been described
in patients with pulmonary veno-occlusive disease who also
have an increased pulmonary capillary pressure.

To investigate mechanisms of pulmonary capillary
remodeling, experiments have been designed in which the
capillary wall stress is raised either by increasing the trans-
mural pressure of the capillaries, or by inflating the lung to
high volumes. One of the challenges in these experiments is
to measure only the changes associated with increased wall
stress of pulmonary capillaries, and not those associated
with the larger pulmonary blood vessels. This is difficult to
achieve because both experimental maneuvers have effects
on all the pulmonary blood vessels. We have attempted to
overcome this by analyzing tissue from only the outer few
millimeters of lung, which is predominantly occupied by
capillaries. There is not space to describe the results in detail
here, and indeed no clear consensus has emerged as yet. 
Suffice it to say that experiments have shown increases 
in mRNA for procollagens a1(I), a2(II), and a2(IV),
fibronectin, laminin, basic fibroblast growth factor, trans-
forming growth factor b1, and platelet-derived growth 
factor-B. The cell that senses the increased stress has not yet
been identified, nor the cells in which the increased gene
expression occurs. Much more work needs to be done on
this central problem in lung biology.

Glossary

Fragility: In this context, the tendency of pulmonary capillaries to
develop breakages in part or all of their walls when exposed to increased
stresses.

Laplace relationship: Expression relating the pressure across a
curved surface such as the wall of a tube to the radius of curvature of the
tube, the wall thickness, and the stress in its wall.

Remodeling: In this context, histological changes in the walls of blood
vessels in response to some physiological stimulus, often increased 
pressure.

Stress: The force per unit area, in this case in the wall of the capillary,
which tends to cause breakages.

Stress failure: Ultrastructural changes in the walls of capillaries as a
result of their exposure to high mechanical stresses.
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Lymphatic Endothelial Cells:
Heterogeneity from Blood

Endothelium and Unique Properties
in Health and Disease
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Unique Structural/Functional Markers: 
Lymphatic versus BEC

LECs share some markers expressed by most BECs,
including factor VIII, anti-thrombin 3 and MHC I, receptors
for low-density lipoprotein (LDL-R), and angiotensin-
converting enzyme (ACE). However, some studies suggest
that LEC may only modestly express some other classical
BEC markers. For example, Weibel-Palade bodies and their
constituents (von Willebrand factor/factor VIII-related anti-
gen, alpha-1 fucosyltransferase VI, P-selectin) are expressed
in LEC [1], but may exhibit quantitative differences based
on anatomical location and species. Similarly, levels of
expression of 5¢-nucleotidase and 5¢-nucleotidase/alkaline
phosphatase have also been suggested as markers that can
qualitatively distinguish LECs and BECs [1]. Extracellular
matrix (e.g., heparan sulfate proteoglycan, collagen type IV)
proteins are clearly less densely expressed on LECs com-
pared to BECs. However, on the basis of these structural
markers alone, BECs and LECs cannot be clearly distin-
guished. Another structural marker, Pathologische Anatomie
Leiden-Endothelium (PAL-E), a caveolae-related marker
associated with leaky vessels, does appear to be a highly
specific BEC marker and is absent on LECs. Unlike these
markers, which were preliminarily used to distinguish BECs
from LECs, the more important and highly specific/selective

Lymphatic versus Blood Endothelial Biology

The field of endothelial cell biology has existed for more
than four decades, during which time enormous advances
have been made in our understanding of endothelial cell
structure and function. Once regarded as only the “passive”
lining of blood vessels and constituent of capillaries, the
endothelium is now a well recognized participant in angio-
genesis, inflammation, vasomotion, and the metabolism of
bloodborne substances. Endothelial biology has made such
vast progress due in part to the identification of specific
blood endothelial cell (BEC) markers and growth
factors/receptors that govern blood vessel development
which have led to the development of the many models and
therapies that are based on, and which exploited these find-
ings. Although BEC and lymphatic endothelial cells (LECs)
share many structural and functional characteristics, several
recently described markers, growth factors, and receptors
are now known that distinguish LEC structurally, function-
ally, and pathophysiologically from BEC, and in the past 5
years, our understanding of LEC biology has gone through
a dramatic revival because of the discovery of these LEC
markers and their unique functions.

Copyright © 2006, Elsevier Science (USA).
513 All rights reserved.
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LEC markers [1] now include podoplanin, Prox-1, LYVE-1,
and VEGF-R3 (Flt-4), which are described below.

Podoplanin

Podoplanin is expressed by LECs and has been used 
as an LEC specific marker. It was originally described as a 
43kDa mucoprotein on kidney podocytes (hence the 
name podoplanin), but is not entirely specific for LEC;
podoplanin is also densely expressed in lung alveolar
epithelium, osteoblasts, and several other cell types. The
main function of podoplanin in LEC is not known, but it
may help to regulate LEC vessel structure, or govern solute
exchange in lymphatics. Podoplanin has a large extracellu-
lar domain with 6 O-glycosylation sites and a shorter cyto-
plasmic tail with two sites for phosphorylation that may be
important in regulating its function. In disease, the altered
expression of podoplanin has been reported during the 
lymphatic proliferation seen in IBD, cancer, and Kaposi’s
sarcoma (KS).

Prox-1

The transcription factor Prox-1 is an important regulator
of lymphatic system development, but also regulates 
development of several tissues including the lens, retina,
and liver [2]. Prox-1 is probably the most important deter-
minant for endothelial progression/commitment to the lym-
phatic endothelial phenotype. The activation of Prox-1
appears to help commit lymphatic progenitors both by acti-
vating LEC transcripts and by suppressing BEC transcripts.
Some of LEC-specific transcripts that are activated by 
Prox-1 activity include integrins a9 and a1, desmoplakins
I/II, adducin-g, plakoglobin, matrix GIa protein, TIMP-3,
macrophage mannose receptor, alpha-actinin-2 associated
LIM protein, IL-7, SDF-1b, and the cell cycle regulators,
Cdkn-1b and Cdkn-1c.

Interestingly, Petrova et al. [3] report that Prox-1 trans-
fection into BEC led to the induction of numerous lymphatic
endothelial specific genes including p57kip2 and VEGF-R3.
Prox-1 expression in BEC also suppressed 40% of BEC-
specific genes, including STAT-6, laminin, VEGF-C, neu-
ropilin-1, ICAM-1, MCP-1, IL-6, and P-selectin. It is
interesting to note that VEGF-C, which is a potent LEC
growth factor (see later discussion), is a normal transcript
for BEC, which may be suppressed when cells commit to
the LEC lineage to avoid a persistent autocrine growth stim-
ulation. The suppression of some of these genes may also
reflect Prox-1 dependent inhibition of STAT-6 (which is
required to sustain BEC transcripts such as MCP, IL-6, and
P-selectin). When Prox-1 is expressed in nonendothelial
cells it upregulates message for cyclins E1 and E2 and acti-
vates the cyclin E promoter, but does not induce LEC genes.
Therefore Prox-1 is necessary for the LEC phenotype, but
does require a prior commitment to the endothelial lineage,

a prerequisite for the final “programming” in the lymphatic
endothelial lineage [3].

LYVE-1

LYVE-1 (lymphatic vascular endothelial hyaluronan
receptor) is a homolog of CD44 that shares approximately
41% homology with CD44 [4]. LYVE-1 participates in
endocytic processing of hyaluronic acid (HA) in LECs, like
CD44 in BECs, but it may also perform other functions. In
lymphatic vessels, LYVE-1 on the cell surface appears to
colocalize with HA, which lines the lymphatic lumen where
it has been suggested to help modulate leukocyte/immune
cell trafficking. The exact role of the hyaluronan matrix for
lymphatic function is still not well understood, but may be
important to signaling, lymphocyte migration, or differenti-
ation [5]. Compared to CD44, LYVE-1 may exhibit greater
specificity for HA than CD44 [4]. LYVE-1 is expressed on
the cell surface as a 60-kDa protein; 20kDa of its mass
appears to be produced by dense glycosylation. LYVE-1
expression appears to be generally restricted to lymphatic
endothelium within the spleen, lymph nodes, heart, lung,
and fetal liver. In adult tissues, LYVE-1 is low in the liver,
muscle, bone marrow, and appendix and is generally absent
in BECs, hematopoietic cells, and lymphocytes. However,
while LYVE-1 is expressed mainly by LECs, some LYVE-1
expression is retained by BECs in the spleen and liver, in
syncytiotrophoblasts and in macrophages [2, 5, 6].

VEGF-R3 (Flt-4)

The growth factors and growth factor receptor involved
in LEC proliferation, maturation, and survival include
VEGFs-C and D and the VEGF receptor, Flt-4 (VEGF-R3).
Flt-4 was perhaps the first specific lymphatic endothelial
marker described and plays an important role in the devel-
opment of the embryological capillary system; in the adult,
Flt-4 action regulates mainly the growth and maintenance of
lymphatic vessels. Flt-4 is a 210-kDa receptor for VEGFs-C
and D that is expressed at high levels on LECs, but usually
not on BECs. Some exceptions when Flt-4 is induced on
BECs include wound healing and expression in some tumor
blood vessels and in fenestrated endothelium (e.g., bone
marrow, spleen and hepatic sinusoids, kidney glomeruli, and
endocrine gland endothelium). Flt-4 is also expressed in
some nonendothelial cells (e.g., dendritic cells). Flt-4 is a
member of the class III receptor tyrosine kinases like Flt-1
and Flk-1/KDR that have seven Ig-like domains and 12
potential glycosylation sites. At least two Flt-4 isoforms are
known that are derived from a single transcript.

Animals made genetically deficient in Flt-4 are ulti-
mately embryonic lethals because of defective fluid
drainage (chylous ascites), and some abnormal vascular
assembly. In human disease, primary (hereditary) lym-
phedema can be produced by single amino acid substitutions
in Flt-4 (VEGFR-3) that inactivate the receptor kinase 
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activity and prevent the maintenance/development of a nor-
mal lymphatic system.

VEGFs C and D

VEGFs C and D are closely related growth factors pro-
duced by several tissues, such as lung, skeletal muscle,
colon, small intestine, tumor cells, and BECs (umbilical
vein ECs). VEGF-C is a potent ligand for Flt-4, but also
binds Flk-1/KDR (VEGF-R2) but not VEGF-R1, and
induces lymphangiogenesis and LEC migration. Interest-
ingly, although thought to be an LEC-specific growth factor,
viral induction of VEGF-C is one of the most powerful
stimuli for angiogenesis and lymphangiogenesis [7].
Although both VEGF-C and D can bind Flk-1/KDR and Flt-
4, experiments with Flt-4 specific forms of these VEGFs
show that Flt-4 binding alone promotes lymphatic vessel
growth. VEGF-D is also a ligand for Flt-4 (and VEGF-R2),
but not VEGF-R1 (Flt-1). In mice VEGF-D appears to be a
selective ligand for Flt-4 [8]. Stimulation of lymphatic
endothelial cells with VEGF-C is a strong stimulus for the
increased expression of Ang-2 (via VEGFR-2) and in lym-
phatic development, angiopoetin-2 (Ang-2) appears to con-
trol lymphatic development, since Ang-2 knockout mice
show errors in the maturation of lymphatic vessels. Interest-
ingly, Ang-1 appears to correct the lymphatic, but not the
angiogenesis defects, suggesting that Ang-2 acts as a Tie-2
agonist in the former setting, but as an antagonist in the lat-
ter setting. Interestingly, LEC have been shown to express
Ang-2, and it has been suggested that the lack of peri-
cytes/support cells in lymphatic microvessels could be
related to this LEC Ang-2 expression.

Junctions and Solute Barrier Function in Blood and
Lymphatic Vessels

BECs express well-developed adherens and tight junc-
tions that contain both cadherin-5 (vascular endothelial
(VE) cadherin) and N- and P-cadherins. VE-cadherin
appears to be expressed by both BECs and LECs. While
BEC maintain conventional adherens and tight junctions at
endothelial borders that regulate solute exchange, LEC
junctions form a specialized type of adherens junction
termed the complexus adherentes, that contains high levels
of plakophilin-2, a desmosomal protein found in nonclassi-
cal adherens junctions. Besides plakophilin-2, cadherin-13
and zona occludens 2 (ZO-2) also appear to be elements of
the LEC complexus adherentes junction. Desmoplakins
have been reported in LECs, but have also been reported in
venous BECs and may be an unreliable marker for discrim-
inating BEC from LEC [6]. Despite the proposition that
LECs lack the same level of junctional integrity as BECs,
podoplanin found within the overlapping cell borders of
LEC may help create the LEC capillary “valves,” which
support the opening and closing of these vessels without the
need to remodel tight or adherens junctions [1]. Junctional

adhesion molecule-2 (JAM-2) is a junctional component
within the CTX [cortical thymocyte Xenopus (CTX) molec-
ular family] that is shared by both high endothelial venule
EC and LEC. JAM-2 supports lymphocyte extravasation
from the blood vascular space [9], but its function in lym-
phatics is not clear. Most likely JAM-2 expressed on HEV
and lymphatics plays a role in lymphocyte targeting in that
JAM-2 on these endothelium binds to JAM-3 expressed on
T, NK, and dendritic cells. Unlike JAM-2, JAM-1 appears to
be associated with tight junctions in conjunction with
occludin and claudins.

Endothelial-Cell Adhesion Molecules (ECAMs) in
BECs versus LECs

Both LECs and BECs express several types of adhesion
molecules including those in the Ig-superfamily and
selectins family.

BECs basally express CD54/ICAM-1 and CD102/
ICAM-2 as well as CD31/PECAM. BECs also increase their
expression of several adhesion molecules, such as VCAM-
1, ICAM-1, and E- and P-selectin, after stimulation with
several proinflammatory cytokines (TNF-a, IL-1b) or
lipopolysaccharide in a tissue- and anatomy-specific man-
ner. Unlike BECs, LEC may not densely express ICAM-1
and -2. LEC expression of ICAM-1 may also be anatomy
specific; lymphatic and submandibular lymph node capillar-
ies only weakly express ICAM-1, and ICAM-1 is among the
BEC transcripts that are suppressed by the LEC fate deter-
minant Prox-1. In cancer, ICAM-1 is however elevated in
peritumoral lymphatics and involved lymph nodes.

PECAM-1 is constitutively expressed by most LECs,
BECs, and HEV, but generally, PECAM-1 expression in
LECs also appears lower than in other endothelial types.

VCAM-1 is not expressed basally, by either BEC or LEC
but VCAM-1 (and ICAM-1, ICAM-3) are expressed by
LEC during active inflammation (especially gut inflamma-
tion), in response to inflammatory cytokines. E-selectin is
also mobilized in BEC during inflammation, and some tis-
sues (e.g., tongue) even show constitutive LEC expression
of E-selectin.

CD34 is a 90- to 120-kDa cell surface sialomucin
expressed by BECs, but not by LECs. CD34 is expressed on
early lymphoid hematopoietic stem and progenitors, small-
vessel endothelial cells, embryonic fibroblasts, some fetal
cells, and in adult nervous tissue. The function of CD34 is
probably to control interactions of BEC with lymphocytes
via L-selectin in high endothelial venules.

a9-Integrin also appears to participate in the develop-
ment of lymphatic vessels, since a9-integrin knockout mice
die from respiratory failure/chylothorax resulting from a
failure in normal lymphatic development. a9-Integrin is
densely expressed on several cell types including smooth
muscle, epithelia, and neutrophils. a9-Integrin is also a 
ligand for VCAM-1, which may play a role in lymphocyte
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trafficking in forms of filariasis, an infestation of the lym-
phatic system. Although a9-integrin appears to play an
important regulatory role in the maturation of the lymphatic
system, it is not clear if it is expressed by LECs, or if it is
involved in signaling that supports lymphatic maturation.

Chemokines Released by LECs and BECs

LECs and BECs express several chemokines that modu-
late leukocyte adhesion, migration, and inflammation. LECs
apparently release several CXC, CC, and C chemokines.
LECs express mRNAs for KC, IP10, Mig-1, BCL, MIP-2,
SLC, RANTES, MCP-1, C10, and Lptn, but not MIP-1a. ,b
or g. The release of C-10 is especially unusual for LEC 
since C-10 expression had long been thought to be limited
to cells of the hematopoietic lineage. LECs, but not BECs,
constitutively secrete the CC chemokine receptor CCR-7
ligand secondary lymph node–associated chemokine (SLC)/
CCL21 at their basolateral surface, and secretion is 
suppressed by TNF-a and IL-1b.

Lymphatic Development

Embryologically, lymphatics are derived from endothe-
lial progenitors that also give rise to venous endothelium
under the influence of several growth factors, and their
receptors that are differentially expressed during develop-
ment. Lymphatic develop as off-“buds” derived from the
venous system and was originally described in the classical
studies by Florence Sabin. The first step in progenitor com-
mitment to lymphatic phenotype is induction of the lym-
phatic specific transcription factor, Prox-1, followed by 
the release of secondary lymphoid chemokines (SLCs).
LECs expressing these markers may further increase 
VEGF-R3 expression [10], which increases their sensitivity
to VEGF-C/D and helps maintain their commitment to the
LEC lineage.

This second step in lymphatic development appears to
require signaling through the receptor tyrosine kinase Syk
and its substrate, SLP-76 [11]. Signals from the Syk/SLP-76
system appear to be crucial for maintaining the separation of
the blood and lymphatic systems, since deletion of either
gene leads to anastomosis of blood and lymphatic vessels. It
is interesting that while Syk/SLP-76 are certainly determi-
nants of lymphatic development, it is not clear that they are
proteins that are expressed by endothelium. It has therefore
been suggested that Syk/SLP-76 could (1) activate lym-
phoid progenitor cells (which lose Syk/SLP-76 during mat-
uration), (2) modulate the release of IL-2, or (3) be related
to platelet degranulation, which is affected by Syk/SLP-76
[12].

In the adult, venous endothelial cells in lymphatic buds
express VEGF-R3, which in endothelium is generally spe-
cific for lymphatic endothelial cells, indicating that some
venous endothelial cells retain an intermediate phenotype, at

least within lymphatic buds. In the process of lymphatic
budding, the lymphatic specific transcription factor, Prox-1,
and Syk/SLP-76 must be activated for these cells to mature
into lymphatics, which express VEGF-C/VEGF-R3 signal-
ing, LYVE-1, and podoplanin.

Lymphatics in Disease: Lymphedema and Cancer

Cancer

The role of lymphatics in cancer is complex. Although
functional lymphatics in tumors have long been disputed,
immunochemical analysis of lymphatic EC specific markers
(e.g., VEGF-R3) can show lymphatics at the periphery of
solid tumors. The functional significance of these vessels
may be less effective for the nutrition/drainage of tumors but
rather important as conduits for the intravasation/metastasis
of tumors in cancer. There is a very strong clinical correla-
tion between expression of lymphatic growth factors/
receptors, metastasis, and a poor prognosis in several types
of malignancies.

Lymphatic vessels are known to play an essential role in
the expansion and dissemination of several forms of cancer.
Whereas malignancies of mesenchymal origin frequently
spread via the blood vascular system, carcinomas more
often migrate and pass through the lymphatic system. Many
models now describe a near absence of metastasis in ani-
mals devoid of or deficient in lymphatic vessels and estab-
lish that many forms of cancer, most notably breast cancer,
are lymphatic dependent. Many tumors (e.g., gastric carci-
noma and pancreatic and invasive lung adenocarcinomas)
secrete lymphatic specific growth factors such as VEGF-C
and -D and represent significant risk factors for tumor pro-
gression. These studies showed a high risk associated with
VEGF-C expression in tumor status. Besides its role in solid
tumor progression, Flt-4 may also play roles in leukemia as
well, since several leukemia cell lines express Flt-4. Fur-
thermore, findings that many lymphatic markers such as
VEGF-R3 and podoplanin are detectable on KS lesions have
prompted consideration of KS as a lymphoproliferative dis-
order, and it may be possible that VEGF-R3 antagonists
could be useful treatments for several types of cancer and
KS.

Lymphedema

Lymphedema is a debilitating and disfiguring swelling of
tissues caused by insufficient lymphatic drainage. Lym-
phedema is divided into primary (or hereditary lym-
phedema), and several forms of secondary lymphedema.
The genetic basis of primary lymphedema is now thought to
reflect alterations in several genes that control the develop-
ment of the lymphatic system including VEGFs C and D,
Prox-1, FOXC2 (forkhead transcription factor), and VEGF-
R3 [5]. Some forms of primary lymphedema reveal muta-
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tions in the VEGF-R3 receptor (Flt-4), particularly within
the 5q35 locus. These mutations diminish Flt-4 kinase activ-
ity and also appear stabilize the receptor against proteolysis.

Secondary lymphedema generally represents environ-
mental, parasitic, or surgical blockade or damage to the lym-
phatics. In the setting of cancer, secondary lymphedema
often results from the surgical removal of lymph nodes and
vessels leading to poor tissue drainage. Adjuvant radiation
treatments will typically worsen this condition by further
limiting the regrowth of lymphatic vessels and decreasing
lymphatic drainage. Filariasis is an infestation of lymphatics
by parasites and a significant cause of lymphedema, espe-
cially in tropical regions. Filariasis blocks lymphatics and
injures the lymphatics, leading to profound forms of lym-
phedema. We have already described the role of lympho-
proliferation in cancer and lymphedema; however,
lymphoproliferation may participate in several other dis-
eases as well. For example, there may be an important role
of lymphatic vessels in many chronic inflammatory syn-
dromes including inflammatory bowel disease, arthritis, and
lupus (SLE).

Therapeutic Manipulation of Lymphatics?

Gene therapeutic adenoviral constructs that encode
VEGFs A, B, C, and D and pharmacological antagonists for
VEGF-Rs have recently been used to enhance/regress both
blood and lymphatics through their effects on BEC and LEC
growth and survival, and both may be therapeutic under dif-
ferent circumstances. Although VEGF-C/D might promote
the spread of cancer cells to distant nodes, the induction of
VEGF-C or -D may be beneficial in lymphedema by creat-
ing or restoring lymphatic drainage and relieving tissue
injury caused by edema. As the several key growth factors,
receptors, and signaling systems that induce, maintain, and
reduce lymphatics become increasingly better understood,
they hold out enormous promise for (1) creating/enhancing
the lymphatics in primary lymphedema and (2) the reestab-
lishment of lymphatics after surgery, cancer, or radiation
therapy.

Summary

The molecular mechanisms that create, separate, and reg-
ulate the lymphatic and blood vascular systems have impor-
tant implications for our understanding of the development
of the vascular system, events in some forms of vascular dis-
ease, and possible new avenues for therapy for several dis-
eases. Specific and selective markers (LYVE-1, VEGF-R3,
Prox-1) now exist that can distinguish LEC from BEC dif-
ferentiation at several levels, particularly the genetic and
molecular levels and permit the separation of these different
populations for examination of their properties. Several of
these new structural and functional LEC markers permit
selective targeting of LECs, and examination of their unique
roles in development and their contributions to several

important pathologies. These studies on LEC markers have
in only a few years already provided remarkably important
new evidence for the roles of lymphatics in several diseases
including cancer, lymphedema, wound healing, and inflam-
mation. These results promise to provide additional infor-
mation on the roles of lymphatics in many other diseases of
the immune system, development, and iatrogenic complica-
tions. Most importantly, these markers not only provide
prognostic signs of specific features of disease, but also 
provide new mechanisms for disease processes, and conse-
quently important new targets for prophylactic and thera-
peutic intervention.

Glossary

Chemokines: Soluble polypeptide factors secreted by immune system
cells that stimulate some activity of other cells. Chemokines are often
chemoattractants and act as tertiary messengers between cells.

Lymphedema: Swelling in the extremities caused by interstitial fluid
buildup in tissues due to congenital malformation of lymphatics (primary)
or surgical/traumatic (secondary) loss of lymphatic drainage (e.g., when
nodes are removed or blocked).

VEGFs: A family of structurally related proteins that stimulate growth
of blood and lymphatic endothelial cells and several other cell types. VEGF
actions are stimulated through binding to VEGF receptors VEGFRs 1, 2,
and 3. Placental growth factor (PlGF) and VEGF-B bind primarily to
VEGFR-1. PlGF modulates angiogenesis and may participate in inflamma-
tion. VEGF-C and VEGF-D bind primarily to VEGFR-3 and stimulate lym-
phangiogenesis rather than angiogenesis.
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Inflammation-Induced Changes

Inflammatory mediators induce molecular and morpho-
logical changes in endothelium, optimizing its capacity to
efficiently mediate entry of different leukocyte populations
to sites of inflammation. Several homing-associated mole-
cules not normally present on flat endothelium appear on the
surface of these vessels upon inflammation. In chronic
inflammations the flat endothelial vessels morphologically
transform to HEV-like vessels. Different leukocyte popula-
tions sequentially accumulate at the site of inflammation,
lymphocytes being the last cell type to enter. Their main
wave of entry is 2 to 3 days after the initiation of inflamma-
tion. In extreme chronic cases a nonlymphatic tissue can in
fact start to resemble organized lymphatic tissues.

Molecular Events in Lymphocyte–Endothelial 
Cell Interaction

Lymphocyte interaction with endothelium is a dynamic
process that takes place in a multistep fashion involving
binding between several molecular pairs on lymphocyte and
endothelial cell surface. The adhesive steps can be divided
to the following phases: (1) tethering and rolling, (2) activa-
tion, (3) firm adhesion, and (4) transmigration. These steps
are schematically depicted in Figure 2. All these steps have
to be appropriately executed before a lymphocyte can enter
the tissue. Molecular mechanisms mediating these steps
have been traditionally divided into unique categories.
However, depending on the hemodynamic conditions and
on the vascular bed where the interaction takes place, one
receptor–ligand pair can be involved in other phases as well.

Physiological Lymphocyte Recirculation

A subset of vascular endothelial cells in peripheral lymph
nodes and in organized lymphatic tissues in the gut (Peyer’s
patches and appendix) have differentiated to optimally sup-
port continuous lymphocyte trafficking into these tissues.
They do not mediate extravasation of granulocytes in 
normal conditions. These vessels are postcapillary venules
of the vascular tree and their endothelial cells are 
morphologically plump. To discriminate them from the flat-
walled venules present in all organs, they are called high
endothelial venules (HEV). The expression patterns of hom-
ing-associated molecules on HEV in peripheral lymph
nodes and mucosa-associated lymphatic tissues differ,
resulting in functional differences in the entry of lympho-
cyte populations into these two tissues. Lymphocytes also
efficiently enter the spleen, but the mechanisms and mole-
cules and even the contribution of vascular endothelium is
not clear in lymphocyte homing into this organ. Vessels in
nonlymphoid tissues support lymphocyte entrance only at a
very low level and therefore, only occasional lymphocytes
in search of microbes can be found in these tissues.

HEV are the most important site for lymphocyte entrance
to organized lymphoid tissues. However, about 15 percent
of lymphocytes enter the lymph nodes via afferent lymphat-
ics. Lymphocytes leave the nodes via efferent lymphatic
vessels. The vascular network guiding lymphocyte recircu-
lation is schematically presented in Figure 1. Endothelium
in lymphatics differs morphologically from endothelium in
blood vessels, since lymphatic endothelium is flat and dis-
continuous. Although both of these two types of endothelia
interact with lymphocytes, they have largely different
molecular phenotypes.

Copyright © 2006, Elsevier Science (USA).
519 All rights reserved.
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The key molecular interplayers at each step are described in
the following and summarized in Figure 3.

Tethering and Rolling

Freely flowing lymphocytes in the blood randomly make
collisions with the vessel wall. They form transient and
weak contacts with endothelium, which results in slowing of
their velocity. This initial interaction is predominantly medi-
ated by selectins and their sialomucin ligands. A typical fea-
ture in this interaction is that it involves binding of the lectin
domain of a selectin to carbohydrates on sialomucin mole-
cules. There are three members in the selectin family. They
are L-selectin (CD62L) expressed on leukocytes, E-selectin
(CD62E) present on endothelium, and P-selectin (CD62P)
present on both platelets and endothelium.

The counter-receptors of L-selectin are sulfated, fucosy-
lated, and sialylated carbohydrates (sialyl Lewis X-like
structures) present on several protein backbones [for exam-
ple, on glycosylation-dependent cell adhesion molecule-1
(GlyCAM-1), CD34, podocalyxin, and even on a subset of
mucosal addressin cell adhesion molecule-1 (MAdCAM-1)
in Peyer’s patches]. These molecules are collectively called
peripheral lymph node addressins (PNAd). HEV in periph-

eral lymph nodes strongly express PNAd and thus guide L-
selectin expressing lymphocytes efficiently into the nodes.

E-selectin is one of the inducible molecules found at sites
of inflammation. Its expression becomes prominent within
few hours after initiation of inflammation. E-selectin medi-
ates lymphocyte entry, especially into inflamed skin. Cuta-
neous lymphocyte antigen CLA (a variant of P-selectin
glycoprotein ligand, PSGL-1) serves as the lymphocyte 
ligand for E-selectin in the skin. In addition, E-selectin is
also able to bind E-selectin ligand-1 (ESL-1) on leukocyte
surface.

P-selectin is translocated within minutes from specific
granules (Weibel-Palade bodies) to the surface of endothe-
lium. Although it mainly binds granulocytes at an early
phase of inflammation, it is also present in chronic inflam-
mations due to new protein synthesis and binds to PSGL-1
on lymphocytes.

Endothelial cells at mucosa-associated lymphatic tissues
have a unique phenotype, because they, unlike other normal
endothelium in the body, express MAdCAM-1. MAdCAM-
1 binds a4b7 integrin on lymphocytes and selectively 
mediates traffic of the a4b7 positive lymphocytes to
mucosal lymphoid tissues. MAdCAM-1 also contributes to
the firm adhesion step.

Figure 1 Vascular network guiding lymphocyte recirculation. Trans-
port of foreign material (pieces of microbes) into lymphoid organs takes
place, for example, through the epithelium of the gut and via afferent lym-
phatics draining the skin. Bloodborne lymphocytes enter the organized
lymphatic tissues (lymph nodes and Peyer’s patches; PP) from the blood
via the arterial tree, flow through the capillaries, and extravasate in the 
postcapillary high endothelial venules. Thereafter, the lymphocytes migrate
through the tissue parenchyma in search of their cognate antigens. If the
antigen is found, the lymphocytes get activated within the germinal centers
(B cells) or outside the centers (T cells). Activated cells and cells that did
not find their antigen leave the node by entering the lymphatic vessels and
return via the efferent lymphatics back to the blood circulation. Activated
cells then preferentially leave the blood in peripheral tissues, where the
microbial insult took place, whereas the nonactivated lymphocytes con-
tinue their journey between blood and lymphoid organs. (see color insert)

Figure 2 The multistep cascade of lymphocyte extravasation. The
bloodborne lymphocyte first makes transient and weak contacts with
endothelial cells (rolling) using selectins and sialomucins. If the lympho-
cyte has the right chemokine receptor to interact with a chemokine pre-
sented by the endothelium, this molecular interaction leads to activation of
integrins. Endothelial immunoglobulin superfamily counterparts bind to
activated integrins, which results in firm adhesion of the lymphocyte to the
vessel wall. Thereafter, the lymphocyte transmigrates into the tissues
between or through the endothelial cells.
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Other molecules, such as vascular adhesion protein-1
(VAP-1) and hyaluronan presented on endothelium, are 
also involved in the lymphocyte rolling step, especially in
inflammatory conditions. VAP-1 is an endothelial adhesin
that also possess enzymatic activity catalyzing oxidation of
amines to hydrogen peroxidase, aldehyde, and ammonium.
These end products regulate the functional status of
endothelial cells. Hyaluronan, on the other hand, serves as
an endothelial cell counterstructure for lymphocyte CD44.

Activation

Chemokines present on endothelial cells and their recep-
tors on lymphocytes are thought to be the key players in the
activation step. Their interaction leads to activation of inte-
grins. Typically chemokines are small soluble molecules
that need to be presented by endothelial proteoglycans to 
be available for rolling lymphocytes. Chemokines can be
classified structurally into four groups: CXC, CC, CX3C,
and C (C is cysteine and X can be any amino acid). The 
most important chemokine presented by HEV-like vessels is
CCL21. Also CCL19 is involved in activating lymphocytes
binding to HEV. Both bind CCR7 on lymphocytes. Endothe-

lial cells in different vascular beds have certain degree 
of tissue specificity regarding chemokine expression. One
example is the skin, where endothelial CCL17 attracts
CCR4 bearing lymphocytes.

Firm Adhesion

Members of the immunoglobulin superfamily, inter-
cellular adhesion molecules (ICAM-1, CD54, and ICAM-2,
CD102) and vascular adhesion molecule (VCAM-1,
CD106) on vascular endothelium serve as ligands for 
activated integrins on lymphocytes. ICAM-1 and ICAM-2
bind to lymphocyte activation associated antigen 
(LFA-1, CD11a/CD18) and VCAM-1 adheres to a4b1
(CD49d/CD29) on lymphocytes. Expression of ICAM-1
and VCAM-1 is upregulated at sites of inflammation,
whereas synthesis of ICAM-2 is not influenced by inflam-
matory mediators. ICAM-1, ICAM-2, and VCAM-1 do not
confer tissue specificity in the homing process.

Transmigration

In successful cases firm adhesion leads to the transmi-
gration phase. The active contribution of endothelial cells at
this step can be seen as rapid changes in their cytoskeletal
organization, which are controlled, for example, by small
GTPases. It is still under debate whether lymphocytes trans-
migrate through the endothelial cell or whether they pene-
trate through intercellular junctions.

Molecules preferentially localized at the junction, 
such as, CD31 and junctional adhesion molecules A, B and
C (JAM-A, B and C), are involved in lymphocyte transmi-
gration. Also ICAM-1/LFA-1 and VCAM-1/a4b1 pairs as
well as VAP-1 can contribute to this process. It is obvious
that a transmigrating lymphocyte needs to use proteolytic
mechanisms to get through the vessel wall. Those as well as
rapid repair mechanisms required to close the transmigra-
tion path remain to be elucidated.

Importance of the Endothelial 
Homing-Associated Molecules

Modern technology has provided us with the ability to
produce mice in which one or more endothelial adhesion
molecule(s) have been deleted. Phenotypes of the knockout
mice lacking ICAM-1, ICAM-2, P-selectin, E-selectin,
CD31, VCAM-1, and carbohydrate decorations of PNAd
have been reported. All these mice (excluding VCAM-1
deficient mice) show variable defects either in normal lym-
phocyte homing or leukocyte trafficking to sites of inflam-
mation or in both of these functions. Mice lacking VCAM-1,
in contrast, are embryonic lethal because of the essential
role of VCAM-1 in formation of umbilical cord and pla-
centa. In general, the mice lacking only one endothelial
homing-associated molecule do not show very severe phe-

Figure 3 Molecules involved in lymphocyte extravasation. The most
relevant endothelial glycoproteins mediating lymphocyte–endothelial cell
interactions and their best characterized lymphocyte receptors are shown as
receptor–ligand pairs. Their molecular families are also indicated, as well
as the relative contribution of each receptor–ligand pair (the size of the
black dot) in lymphocyte–endothelial cell interaction. (In addition to the
molecules presented in this figure, there are individual reports describing
involvement of many other molecules in the extravasation process). Ig,
immunoglobulin; GAG, glucosaminoglycan.
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notype. However, when more molecules are simultaneously
deleted, the mice are no longer able to respond efficiently to
inflammatory stimuli. This illustrates the marked redun-
dancy in the function of the endothelial homing-associated
molecules.

Endothelial Homing-Associated Molecules 
as Drug Targets

As endothelial cells in different vascular beds are at a key
position to control lymphocyte accumulation in the inflamed
tissues, homing-associated molecules on endothelial cells
are potential targets when new anti-inflammatory drugs are
developed. All homing-associated endothelial molecules
mentioned in this chapter have been targeted with promising
results in in vivo animal studies utilizing a variety of inflam-
matory models. Unfortunately, in clinical trials many of
them have not fulfilled the expectations set based on the ani-
mal studies. However, many of them are still being tested in
clinical trials. The excellent results obtained by targeting
a4-integrin (present mainly on lymphocytes) in multiple
sclerosis suggest that by targeting endothelial mole-
cules equally good efficacy may be obtained in harmful
inflammations.

Summary

Endothelial cells at different vascular beds are important
in regulating lymphocyte entrance into the organs. There-
fore, they are at a key position determining what types of
immune reactions take place in different tissues of the body.
Adhesion molecules present on the endothelium serve as
counter-receptors for homing receptors expressed on circu-
lating lymphocytes. The molecular signature of vascular
endothelial cells in different tissues vary, and only those
lymphocytes having the right repertoire of homing receptors
for the given endothelial counter-molecules are able to enter
a particular tissue. Inflammation induces and upregulates
several homing-associated adhesion molecules on endothe-
lium, allowing extensive traffic of massive number of lym-
phocytes into the tissues. Accumulation of lymphocytes can
cause devastating symptoms in harmful inflammations as
for example in diabetes, rheumatoid arthritis, and inflamma-
tory bowel diseases. Therefore, homing-associated mole-
cules at vascular endothelium are potential targets for drug
development aiming at blocking abnormal lymphocyte 
trafficking.

Glossary

Chemokines: Small attractant molecules.
Extravasation: The process in which a cell migrates from the vascu-

lature into the tissue site.
High endothelial venules: Specialized postcapillary vessels mediating

lymphocyte entrance into the lymphoid organs.
Homing: Migration of recirculating lymphocytes from the blood-

stream to particular lymphoid sites.
Lymphocyte recirculation: Continuous trafficking of a subset of

white blood cells between the blood and lymphoid organs.
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master switch for inducing the lymphatic phenotype, is
expressed at sites of budding of new lymphatics from veins
during development. There is also evidence for the existence
of lymphangioblasts that give rise to the de novo differenti-
ation of lymphatic endothelial cells in tissue interstitium
during development.

In postnatal life, new lymphatic capillaries grow by lym-
phangiogenesis during acute and chronic inflammation. This
occurs by sprouting from preexisting lymphatic capillaries
in much in the same way as new blood capillaries arise by
sprouting from preexisting blood capillaries or postcapillary
venules during angiogenesis. The appearance of new lym-
phatic capillaries is secondary to that of blood capillaries,
although linear growth occurs at a comparable speed. Lym-
phatic capillaries are less labile than blood capillaries: They
send out fewer sprouts, anastomose less frequently, and
show much less tendency to retract or undergo changes in
size or form. Although temporary lymphedema occurs fol-
lowing lymphatic disruption, this usually resolves due to
spontaneous regeneration or reconnection of lymphatics. In
resolving inflammation, newly formed lymphatic capillaries
tend to involute more rapidly than do blood capillaries.

The lymphatic vascular system originates in the intersti-
tial space of virtually all tissues of the body as a series of
blind-ending thin-walled capillaries (Figure 1). Lymphatic
capillaries lack a continuous basement membrane and peri-
cytes, but contain anchoring filaments that aid in maintain-
ing luminal patency in the face of increased interstitial
pressure (Table 1). Tissues that are purported to be devoid of
lymphatic vessels include, among others, the central nervous
system, placenta, bone, and islets of Langerhans. Careful
immunohistochemical studies with the newly described
lymphatic markers (see later discussion) will be required to
carefully map the distribution of lymphatics throughout the
body. Lymphatic capillaries drain into larger collecting lym-
phatics that contain valves. Collecting lymphatics also con-
tain smooth muscle. Lymph nodes are interposed along the

The lymphatic vascular system regulates tissue fluid bal-
ance and pressure, facilitates interstitial protein transport,
and serves immunological functions by regulating the
movement of cells between tissue interstitium and lymph
nodes. Lymphatics are also responsible for absorption of fat
from the gut. Given its central role in maintaining normal
tissue homeostasis, it is indeed surprising that the lymphatic
vascular system has until recently been very poorly charac-
terized from a molecular point of view. The recent surge of
interest in this field can be attributed principally to two fac-
tors: the discovery of growth factors that induce the forma-
tion of new lymphatic capillaries (lymphangiogenesis), and
the identification of molecular markers that allow one to dif-
ferentiate between blood vascular and lymphatic endothe-
lium. This in turn has led to the establishment of techniques
for the isolation of relatively pure populations of blood 
vascular and lymphatic endothelial cell (BEC and LEC)
populations.

Growth and Structure of the Lymphatic Tree

Work on the lymphatic system began in the 17th century,
and by the beginning of the 19th century, the anatomy of
most of the lymphatic system had been described. Much of
the work carried out late in the 19th century and in the first
half of the last century was aimed at determining the embry-
onic origin of lymphatic endothelium. Two theories were
proposed. The first suggested that lymphatic endothelium
derives by sprouting from blood vascular (venous) endo-
thelium, the so-called centrifugal theory. The second, the 
so-called centripetal theory, suggested that lymphatic
endothelium differentiates in situ from primitive mes-
enchyme, and secondarily acquires connections with the
blood vascular system at a limited number of sites. More
recent studies have provided support for both hypotheses.
Thus, the homeobox transcription factor Prox-1, which is a

Copyright © 2006, Elsevier Science (USA).
523 All rights reserved.
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path of collecting lymphatics. Segments of collecting lym-
phatics between valves are called lymphangions. Collecting
lymphatics progressively converge and ultimately end up as
two large trunks, the thoracic duct and the right lymphatic
duct, which anastomose with the large veins at the base of
the neck (Figure 1). Lymphatic ducts are reinforced by
smooth muscle cells, and the adventitia of large lymphatic
ducts contains vasa vasorum and a rich neural network.
Unlike the blood vascular system, in which flow is ensured
by the rhythmic contractile activity of the heart, flow of
lymph within the lymphatic tree is aided initially by external
mechanical forces (contraction of surrounding skeletal mus-
cle) and later by the contraction of smooth muscle cells in
the walls of larger lymphatics. Unidirectional flow of lymph
and cells is ensured by the presence of valves. The blood and
lymphatic vascular systems very rarely anastomose.

Lymphatic Endothelial Cells

Lymphatic Endothelial Markers

A number of markers have been identified that distin-
guish blood from lymphatic vascular endothelium (Table 1).
These include podoplanin, a glomerular podocyte mem-
brane mucoprotein; Prox-1, a homeobox gene product
involved in regulating early lymphatic development; and
LYVE-1, a lymphatic endothelial receptor for the extra-
cellular matrix/lymphatic fluid glycosaminoglycan, hyaluro-
nan. None of these markers are expressed entirely
specifically by LECs. LECs also express vascular endothe-
lial growth factor-3 (VEGFR-3); with the exception of fen-
estrated blood vascular endothelium, VEGFR-3 is expressed
exclusively by lymphatics in normal adult tissues. However,
it is widely expressed in embryonic blood vascular endothe-
lium and is reexpressed in tumor blood vessels. In wound
healing VEGFR-3 is confined to lymphatic endothelium
(quiescent and regenerating), and is not expressed in blood
vessels.

5¢-Nucleotidase has also been used to distinguish lym-
phatic from blood vascular endothelium, and several 

apparently lymphatic-specific monoclonal antibodies have
been reported, although none appear to have found wide-
spread use. Finally, since lymphatic capillaries lack a con-
tinuous basement membrane, lack of immunoreactivity for
extracellular matrix components (collagen IV, laminin, col-
lagen XIII) has also been used to distinguish them from cap-
illaries of the blood vascular system. However, this is
unlikely to be reliable in tumors, since angiogenic blood
vessels also appear to be partially or completely devoid of a
basement membrane.

Lymphatic Endothelial Growth Factors

Two growth factors have been identified that induce
growth of new lymphatic capillaries, and both belong to the
vascular endothelial growth factor (VEGF) family. These
are VEGFs -C and -D. Members of the VEGF family are
highly conserved secreted glycoproteins that regulate vascu-
logenesis, hematopoiesis, angiogenesis, lymphangiogenesis,
and vascular permeability and are implicated in many phys-
iological and pathological processes. The VEGF family
comprises VEGFs-A, -B, -C, -D and placental growth factor
(PlGF). Of the three VEGF tyrosine kinase receptors identi-
fied thus far (VEGFR -1, -2, and -3), VEGFR-1 binds
VEGFs-A and -B as well as PlGF, VEGFR-2 binds VEGFs-
A, -C, and -D, and VEGFR-3 binds VEGF-C and -D. VEG-
FRs differ with respect to mechanisms of regulation and
patterns of expression. For example, VEGFRs-1 and -2 
are expressed almost exclusively by vascular endothelial
cells and hematopoietic precursors, whereas VEGFR-3 is
widely expressed in the early embryonic vasculature but
becomes restricted to lymphatic endothelium at later stages
of development and in postnatal life. VEGF-C also binds
neuropilin-2, a receptor for class III semaphorins, which
regulate chemorepulsive guidance of developing axons.
Neuropilin-2 appears to be required for normal lymphatic
development.

VEGFs-C and -D display a high degree of similarity to
VEGF-A in their so-called VEGF homology domain,
including conservation of the eight cysteine residues 

Figure 1 Schematic representation of the lymphatic vascular tree.
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characteristic of the VEGF family. However, VEGFs-C and
-D also contain N- and C-terminal extensions that are
removed by cell-associated proteolytic processing following
secretion. Processing increases the affinity of the ligands for
VEGFR-3 and also allows them to bind to VEGFR-2. In
addition to their lymphangiogenic effect, under certain con-
ditions VEGFs-C and -D also stimulate angiogenesis. The
respective roles of VEGFR-2 and -3 in mediating the lym-
phangiogenic and angiogenic effects of VEGF-C and -D are
incompletely understood.

Other molecules that have been implicated in the forma-
tion of the lymphatic vascular system include angiopoietin-
2, the adaptor protein SLP76 and the tyrosine kinase syk,
both of which are expressed primarily in hematopoietic
cells, the transcription factors Prox-1 and net, and
chemokines (CCL21/SLC) and their receptors (CCBP2/D6).
a9 integrin has also been implicated.

Isolation and Culture of Lymphatic 
Endothelial Cells

Although many attempts have been made in the past to
isolate and culture lymphatic endothelial cells from a vari-
ety of species, all of these studies have described isolation

of the cells from large lymphatic vessels and have employed
crude mechanical methods of cell separation. Identification
of cell surface markers that allow easy distinction between
lymphatic and blood vascular endothelium has recently led
to the development of superior techniques for the isolation
of pure endothelial cell populations. LECs have been iso-
lated by positive selection using antibodies to podoplanin,
VEGFR-3, or LYVE-1, and by a negative selection with
antibodies to CD34. Molecular characterization of these
cells has revealed many important differences in their
molecular profiles. Of major importance is the observation
that LECs express Prox-1, since Prox-1 appears to be a mas-
ter switch for the lymphatic phenotype. In the adult organ-
ism, lymphatic endothelium has been shown to expresses
VEGFR-2 and -3. Cultured LECs express VEGFR-1, -2, 
and -3, while BECs express VEGFR-1 and -2 and low 
levels of VEGFR-3. Many of the characteristic in vivo 
patterns of gene expression are altered with time in culture.
For example, LYVE-1 is progressively lost from cultured
LECs.

A Renewed Perspective on the Physiopathology 
of the Lymphatic System

Regulation of Interstitial Pressure

Lymph is essentially protein-rich interstitial fluid, which
in turn is an ultrafiltrate of plasma. Unique to lymphatic 
capillaries are overlapping intercellular junctions that are
formed by the extensive superimposition of adjacent LECs.
LECs also have anchoring filaments, which link the basolat-
eral plasma membrane to the adjacent extracellular matrix.
As interstitial pressure rises, collagen fibers and other matrix
components are forced apart. This in turn pulls on anchoring
filaments, the result of which is an opening up of interen-
dothelial junctions. Microarray analysis has revealed signif-
icant differences between BECs and LECs with respect to
the expression of molecules that are involved in intra- and
transcellular transport. Particularly highly represented in
LECs were genes encoding proteins that control specificity
of vesicle targeting and fusion. It is likely that LECs will
display selectivity (quantitative and qualitative) with regard
to regulating the formation of lymph.

Lymphedema is the term used to describe pathological
conditions in which there is excessive, regional interstitial
accumulation of protein-rich fluid. It can be either primary
or secondary (i.e., acquired). Genetic studies have identified
mutations in at least three genes that are associated with
primary lymphedema: VEGFR-3, SOX18, and FOXC2.
Inactivating mutations in the catalytic domain of VEGFR-3,
a receptor tyrosine kinase for the lymphangiogenic factors
VEGF-C and -D, are associated with Milroy’s disease, an
autosomal dominant form of early-onset lymphedema.
SOX18 is a transcription factor that has been implicated 
in dominant and recessive forms of hypotrichosis–
lymphedema–telangiectasia. Late-onset primary lym-

Table I Characteristics of Lymphatic and
Blood Vascular Endothelium.

Lymphatic capillaries Blood capillaries

Morphological features
Lumen diameter 10–50mm 10mm

Pericytes Absent Present

Basement membrane Absent or discontinuous Continuous

Anchoring filaments Present Absent

Intercellular junctions Overlapping, narrow Well developed

Weibel-Palade bodies Present Present

Caveolae Present Present

Molecular markers
CD31/PECAM-1 + +
CD34 + (low) + (high)

Von Willebrand factor + +
VE-cadherin + +
VEGFR-1 + +
VEGFR-2 + +
VEGFR-3 + (high) + (low)

Tie-2 -/+ +
PAL-E - +
LYVE-1 + -
Podoplanin + -
Prox-1 + -
Mannose receptor + -
CCBP2/D6 + -
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phedema has been attributed to truncating mutations in the
forkhead transcription factor FOXC2. Secondary lym-
phedema occurs as a result of disruption or obstruction of
preexisting lymphatics following surgery, radiotherapy,
trauma, and neoplastic or inflammatory conditions.

Regulation of Immune Function

The lymphatic system plays an important role in inflam-
matory and immunological responses. With regard to den-
dritic cells, following antigen capture, these cells migrate
into lymph nodes via afferent vessels. Within the lymph
nodes they present major histocompatibility (MHC)-bound
antigens to lymphocytes. It is very likely that chemokines
produced by LECs are required for stimulating migration of
mature dendritic cells (and possibly lymphocytes) from the
tissue interstitium into lymphatic capillaries, although the
nature of these chemokines remains to be fully elucidated.
However, previous studies have shown that CCL21 is
expressed by lymphatic endothelium in the small intestine
and liver. Cultured LECs produce CCL21. CCL21 is a
potent chemoattractant for dendritic cells in vitro and
enhances the emigration of dendritic cells from skin to
regional lymph nodes. This effect is likely to be mediated by
CCR7 on mature or cytokine-activated dendritic cells.

Tumor Cell Dissemination

VEGF-C and -D, which bind to and activate VEGFR-2
and -3, have been shown to induce lymphangiogenesis in
vivo. Of particular importance is the discovery of a tight
correlation between levels of VEGF-C in primary human
tumors, and the presence of regional lymph node metas-
tases. Experimental studies have demonstrated a direct role
for VEGF-C and -D in the induction of lymphangiogenesis
and the formation of regional lymph node metastases. This
has been demonstrated in mouse transgenic and tumor xeno-
transplantation models. Both lymphangiogenesis and the
formation of lymph node metastases could be efficiently
inhibited by antagonists of VEGF-C and -D. Similarly, over-
expression of a soluble form of VEGFR-3 in the skin of
transgenic mice selectively inhibited spontaneous lymphan-
giogenesis, which in turn resulted in lymphedema. How-
ever, one of the most important questions concerning
lymphatic metastases still remains to be answered: Do
tumor cells employ existing lymphatics for their dis-
semination, or does dissemination require the de novo 
formation of lymphatic capillaries (lymphangiogenesis)?
With regard to human tumors, there is at present very 
little evidence for peri- or intratumoral lymphangiogenesis.
This then begs the question: Why are high levels of VEGF-
C in primary tumors associated with regional lymph node
metastases?

Tumor cell dissemination via the lymphatic system
requires the intravasation of tumor cells into lymphatic cap-
illaries. Very little is known about how this process is regu-
lated, but it is conceivable that LEC-derived chemokines

may play a role. Apart from the fragmentary data on cul-
tured LECs (see earlier discussion), very little is known
about which chemokines are produced by LECs in vivo.
However, evidence is accumulating that tumor cells express
chemokine receptors (CXCR4, CCR7, and CCR10) that
mediate their dissemination to lymph nodes. Signaling via
these receptors mediates intracellular calcium flux, actin
polymerization, changes in integrin expression, formation of
pseudopodia, and tumor cell chemotaxis. Neutralization 
of the CXCL12/CXCR4 interaction in vivo significantly
reduces metastasis of breast cancer cells to regional lymph
nodes and lung.

Summary and Perspectives

The lymphatic network subserves almost every organ in
the body, and along its pathway are several hundred lymph
nodes, the majority of which are in the head and neck
region. Because of their strategic localization, LECs are inti-
mately involved in regulating the movement of lymph and
cells of the immune system between tissue interstitium and
the lymphatic system. The recent ability to isolate and cul-
ture LECs has provided tools with which to study these
functions.

From the patient’s perspective, there are settings in which
both stimulation and inhibition of lymphangiogenesis could
be beneficial. In the case of the former, the feasibility of
using VEGF-C gene therapy for the treatment of primary
lymphedema has been clearly demonstrated in pre-clinical
studies. In the case of the latter, in preclinical studies, inhi-
bition of tumor lymphangiogenesis has been shown to
reduce the formation of metastases in regional lymph nodes.
However, it will be important to clearly define an appropri-
ate therapeutic window in cancer patients, since it is likely
that tumor cell dissemination will already have occurred in
many patients at the time of initial presentation.

Glossary

Endothelium: The layer of flattened epithelial-like cells that lines the
inner luminal surface of blood and lymphatic vessels (also known as
intima) as well as the heart (also known as endocardium). The endothelium
is in direct contact with blood in blood vessels and the heart, and with
lymph in lymphatic vessels.

Lymph: A transparent fluid often containing lymphocytes that is found
within lymphatic vessels; originates from tissue interstitium throughout the
whole body; is returned to the systemic circulation via the lymphatic sys-
tem; may be a milky white in the small intestine following fat absorption.

Lymphangiogenesis: The growth of new lymphatic capillaries by a
process of sprouting from preexisting veins or lymphatic capillaries; 
may also include the differentiation of lymphatic endothelium from 
lymphangioblasts.

Lymphedema: Swelling of a part of the body (usually a limb) due to
the accumulation of and inability to drain interstitial fluid as a consequence
of absent, hypoplastic, or obstructed lymphatic vessels.

Lymphogenous metastasis: Secondary tumors that develop at sites
distant from the primary tumor as a consequence of tumor cell dissemina-
tion via the lymphatic system; usually involve lymph nodes but may
include other sites as well.
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Prelymphatic Channels

In mesentery, extracellular tissue fibers are connected to
the terminal endings of the initial lymphatics. The prelym-
phatic channels are formed by tissue fibers oriented in 
the direction towards the lymphatic endothelial cells. In 
the brain, the delineation of tracers injected into the cere-
brospinal space identifies prelymphatic channels. Such trac-
ers tend to follow the perivascular space of arterioles and
eventually drain into the initial lymphatics.

The Initial Lymphatics

These consist of a continuous but highly attenuated
endothelial lining, and they have no smooth muscle media.
In organs such as the skin and intestine, the initial lymphat-
ics form a highly regular hexagonal branching pattern. Ini-
tial lymphatics are frequently associated with structures that
have smooth muscle (arterioles, respiratory bronchioles, and
so on). They are located in the adventitia of arterioles in 
close proximity to the smooth muscle cells, nerve fibers,
adipocytes, and what is a continuous line of mast cells 
(Figure 2). In contrast, other parts of the tissue parenchyma
may be relatively depleted of initial lymphatics. For exam-
ple, the capillary space in skeletal muscle has no initial lym-
phatics. Instead, initial lymphatics form a meshwork that is
tightly paired with the arcade arterioles and larger venules in
this organ [1].

In contrast to the cylindrical geometry of most blood ves-
sels, the lumen cross section of the initial lymphatics has an
irregular shape in many tissues; the initial lymphatics almost
never have circular cross sections. The lumen may, in fact,
be completely collapsed. Yet in normal tissue, the initial
lymphatics are readily identified based on morphology and
specific location in the tissue. In tumor tissues, initial lym-
phatics may be more difficult to detect on histological 

Introduction

Lymphatics are an integral part of the tissue transport
system and the site of adipogenesis and immunological con-
trol. All organs, with the exception of the brain, tendons, and
ligaments, have a lymphatic system. They carry fluids con-
taining a wide variety of organic and inorganic molecules,
colloids, and cells. In tumors, lymphatics have special sig-
nificance as one of the main pathways for metastatic cells.
Lymphatic fluid moves unidirectionally from the tissue
through afferent channels toward strategically located
lymph nodes. After passage through the lymph node, lym-
phatic fluid is carried through confluent efferent channels
into the two central lymphatic ducts and returned through
the subclavian junctions back into the venous circulation. 
In the following review, we will describe the main micro-
anatomical, cellular, and molecular features of microlym-
phatics common among different tissues and organs, and we
will outline mechanisms that serve the transport of lymph
fluid and lymph angiogenesis.

Structure of Microlymphatics

Compared with the high density of the microvasculature,
the microlymphatic network is sparse. Individual microlym-
phatics originate in the tissue and form bifurcating trees and
in some organs, meshworks. Their detailed network mor-
phology depends on the tissue and organ involved.

The lymphatics can be divided into two general classes,
the initial lymphatics and the contractile lymphatics 
(Figure 1). Preceding the initial lymphatics there are also
prelymphatic channels. We will describe the three
microstructures in the sequence through which tissue fluid is
transported.

Copyright © 2006, Elsevier Science (USA).
529 All rights reserved.
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sections and therefore require immunological labels (such as
an antibody against LYVE-1, a lymphatic specific receptor
for hyaluronan [2], or the lymphatic marker podoplanin) for
identification as lymphatic endothelium.

The endothelium in initial lymphatics has a discon-
tinuous basement membrane with openings in the vicinity of

the interendothelial junctions. In contrast to capillary
endothelium, there are no pericytes on lymphatic endothe-
lium. Short interstitial fibers (anchoring filaments) connect
the abluminal side of the lymphatic endothelium to the adja-
cent connective tissue. In the organs investigated to date, no
adrenergic innervation of the initial lymphatics has been

Initial Lymphatic

Initial Lymphatic

Contractile Lymphatic

Arcade Venule

Arcade Arteriole

Capillaries

Prelymphatic
Channels

Figure 1 Schematic of initial lymphatics without smooth muscle and contractile lymphatics with
smooth muscle in the mesentery microcirculation. The vessel dimensions are not drawn to scale. The
initial lymphatics tend to be associated with paired arcade arterioles and venules.

50 µm

Initial

LymphaticA

A
A

AA
C

TA

Ca VSM

Figure 2 Light microscopic cross section of initial lymphatic in rat skeletal muscle. The vessel has
a single endothelial lining, is positioned in vicinity of adipose cells (A), a terminal arteriole (TA),
embedded in collagen fibers(C), and positioned between two arcade arterioles (AA) with vascular
smooth muscle media (VSM). (see color insert)
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encountered. In the interlobular connective tissue of the rat
liver, neuropeptide Y- and substance P–containing nerve
fibers around initial lymphatics have been observed.

Initial lymphatics have the ability to collect and transport
interstitial fluid, proteins, lipid particles, colloids, and cells,
including metastatic cells. In tissues that are resting, peri-
staltic motion sufficient to expand or compress the lumen
cross section as a fluid pump mechanism has yet to be
observed in initial lymphatics. To date, no human lymphatic
system has been described that is without initial lymphatics.
Compared with contractile lymphatics, the initial lymphat-
ics are considerably more numerous and make up the major
portion of the lymphatic network.

The Contractile Lymphatics

In contrast to the initial lymphatics, the contractile lym-
phatics have a smooth muscle media and exhibit regular
peristaltic motion with periodic compression and expansion
of the lymphatic lumen. Contractile lymphatics frequently
have circular cross sections so that a circumferential
mechanical stress can be generated by the smooth muscle.
The contractile lymphatics undergo spontaneous peristaltic
contractions, a phenomenon not seen in the initial lymphat-
ics. They are rarely associated with vascular smooth muscle
and frequently form vessels that pass through the tissue in
the form of isolated channels unpaired with the arterioles or
large veins. Contractile lymphatics are positioned down-
stream of (i.e., proximal to) the initial lymphatics and serve
to drain fluid from the initial lymphatics into the lymph
nodes and the central thoracic ducts. Contractile lymphatics
have pacemaker cells, and smooth muscle contraction 
travels in the form of peristaltic waves along the contractile
lymphatic ducts.

The lymphatic smooth muscle cells exhibit many of the
characteristics of arteriolar smooth muscle, with smooth
muscle myosin heavy chain isoforms as well as cardiac
alpha-actin, vascular alpha-actin, enteric gamma-actin, and
skeletal alpha-actin.

The contractile lymphatics exhibit a myogenic response
accompanied by generation of membrane action potentials
and calcium influx into the endothelial cytoplasm. They 
also show nitric oxide–dependent vasodilation. The flow-
dependent dilation can be mimicked by nitric oxide. The
smooth muscle in contractile lymphatics has among many
other receptors, stimulatory a-adrenergic and b-inhibitory
adrenoreceptors [3], histamine receptors, and ATP-sensitive
K+ channels. The contractile lymphatics are also responsive
to a variety of inflammatory mediators, such as oxygen 
free radicals and substance P. Contractile lymphatics may
have a noradrenergic innervation [4] with unmyelinated
nerve fibers that reach into the subendothelial connective
environment in close association with endothelial cells.
These nerve fibers react with calcitonin gene–related pep-
tide or substance P.

In mammalian organs, like the intestine or skeletal mus-
cle, all lymphatics inside the tissue parenchyma are initial
lymphatics. Contractile lymphatics originate only at strate-

gic transition points where the lymphatics exit the tissue
parenchyma [5].

Lymphatic Endothelium

Lymphatic endothelial cells are continuous but highly
attenuated and have a discontinuous basement membrane.
Their cytoplasm contains an assortment of organelles, 
caveolae, and mitochondria. The cytoplasm contains 
typical cytoskeletal proteins, including actin, intermediate 
filaments, and microtubules with the ability to form actin-
bundle (stress) fibers. The cytoskeletal proteins facilitate
active changes in cell shape, such as pseudopod projection,
phagocytosis, and formation of adhesion site or cell migra-
tion, as in lymph angiogenesis. There is no conclusive evi-
dence that such cytoplasmic motion by the endothelial cells
can be translated into a contractile mechanism for the lumen
of a lymphatic channel comparable to the smooth muscle
action in contractile lymphatics. The major part of the lym-
phatic endothelial cells is firmly attached to the surrounding
collagen matrix.

Lymphatic endothelial cells in culture express remark-
ably high levels of genes implicated in protein metabolism,
sorting, and trafficking. Current analysis indicates that genes
with high representation are those encoding proteins that
control specificity of vesicle targeting and fusion, such 
as members of the SNARE family, rab GTPases, AAA
ATPases, and sec-related proteins, reflecting the existence of
an extensive caveolar system [6].

Lymphatic Endothelial Junctions

Junctions between lymphatic endothelial cells have a
paucity of tight junction desmosomes (macula adherents)
and interendothelial membrane adhesion molecules, such as
VE-cadherins, desmoplakin, or plakoglobin. The cell exten-
sions at the junctions form overlapping cellular flaps, which
have the ability to separate from each other because of 
the lack of interendothelial adhesion molecules. These cell
extensions are not attached to the underlying tissue matrix;
they form the part of an endothelial cell that can form a
small flap (see the following section).

The Primary Lymphatic Valves

Investigation of lymphatic endothelial sections fixed dur-
ing lymph pumping shows open interendothelial junctions
not found in resting initial lymphatics. These results suggest
that initial lymphatics have a (primary) valve system at the
level of the endothelial junctions. Cross sections through 
the initial lymphatics show open lymphatic endothelial flaps
in muscle that during tissue fixation has been periodically
compressed to preserve lymph flow into the lymphatic chan-
nel. No open junctions can be observed on cross sections of
initial lymphatics fixed in a resting state without oscillatory
muscle compression. Colloidal tracer particles can readily
enter into the lumen of the initial lymphatics. But inside 
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the lumen of the initial lymphatics, no significant escape of
tracer particles out of the lymph lumen occurs. Escape of
tracer particles from the lymphatic lumen is small, even
after lowering the fluid pressure in the interstitium adjacent
to the initial lymphatics.

The primary lymphatic valves can open and close rap-
idly, possibly by a mechanical flap action of overlapping cell
extensions at the endothelial junctions [7]. The initial lym-
phatic endothelium serves as a unidirectional transport bar-
rier. This particular endothelium is leaky when fluid enters
from the interstitial space, but it is tight for fluid transport in
the reverse direction.

The Secondary Intralymphatic Valves

Lymphatics have a system of intraluminal (secondary)
valves that prevent reflow along the length of the lymphatic
channels. The valves have bileaflet morphology with the
individual valves made up of a thin collagen sheet sand-
wiched between two layers of endothelial cells. The valve
leaflets are relatively long (typically about twice the length
of the lymph cross-sectional dimension), forming a funnel
inside the lymphatic channels. This feature facilitates the
opening and closing of the secondary valves by fluid pres-
sure drops across the leaflets generated by viscous pressure
gradients inside the funnel. Secondary valves also operate in
lymphatics with highly irregular lumen cross sections.

The spacing of secondary valves along the initial lym-
phatics is organ dependent. For example, in the intestinal
wall there are relatively few secondary valves, whereas in
skeletal muscle they frequently arise at convergent bifurca-
tions of two lymphatic channels into a single daughter 
vessel, preventing reflow into the two parent channels. 
Contractile lymphatics in general have secondary valves,
arranged in a ladder configuration, designated as lymphan-
gions. Each lymphangion consists of a contractile compart-
ment with an inlet and an outlet valve.

The Interplay between Primary and Secondary
Lymphatic Valves

In the presence of two valve systems, the unidirectional
transport in lymphatics is easy to understand. Consider two
periods during a pump cycle, an expansion period and a
compression period of an initial lymphatic (Figure 3). 
During lymphatic expansion, an initial lymphatic channel
becomes filled with interstitial fluid. During this period the
primary lymphatic valves are open and the secondary valves
inside the lumen are closed to prevent reflow of fluid along
the lymphatic duct. During lymphatic compression, the pri-
mary valves close and prevent escape of fluid back into the
interstitium while the secondary valves in the lymphatic
lumen are open. Thus fluid is transported along the lumen of
the initial lymphatics in a proximal direction toward the
contractile lymphatics and nodes. During each compression
and expansion of initial lymphatics, the cycle repeats.

Compartments that rely on volume expansion and com-
pression as the primary mode of fluid movement require two
valves for unidirectional transport. For example, a lymphan-
gion along the contractile lymphatics has two valves, one at
the entry and one at the exit from the lymphangion. Punc-
turing one of the valves compromises the fluid transport in
and out of the lymphangion. A chain of lymphangions, as
seen along the contractile lymphatics, serves as entry and
exit valves from one such compartment to the next.

Leakage of the Primary Valves and Tissue Edema

The interendothelial junctions can be readily separated 
if tension is applied to the lymphatic wall, for example by
overinflation of the lymphatic lumen [8]. There are local
regions along the interendothelial junctions where neighbor-
ing endothelial cells can be separated when tension is
applied to them. When these junctions are stretched open,
one can identify endothelial attachment to the underlying

Initial Lymphatics            Contractile Lymphatics

Expansion

Compression Primary Lymphatic Valves 
Secondary Lymphatic Valves 

Initial Lymphatic      Contractile Lymphatic

Primary Lymphatic Valves
Secondary Lymphatic ValvesCompression Cycle

Expansion Cycle

Figure 3 Schematic of opening and closing of primary and secondary lymph valves in microlymphatic dur-
ing expansion and compression cycle of the initial lymphatics. During expansion, the primary valves are open to
permit fluid entry from the interstitium, while secondary valves are closed to prevent reflow inside the lymphatic
lumen. During compression, the primary valves are closed to prevent reflow into the interstitium, while the sec-
ondary valves are open for discharge toward the central lymphatics.
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basement membrane and to anchoring filaments, and can
detect large openings between endothelial cells that permit
free fluid entry in and out of the initial lymphatics. The 
primary lymphatic valves may cease functioning under 
edematous conditions.

Mechanisms for Periodic Compression of 
Initial Lymphatics

How can initial lymphatics expand and compress their
lumens? Since these lymphatics have no smooth muscle
media, their lumen compression and expansion depends on
periodic motion of tissue structures positioned in proximity
to the initial lymphatics. A variety of organ-dependent
arrangements exist. For example, in skeletal muscle the ini-
tial lymphatics are located in the adventitia of the arterioles
and in close apposition to each other. Expansion of the arte-
rioles during vasodilation leads to compression of the adja-
cent lymphatic, whereas active contraction of the arterioles
leads to expansion of the initial lymphatic vessel [1]. Thus,
both vasomotion and pulse pressure serve to promote lymph
fluid [9]. In addition, skeletal muscle contractions may also
control the expansion and compression of the initial lym-
phatics. Thus, lymphatic pumping is a carefully controlled
process closely linked to the physiological activity of the
organ.

The pressure pulse leads to only low amplitudes of arte-
riolar expansion and compression, so that the lymph flow
generated in this fashion is relatively small. Lymph flow
rates are greatly enhanced by either passive muscle stretch-
ing or active contractions. Cessation of pressure pulsations
and vasomotion in a resting skeletal muscle leads to unde-
tectable, near-zero lymph flow rates.

Many physical activities that generate cyclic compres-
sion and expansion of initial lymphatics also increase lymph
transport. In addition to arterial pulse and vasomotion,
rhythmic tissue deformations such as walking and running,
heart muscle contractions, respiration, intestinal peristalsis,
or skin massage enhance lymph flow. The faster the rate at
which the initial lymphatics are pumped, the higher the
lymph flow. The actual lymph flow rates achieved during
such activities depend on the frequency of the cyclic tissue
motions.

Lymph flow can also be enhanced by the elevation of
capillary fluid pressure (e.g., elevation of venous pressure)
and capillary filtration (e.g., elevation of endothelial perme-
ability) as well as the elevation of interstitial fluid pressure,
especially if the fluid pressure reaches values above those
inside the initial lymphatics.

Lymph Fluid Collection and Transport

In addition to plasma proteins, colloidal materials (up to
micrometer size) readily enter into the initial lymphatics
across the primary valves. Cells the sizes of lymphocytes or

of metastatic cells are carried along the lymphatics in the
skin during periodic tissue compression, but not without a
periodic compression of the initial lymphatics [10]. This
evidence suggests that in addition to the junctions between
endothelial cells in initial lymphatics, which can open up to
let micrometer-size particles pass, the lymphatic endothe-
lium may be able to open interendothelial and transendothe-
lial pores of a size sufficient for entire cells to migrate
across. Initial lymphatics may carry lymphocytes and, under
conditions of ischemia and shock, erythrocytes, platelets,
and in cancer metastatic cells as well.

Lymphatic Fluid Pressures

In resting tissues after general anesthesia, the fluid pres-
sures in initial lymphatics are close to zero and tend to 
be similar to the fluid pressure measured in the interstitial
space. There are currently no direct measurements of fluid
pressure in pumping initial lymphatics. In contractile lym-
phatics, the fluid pressures rises during each contraction.
The pressure may also rise from one lymphangion to the
next if there is an outflow resistance in proximal segments
of the lymphatics. Plasma oncotic pressures are lower in
lymphatic fluid compared with blood plasma.

Lymphatic Angiogenesis

During embryonic development, lymphatic growth is ini-
tiated after establishment of vascular endothelial cells, a
process that may require a transcription factor. Lymphatic
channels develop in the arteriolar adventitia after the arteri-
oles have become innervated and exhibit active smooth
muscle contraction. The lymphatic growth is accompanied
by the development of adipose tissue. Lymphatics and
lymph nodes in many tissues are surrounded by adipose 
tissue and control the growth of adipocytes [11].

The homeobox gene transcription factor Prox-1 appears
to be required for differentiation of endothelial cells to a
lymphatic phenotype [12]. Two peptide lymphangiogenic
factors that are members of the VEGF family have been
identified to date: VEGF-C and VEGF-D. They have the
ability to induce lymphangiogenesis and vasculogenesis.
Binding of these growth factors to the vascular endothelial
growth factor receptor 3 regulates lymphangiogenesis, in
contrast to signaling via the vascular endothelial growth 
factor receptor-2, which regulates angiogenesis [13]. 
Overexpression of soluble vascular endothelial growth fac-
tor receptor 3 in transgenic mice inhibits lymph channel for-
mation [14]. Other molecules that may play a role in the
development of the lymphatic system include angiopoietin-
2 and neuropilin-2.

Lymphangiogenesis in wound healing of the skin shows
that interstitial fluid channels, detected by fluorescent fluid
tracers, form before lymphatic endothelial cell organization.
Lymph endothelial cell migration, vascular endothelial
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growth factor-C expression, and lymphatic capillary net-
work organization are initiated primarily in the direction of
lymph flow. These data suggest that lymph channel growth
is determined not only by tissue growth factors but also by
stresses in the tissue surrounding the lymphatics [15]. Lym-
phangiogenesis is currently an active research field because
of its significance for understanding of lymph edema and
metastatic cell dissemination.

Lymphatics in Tumors

In both animal and human tumors, lymphatic structures
that stain for LYVE-1/Prox1 within the cancer tissue have
been detected. But these structures do not function properly
as lymphatics and thus contribute the interstitial hyperten-
sion in tumors. Metastatic cells that are carried along lymph
channels and may accumulate in the nodes enter the lym-
phatics in the margin of tumors [16].

Glossary

Contractile lymphatics: Lymphatic channels with their own smooth
muscle media draining fluid from the initial lymphatics.

Initial Lymphatics: Lymphatic channels embedded in the tissue
parenchyma without smooth muscle media collecting fluid from the inter-
stitial fluid space.

Lymphatic valves: Primary valves at the junction between endothe-
lial cells in initial lymphatics, secondary valves in the lumen lymphatic
channels.

Lymphatic Endothelial Growth Factor: Receptor agonist (the first
one discovered is vascular endothelial growth factor – C, VEGFC) with
affinity to the vascular endothelial growth factor receptor (e.g. VEGFR 3)
on lymphatic endothelium that stimulates lymphatic endothelial migration
with lymphatic channel growth and enlargement. 

Lymphatic Smooth Muscle: Smooth muscle layer in the media of con-
tractile lymphatics with innervation, vasomotor activity, and myogenic
activity. 

Vascular Endothelial growth factor (VEGF): Family of growth fac-
tors binding to endothelial VEGF receptors on vascular endothelium (e.g.
VEGFR 2), enhancing vascular endothelial permeability and stimulating
endothelial cell migration.
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comprehensive overviews of the lymphatic vessels origi-
nated from T. Bartholinus (1653, 1657), O. Rudbeck (1653,
1654), and Hunter (1752). Bartholinus established the term
“lymph” and described it as a clear watery liquid. In the 17th
and 18th centuries, lymph was understood as a nutritional
fluid and a source of harm or illness (“Fons aegritudinum,”
Mascagni, 1787). Each swelling of lymph nodes was diag-
nosed as a stagnation of the “bad nutritive fluids.” Von
Recklinghausen (1860) and Hoyer (1865) demonstrated the
endothelial nature of the inner surface of lymphatics by
means of silver nitrate solutions. Ludwig (1858) and Star-
ling (1908) described the lymph as a filtrate from the blood
via the capillaries and demonstrated the connection between
hydrostatic and osmotic pressure in the exchange of sub-
stances between blood and lymph. The school of C. K.
Drinker ([1–3] and so on) and the group around I. Rusznyák
([4] and so on) created the basis of modern research in the
lymphatic system.

The Endothelium of the Initial Lymphatic

Initial lymphatics have a large diameter (20 to 70 mm)
and an irregular luminal shape. They start in the interstitial
spaces as plexus or blind-opening tubes, demonstrable with
only few exceptions in all parts of the body. Valvelike struc-
tures and trabecules can divide the vascular lumen in a
labyrinthine pattern. The occurrence of initial lymphatics is,
as a rule, at the utmost distance from blood capillaries. In
organs with an epithelium, initial lymphatics are located
under the blood capillary network. Only precollectors, col-
lectors, and trunci run parallel to blood vessels.

Introduction

The lymphatic system of man and mammals is in close
functional interaction with the blood circulation and is con-
nected with it by means of large lymph trunci in the venous
system of the heart region. So the lymphatic vessels are part
of a comprehensive circulatory system serving the substance
exchange within the body and between the body and envi-
ronment. Whereas the blood vessel system is closed, with
continuous circulation of the blood and with capillaries by
which small molecules can be quickly exchanged, the lym-
phatic vessel system in its initial region serves for the uptake
of fluid, larger molecules, and cells from the interstitium,
which cannot be reabsorbed by the blood vessels. Depend-
ing on their function, different morphological parts of the
lymphatic vessel system exist: initial lymphatics, precollec-
tors, collectors, and lymph stems (Table I). All these vessels
are lined with a functionally adapted endothelium. Whereas
the endothelium of the collectors and trunci is similar to 
the endothelium of the venous system, the endothelium 
of initial lymphatics and precollectors displays a special 
differentiation.

History

“White blood” was first described in ancient times 
(Hippocrates, ca. 460–377 BC; Aristotle, 384–322 BC).
Herophilus (about 300 BC) and Erasistratos (about 330–250
BC) also knew something about gut lymphatics, marked
with natural fatty substances, without understanding their
function. Pecquet (1651) was the first to discover the 
lymphatics and the ductus thoracicus in human. The first

Copyright © 2006, Elsevier Science (USA).
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Shape of the Initial Lymphatic Endothelium Cell

The inner surface of initial lymphatics is lined by a sin-
gle layer of endothelial cells. With the exception of the per-
inuclear zone the cytoplasm is very thin, from 0.1 to 1.2 mm.
Those thin areas are zones with very small distances for the
diffusion or the transport of molecules. In the nuclear zone
the cell is 0.9 up to 1.4 mm and the cell diameters are about
60 ¥ 30mm. Cell density is 500 per mm2 in an area of 1mm2.
The cell circumference is similar to an oak leaf and it has
contact structures to four to eight neighboring cells (Figure
1). The diameter of the inlets is about 4 to 8 mm. Neighbor-
ing cells overlap each other and are connected with zonulae
adherentes. The peripheral cytoplasm is electron-dense 
and partially interrupted by pores. Sometimes endothelial
trabecular structures running in the lumen connect with an-
other endothelial cell or produce structures like incomplete
valves. In the lumen of initial lymphatics one can find fine
granular material (coagulated lymph), in transmission elec-
tron microscope (TEM) a gray flocky material.

Organelles of the Initial Lymphatic Endothelium Cell

The pattern of organelles corresponds mostly to the
expected occurrence. The endothelial nucleus forms a
prominent structure, bulging the cell in direction of the
lumen (Figure 2). All over the cell many vesicles and invagi-
nations exist, but in spite of the very thin endothelium, no
fenestrations are formed. The vesicles occur mostly under
the luminal and abluminal surface and have an average
diameter of 30 to 100nm. Most of the vesicles are uncoated;
only rarely are coated vesicles demonstrable. In larger 
vesicles of deeper zones of the cytoplasm a positive acid

phosphatase activity exists. Often merging zones of the vesi-
cles with the plasmalemma are visible (Figure 3), both up to
the luminal or abluminal direction, with openings from 50 to
150nm. These vesicles are transport systems into the cell,
out of the cell, and through the cell (endocytosis, transcyto-
sis, and exocytosis).

Great numbers of fine filaments are typical for the initial
endothelium cell. The diameters are about 6nm; sometimes
they are dispersed, and sometimes aggregated to bundles,
then running mostly in the longitudinal axis of the cell. The
length of the filaments is from one to several micrometers.
Following treatment with Triton X-100, elements of the
cytoskeleton are visible in SEM. Above the nucleus, its tex-
ture is relatively compact with a mesh about 75nm wide. In
contrast, in the peripheral zone it is wider with meshes of
about 100 to 750nm. Often bundles of filaments are running
along the cell border (Figure 4). This dense peripheral band
(DPB) can be demonstrated in TEM and SEM, clearly visi-
ble after application of the Triton X-100 method. In end-
othelial cells of blood venules Wong and Gottlieb [5]
determined actin, myosin, tropomyosin, a-actinin, and vin-
culin as components of the DPB. Thus, it is able to contract,
and it is likely that the DPB controls cell shape.

Table I The Human Lymph Vessel System.

Structural Elements
Interstitial space

Initial lymphatics

Precollectors

Collectors

Lymph nodes

Lymph stems

Lympho-venous anastomoses

Fluid and cells of the lymph

Functions
Retransportation of proteins, other macromolecules, and water to the
blood vessel system

Recirculation of lymphocytes

Elimination of macromolecular substances and antigenous material from
the body fluids

Metabolism and turnover of extracellular matrix constituents

Prevention of edema = maintenance of the inner balance of body

Transport of long-chain fatty acids, lipid-soluble vitamins, and other food
particles reabsorbed by the gut via the gut lymphatics

Figure 1 Typical cell (E) circumference similar to an oak leaf in light
microscope. The cell border line (CB) is contrasted with silver. Open-
junction formations (OJ) are visible as dark half-moons. (see color insert)

Figure 2 Initial lymphatic endothelium in SEM. N = nucleus, CB = cell
border, OJ = open-junction formation. Triton-X-100 method.
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Luminal Surface of the Initial Lymphatic
Endothelium Cell

On the surface of the initial endothelium cells partly
some microvilli, microridges, and microfolds are visible.
Numerous invaginations are signs for active transport 
phenomena. Fenestrations of the cells could not be 
demonstrated (Figure 5). Otherwise the surface is relatively
smooth, covered with a so-called glycocalyx like every cell.
It consists of glycoprotein, glycolipids, free polysaccha-
rides, and glycosaminoglycans as part of the cell membrane.
This glycocalyx has been the subject of research in the past
10 years as researchers have tried to find specific markers
for the lymphatic endothelium to be able to demonstrate the
distribution of the lymphatic vessel system in healthy and
pathologically altered organs.

Enzyme- and Immunohistochemical Characteristics
of the Initial Lymphatic Endothelium Cell

Different enzyme- and immunohistochemical methods
have been used to describe the numerous more or less 
specific characteristics, but only few are typical and 
selective for the initial lymphatic endothelium to differ-
entiate it from the blood vessel system (Table II). As the
lymphatic sinus lacks a continuous basement membrane,

Figure 3 Vesicles (V) and invaginations (I) of initial lymphatic
endothelium (E) in TEM. F, fibrocyte; C, collagenous fibers.

Figure 4 Cytoskeleton of initial lymphatic endothelium in SEM fol-
lowing treatment with Triton X-100. D, dense peripheral band; F, filaments
of the cytoskeleton.

Table II Markers for Enzyme- and
Immunohistochemical Characteristics of the

Initial Lymphatic Endothelium.

5¢-Nucleotidase (+ +)

Adenylate cyclase and guanylate cyclase activity (+ -)

Anti-desmoplakin-1 2.17 (+ + +)

Beta-chemokine receptor D6 (+ -)

CD31 (+ -)

CD34 (+ -)

D2-40 (+ -)

Factor VIII associated antigen (+ -)

ICAM-1, -3 (Intercellular adhesion molecule) (+ -)

Lectin binding reaction for UEA I, PNA, DBA, GS I, MPA, and RCA I 
(+ -)

LyMAb, a G(1) immunoglobulin (+ -)

LYVE-1 (lymphatic vessel endothelial hyaluronan receptor) (+ + +)

Platelet–endothelial cell adhesion molecule-1 (PECAM-1) (+ -)

Podoplanin (+ + +)

Prox-1 (+ -)

VCAM-1 (vascular cell adhesion molecule-1) (+ -)

VEGF-C (+ +)

VEGFR-3 (vascular endothelial growth factor receptor-3) (+ +)

VEGFR-2 (+ -)

+ and -: Valuation for usefulness and distinctness.

Figure 5 Luminal surface of initial lymphatic endothelium (E) in 
SEM. I, invagination; OJ, open-junction formations; M, microvilli; CB, cell
border.
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immunohistochemistry for extracellular matrix components
has also been applied to distinguish them from capillaries of
the blood vascular system. Since about 1995, antibodies
have been established for a selective immunohistochemical
characterization of lymphatics. At present three antibodies
seem to be best suitable for detecting lymphatic vessels in
human: anti-podoplanin, a polyclonal mouse IgG antibody
against a 43-kDa glycoprotein of the lymphatic endothelial
cell membrane; anti-desmoplakin-1 2.17, a monoclonal
mouse-IgG that binds a 220-kDa protein of the complexes
adherentes of the lymphatic endothelia and other epithelial
structures; and LYVE-1, a lymph specific receptor for
hyaluronan, homolog to the CD 44 glycoprotein.

Cell Culture

Most studies describe the isolation of cells from mesen-
teric collecting or thoracic ducts, that is, they originate from
large vessels. To date, isolation of endothelial cells from ini-
tial sinus has failed. Studies of lymph angiogenesis from a
cultured large-vessel lymphatic endothelium show sponta-
neous reorganization into a branching and anastomosing
network of capillary-like tubes in planar cultures of bovine
and ovine lymphatic endothelium cells. The lumina of such
tubes contained extracellular matrix and cell debris. Sponta-
neous sprouting has been observed from aggregates of 
cultured lymphatic endothelial cells in three-dimensional
collagen gels as well.

Junctions of the Initial Lymphatic Endothelium Cell

The cell branches of the oak leaf–like initial lymphatic
endothelium cell clearly overlap each other. Partly they form
closed-junction formations, partly open-junction forma-
tions, acting as inlet valves for the uptake of tissue fluids and
for reflux prevention of the lymphatic fluid respectively.

CLOSED JUNCTIONS

In closed-junction formations, the endothelial cells of the
initial lymphatics were connected with zonulae adherentes,
electron-dense structures in TEM. The silver deposits of 
the silver method correlate with these junction structures.
Zonulae adherentes, on the one hand, serve as anchoring
structures for the dense peripheral band (DPB) of the
cytoskeleton and, on the other hand, they are the structural
basis for the contact between neighboring cells. The inter-
cellular cleft is about 15nm wide. In the cell membrane
there exist transmembrane molecules (E-cadherin and N-
cadherin). The neighboring cadherins are connected to each
other in the intercellular space by means of calcium ions
(Ca2+). Within the cell, transmembrane molecules are bound
to protein linkers on the actin filaments of the DPB.

The closed-junction formations possess a great morpho-
logical variability (Figure 6). The elementary form is a ver-
tical contact of two cells with two zonulae adherentes, one
in the luminal and the other in the abluminal position.
Another most common cell–cell contact structure is a 

A

B

C

Figure 6 Closed-junction formations. E, endothelial cell; ZA, zonula
adherens. TEM. (A) Elementary form. (B) Simple overlap. (C) Single fold.

simple overlap of two neighboring cells. In this course two
or three zonulae adherentes can be demonstrated, mostly at
a distance of 0.3 to 6.5 mm, binding the cells between the
apical side of one cell and the basal side of the other. Often
a cell border digitates into the neighboring cell border like a
finger in an imprint and so the closed junction is single fold.
Mostly more than two zonulae adherentes build up. Less
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common are closed-junction formations with a multifold
system of cell border interdigitations.

OPEN JUNCTIONS

Beneath the zonulae adherentes the cells of the initial
lymphatics typically possess inlets where neighboring cells
only overlap one another in a distance of about 0.2 up to 
1.4mm, thus forming inlet valves (Figure 7). The diameter of
an open-junction formation ranges from 3 to 6mm. Each cell
possesses up to 15 inlet valves in common with its neighbor.
So the number of open-junction formations is about
3,750/mm2. On the abluminal surface anchoring filaments
connect the endothelium cell with the filament system of the
surrounding tissue via the sparse basement membrane.

Morphological Specialties

In the region of the cell borders spaces or caveolae occur
without or with an opening toward either the luminal or the
abluminal surface. Within these caveolae one can find a
clear fluid, membrane-surrounded vesicles, condensed
material, and cell detritus or whole cells such as eosinophils.
So the caveolae can be developed by migration of cells from
the interstitium into the lymphatics, and/or they are spaces
for the removal and destruction of older lymph cells due to
the initial lymphatics as a part of the reticular endothelial
system.

A further specialty of the initial lymphatics is the occur-
rence of open-interface formations. These are specific struc-
tures arising from initial lymphatics, branching and tapering
into the surrounding connective tissue, presumably acting as
pressure relief valves.

Sometimes sproutlike formations are visible, consisting
of spindle-shaped endothelial cells in the beginning region
of initial lymphatics. They are 3 mm in width and 12 to 
14mm in length. In this region a basement membrane is not
demonstrable. This arrangement may be able to build up
new open interfaces or new initial lymphatics within a short
time under different conditions.

Basement Membrane

In contrast to blood capillaries, the basement membrane
of the initial lymphatics is sparse and reduced to a few retic-
ular fibers. Interruptions in the basement membrane and
their absence over long distances can be demonstrated. 
In SEM, on the abluminal surface of initial lymphatics a 
fine network of woven fibers is visible, allowing particles 
to pass this membrane. Periendothelial cells cannot be
demonstrated (Figure 8).

Interrelation to the Connective Tissue

Interwoven in the reticular network of the basement
membrane or in direct connection with the lymphatic

D

Figure 6—Cont’d. (D) Multifold.

A

B

Figure 7 Open-junction formation. E, endothelial cell; ZA, zonula
adherens; CB, Cell border; FI, filopodium; CT, connective tissue; L, lumen;
OJ, open-junction formation; F, fibrocyte. TEM. (A) Stretched open-
junction formation, due to perfusion pressure. SEM. (B) Normal situation.
TEM.
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endothelium, there are anchoring filaments with a diameter
of 50 to 60nm, radiating over a distance of 10 mm in the con-
nective tissue around the initial lymphatic. Such anchoring
filaments obviously consist of elastic and collagenous com-
ponents and have a diameter of about 10nm. The fixation of
the anchoring filaments at the outer surface of the initial
lymphatics is performed with the aid of adhesion molecules,
such as kinase, vinculin, talin, and b-actin. Thus, mechani-
cal signals of the interstitium could be transformed into 
biochemical signals within the endothelial cell. This elastic
fiber system could probably generate intraendothelial stim-
uli for adaptation, for example in modifying the number of
open-junction formations.

In SEM the filaments of the connective tissue around the
initial lymphatic build up an irregular network. They can be
aggregated to bundles along the vessel wall and extend in
some distance between collagenous bundles and fibrocytes
of the connective tissue.

Elastic fibers in the neighborhood of the initial lymphat-
ics form longitudinally orientated networks mainly in a dis-
tance of 5mm, whereas blood vessels do not have such
elastic networks.

Lymph Formation

EXCHANGE OF FLUIDS BETWEEN THE BLOOD- AND

LYMPH-VESSEL SYSTEM

In the interstitial space most of the extracellular matrix is
in a gelatinous phase. Within this gel-interstitium finer and
larger channels and spaces branch, filled with a watery
phase of the extracellular matrix. Von Recklinghausen
(1862) and Kihara [6] described these structures as
“Saftkanälchen” (little juice channels), and Hauck [7] as
“tissue channels” or “low-resistance pathways,” underscor-
ing their function of facilitating the transport of molecules
and particles through the interstitium. This prelymphatic
system normally contains about 1 percent free fluid; 99 

percent is bound by the gelatinous phase of the extracellular
matrix. So in TEM and SEM regular spaces are visible, lined
only by a net of fibers or incompletely lined with wide-
spread endothelium-like fibrocytes. Within these tissue
channels the so-called “lymphatic load” is transported
toward the initial lymphatics with their open-junction and
partly open-interface formations.

FUNCTION OF THE OPEN-JUNCTION FORMATIONS

The open-junction formations build up a free transport
path for substances from the tissue spaces directly into the
initial lymphatic, guaranteeing the quick removal of the
lymphatic load under normal conditions. Of the surface of
an undilated initial lymphatic, 2.3 percent is part of the inlet
zones. Because of the close embedding in the fiber network
of the connective tissue, in the case of an increasing lym-
phatic load the initial lymphatics are stretched in all direc-
tions by the transferred forces over the anchoring and
collagenous fibers interwoven in the basement membrane.
The resulting dilatation leads to a widening of the open-
junction formations of the initial lymphatics. Under such
physiological conditions, a better uptake of the lymphatic
load results, because these structures prevent edema under
normal conditions. When the pressure within the initial 
lymphatic is higher than in the surrounding tissue, the 
open-junction formations act under normal conditions as a
one-way system and the valves will close. The elastic fiber
system around the lymphatics stores the energy during
dilatation and restores this energy in the relaxation phase. So
the lymph will be propelled in proximal direction and the
cycle starts again (Figure 9).

VESICULAR TRANSPORT PHENOMENA

Lymph formation is a result not only of the number and
function of open-junction formations but also of active
transport phenomena. On both the luminal and abluminal
surfaces of the initial lymphatic endothelium fine pores are
visible, interpreted as vesicular uptake or delivery of sub-
stances. So a protein enrichment of the lymph with selec-
tively, actively transported substances results. This leads to
a higher protein concentration within the lymph, supporting
the uptake of lymphatic load along the oncotic gradient. In
all these processes ER, the Golgi-apparatus, and lysosomes
are involved. The coated pits in TEM are responsible for the
receptor-controlled endocytosis for the uptake of, for exam-
ple, cholesterin, hormones, toxins, virus, carrier proteins,
and antibodies.

CONCLUSIONS TO THE PHENOMENA OF LYMPH FORMATION

Several mechanism are responsible for lymph formation

1. Fluid movement along a hydrostatic pressure gradient
(theory of Starling, 1894 and 1896)

2. Fluid movement along a colloid osmotic gradient (theory
of Casley-Smith, 1977 and 1982)

3. Open-junction system as passive and active structures
4. Open interface formations

Figure 8 Basement membrane (BM) and connective tissue (CT) at the
backside of an initial lymphatic endothelium cell. SEM.
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5. Vesicular transport phenomena of the initial lymphatic
cell

6. Phagocytosis and deposition of particular material

These functional properties of the lymphatic endothelium
cell and the sparse basement membrane, the lack of peri-
cytes, and all the other properties described make it 
clear that the initial lymphatics are not capillaries in the
common sense. The term “capillary” should be applied 
only for the finest vessels of the blood vessel system, 
which possess totally different properties than the initial
lymphatics or much better the “initial lymph sinus.” So far,
the endothelium of initial lymphatics is characterized as a
flexible structure with the ability to respond to higher tissue
fluid demands and the need of transporting more lymph, if
necessary.

The Endothelium of the Precollectors

Precollectors are structures of different length between
initial lymphatics and lymph collectors. Their irregular
diameter can be from 20 to 100 mm, and often they are in
close contact with arterial vessels.

Two shapes of endothelial cells are present. In cells of 
the distal part an oak-leaf pattern dominates, whereas prox-
imal cells are more stretched in the flow direction of the
lymph and are preferentially rhombic, similar to the venous
endothelium. Open-junction formations can regularly be
seen in the more distal part, acting as inlet valves. A spe-
cialty of the precollector endothelium is the development of
trabecular and valvelike structures, giving the lumen a
labyrinthine structure, looking like an eel basket. The build-
ing of these structures is managed by spindle-shaped modi-
fied endothelial cells based in the endothelium and running
through the lumen of the precollector. Distal valves are more
incomplete structures like ridges in the luminon; proximal to
the collector they become sufficient and more are visible.
Here, the distance between these valves is about 130 mm.
This valve system ensures a more proximal flow direction of
the lymph. Additionally to the incomplete valves, the tra-
becular system generates turbulences of the lymph stream so
that all substances within the lymph (molecules, particles,
cells) contact the endothelial surface, which possesses
immunological and resorptive properties. In this way, there
exists a controlling system for the prenodal lymph, proofing
this fluid, and with the capacity of unspecific as well as spe-
cific immunological reactions (Figure 10).

The nuclei of the precollector endothelium are oval and
oriented longitudinally. Their diameter is about 1.2 to 
1.9mm. Numerous vesicles, particularly near the cell bor-
ders, are typical. The endothelium is rich in pinocytotic vesi-
cles, and the luminal surface of the endothelium often
possesses some microvilli, indicating active transport
processes. The cytoskeleton of the precollector endothe-
lium, in contrast to the initial lymphatic endothelium, is
directed more along the length of the cells. Partially interen-
dothelial caveolae are visible, including especially multil-
amellar bodies, perhaps relics of destroyed cells or material.
A thin discontinuous basement membrane is regularly visi-
ble, as are anchoring filaments. Sometimes smooth muscle
cells adjacent to the basement membrane can be seen. Their
occurrence is not related to the site of valves. Because of the
lack of a continuous muscular wall like the collectors, they
use different forces for the propulsion of lymph fluid. Often
precollectors are arranged between two arterial vessels or an
arterial vessel is arranged via a mesangion in the lumen of
the precollectors. So, because of the pulsation of the blood-
stream, the rhythmical compression displaces the lymph
fluid, which can flow only in the proximal direction because
of the valvelike structures or complete valves. The typical
fiber system of the connective tissue surrounds the precol-
lector. Thus, the precollector endothelium is a particular
structure, neither initial nor collector endothelium, involved
in the fluid absorption and lymph propulsion processes.

A

B

Figure 9 Function of open-junction formations. (A) The pressure in the
initial lymphatic is lower than in the connective tissue. Inlet valves are
open: uptake of lymphatic load. (B) Increased pressure in the initial lym-
phatic. Inlet valves are closed: transport of lymph toward the precollector.
(see color insert)
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The Endothelium of the Collectors and Lymphatic
Stem Vessels

These parts of the lymphatic vessel system possess regu-
lar valves, an intima, a media, and an adventitia. Their diam-
eter is about 40 to 100 mm, the thickness of the wall about 
2 to 3mm. The rhombic shape of the endothelial cells is 
similar to that in the venous system. All collectors possess 

a well-developed continuous basement membrane, often in
close contact with collagenous and elastic fibers. Collectors
have to carry the lymphatic fluid into the venous vessel sys-
tem. The greatest lymph stem is the ductus thoracicus,
which transports about 2.5L lymph per day. The lymph is
propelled by intrinsic forces of these vessels, which have
their morphological correlation in the lymphangion struc-
ture. Each of those segments consist of parts between two
valves (from 0.2 to several millimeters) and a strong mus-
cular cuff. A slight dilatation of the vessel wall of a lym-
phangion produces a contraction of the vessel wall. So the
lymph is propelled in both directions, backward and for-
ward. The act of closure of the distal and the opening of the
proximal valves carries the lymph into the nearest proximal
lymphangion. This autonomically repeated rhythmic action
can modify by supplying a network of nervous fibers. The
frequency of this action is 6 to 10 per minute, but values of
15 to 20 per minute are also possible. The resulting pressure 
is between 1 and 25mmHg, normally 3 to 5mmHg. This
process was first described by Mislin and Rathnow [8]. Pul-
sation of neighboring arteries and muscle and respiratory
action are additional amplifying factors. So insufficient
lymph flow can be supported by massage for treatment of
edema.

The Endothelium in the Lymph Nodes

Lymph nodes are interconnected in collectors and are
controlling stations for the lymph fluid. Their number is 
estimated as 600 to 700; morphology and size are variable.
Lymph nodes are encapsulated structures and incompletely
subdivided by trabecules, between which a cellular network
exists containing white blood cells. These can react to anti-
gens via humoral and cellular immune responses, and small
particles in the lymph are eliminated as well. Lymph nodes
consist of a cortical zone (B-cell zone with primary and sec-
ondary follicles), a paracortical zone (T-cell zone), and a
medullary region. Vasa afferentia lead the primary lymph to
the marginal sinus; from there it runs through the trabecular
sinus via intermediary sinus into the medullary sinus, drain-
ing to vasa efferentia. An exact and complete description of
the endothelium of the lymphatic parts of the lymph nodes
does not yet exist. The marginal sinus possesses a morphol-
ogy similar to that of the precollectors. The intermediary
lymph sinus endothelium has gaps so that the lymph fluid
can be in contact with the reticular cells of the lymph node.
Additional lymph nodes can concentrate the lymph proteins
three- to fourfold. In the lumen of the lymphatics of the
lymph node, preferentially macrophages (particularly in the
medullary sinus), a variable number of erythrocytes, neu-
trophils, lymphocytes, and plasma cells occur.

Glossary

Anchoring filaments: A characteristic feature of initial lymphatic 
vessels. They connect the abluminal membrane of endothelial cells to the
surrounding elastic fibers. The main molecular component is fibrillin.

A

B

Figure 10 Precollector. E, endothelial cell, CB, cell border, N, nucleus,
T, trabecule, L, lumen. (A) The cell border line (CB) is contrasted with 
silver. LM. (B) Inside view of the lumen of a precollector. SEM.
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Basement membrane: Extracellular matrix characteristically found
under epithelial cells. There are two distinct layers: the basal lamina, imme-
diately adjacent to the cells, is a product of the epithelial cells themselves
and contains collagen type IV and the reticular lamina is produced 
by fibroblasts of the underlying connective tissue and contains fibrillar 
collagen.

Caveolae: Small invaginations of the plasma membrane in many cell
types, especially in endothelial cells. These flask-shaped structures are rich
in proteins and lipids and are used for several functions in signal transduc-
tion (Anderson, 1998) They are also believed to play a role in endocytosis,
oncogenesis, and the uptake of pathogenic bacteria.

Connective tissue: Any type of biological tissue with an extensive
extracellular matrix. There are several basic types. Loose connective tissue
holds organs and epithelia in place, and has a variety of proteinaceous
fibers, including collagen and elastin.

Dense peripheral band (DPB): Dense 150–300nm broad band, fol-
lowing the circumference of the cell, built up by cytoskeletal filaments
(mostly actin-filaments).

Elastic fibers: Fibers which are capable of returning to their original
length after being stretched. The protein molecules which compose these
fibers are synthesized in fibroblasts and smooth muscle cells. They are not
found in bundles but occur as solitary fibers.

Elementary form: Very simple formation of cell-cell-connection,
without any peculiarities. Vertical contact zone between two cells.

Filaments: Cytoskeletal elements like intermediate filaments, thin
actin filaments and microtubules. Frequently the three components work
together to enhance both structural integrity, cell shape, and cell and
organelle motility.

Multifold system: Cell-cell-connection with interdigitating structure.
Nucleus: Largest cell organelle, found in the majority of eukaryotic

cells, which contains most of the cell’s genetic material. Nuclei have two
primary functions: to control chemical reactions within the cytoplasm and
to store information needed for cellular division. 

Open-interface formations: Pressure relief valve with direct connec-
tion between tissue channels and initial lymphatics.

Open-junction formations: Cell borders of neighboring cells overlap
one another, thus forming inlet valves.

Shapes of endothelial cells: Initial lymphatics possesses the circum-
ference similar to an oak leaf.

Simple overlap: Cell-cell-connection. The apical part of one cell is
connected with the basal part of another cell

Single fold: Cell-cell-connection. The cell border of one cell digitates
into the neighboring cell border like a finger in an inprint.

Sproutlike formations: Bud-like cell formation, extended from an ini-
tial lymphatic, consisting of circularly arranged spindle-shaped endothelial
cells.

Tissue channels: 1% of extracellular matrix, containing free fluid oth-
erwise bound on the gelatinous phase.

Trabecular and valvelike structures: Trabecular structure: spindle-
shaped modified endothelial cells, based in the endothelium and running
through the lumen to connect with an endothelial cell in an opposite posi-
tion. Valvelike structure: spindle-shaped modified endothelial cells, form-
ing a ridge, acting as uncompleted valve.

Vesicles and invaginations: Vesicles are relatively small and enclosed
cell compartments, separated from the cytosol by at least one lipid bilayer.
Vesicles store, transport, or digest cellular products and wastes. Invagina-
tions are the folding in of the plasmalemma so as to form a pocket in the
surface (surface vesicle).
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exocrine acini, islets and ductules, respectively. However,
the latter organization is species dependent [1].

Microvasculature

The capillaries derived from the arterioles just mentioned
differ markedly between islets and exocrine tissue in that
they are wider (approximately 8 to 10 mm versus 4 to 6 mm)
in the former. Furthermore, they constitute a much denser
network in the islets. The capillary endothelium in the pan-
creas is fenestrated, but those in the islets possess almost 10
times as many fenestrae as capillaries in the exocrine and
ductular compartments [2]. It seems as if vascular endothe-
lial growth factor (VEGF), locally produced within the
islets, is responsible for the formation of the fenestrations.
Functionally, pancreatic capillaries are very permeable [3],
and particularly so those within the islets. Thus, the vascu-
lature is unlikely to pose any restrictions to the diffusion of
the islet hormones.

The microvasculature of the islets has been described as
glomerular-like, since its initial description by Paul Langer-
hans in 1869. A number of species from various vertebrates
have been studied, and species differences exist. A general
finding is, however, that all mammals, that is, including
humans, have a direct and separate arteriolar flow to 
the islets. The islet vasculature is otherwise dependent on
the size of the islets. Thus, smaller islets are located in the
periphery of the lobuli, whereas larger islets (more than 
250mm in diameter) are mainly found at major branches of
blood vessels or in association with major ducts. Small islets
receive their blood supply from one arteriole and drain
through numerous efferent capillaries into a basket-like net-
work around the islets, which subsequently drains into
intralobular venules. According to some investigators [4],

Introduction

The pancreas constitutes an organ that consists of both
exocrine and endocrine tissues. The latter, that is, the 1 to 2
million islets of Langerhans, are scattered throughout the
exocrine parenchyma and make up only 1 to 2 percent of the
volume in the adult pancreas. Studies during the recent two
decades have shed more light on the complex organization
of the pancreatic microvasculature and have underlined the
autonomy of the microvascular networks in the endocrine
and exocrine parts of the gland, both anatomically and func-
tionally. Thus, from a microvascular point of view the pan-
creas consists of two different organs, with differently
regulated blood perfusion.

Normal Pancreas

Arterial and Venous Supply

As is common in the gastrointestinal tract, numerous
anastomoses exist between the intrapancreatic blood ves-
sels. In general the head region of the gland receives its sup-
ply from the superior mesenteric artery, whereas the celiac
trunk supplies the body and tail of the gland. This is of inter-
est, since this region develops separately from the rest of the
pancreas in the embryo. The venous drainage of the pan-
creas flows into the portal vein from the superior mesenteric
and splenic veins. The blood contains high concentrations of
the pancreatic hormones, especially insulin and glucagons,
which elicit many of their functions directly on the hepato-
cytes. Interlobular arteries and veins run in parallel to one
another and adjacent to the exocrine ducts. The intralobular
arteries run centrally in the lobuli and send tributaries to the

Copyright © 2006, Elsevier Science (USA).
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these efferent capillaries communicate with those around
exocrine acini and/or ducts, thereby forming a so called
insulo-acinar portal system. Large islets, on the other hand,
possess one to three arterioles, and the efferent capillaries
drain into postcapillary venules at the edge of the islets,
which then empty into intralobular veins. In addition to this,
numerous small capillaries and/or venules connect the islets
with capillaries in the acini and the ducts. Previously it has
been debated to what extent these arrangements are species
dependent, and whether all blood in the pancreas passes
through the insulo-acinar network. At present this seems
unlikely [4].

A summary of microvascular parameters in the endocrine
and exocrine pancreas is given in Figure 1.

Lymphatic Capillaries

The exocrine pancreas possesses a network of lymphatic
capillaries within the lobules, which drain into larger vessels
within interlobular septa, associated with blood vessels and
nerves [5]. Their major function is, as expected, to drain
interstitial fluid, and they seem to play a minor role in the
transportation of exocrine and endocrine secretions. Actu-
ally, it is generally agreed upon that the islets of Langerhans
do not contain lymphatic capillaries, even though a network
in the vicinity of the islet periphery can be seen, especially
in rodents.

Blood Perfusion

The blood perfusion of the whole pancreas is in the 
order of 40 to 100mL/min ¥ 100g tissue, and it is usually
increased in association with increased demands for
exocrine secretion. Both metabolic and myogenic mecha-
nisms contribute to the blood flow regulation, and the 
oxygen uptake remains constant in the flow range of 40 to
100mL/min ¥ 100g [6]. Administration of secretin and
cholecystokinin, for example, increases the blood perfusion,

by mechanisms similar to those seen in other salivary
glands. That is, nervous signals mediated through parasym-
pathetic nerves elicit their effects by using acetylcholine to
increase the exocrine secretions and vasoactive intestinal
peptide to induce a simultaneous blood flow increase. In
contrast, stimulation of adrenergic nerves, or administration
of catecholamines, induce an initial vasoconstriction fol-
lowed by a longer period of vasodilatation (e.g., Ref. [7]). In
general, however, the blood flow to the whole gland nor-
mally responds to the functional state of the exocrine
parenchyma. In addition to nervously mediated signals, this
is ascertained by locally produced factors that may either
increase (e.g., adenosine and nitric oxide) or decrease
(endothelin, angiotensin II) blood flow (see Table I).

The pancreatic islets, on the other hand, have a very com-
plex blood flow regulation, which is totally autonomous
from that to the remaining parts of the pancreas [4, 8].
Despite constituting only 1 to 2 percent of the whole pan-
creas the islets receive from 5–10 percent (mice and rats) to
15 percent (rabbits) of the total pancreatic blood perfusion,
representing a single islet blood flow of 10 to 15nL/minutes.
The blood flow is controlled through a series of complex
interactions between locally produced factors, nerves and
gastrointestinal hormones [8]. A summary of some of the
factors affecting the blood perfusion of the total gland as
well as the islets is given in Table I. In general there seems
to be an association between islet glucose metabolism and
blood perfusion, and thereby also a correlation between
blood flow and insulin secretion. Thus, in general hyper-
glycemia increases islet blood flow, whereas hypoglycemia
decreases islet blood perfusion.

Vasculature and Blood Flow during Development

The development of the vasculature in the embryonic
pancreas has been studied only to a minor extent. Of inter-
est is the recent observation that signals from the endothe-
lium seems to be necessary for induction of endocrine cell
development [9]. The vasculature of the islets develop late
during gestation and is initially seen as a complex of blood
vessels in the vicinity of the developing islets, which then
sends tributaries into the clusters of endocrine cells [10].
Furthermore, it seems as if the autonomous blood flow 
regulation of the islets is initially absent, and matures with
time.

Adaptations to Functional Demands

Stimulation of the functions and growth of the exocrine
pancreas, such as after chronic hypercholecystokininemia or
partial pancreatectomy, leads to increases in the blood flow
to the whole gland. Chronic pancreatitis is discussed later.

Also, the pancreatic islets increase their blood perfu-
sion when their function is stimulated, such as initially 
during hyperglycemia, after partial pancreatectomy, and
during pregnancy. Thus, the response of the pancreatic 

ISLET
Flow: 5-6 ml/min x g

Pressure: 3-4 mm Hg
pO2: 35-40mm Hg

EXOCRINE
Flow: 0.4-1.0 ml/min x g
Pressure: 6-7 mm Hg

pO2:20-25 mm Hg 

Figure 1 Summary of microvascular parameters in the endocrine and
exocrine pancreas of rodents. (see color insert)
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is substantial evidence for a vascular dysfunction and lack
of sufficient revascularization of transplanted islets. The
reader is referred to a recent review for details [11].

Acute Pancreatitis

A complex sequence of events of multifactorial origin is
inherent in the development of acute pancreatitis. Microcir-
culatory derangements are, however, often seen and the pan-
creas is highly susceptible to hypoperfusion and ischemic
injury. At least graft pancreatitis, seen as a consequence 
of ischemia/reperfusion injuries to the implanted organ, is
caused more or less exclusively by vascular factors. In the
pathogenesis of acute pancreatitis of other etiologies, micro-
circulatory changes are likely to be aggravating factors,
even though a causative role remains to be determined.
Increased production of endothelin and/or decreased forma-
tion of nitric oxide have been suggested to be factors of
importance for the decreased blood flow. The reader is
referred to some recent reviews found in the reference list.

The islets seem to be much less susceptible to hypoper-
fusion, also during acute pancreatitis, and we have recently
observed that islet blood flow is unchanged in an experi-
mental model of edematous acute pancreatitis.

Chronic Pancreatitis

This disease is usually associated with atrophy of the
exocrine parts of the pancreas as well as histological
changes in the vasculature, and the blood flow to the whole
pancreas is decreased [12]. At present the exact role of pan-
creatic ischemia as an initiator or perpetuator of the disease
is unclear, as is the extent to which the blood flow regulation
during these conditions is altered.

Islet blood flow has so far been investigated only acutely
after duct ligation, which leads to atrophy of the exocrine
pancreas and growth and neogenesis of islets. However, up
to 4 weeks after ligation islet blood flow remains normal,
despite the fact that the total islet volume increases.

Pancreatic Cancer

Like most tumors pancreatic cancers have a defect micro-
circulation, with regard to both morphology and function,
and depend for their growth on angiogenesis. The presence
of VEGF in pancreatic tumors has been demonstrated to 
correlate with disease progression. Indeed, in experimental
studies angiogenic inhibitors have been shown to be able to
suppress growth of pancreatic cancers [13].

Diabetes Mellitus

Diabetes mellitus is a syndrome characterized by hyper-
glycemia caused by an absolute or relative lack of insulin.

compartments to changes in functional demands is similar to
those of other organs.

After transplantation of the whole pancreatic gland an
increase in blood perfusion is consistently seen. This is
likely to reflect the functional denervation of the pancreas,
and especially so the lack of sympathetic nerves. Implanta-
tion of isolated islets, on the other hand, is usually associ-
ated with a decreased blood perfusion. The islets are usually
transplanted into the liver and depend on stimulation of
revascularization and reinnervation for their survival. There

Table I Effects of Different Substances on
Total Pancreatic and Islet Blood Flow in

Anesthetized Rats.

Substance Islet blood flow Total pancreatic
blood flow

Nitric oxide ++ +
Endothelin - -
Angiotensin II - -
Natriuretic peptides 0 or (+) 0 or (+)

Super oxide - (-)

Adenosine + +
Indomethacin 0 0

Insulin (hypoglycaemia) - 0

C-peptide 0 0

Glucagon + +
Somatostatin - 0 or (-)

Islet amyloid polypeptide 0 -
Pancreatic polypeptide 0 or - 0 or -
Gastric inhibitory polypeptide +** 0

Glucagon-like peptide 1 +** 0

Vasoactive intestinal polypeptide 0 ++
Neuropeptide Y 0 0

Leptin -*** 0

Calcitonin gene-related peptide - -
Corticotropin-releasing factor +* +*

Cholecystokinin - +
Secretin 0 +
Pituitary adenylate cyclase

activating

polypeptide 0 or + +
Substance P - -
Adrenaline - -
Metformin + 0

Sulfonylureas - 0

Receptors for neurotransmittors

b2-adrenoceptors - 0 or (+)

a2-adrenoceptors + 0

M3-receptors + 0

- denotes a decerase, + an increase, and 0 no change in blood flow. 
* only in the tail of the pancreas. ** only in hyperglycemic animals. 
*** in obese mice.
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This heterogeneous disease is usually divided into two
major groups: the autoimmune type 1 diabetes with a
destruction of the insulin-producing b-cells, and type 2 dia-
betes characterized by insulin resistance and a relative
insulin insufficiency.

In long-standing type 1 diabetes, the lack of local ana-
bolic effects of insulin within the pancreas leads to a slight
exocrine dysfunction, but this has rarely been studied. Since
the remaining islets are few and mainly consist of glucagon-
and somatostatin-producing cells, they are difficult to find,
and no studies on their microcirculation have been pub-
lished. In the spontaneously diabetic NOD mouse we have
observed that as the islet volume decreases due to the
autoimmune assault, the remaining islets initially become
hyperperfused to try to cope with the increased functional
demands. However, as the disease progresses blood perfu-
sion decreases.

In type 2 diabetes there are no major changes in total pan-
creatic blood flow. However, islet blood flow is markedly
affected. Thus, in the prediabetic and early phases of the dis-
ease an increased islet blood flow is consistently seen in all
models studied so far. This increased blood flow is, at least
in GK rats, associated with an islet capillary hypertension.
To what extent the hyperperfusion of blood alleviates or
aggravates the impaired islet endocrine function is at pres-
ent unknown. It is tempting to speculate that increased shear
stress on islet endothelial cells changes their expression and
production of different vasoactive mediators, such as nitric
oxide and endothelins, which may affect also the endocrine
functions.

Conclusions

The pancreas contains both exocrine and endocrine tis-
sues, which possess vascular systems that are autonomous
of one another. Furthermore, it seems as if changes in the
blood perfusion are of importance for the pathogenesis of
several pancreatic disorders.

Glossary

Diabetes mellitus: A group of diseases characterized by high blood
glucose concentration and lack of insulin.

Endocrine pancreas: Consists of 1 to 2 million groups of cells, each
consisting of approximately 3,000 cells, scattered throughout the pancreas.
These cells produce, for example, the blood glucose lowering hormone
insulin.

Exocrine pancreas: Produces enzymes released into the intestines,
which help to degrade food.

Pancreatitis: An inflammation of the pancreas. The acute forms can
be severe and life-threatening, and the chronic forms can be associated with
intractable pain. The background of these conditions is still insufficiently
known.
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Heterogeneity of Skeletal Muscle Blood Flow 
during Exercise

One of the most remarkable aspects of muscle blood flow
is its close matching with muscle metabolism. Blood flow to
active skeletal muscle increases at the onset of exercise and
remains elevated throughout the duration of an exercise
bout. For example, blood flow through the femoral artery of
humans is approximately 0.3L/minute at rest and increases
in an intensity-dependent manner during leg extension exer-
cise up to 6 to 10L/minute [2]. One result of the close
matching of blood flow to metabolism is that blood flow
during exercise is not homogeneous in its distribution across 
different muscles or muscle regions. This regional hetero-
geneity of muscle blood flow appears to result from two
interrelated factors: first, muscle fiber type and second, exer-
cise intensity and recruitment order. Under resting condi-
tions where postural maintenance is the only muscular
activity, slow-twitch oxidative (SO) fibers are primarily
recruited and blood flow is directed primarily to regions of
muscle containing these fibers. During low-intensity exer-
cise, SO and fast-twitch oxidative–glycolytic (FOG) fibers
are recruited and blood flow is directed to regions contain-
ing these two fiber types. As exercise intensity increases up
to maximal, fast-twitch glycolytic (FG) fibers are increas-
ingly recruited and blood flow to these fibers also increases.
However, even during maximal exercise, blood flow to FG
fibers is never as high as flow to more oxidative fibers. In
fact, the magnitude of the increase in blood flow to a partic-
ular region of muscle during exercise is directly correlated
to its FOG fiber content [3]. Thus the regional distribution

Introduction

Blood flow to skeletal muscle is important for oxygen
and nutrient delivery and for removal of metabolic waste
products. With the large increases in muscle metabolism that
occur during exercise, muscle blood flow must increase dra-
matically in order for activity to be maintained for more
than a few seconds. Skeletal muscle blood flow is relatively
low at rest (3 to 5mL/min/100g), but can increase up to 100-
fold (400–500mL/min/100g in some muscles) during max-
imal, large muscle, rhythmic exercise (such as running or
cycling) [1]. The rate of blood flow to skeletal muscle is
determined by the perfusion pressure (roughly equivalent to
arterial blood pressure) and the vascular resistance to flow
within the muscle. Diastolic blood pressure changes little
during this type of exercise while systolic blood pressure
increases in an intensity-dependent manner, meaning that
mean arterial blood pressure (and therefore mean perfusion
pressure) increases only modestly during exercise. Thus the
major mechanism for increasing blood flow to skeletal mus-
cle during exercise is a reduction in vascular resistance
within the exercising skeletal muscle. Elegant control mech-
anisms are required to mediate this large increase in blood
flow and to direct it to the capillaries in regions within the
muscle where it is needed without causing dramatic reduc-
tions in systemic blood pressure or excessive transcapillary
fluid loss. These mechanisms include sympathetic neural
control and a host of local humoral, metabolic, and mechan-
ical factors. The purpose of this chapter is to review the 
role of these control mechanisms in the microcirculation 
in mediating exercise-induced increases in skeletal muscle
blood flow.

Copyright © 2006, Elsevier Science (USA).
553 All rights reserved.
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of blood flow within and among skeletal muscles is deter-
mined by exercise intensity and by the oxidative capacities
of the fibers in various regions of muscle.

Skeletal muscle blood flow is also not constant across
time, and this temporal heterogeneity takes two forms. First,
blood flow increases markedly with the first contraction and
then gradually levels off to a steady rate during the first 15
to 60 seconds of exercise at a given intensity. One implica-
tion of this is that the initial hyperemic response at the onset
of muscle contraction may result from different vascular
control mechanisms than the maintained steady-state hyper-
emia of continued exercise. Second, because of the mechan-
ical effect of muscle contraction “squeezing” and occluding
blood vessels located within the muscle, blood flow to con-
tracting muscle follows a cyclical pattern in which almost
all blood flow enters the muscle during the relaxation phase
and very little blood flow enters the muscle during the actual
contractions. Venous outflow of blood from contracting
muscle follows the exact opposite pattern. Muscle contrac-
tion compresses veins, forcing blood to move, and venous
valves ensure that the direction of movement is out of mus-
cle and toward the heart. Thus most blood flow into muscle
occurs during the relaxation phase of muscular contraction
while most venous outflow from muscle occurs during the
contractile phase.

Mechanisms Determining Blood Flow Distribution

Vascular Structure

Two major determinants control the distribution of 
blood flow: vascular structure and vascular control, or
mechanisms that control vascular resistance by modulating
smooth muscle contraction and, therefore, diameter of arte-
rioles. Both capillary and arteriole densities are greater in
muscle regions composed primarily of oxidative fibers than
in those composed primarily of glycolytic fibers. This struc-
tural difference between the vascularization of different
muscle fiber types allows oxidative regions to have a lower
vascular resistance and a higher capacity for blood flow.
Thus structural differences in the vasculature between
oxidative and glycolytic regions of muscle at least partially
explain the greater maximal blood flows measured in oxida-
tive regions.

Vascular Control

There are a number of vascular control mechanisms that
contribute to exercise hyperemia in skeletal muscle. These
include extrinsic (from outside the tissue) or central mecha-
nisms such as neural and humoral control and intrinsic (or
local) mechanisms such as metabolic or myogenic control
mechanisms. In general, extrinsic control mechanisms are
more concerned with systemic blood pressure regulation,
whereas intrinsic control mechanisms are more concerned

with control of oxygen delivery to local areas. There is
much evidence that differences in vascular control exist in
regions of different fiber type and that this may help deter-
mine the heterogeneous distribution of blood flow during
exercise.

Extrinsic Vascular Control Mechanisms

SYMPATHETIC NERVES

Under resting conditions blood flow to skeletal muscle is
limited by sympathetically mediated constriction of arteries
and arterioles in the muscle. The involvement of a neural
mechanism in mediating exercise hyperemia is attractive
because it would help to explain the rapid increase in blood
flow at the onset of exercise. Possible mechanisms for exer-
cise hyperemia include either sympathetic withdrawal or 
a sympathetically mediated vasodilation. However, neither
of these mechanisms appears to play a role in exercise
hyperemia. While sympathetic cholinergic nerves have been
found in some vascular beds and in some species, it does 
not appear that sympathetic cholinergic vasodilation con-
tributes to increases in skeletal muscle blood flow during
exercise. Additionally, sympathetic nerve activity to skeletal
muscle is not reduced during exercise. On the contrary, sym-
pathetic nerve activity appears to be increased during exer-
cise [1, 4], and this vasoconstrictor influence is thought to
limit the vasodilation of exercise in order to help maintain
systemic blood pressure. Thus withdrawal of sympathetic
nerve activity does not mediate increases in blood flow dur-
ing exercise.

HUMORAL CONTROL

A number of hormones or other bloodborne agents can
cause changes in vascular diameters and therefore could
help to mediate changes in muscle blood flow during exer-
cise. The concentrations of most of these agents do not
change rapidly enough to explain the large increases in mus-
cle blood flow that occur with the onset of exercise, and
most also do not appear to have much effect on blood flow
during sustained exercise. Vasopressin and angiotensin II
are two vasoconstrictor hormones that appear to play a role
in the distribution of blood flow during exercise, but their
primary effect is in constricting resistance vessels in non-
contracting tissues of the gut region. One substance that may
have an effect is acetylcholine, the neurotransmitter of mus-
cle contraction and a well-known vasodilator, as there 
is some evidence that acetylcholine spillover from the
myoneural junction may increase muscle blood flow [5].
This is an attractive hypothesis for two reasons. First, as
acetylcholine release from motor nerves would presumably
increase with the initiation of exercise, this would provide a
mechanism for the immediate increase in blood flow that
occurs at the commencement of exercise. Second, as acetyl-
choline release from motor nerves would presumably
increase as exercise intensity increases, this would provide 
a mechanism for relating increases in blood flow to the
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intensity of exercise. However, other studies using blockers
of acetylcholine receptors have failed to show any effect on
blood flow to exercising skeletal muscle [6]; therefore, the
role of acetylcholine in helping mediate exercise hyperemia
is presently in doubt.

Intrinsic Vascular Control Mechanisms

METABOLIC VASODILATION

The most attractive hypotheses regarding the mecha-
nisms mediating exercise hyperemia involve metabolic
vasodilation. According to this idea, the rate of muscle
metabolism and the rate of muscle blood flow are coupled,
presumably by one or more metabolites produced by the
exercising muscle. These metabolites diffuse to the neigh-
boring arterioles and when, present in sufficient quantities,
cause vasodilation. The resultant increase in blood flow will
help to “wash out” or carry away the metabolites, which
reduces the vasodilator stimulus. Thus the level of vascular
tone is the result of a constant tension between metabolite
production and metabolite “washout.”

The identity of the substance or substances causing meta-
bolic vasodilation is not currently known, though a host of
substances have been proposed and studied. To contribute to
metabolic vasodilation, the vasodilator substance must meet
at least two criteria: It must increase in concentration at the
vascular wall as exercise intensity increases, and it must
have the ability to relax vascular smooth muscle, either
directly or indirectly [7]. The list of potential metabolites
involved includes adenosine and/or adenine nucleotides,
potassium, hydrogen, carbon dioxide, reduced oxygen lev-
els, tissue osmolality, inorganic phosphate, prostaglandins,
and histamine.

Adenosine is a known vasodilator that directly causes
smooth muscle relaxation and also acts indirectly via its
action on the endothelium [1, 3, 7]. It is an attractive can-
didate for metabolic vasodilation because its production
should be directly related to the rate of muscle metabolism
as adenine nucleotides are broken down for their energy-
bearing phosphate bonds. Indeed, adenosine appears to play
a major role in dilation of the coronary circulation. But stud-
ies examining the role of adenosine in skeletal muscle
hyperemia have not been definitive, with the majority of
studies showing no role for adenosine [1, 3, 8]. Studies
measuring adenosine concentrations in contracting muscle
have generally found levels lower than that which would
cause vasodilation [8], suggesting that adenosine plays at
most a minor role in mediating increased blood flow, but
adenosine is rapidly degraded and accurate sampling of
adenosine at the smooth muscle cell is difficult [7, 8]. It
appears that the inconclusive results may result at least in
part from a regional heterogeneity in the action of adeno-
sine. Studies examining adenosine’s role at moderate exer-
cise intensities in cats and miniature swine have found no
effect of adenosine in glycolytic muscle but that adenosine
causes vasodilation in primarily oxidative regions of muscle

[1, 3, 8]. At high exercise intensities, adenosine appears to
cause vasodilation in all skeletal muscle types [1, 3, 8]. 
Furthermore, vascular reactivity to adenosine is greater in
smaller than larger arterioles, and this may also complicate
data interpretation [7]. Thus the effects of adenosine 
in mediating exercise hyperemia appear to depend both 
on fiber type composition of muscle and on exercise 
intensity.

Potassium is a vasodilator of the microcirculation in low
concentrations and it is released from both motor neu-
rons and myocytes during membrane repolarization [7, 8].
Venous potassium levels rise during exercise, and venous
potassium concentrations have been reported to correlate
well with the reduction in vascular resistance in contracting
muscle. However, the dilatory effect of potassium is tran-
sient, and the increase in potassium during exercise appears
to be transient as well [7, 8]. This evidence suggests that
potassium contributes little if at all to prolonged increases in
blood flow during steady-state exercise, but that it may play
a role in the initiation of the increase in blood flow at the
onset of exercise.

Because one of the major functions of increasing blood
flow is to increase O2 delivery and CO2 clearance, the notion
that concentrations of these gases may directly regulate vas-
cular tone is appealing. It is well known that in skeletal mus-
cle reduced arterial O2 concentration causes vasodilation
while increased O2 concentration causes vasoconstriction.
Arachidonic acid metabolites, via the action of various
cytochrome P-450 enzymes, may mediate at least part of the
response of arteriolar smooth muscle to O2. But the role of
O2 in mediating exercise hyperemia is unclear for at least
two reasons. First, while tissue and venous Po2 values are
reduced during muscle contraction, periarteriolar Po2 values
decrease only temporarily at the onset of muscle contraction
and return to resting levels after a few minutes [8]. Second,
it has been difficult experimentally to measure periarteriolar
Po2 values in small arterioles where oxygen may have its
largest effect [7]. Thus a direct role for O2 in regulating vas-
cular diameters during exercise is uncertain. That does not
necessarily rule out O2 as a mediator of exercise hyperemia.
The correlation between reductions in tissue and venous Po2
and reductions in vascular resistance suggests that O2 may
have an indirect effect on vascular diameters through pro-
duction of a secondary signal that is dependent on oxygen
levels [8].

Although CO2 production is increased and venous CO2
concentrations increase markedly during exercise, CO2 has
generally been considered to be a fairly weak vasodilator. It
is possible for two reasons that this idea should be reconsid-
ered. First, the potency of CO2 as a vasodilator may be
enhanced in conjunction with reduced O2 levels [9]. This
suggests that there is a synergistic effect of O2 and CO2 and
that examining CO2 alone does not provide a full picture of
its effects. Second, Duling and Dora have pointed out that
the CO2 concentration around arterial smooth muscle is
unknown [7]. While experiments have generally altered
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arterial CO2, the effects of gas diffusion, of shunting into
veins, and of CO2 buffering are unknown, and the CO2
concentration in the microenvironment of the vascular
smooth muscle cells of small arterioles is not known in 
these experiments, even when arterial and venous CO2
concentrations can be measured. Thus CO2 may play a
larger role than previously recognized.

A number of other potential vasodilatory metabolites
have been studied, and clear evidence is lacking that any of
them play a major role in metabolic vasodilation. Hydrogen
ions appear to be produced by contracting muscle and
venous and muscular pH is decreased during exercise [8].
However, it is not clear that periarteriolar pH changes 
significantly during exercise, and experimentally reducing
periarteriolar pH fails to cause significant increases in blood
flow. Inorganic phosphate is also produced during muscle
contraction, but if it causes vasodilation its role is relatively
minor [7]. Indeed, the available evidence does not point to
any single metabolic product of exercise as the primary
mediator of exercise hyperemia. However, this does not rule
out metabolic vasodilation as a major contributor to exercise
hyperemia. Rather, metabolic vasodilation probably results
from the combined effect of many substances working in
concert. Part of this effect is likely due in a small way to the
effect of these metabolites on plasma osmolality. The osmo-
lality of venous blood is increased during exercise, presum-
ably because of the increased production of adenosine, H+,
K+, and a number of other molecules during exercise, and
increases in osmolality have been shown to elicit a small
degree of vasodilation. But the majority of the metabolic
vasodilation occurring during exercise is probably due to 
the combined effect of numerous vasodilatory metabolic
products.

It should be noted that the previous discussion regarding
metabolic vasodilation refers only to the sustained steady-
state period of exercise. The immediate increase in blood
flow at the onset of exercise is unlikely to be affected by
metabolic factors for at least three reasons. First, the accu-
mulation of metabolites occurs at a slower rate than the 
initial increase in blood flow. Second, measurements of 
arteriolar diameters during muscle contraction indicate that
vasodilation occurs at a slower rate than the increase in
blood flow, with blood flow increasing within the first sec-
onds of exercise and dilation taking 5 to 20 seconds follow-
ing onset [1]. Third, there is a poor correlation between
work rate (and the associated rate of metabolism) and dila-
tion at the onset of exercise, as demonstrated by the fact that
changes in work rate do not necessarily alter the magnitude
of the initial increase in blood flow [1]. Thus metabolic
vasodilation is thought to be a major contributor to the 
blood flow response to sustained exercise, but it is 
unlikely to contribute to the initial hyperemia at the onset of
exercise.

FUNCTIONAL SYMPATHOLYSIS

Sympathetic nerve activity (SNA) increases at the onset
of exercise, and the magnitude of the increase during sus-

tained exercise is directly related to the exercise intensity
[4]. The increased SNA mediates a variety of cardiovascular
responses necessary to continue exercise for more than a
few seconds, including an increased heart rate and stroke
volume, and a redistribution of blood flow from noncon-
tracting tissues to active skeletal muscle. The fact that there
is significant vasodilation in active muscle despite the
increased SNA directed to the muscle vasculature has led 
to the concept of functional sympatholysis. According to
this idea, metabolites produced by the contracting muscle
interfere with sympathetic vasoconstriction and allow the
metabolic vasodilation to prevail. The mechanism of this
inhibition of sympathetic vasoconstriction by metabolic
products is probably twofold. First, some metabolites likely
inhibit the release of norepinephrine from sympathetic nerve
endings at the vessel wall (prejunctional inhibition) [1, 4].
Second, there is good evidence that metabolic products
decrease alpha-adrenergic receptor sensitivity to norepi-
nephrine. Both a-1 and a-2 receptors are located in larger
arterioles, but only a-2 receptors are present in smaller arte-
rioles, and the a-2 receptors are more affected by metabolic
inhibition than the a-1 receptors [4]. The net result of func-
tional sympatholysis is that sympathetically mediated vaso-
constriction occurs in noncontracting muscle regions while
it is overridden in active areas by metabolic vasodilation.
This provides an efficient means of directing blood flow
specifically to regions of muscle that are active during exer-
cise. Additionally, because the muscle regions active at a
given intensity of exercise are heavily influenced by the
fiber type composition of the muscle, functional sympathol-
ysis contributes to the fiber type dependence of blood flow
distribution.

Despite the production of vasodilatory metabolites and
the vasodilation that occurs in active regions of skeletal
muscle, the overriding of SNA in these regions is not com-
plete [1, 3, 5, 8]. Rather, there is a constant tension between
metabolic vasodilation and sympathetically mediated vaso-
constriction, and the level of vascular tone at any time is a
result of this tension. The resulting vasomotor tone is impor-
tant both for the maintenance of fluid balance in active mus-
cle and for the maintenance of systemic blood pressure [1].
Total vasodilation in active regions would outstrip cardiac
output and baroreceptor reflexes would be unable to main-
tain systemic blood pressure.

MYOGENIC CONTROL

Because the mechanism for the initial hyperemia at the
onset of exercise must be rapidly acting and because neural
factors do not play a role, it is likely that mechanical factors
associated with muscle contraction are involved in the early
response. One mechanical factor is the myogenic response,
which refers to the intrinsic property of vascular smooth
muscle that causes it to contract when it is stretched. The
result is that increased arteriolar distending pressures cause
arterioles to constrict and decreased distending pressures
cause dilation. Arterioles located within skeletal muscle are
compressed during muscular contraction, which would be
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expected to reduce the transmural pressure in the vessel
leading to decreased vascular distension, vasodilation, and
increased blood flow. Studies utilizing increases in extravas-
cular pressures to decrease vascular transmural pressure
have yielded mixed results [1, 8], and the role of myogenic
control in exercise hyperemia is uncertain.

CHANGING MUSCLE LENGTH

A second category of mechanical factors has to do with
the distortion of arterioles that occurs during muscle con-
traction. This distortion as the muscle shortens can elicit
both passive and active vasomotor responses in the vascula-
ture [5, 8]. Passive changes during muscle shortening occur
as arterioles are twisted, kinked, and compressed, and as
interbranch vessel lengths and bifurcation angles at branch
points are altered by the changing geometry of the arteriolar
network. The net effect of these passive changes on vascu-
lar resistance and blood flow is uncertain. Active changes in
vasomotor tone also occur, as shortening of muscle causes
vasodilation and lengthening causes vasoconstriction. These
active changes are apparently caused by sympathetic nerves
that are sensitive to changing muscle length and respond 
to increasing length by releasing norepinephrine, a well-
documented vasoconstrictor [5]. Both passive and active
muscle length–dependent changes in vascular resistance
may occur rapidly and are independent of muscle metabo-
lism, and could thus be involved in hyperemic responses
both at the onset of muscular contraction and during sus-
tained exercise.

MUSCLE PUMP

As noted earlier, the duty cycle of contracting skeletal
muscle causes a cyclical compression of blood vessels
within the muscle that leads to alternating periods of arterial
inflow and venous outflow during exercise. The cyclical
compression of blood vessels also increases the overall rate
of blood flow through contracting muscle, a phenomenon
known as the “muscle pump” [1, 3]. The compression of
veins during muscle contraction expels blood from veins
toward the heart, thus emptying veins of their blood volume.
The small veins within skeletal muscle are tethered by 
connective tissue to the surrounding muscle and are pulled
open as the muscle relaxes again. This creates a negative
pressure within the veins and effectively increases the 
arterial–venous pressure gradient for blood flow through 
the muscle. This cycle is repeated with each contraction–
relaxation cycle of muscle and acts as a pump that helps
drive blood flow through contracting muscle. It has been
estimated that the muscle pump can account for 30 to 60
percent of the increase in blood flow during moderate inten-
sity muscle contraction [3, 8]. The cyclical compression 
also appears to have important effects on fluid clearance
from the interstitial spaces via pumping action on the lym-
phatic vessels.

There are a number of important factors to consider
regarding the muscle pump. First, the pump is dependent on
the contraction–relaxation cycle. Therefore, it is active only

during rhythmic muscle contractions, not during isometric
contractions. Second, increases in blood flow due to the
muscle pump do not result from vasodilation, that is, a
change in vascular conductance. Rather the increased blood
flow results from decreased pressures in the small veins and
increased kinetic energy imparted to the blood [1, 3]. Thus
this has sometimes been called an increase in “apparent 
vascular conductance.” Third, the efficacy of the pump
mechanism is dependent on the order of activation of differ-
ent muscles, a factor that separates voluntary locomotory
exercise from in situ and in vitro experimental models of
muscle contraction. Fourth, the effectiveness of the muscle
pump appears to be greater in deeper regions of muscle than
in more superficial muscle regions. Because more oxidative
muscle fibers tend to be located deeper and more glycolytic
fibers are located superficially, the muscle pump appears to
be more effective in regions composed primarily of oxida-
tive muscle fibers than in regions composed primarily of
more glycolytic fibers [1].

Endothelium-Dependent Control

The huge importance of the endothelium in the control of
blood flow has come to light in the past two decades. The
endothelium plays an important role in the control of vascu-
lar tone and in the adaptation of the vasculature to chronic
stimuli [3]. The endothelium produces and releases a num-
ber of vasoactive substances that exert their effects by alter-
ing vascular smooth muscle tone. Nitric oxide has been 
the most studied of these substances and is very important 
in the regulation of basal vascular tone under resting 
circumstances in skeletal muscle. Whether NO or other
endothelium-dependent dilators contribute to the functional
hyperemia of exercise is less clear. Inhibition of nitric oxide
synthesis has been shown in some preparations to reduce the
hyperemic response to exercise, but other studies have not
shown any effect. Additionally, in some cases when NO syn-
thesis inhibition during exercise reduces the hyperemic
response, the magnitude of the reduction in blood flow is
similar to the reduction seen under resting conditions. These
data suggest that it is basal synthesis of NO that is being
blocked in these cases rather than exercise-specific produc-
tion of NO [3]. Interpretation of these data is complicated by
the redundancy of control mechanisms in the arterial vascu-
lature, that is, production of other vasodilator substances
may compensate for inhibition of NO synthesis. A second
complication is that although NO may not increase the mag-
nitude of the hyperemic response to whole exercising limbs,
it appears to be involved in the muscle fiber-type specific
distribution of blood flow within the limb as blocking NO
synthesis decreases blood flow to a greater degree in highly
oxidative regions of muscle than in more glycolytic regions
[3]. A third complication in interpreting data in this area is
that NO may exert a greater effect on small arteries and
large arterioles than on smaller arterioles [8]. Thus the cur-
rent data regarding the role of the endothelium in contribut-
ing to exercise hyperemia are not definitive.
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Control by Red Blood Cells

Traditional thinking about control of blood flow has usu-
ally located the origin of that control in the vascular wall or
in the surrounding parenchymal tissue, but evidence col-
lected in the past decade indicates that red blood cells
(RBCs) play a role in determining their own destination [2,
10]. The oxygen saturation of hemoglobin is dependent on
the surrounding PO2, and the level of oxygen–hemoglobin
saturation appears to act as a built-in sensor of oxygen lev-
els in the surrounding environment. Low concentrations 
of oxygenated hemoglobin stimulate the production and
release of dilator substances by RBCs. There appear to be at
least two dilator substances utilized in this process. First,
low levels of oxygenated hemoglobin stimulate the produc-
tion of ATP by RBCs, and this ATP may act as a vasodilator
at the vascular wall, either directly or through some second-
ary process [2]. Second, under hypoxic conditions RBCs
also appear to produce and release NO [10]. NO stimulates
vascular smooth muscle guanylate cyclase production of
cGMP and consequent vascular smooth muscle relaxation.
Thus hypoxic conditions in contracting skeletal muscle are
sensed by RBCs, which produce vasodilators that increase
vascular conductance specifically in the hypoxic region.
Finally, another function of hemoglobin is that it normally
acts as a nitric oxide scavenger [2]. Hypoxia is associated
with inadequate blood flow and hemoglobin levels, and
when hemoglobin concentrations are low the scavenging
action of hemoglobin is also reduced. The levels of 
NO should, therefore, remain higher under these conditions,
and the associated vasodilator stimulus should remain ele-
vated. Thus both vasodilator production by RBCs and
reduced NO scavenging by RBCs in hypoxic regions help to
direct blood flow specifically to those areas that are most in
need.

Feeding Arteries

Although metabolically mediated vasodilation of small
arterioles within the exercising muscle is an important step
in increasing blood flow, the magnitude of the increase in
blood flow requires that larger arterioles and feeding arter-
ies located outside the muscle also dilate. It has been esti-
mated that 40 to 50 percent of vascular resistance in skeletal
muscle is located in the feed arteries outside of the muscle
proper [8]. Dilation of arterioles without concurrent dilation
of upstream feed arteries would not allow the magnitude of
increase in blood flow that occurs during exercise [5], but a
coordinated dilation at all levels from small arterioles to
feed arteries enables large increases in blood flow to occur.
The mechanism for feed artery dilation cannot be metabolic
because these feed arteries are located outside the muscle
and are not directly exposed to the metabolic environment
within the muscle. Three mechanisms have been proposed
to mediate feed artery dilation: flow-induced dilation, retro-
grade propagation, and arterial–venous coupling.

Flow-induced dilation occurs when the flow velocity in a
blood vessel increases, thereby increasing the shear stress of
the blood against the endothelial cell wall. Theoretically,
dilation of arterioles within the muscle during exercise
would cause reduced resistance to flow within the muscle
and increase the rate of flow through upstream vessels.
However, most studies of flow-induced dilation have been
done in cultured cell or in vitro experimental preparations,
and it is not clear whether flow-induced dilation contributes
to the hyperemia associated with exercise in vivo. First, it is
not clear that wall shear stress increases during exercise, as
a dilation that matches the increase in blood flow could
maintain shear stress at a constant level. Second, flow-
induced dilation of rat feed arteries in vitro occurs at very
low levels of shear stress, levels that are lower than the cal-
culated shear stress present in feed arteries under normal
nonexercising conditions. If flow-induced dilation in vivo
also occurs at shear stress levels this low, then flow-induced
dilation probably helps to determine vascular tone at rest,
but is most likely not involved in exercise-induced dilation
of feed arteries.

Retrograde propagation of vascular signals involves the
movement of electrical signals through gap junctions
between cells [5, 7]. Thus a local depolarization of vascular
smooth muscle or endothelial cells within the contracting
muscle caused by muscle metabolites would be propagated
along the arterioles out to the feed arteries. This mechanism,
too, clearly occurs in cultured cell or in vitro experimental
preparations and in response to electrically induced contrac-
tions in situ, although it is unclear whether the electrical sig-
nal is propagated via smooth muscle cells, endothelial cells,
or both. The propagation is very rapid, but propagated
vasodilation appears to travel only limited distances, and
technical problems limit the study of propagated signals in
vivo and under exercising conditions. Thus the contribution
of a propagated vasodilation to feed artery dilation during
voluntary exercise in conscious animals has not been defin-
itively determined.

Arterial–venous coupling is a third mechanism that has
been proposed to cause dilation of feeding arterioles during
exercise [11]. Anatomically, skeletal muscle feeding arteries
lie in close proximity to one or more veins draining the same
muscle. Thus a metabolite or a group of metabolites pro-
duced in the muscle during exercise may exit the muscle via
venous blood flow and activate the venular endothelium.
The venular endothelium then produces a signaling mole-
cule, most likely prostacyclin [11], which diffuses to the
paired artery and causes it to dilate. Alternatively, red blood
cells (RBCs) in the veins may activate the venular endothe-
lium. As noted above, RBCs are known to release ATP and
NO under hypoxic conditions, conditions that are likely to
exist in the veins during exercise, and ATP or NO from the
RBCs may be the signal that activates venular endothelium
during exercise.

Thus the mechanisms causing feed artery dilation have
not been clearly determined. It is probable that these three
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factors, possibly in concert with other as yet undetermined
factors, act in combination to elicit dilation. It may also be
that the exact mechanism varies between different muscles
or in regions of different muscle fiber type.

Integration/Conclusion

It is clear from the preceding discussion that a host of dif-
ferent microcirculatory control mechanisms contribute to
exercise hyperemia in skeletal muscle. Although much is
known about these mechanisms, the complete blood flow
response to exercise is brought about by a coordinated and
complex interaction of these factors, about which there is
still much to learn. Figure 1 shows potential mechanisms
involved at the onset of exercise and during sustained exer-
cise. The hyperemic response to the onset of exercise is
likely due to some combination of mechanical factors asso-
ciated with muscle contraction, such as the muscle pump
and/or vessel distortion. Whether those factors cause imme-
diate vasodilation and an increase in vascular conductance
or produce increased blood flow without vasodilation is 
not known. The hyperemic response to sustained exercise
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feed artery dilation

Sustained ExerciseExercise Onset
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muscle

Cyclical 
vessel

compression

Muscle
pump

Arteriole
distortion

Altered vessel
geometry & diameter

Muscle
shortening

Metabolites
RBC release of ATP or NO
Inhibition of SNA

Increased blood flow Increased blood flow

Flow-induced dilation
Conducted dilation
Venous-arteriolar communication

Figure 1 Schematic of potential mechanisms involved in skeletal muscle hyperemia at the onset of exercise
and during sustained exercise. Exercise onset: As muscle shortens during contraction, vessels within the muscle
are compressed and distorted. These physical forces may increase blood flow by increasing the kinetic energy of
the blood (muscle pump), by causing passive changes in vascular geometry, or by causing active changes in vas-
cular tone. Sustained exercise: Small arterioles are dilated by the products of muscle metabolism and by ATP or
NO released from red blood cells (RBCs). The effects of sympathetic nerve activity (SNA) are reduced by
metabolites from contracting muscle. Vasodilation spreads to larger arterioles and feed arteries by flow-induced
dilation, upstream signal conduction, or venous–arteriolar communication. Vasodilation of all branches of
the arterial vasculature combines to cause increased blood flow and oxygen delivery to contracting muscle.

likely begins with metabolically induced vasodilation of
small arterioles located within the contracting muscle, and
vasodilators released by red blood cells in response to a
hypoxic environment contribute as well. The dilation
spreads upstream via one or more of the following mecha-
nisms: flow-induced dilation, retrograde propagation, and
arterial–venous coupling. The overall responses are compli-
cated by the spatial and temporal heterogeneity described
earlier.

Figure 2 illustrates another type of spatial heterogene-
ity—a variation in the relative importance of each vascular
control mechanism throughout the vascular tree. That is,
although each vascular control mechanism described
appears to be present throughout the vascular tree, the rela-
tive effectiveness of each varies depending on location in
the tree. For example, metabolic dilation and the myogenic
mechanism both have a greater impact in smaller than in
larger arterioles. Also, the efficiency of sympatholysis is
enhanced by the fact that metabolic dilation is greatest in the
same sized arterioles as sympathetic constriction. Finally,
flow-induced dilation, a mechanism that may be important
in the upstream spread of vasodilation, is more important in
the larger than in the smaller arterioles. Thus the variations
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in the importance of each vascular control mechanism
throughout the vascular tree contribute to the efficiency of
the hyperemic response to exercise.

Glossary

Adenosine: A purine nucleotide consisting of adenine and ribose. It is
a degradation product of ATP and thus is produced in increased quantities
during increases in cellular metabolism.

Metabolic vasodilation: Refers to the relaxation of vascular smooth
muscle caused by many products of metabolism. When present in increased
quantities, these products cause vasodilation and help increase blood flow
to active regions of the body.

Muscle pump: The cyclical compression of blood vessels that occurs
within contracting skeletal muscle. This compression helps increase venous
return of blood to the heart and is thought to contribute to increase blood
flow through contracting muscle.

Myogenic mechanism: Refers to the property of smooth muscle that
causes it to contract when it is stretched. Contributes to autoregulation of
blood flow in a vascular bed because increased pressure elicits vascular
constriction and increased resistance to blood flow.

Sympatholysis: Refers to the decreased effects of sympathetic nerve
activity on blood vessel constriction in contracting skeletal muscle. It is
thought to result from metabolic by-products interfering with some aspect
of sympathetic neurotransmission or postsynaptic signaling.
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vessels supplying the skin have become highly organized
into two horizontal plexuses (Figure 1), the upper of which
lies 1 to 1.5mm below the epidermis. This superficial vas-
cular plexus forms the dermal papillary loops that are the
major site of exchange of gases and nutrients within the
skin. The three-dimensional structure of this superficial
plexus has been extensively studied and painstakingly
reconstructed by Braverman and his colleagues [1]. Indeed,
because these vessels are the primary site of anatomical
variation in a number of skin diseases, it is one of the best
characterized vascular beds both in health and disease. The
lower plexus is located on the dermal–hypodermal junction.
These vessels supply the upper plexus and also branch to
supply dermal appendages, such as hair follicles and sweat
glands.

In acral or nonhairy skin, the two plexuses are addition-
ally connected by arteriovenous anastomoses—important in
the thermoregulatory shunting of blood between the upper
and lower plexuses. These anastomoses, which are approxi-
mately 30 to 35 mm in diameter, occur mainly in the periph-
ery at exposed sites such as the fingers and toes, lips, nose
and ears. As much as 60 percent of the cutaneous blood can
be shunted through these anastomoses away from the capil-
lary loops and to the venous plexus in order to reduce con-
vective heat loss.

As a result of the need to accommodate the many differ-
ent and sometimes conflicting requirements of the tissue,
blood flow in the skin is extremely variable. In a ther-
moneutral environment, flow generally ranges between 10
and 20mLmin-1 100g-1. It may, however, fall as low as 
<1mLmin-1 100g-1 or reach maximal flows of 150 to 
200mLmin-1 100g-1 at times of cold or severe heat stress,
respectively. Not unexpectedly, control of this labile vascu-
lar bed is complex and involves neural, humoral, and local
influences. Together this affords the investigator a rich
opportunity to investigate the functional regulation of
microvascular perfusion and integrity.

Our knowledge of microvascular function, both normal
and abnormal, is derived largely from in vitro studies of iso-
lated tissues or cells or from intravital studies of whole
microvascular beds in animal models. Where investigation
of the human microcirculation has been performed, it has
generally been restricted to the observation of the more
accessible microcirculatory beds, such as that of the skin.
This short review will focus on those data obtained in
humans, in vivo.

As modulation of endothelial function is an early and
important event in the pathogenesis of cardiovascular dis-
ease and is common to most organs of the body, the dermal
microvasculature bed is frequently used as a functional
model in which to study endothelial function in humans in
vivo. Also, because of its ease of access, the skin and its cir-
culation has been used as an experimental test bed for the
development of investigative tools, many of which have
been transferred to a clinical setting. Some of the investiga-
tive techniques developed in the skin are now well estab-
lished and widely used in both a research and a clinical
setting for the investigation and diagnosis of altered cardio-
vascular function in vascular beds other than the superficial
vessels of the skin.

Structure and Function of the Cutaneous
Microvasculature

The skin is the largest organ in the body. It weighs on
average 4kg and covers an area of approximately 2m2. The
two major functions of the skin are as a barrier protecting
the body from the external environment and as a thermoreg-
ulatory organ. As a consequence, in addition to providing
nutritional support and maintaining tissue homeostasis, the
skin microvasculature also plays key roles in immunosur-
veillance, hemostasis, and tissue repair and remodeling, as
well as in thermoregulation. Consequently, the small blood

Copyright © 2006, Elsevier Science (USA).
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Techniques to Assess Cutaneous Microvascular
Function in Vivo

Techniques to study cutaneous microvascular function
will be discussed under three headings: techniques to intro-
duce agents into the skin, techniques to assess blood flow
and changes occurring therein, and techniques to recover
biologically active chemicals from the dermis in order to
investigate the biochemical and cellular mechanisms under-
lying changes in blood flow. Although many of the tech-
niques originally developed in laboratory settings are either
too invasive or technically unsuited for use in humans in
vivo, over recent years a number of less invasive methods
have been developed. Some of the most frequently used of
these are the noninvasive imaging of blood flux and the
delivery of exogenous vasoactive mediators to the skin
and/or the recovery of endogenous mediators from the skin
[2]. The remainder of this chapter will focus on these tech-
niques and the type of information that has accrued using
them.

Introduction of Agents into the Skin

Historically, pharmacologically active agents used to
study vascular function have been introduced either into the
systemic circulation, or locally via intradermal injection or
topical application. Although both methods of local admin-
istration have their place, they both suffer from limitations.
Intradermal injections have two potentially serious draw-
backs. First, injection of even small volumes will cause
major changes in local tissue pressure that may stimulate
reflexes that confound or complicate the investigation under
question. Second, agents diffuse a maximum of 2 to 3mm
from their site of injection and, hence, have no widespread
actions. Topical application of agents to the skin also has
limitations. The stratum corneum is permeable only to rela-
tively small lipophilic molecules. Consequently, to get
hydrophilic molecules into the skin requires the use of com-
plex pharmaceutical preparations, or removal of the outer
epidermis by tape stripping is necessary.

In recent years cutaneous iontophoresis has been devel-
oped as a method to deliver vasoactive agonists and antago-
nists to the skin, particularly in a clinical setting (Figure 2).
The technique is noninvasive and avoids the confounding
effects of local perturbation of the skin by intradermal injec-
tion or of systemic drug administration. Also, agents may be
delivered to relatively large areas of the skin. Coupled with
laser Doppler flowmetry, iontophoresis has been used to
study the role of the endothelium in the modulation of blood
flow in the skin. Examples of such studies are responses to
acetylcholine (endothelium-dependent) and sodium nitro-
prusside (endothelium-independent) in both healthy volun-
teers and in patients with a variety of disorders including
diabetes by Dr. Shore’s group, hypertension, systemic scle-
rosis, and Raynaud’s phenomenon [3]. Furthermore, intro-
duction of agents into the skin by iontophoresis has allowed
studies of the physiology of dermal microvasculature in
thermoregulation under heat stress and prolonged exercise
[4], the response of the dermis to xenobiotics [5], and the
modulation of neurogenic inflammation in the skin [6].

Imaging of Blood Flux

Intravital imaging using transmitted light is not generally
possible in solid organs and accurate measurement of blood
flow has proved somewhat problematic [7]. Some of the
methods currently used include measurement of transcuta-
neous oxygen, radionucleotide techniques, thermography,
ultrasound, laser Doppler fluximetry, and infra red imaging
and, most recently, the optical imaging technique of orthog-
onal polarization spectral analysis [8]. Of all the methods,
those based on laser Doppler imaging, which use a measure
of red blood cell movement to evaluate vascular flux, have
proved the most suitable and best validated for use in a clin-
ical setting.

High-resolution scanning laser Doppler imaging uses a
low-power (~2mW), 633-nm red He–Ne laser to scan the

Figure 1 Diagram of the organization of the cutaneous microvascular
bed. (see color insert)

Figure 2 Ions of soluble salt are introduced into the tissue by ion-
tophoretic current. The amount of drug delivered to the skin is proportional
to the magnitude and duration of the applied current. (see color insert)
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skin in a raster pattern and build up a two-dimensional
image of red blood cell flux up to a depth of approximately
0.6 to 1mm. It is able to provide a real-time output of tem-
poral and spatial changes in skin blood flux, particularly
during dermal provocation. As the scanning head may be
mounted 30cm or more above the skin surface, it also
allows space for manipulation within the scanned area.
Thus, scanning laser Doppler imaging has been used by
many groups to study the dermal microvasculature in a wide
range of disease states including hypertension, diabetes, and
peripheral vascular disease, in inflamed and damaged skin
following burn injury, and in nonhealing wounds.

To illustrate the usefulness of scanning laser Doppler
imaging in research, we will take the specific example of its
application in investigating the mechanisms weal and flare
responses to intradermal injections of histamine, bradykinin,
and allergen. In these studies, changes in dermal blood flux
were assessed by accumulating about 16,000 data points for
analysis over a scanned area of skin of 5cm ¥ 5cm using
scanning laser Doppler imaging (SLDI, Moor LDI, Moor
Instruments Ltd, Axminster, Devon, UK) (Figure 3). From
these images, the areas of the weal and flare responses were
calculated using the manufacturer’s software. Our experi-
ence has shown that the changes in weal and flare areas may
be measured to an accuracy of 0.05cm2 and changes in per-
fusion to 5% [9].

Recovery of Vasoactive Mediators in the Skin

Until recently, the only way in which mechanistic studies
could be performed in human skin in vivo was to use phar-
macological agonists or antagonists to simulate or block,
respectively, the response under investigation. However,
such techniques yield only circumstantial evidence, which
may not always be correct. What is needed is direct evi-
dence, which may only obtained by sampling the interstitial
space surrounding the microvasculature. A variety of 

techniques have been employed for this purpose, including
needle or wick aspirate, tissue exudates such as blister fluid
or wound fluid, and most recently microdialysis and ultrafil-
tration. Biological molecules recovered using these tech-
niques range from metabolites such as glucose and lactate,
vasoactive mediators such as histamine, nitric oxide, cyclic
nucleotides, eicosanoids, and plasma proteins, and most
recently cytokines, growth factors, and neuropeptides [10].
It is thus possible to identify and, if the characteristics of the
recovery system are known and the assays sensitive enough,
quantify changes in tissue levels of bioactive molecules.

Microdialysis, one of the most successful and widely
used sampling techniques used in the skin, was originally
developed to recover neurotransmitters from the brains of
experimental animals. Subsequently, it has been modified to
sample endogenous chemicals within the extravascular
space in a number of organs in vivo and as a diagnostic tool
to monitor tissue levels metabolites [11] (Figure 4). Micro-
dialysis has the advantage over other dermal sampling tech-
niques in that it causes minimal tissue trauma, is well
tolerated, and can be used to follow the temporal variations
in the generation and release of a substance at a discreet
location within the tissue space. It has also been used to fol-
low the pharmacokinetics of a wide range of xenobiotics
within the dermis [12].

In an extension of its original application, the dialysis
technique has also been used to investigate the balance and
distribution of blood flow within tissues such as muscle and
skin that are served by two different vascular beds (nutritive
and nonnutritive). By measuring the extraction of highly dif-
fusible markers from the dialysis perfusate, it is possible not
only to determine changes in total blood flow but also to
detect changes in the distribution of functional blood flow
with a high level of sensitivity [13]. This opens the way to
studies of the functional control of local tissue perfusion in
humans in vivo under both physiological and pathophysio-
logical conditions.

Figure 3 High-resolution scanning laser Doppler imaging uses a low-power (~2 mW), 633-nm red He–Ne
laser to scan the skin in a raster pattern and build up a two-dimensional image of red blood cell flux up to a depth
of approximately 0.6 to 1 mm. (see color insert)
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Vascular Responses in Dermal Inflammation

Inflammation can be induced by a wide variety of 
stimuli. These include direct mechanical damage, exposure
to bacterial toxins or exogenous chemical irritants, tissue
ischemia, the release of endogenous inflammatory media-
tors, and the direct stimulation of nerves. As in other 
organs the inflammatory response in skin is designed to
inactivate or dilute harmful stimuli and to bring about repair.
In a balanced situation the response is transient 
and is rapidly downregulated. When the balance is lost 
the inflammatory response may continue unchecked, lead-
ing to chronic disease or even death. Thus it is important to
understand the mechanisms of inflammation in health and
disease.

The necessity of obtaining direct evidence rather than
indirect circumstantial evidence when investigating the
mechanism of the response of the vasculature to inflamma-
tory mediators is exemplified by the brief examples given
below. For instance, in the weal and flare response induced
by intradermal injection of allergen, the combination of
scanning laser Doppler imaging and microdialysis has
shown the weal to be caused by the focal release of 

histamine and prostaglandin D2 immediately surrounding
the point of injection, no mediators being detectable more
than 3mm away. In the region of the neurogenic flare, where
no histamine release is found, other studies have shown
there to be a direct effect of vasodilator neuropeptides [14]
on the vasculature in part mediated through the activation of
NOS and the generation of NO.

Compare this with the weal and flare to bradykinin. Ini-
tial pharmacological studies showed that H1-antihistamines
blocked the effects of bradykinin. As H1-antihistamines are
not antagonists at the B2-receptor for bradykinin expressed
by endothelial cells, this indirect evidence led to the conclu-
sion that the weal and flare response was secondary to the
release of histamine by the kinin. However, when micro-
dialysis was employed in an attempt to gain direct evidence
of histamine release, none was found. The implication of
this is that there appears to be a complex interrelationship
between the effects of vasodilator agents, probably at the
level of their receptor G-proteins [15].

Finally, as to the role of NO in the cutaneous vascular
response, there is now considerable evidence from the direct
measurement of tissue levels of NO that the presence of NO
is required for the full expression of the dilator response,
suggesting that as well as having a direct effect, NO may
also act synergistically with other (as yet unknown) vaso-
dilator substances to maintain vasodilatation [16], possibly
at the level of the nerve to enhance the release of the
unknown neurotransmitter which mediates the response.

Concluding Remarks

The endothelial cells lining the vessels of the cutaneous
vasculature share many features in common with those else-
where in the body. They play a pivotal role in vascular
homeostasis both as the functional barrier to the movement
of water, solutes, and cells between the blood and the tissues
and as a rich source of a wide range of vasoactive autocoids
with both autocrine and paracrine actions, many of which
have been implicated in the modulation of the vascular
response. The cutaneous vasculature affords a unique oppor-
tunity to study microvascular function in humans in vivo
and by direct interrogation of the endothelium and sur-
rounding tissue space to elucidate its role in both health and
disease.

Glossary

Cutaneous inflammatory response: The response of the skin to an
injurious stimulus, classically the weal and flare response, resulting from
changes in microvascular perfusion and integrity.

Laser Doppler imaging: Intravital imaging technique that measures
red blood cell movement, used to evaluate vascular flux.

Microdialysis: A sampling technique used to recover water-soluble
solutes from the interstitial space.

Skin microcirculation: The small blood vessels supplying the skin,
highly organized into two horizontal plexuses.

Figure 4 Principles of microdialysis. The recovery of a substance by
microdialysis is governed by the same principles as that of exchange of
small hydrophilic molecules across the microvascular wall, that is, passive
diffusion down a concentration gradient as described by the Fick principle.
It is influenced by a number of factors including the characteristics of the
dialysis membrane and the recovered solute (its charge, size, solubility) and
the concentration of the solute outside the membrane (which in turn may be
influenced by tissue metabolism, hydration, and local blood flow). (see
color insert)
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obtain and, consequently, frequently studied. But the most
interesting part of the placenta is rarely seen. This portion,
which lies buried within the uterine wall, separates from the
rest of the placenta during pregnancy termination or deliv-
ery. As a result, the only way to obtain this tissue is by uter-
ine biopsy of the site where the placenta attached. Thus,
special procedures that are similar to the methods used to
obtain any other surgical specimen are required to collect
this portion of the placenta.

A full understanding of the placenta can be obtained only
by studying both its parts. Figure 1 diagrams these two parts
and joins them into a single unit to show how they function
in conjunction with modified uterine structures during
human pregnancy. The placenta is made up of individual
units termed chorionic villi. Each villus has a connective 
tissue core that contains fetal blood vessels and numerous
macrophages, termed Hofbauer cells. The macrophages
often lie adjacent to a thick basement membrane, which
underlies a layer of CTB progenitors that give rise to all the
trophoblast lineages.

The differentiation pathway that CTB progenitors take
depends on their location. In floating villi, the CTBs fuse to
form a multinucleate syncytium, the syncytiotrophoblast,
that covers the villus surface. These villi are attached at only
one end to the treelike fetal portion of the placenta. The 
rest of the villus floats in a stream of maternal blood, which
optimizes exchange, across the syncytium, of substances
between the mother and fetus. In anchoring villi, CTB pro-
genitors detach from the basement membrane and form a
column of nonpolarized mononuclear cells that invade 
the uterus. As a result, these villi are attached at one end to
the fetal portion of the placenta and at the other end to the

Survival of the eutherian embryo/fetus depends on for-
mation of a transient but vital organ, the placenta. Placenta-
tion is the first test of the differentiative and organogenic
capacity of the conceptus. During this process, the pla-
centa’s specialized cells, termed trophoblasts, acquire many
unusual properties. For example, one population of mono-
nuclear cells, termed cytotrophoblasts (CTBs), deeply
invades the uterine wall. Invasion accomplishes two critical
goals: attaching the embryo to the uterus, and diverting
maternal blood flow to the placenta, thus enabling effective
gas, nutrient, and waste exchange. The molecular underpin-
nings of this complex process require the precise coordina-
tion of intricately timed differentiation programs executed
by both placental and uterine cells (for reviews, see Refs. [1,
2]). This chapter focuses on the profound changes in tro-
phoblast phenotype that occur during CTB invasion of the
uterus. Data gathered from the studies we review point to
the central importance of molecules that control the intimate
relationship that develops between fetal CTBs and the
maternal vasculature. These findings have important impli-
cations for understanding mechanisms of placentation and
point to possible therapeutic strategies for remodeling other
vascular beds.

Morphological Aspects of Human Placentation

The complex anatomy of the placenta has made studies
of the entire organ difficult. Commonly the placenta is
depicted as a simple, pancake-shaped sponge connecting the
embryo/fetus to the uterus. This portion of the placenta,
which is expelled from the uterus during delivery, is easy to

Copyright © 2006, Elsevier Science (USA).
573 All rights reserved.
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uterus. This arrangement anchors the villus to the uterine
wall. Invasive CTBs rapidly traverse most of the uterine
parenchyma (interstitial invasion). They also breach the
uterine veins and arteries they encounter (endovascular
invasion). Their interactions with veins are confined to the
portions of the vessels that lie near the inner surface of the
uterus, but CTBs migrate in a retrograde direction along
much of the intrauterine course of the arterioles. Eventually,
these fetal cells completely replace the maternal endothelial
lining and partially replace the muscular wall of these ves-
sels. This unusual process diverts uterine blood flow to the
floating villi.

Molecular Regulators of CTB 
Pseudovasculogenesis

Our laboratory studies molecular aspects of the CTB dif-
ferentiation pathway that leads to uterine invasion. Given
the cells’ unusual ability to line the uterine blood vessels 
and channel maternal blood, we hypothesized that they
might replicate portions of standard vasculogenesis and/or
angiogenesis programs. As a first test of this theory we
examined the cells’ expression of adhesion molecules 

during interstitial and endovascular invasion. We found 
that the onset of CTB differentiation/invasion is character-
ized by reduced staining for receptors characteristic of
polarized CTB epithelial-type progenitors—integrin a6b4
and E-cadherin—and the onset of expression of adhesion
receptors characteristic of endothelium—VE-cadherin, IgG
family members VCAM-1 and PECAM-1, and integrins
aVb3 and a1b1. Accordingly, we termed this phenomenon
pseudovasculogenesis (reviewed in Ref. [3]). Thus, as CTBs
from anchoring villi invade and remodel the wall of 
the uterus, these epithelial cells of ectodermal origin 
acquire an adhesion receptor repertoire characteristic of
endothelial cells. We theorize that this switch permits the
heterotypic adhesive interactions that allow fetal and mater-
nal cells to cohabit the uterine vasculature during normal
pregnancy.

These findings prompted us to examine the CTB reper-
toire of ligands and receptors that control blood and/or lym-
phatic development [4]. These studies used a combination of
in situ and in vitro analyses to characterize the cells’ expres-
sion of vascular endothelial growth factor (VEGF) family
members. CTB differentiation/invasion during the first and
second trimesters of pregnancy was associated with down-
regulation of VEGF receptor (VEGFR)-2. Invasive CTBs in
early gestation expressed VEGF-A, VEGF-C, placental

Figure 1 Diagram of a longitudinal section of the maternal–fetal interface. Fetal cytotrophoblasts from the placenta form cell columns that attach to the
uterine wall. In turn, the columns give rise to a specialized subpopulation of cytotrophoblasts that invade the uterine wall (decidua and myometrium), thereby
anchoring the fetus to the mother. Cytotrophoblasts also invade uterine blood vessels. In this location they replace the resident maternal endothelial and 
vascular smooth muscle cells. As a result they form vascular channels that carry blood to and from the placenta. (Reproduced with permission from 
Biochemistry.)
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growth factor (PlGF), VEGFR-1, and VEGFR-3 and, at
term, VEGF-A, PlGF, and VEGFR-1. In vitro the cells
incorporated VEGF-A into the surrounding extracellular
matrix; PlGF was secreted. Experiments directed toward
understanding the functions of these ligand–receptor pairs
showed that CTBs respond to the VEGF ligands they pro-
duce. Blocking ligand binding significantly decreased their
expression of integrin a1, an adhesion molecule highly
expressed by endovascular CTBs, and increased apoptosis.
Together, the results of this study showed that VEGF family
members are autocrine regulators of CTB pseudovasculoge-
nesis and survival.

In addition, we examined the cells’ expression of
angiopoietin (Ang) ligands and their Tie receptors [5]. At the
mRNA and protein levels, CTBs predominantly expressed
Ang2. The absence of receptor expression suggested 
that Ang2, along with CTB-derived VEGF family ligands,
could have paracrine effects on the maternal vasculature.
This theory was tested by culturing uterine microvas-
cular endothelial cells in CTB-conditioned medium, 
which supported their growth. Removal of VEGF-C, PlGF,
and/or Ang2 from the medium caused a marked reduction 
in cell number as a result of massive apoptosis. We 
also assayed the angiogenic potential of CTB-derived fac-
tors in the chick chorioallantoic membrane assay (Figure 2).
The cell-conditioned medium stimulated angiogenesis to a
level comparable to that of basic fibroblast growth factor
(FGF). Removal of VEGF-C, PlGF, and/or Ang2 from the
medium reduced this activity by 70 to 80 percent. These
data suggest that invasive human CTBs use an unusual
repertoire of factors to influence the angiogenic state of
maternal blood vessels and that this cross talk plays an
important part in the endovascular component of uterine
invasion.

Physiological Regulators of CTB
Pseudovasculogenesis

We discovered that oxygen tension, which has profound
effects on blood vessels, controls the switch between
cytotrophoblast proliferation and differentiation/invasion 
[6, 7]. In these experiments, control anchoring villus
explants (6 to 8 weeks of gestation) were maintained in
either a 20 percent or an 8 percent O2 atmosphere, mimick-
ing standard culture conditions and the environment within
the uterine interstitium, respectively. Other villi were cul-
tured in 2 percent O2, mimicking the hypoxic conditions in
the fetal compartment near the uterine lumen at this time. In
20 percent and 8 percent O2, CTBs exit the cell cycle, upreg-
ulate integrin a1b1, and become highly invasive. In
hypoxia, CTBs continue to proliferate, but they fail to
express a1b1 integrin and do not invade. These observa-
tions suggest the following model. Before CTBs access the
maternal blood supply (e.g., at 10 weeks of gestation), the
hypoxic environment near the uterine lumen in which early

placental development occurs favors CTB proliferation, a
phenomenon observed in situ. As interstitial invasion pro-
ceeds, invasive CTBs encounter a positive oxygen gradient
that favors differentiation/invasion. The effects we observed
are due, in part, to the actions of the von Hippel–Lindau
tumor suppressor protein (pVHL), which regulates the sta-
bility of hypoxia-inducible factor-1a (HIF1a and HIF2a
and thus is pivotal in cellular responses to changes in 
oxygen tension. The results of in vitro experiments to 
study VHL function in CTBs, together with the placental
defects previously observed in VHL-/- mice, suggest 
that pVHL is a component of the mechanism that trans-
duces local differences in oxygen tension at the maternal-
fetal interface to changes in the biological behavior of 
CTBs [8].

Pre-eclampsia Is Associated with Defects 
in CTB Pseudovasculogenesis

Pre-eclampsia (PE) is a serious complication that affects
7 percent of first-time pregnancies in the United States
(reviewed in Ref. [9]). The mother shows signs of wide-
spread alterations in endothelial function, such as high blood
pressure, proteinuria, and edema. In some cases the fetus
stops growing, resulting in intrauterine growth restriction.
Compounding the dangers of this condition is the fact that
the maternal and fetal signs can appear suddenly at any time
from mid-second trimester until term—hence the name pre-
eclampsia, derived from the Greek eklampsis, meaning
“sudden flash or development.”

The PE syndrome reveals the significance of CTB
pseudovasculogenesis. Floating chorionic villi in PE pla-
centas are relatively unaffected. However, anchoring villi
and the invasive CTBs they spawn show distinct anomalies.
The extent of interstitial invasion by CTBs is variable, but
frequently shallow. Endovascular invasion is consistently
rudimentary, making it extremely difficult to find any mater-
nal vessels that contain CTBs [10]. These anatomical de-
fects suggested to us that in PE, CTB differentiation along
the invasive pathway is abnormal. Biopsies of the uterine
wall of women with this syndrome showed that invasive
CTBs retain expression of adhesion receptors characteristic
of the progenitor population and fail to turn on receptors that
promote invasion and/or assumption of an endothelial phe-
notype [11].

In addition to adhesion defects, immunolocalization 
on tissue sections of placentas obtained from the most
severely affected patients showed that CTB VEGF-A
(Figure 3) and VEGFR-1 staining decreased; staining for
PlGF was unaffected. Cytotrophoblast secretion of the solu-
ble form of VEGFR-1 (sFlt-1) in vitro also increased [4], an
interesting observation in light of the recent discovery that
excess sFlt-1 contributes to a pre-eclampsia-like syndrome
in mice [12].
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Conclusions

In summary, recent advances have uncovered the unex-
pected finding that specialized fetal cells of the human 
placenta—CTBs—undergo a novel pseudovasculogenesis
differentiation program that enables them to masquerade as
the endothelial lining of maternal uterine vessels. Discovery
of the regulatory mechanisms that govern this unusual 

transformation is offering fascinating insights into how the
placenta forms. Will the results of these studies be applica-
ble to other normal and pathogenic processes that require
similar sorts of plasticity? Probably. It is now clear that
some tumor cells also mimic the properties of vascular cells
(reviewed in Ref. [13]), an important consideration for the
design of antiangiogenesis cancer therapies. Whether or not
elements of the strategy used by CTBs to remodel the uter-

Figure 2 PlGF, VEGF-C, and Ang2 in cytotrophoblast-conditioned medium stimulate angiogenesis in
vivo. The angiogenic effects of factors in cytotrophoblast-conditioned medium were assessed by using the
chick chorioallantoic membrane assay. (A) The membranes were photographed after exposure to the sam-
ples for 48 hours. Cytotrophoblast-conditioned medium (a) and medium treated with a control CD6-Fc
protein (b) induced a robust angiogenic response that was comparable to the response induced by basic
FGF (data not shown). Removal of PlGF (c), VEGF-C (d), or Ang2 (e) diminished this effect by 70 to 80
percent. (f) Depletion of all three factors produced no further decrease in the angiogenic capacity of
cytotrophoblast-conditioned medium. (B) The data were quantified by counting the number of new capil-
lary sprouts. Data are expressed as means and standard deviations of seven experiments. The significance
of the data from four separate experiments was determined by analysis of variance (ANOVA). 
(Reproduced with permission from Developmental Biology.) (see color insert)
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ine vasculature could be exploited for therapeutic angiogen-
esis of ischemic conditions is an interesting question that
has yet to be addressed.

Glossary

Cytotrophoblasts: The specialized epithelial cells of the placenta.
Placenta: A transient organ that supplies food and oxygen to the fetus.
Pseudovasculogenesis: The ability to partially imitate cells that line

blood vessels.
Vascular mimicry: The ability to imitate cells that line blood vessels.
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will remain in this arrested state until they are recruited to
begin growing, and for this discussion the most important
period of follicular growth occurs after puberty during the
estrous/menstrual cycle.

Although not all of the primordial oocytes survive, those
which do survive become surrounded by a layer of squa-
mous epithelial cells, which are derived from the ovarian
stroma and/or surface epithelium, and are termed granulosa
cells. Together the granulosa cells and oocyte comprise a
primordial follicle, which is enclosed by a basement mem-
brane separating the follicular compartment from the rest of
the ovary.

After the onset of puberty, a group or cohort of primor-
dial follicles begins to grow during the follicular, or preovu-
latory, phase of each ovarian cycle (Figure 1). Most of the
follicles that enter the growing population regress in a
process known as atresia; thus, only a relatively few follicles
ever reach the mature, preovulatory stage. In nonpregnant,
sexually mature mammals, the ovarian cycle is usually
divided into the follicular phase, which is when the follicles
are growing and culminates in ovulation, and the luteal
phase, which will be discussed later. The ovarian cycle is
termed the menstrual cycle in primates and the estrous cycle
in nonprimates, but is similar between the two groups in
most respects other than the presence or absence of menses.

Soon after a primordial follicle enters the population of
growing follicles, it acquires a layer of cells outside of the
basement membrane. This follicular layer, termed the theca,
is derived from the ovarian stroma and is composed of
fibroblasts, epithelial cells, and microvessels. The theca sub-
sequently differentiates into the theca interna, which con-
tains most of the follicular capillaries, and the theca externa,
which contains mostly arterioles and venules.

The capillaries of the theca interna form an extensive net-
work, termed the capillary wreath, which lies close to the
follicular basement membrane and completely invests the
follicle (Figure 2). As ovulation approaches, the capillaries

The microvasculature of the ovary is relatively unique in
several respects, which we will explore in this chapter.
However, beyond its uniqueness, which makes studying it
interesting and informative in and of itself, the ovarian
microvasculature is important for practical reasons as well.
Among these reasons is the fact that the ovary not only is
critical to normal reproductive function but also is the site of
several major pathologies, including ovarian hyperstimula-
tion syndrome, polycystic ovary syndrome, and ovarian car-
cinoma. In addition, ovarian follicles and corpora lutea are
some of the most rapidly growing and most vascular tissues
known, and therefore they can serve as outstanding models
for understanding the regulation of normal microvascular
growth, development, and function. This is extremely
important because as Hudlicka pointed out, “There are
numerous accounts of capillary growth in developing organ-
isms or under pathological conditions, but very little is
known about capillary growth in normal adult tissues” [1].
Our discussion will be confined to the ovary of mammals;
however, many similarities exist between ovarian structures
across all vertebrates, although there are some striking dif-
ferences as well (for an in-depth discussion of this topic, 
see The Vertebrate Ovary, which is listed under Further
Reading).

General Aspects of Ovarian Function

Follicles

The ovary contains all of the female gametes, or oocytes.
Mitosis of gametes is completed in females either during
fetal life or shortly after birth; that is, there are no more
gametogenic “stem” cells (oogonia), and the final pool of
primordial oocytes is therefore present. These primordial
oocytes are arrested at the diplotene, sometimes also called
the dictyate, stage of the first meiotic prophase. The oocytes

Copyright © 2006, Elsevier Science (USA).
579 All rights reserved.
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A

B

Figure 1 (A) Schematic depiction of the ovarian cycle, which progresses from the primordial follicle pool,
to the cohort of growing follicles (primary, secondary, and tertiary or antral follicles), to the mature preovulatory
follicle (also called the Graafian follicle after Regnier de Graaf, who first described them), to ovulation, to the
growing corpus luteum (also called the corpus hemorrhagicum), to the mature corpus luteum, to the regressed
corpus luteum (also known as the corpus albicans). The mature corpus luteum consists of several parenchymal
lobules, each separated by a connective tissue tract (for further explanation, see text). An atretic follicle is shown
at the top of the schematic, and the mesovarium (ovarian hilus) is shown on the left. (B) Schematic depiction of
the stages of the estrous/menstrual cycle. During the follicular phase, the antral follicles grow and secrete estro-
gens (E2); during the luteal phase (after ovulation), the corpus luteum grows and secretes progesterone (P4).
Note that ovulation occurs at the border between the follicular and luteal phases. Although this schematic depicts
the estrous cycle of the cow, it can be applied to any estrous or menstrual cycle by adjusting the number of days
and the relative length of the follicular and luteal phases; for example, in humans the menstrual cycle is approx-
imately 28 days long and comprises a 14-day follicular phase followed by a 14-day luteal phase (menses is dur-
ing the first part of the follicular phase), with ovulation again occurring at the border between the follicular and
luteal phases. (A) Adapted with permission from Patten (Foundations of Embryology, 2nd edition, p. 44. New
York: McGraw-Hill). (B) Taken with permission from Senger (Pathways to Pregnancy and Parturition, 1st
revised ed., p. 119. Pullman, WA: Current Conceptions).
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forming this wreath, and especially those closest to the base-
ment membrane, become enlarged and form extensive sinu-
soids (see the chapter by Ellinwood et al. in The Vertebrate
Ovary, which is listed under Further Reading). It has been
suggested that this dramatic change in morphology of the
capillary wreath surrounding the follicle reflects increased
permeability and preparation for invasion into the granulosa
layer when the follicle ruptures at ovulation [2].

As the follicle grows the granulosa and thecal compart-
ments become multilayered, and the follicle acquires an
inner cavity, termed the antrum. The antrum is filled with
follicular fluid, which is mostly a transudate of plasma but
also contains secretory products from the follicular cells.
The thecal microvasculature meets all of the respiratory,
nutrient, hormonal, and transport demands associated with
follicular development, since the granulosa layer remains
avascular and is separated from the thecal compartment by
the follicular basement membrane until after the follicle rup-
tures at ovulation.

Just before ovulation, as the growing follicles reach pre-
ovulatory size, they begin to produce large amounts of estro-
gens, which are ovarian steroids. In fact, the preovulatory
ovarian follicles are the primary source of circulating estro-
gens in the female, and the theca and granulosa cells coop-
erate in its production. Estrogens, in turn, have an important
stimulatory role in many of the primary and secondary sex-
ual characteristics of females, including sexual behavior,
and mammary and reproductive tract development, blood

flow, and vascular development. For example, if one
removes the ovaries, effectively removing ovarian steroids
from the system, and then treats the ovariectomized animal
with estrogens, uterine blood flow increases by as much as
tenfold within 30 to 60minutes, and uterine size and vascu-
lar bed volume increase by two- to fivefold within 24 hours
after treatment.

The preovulatory surge of gonadotropins from the ante-
rior pituitary, or adenohypophysis, triggers ovulation as well
as the resumption of meiosis by the oocyte, a process termed
meiotic maturation. Once released from the follicle, the
mature but unfertilized egg is “picked up” by the oviductal
fimbriae surrounding the ovary and transported to the
ampulla of the oviduct where it can be fertilized.

Corpora Lutea

After ovulation, the ruptured follicular wall vascularizes
and grows rapidly, and is now referred to as a corpus luteum,
which reaches its mature size over a period of about 10 to 12
days. Both granulosa and thecal cells of the ruptured follicle
contribute to formation of the corpus luteum and, in fact, all
of the luteal microvasculature is probably derived exclu-
sively from the thecal microvascular pericytes and endothe-
lial cells, both of which invade the granulosa layer within a
few hours after ovulation.

Early in its life span, the corpus luteum begins to secrete
the ovarian steroid progesterone, and is the main source of
this progestational hormone. If pregnancy does not ensue,
the corpus luteum regresses at the end of the luteal phase,
which lasts from a few days to a couple of weeks depending
on the species. Once luteal regression occurs, progesterone
secretion declines, and a new follicular phase is initiated,
again culminating in ovulation (Figure 1).

In some species, such as the rat, the corpus luteum does
not secrete substantial amounts of progesterone unless mat-
ing occurs. However, in all species, the corpus luteum is
“rescued” by the presence of a viable conceptus in the
uterus. Thus, if pregnancy is successfully established, the
corpus luteum does not regress but rather is transformed into
the “corpus luteum of pregnancy,” and it continues to
secrete progesterone, which is critical for successful estab-
lishment and maintenance of pregnancy, for the majority of
the gestational period. Either somewhat before or immedi-
ately after delivery of the offspring, the corpus luteum of
pregnancy regresses spontaneously.

The growth rate of the early corpus luteum is phenome-
nally rapid; for example, the doubling time for tissue mass
and cell number is about 72 hours. Thus, during its growth
phase the rate of luteal growth exceeds that of all but the
most aggressive and dangerous tumors. However, unlike
tumor growth, growth of the corpus luteum, including pro-
liferation of the steroidogenic epithelial cells and the
microvascular cells (vascular smooth muscle cells, endothe-
lial cells, and pericytes), is closely coordinated and highly
regulated, such that the mature corpus luteum stops growing
once it reaches a species-specific size.

Figure 2 Histochemical staining of a preovulatory sheep follicle for
BS-1 lectin, which stains microvessels. Note the dense “capillary wreath”
(arrows) that is located in the theca interna (TI) adjacent to the basement
membrane (delineated approximately by the arrowheads) surrounding the
granulosa layer (G). Also note that the granulosa layer is avascular. An arte-
riole (a) and venule (v) are indicated within the theca externa (TE). The fol-
licular fluid-filled antrum is to the right of the granulosa layer (a portion of
the antrum is visible in the lower right corner of the micrograph), and the
oocyte, which would be located antrally and surrounded by granulosa cells,
is not visible. The section has been counterstained with nuclear fast red, and
the micrograph was taken with a 20¥ objective. (see color insert)
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Thus, the corpus luteum is an outstanding model for
investigating the regulation of microvascular growth in a
normal, rapidly growing, highly metabolically active tissue.
Understanding this process should also give us a much 
better understanding of what has “gone wrong” in various
pathological conditions that are associated with abnormal
tissue and microvascular growth, including tumor growth,
various retinopathies, chronic varicose ulcers, and nonheal-
ing fractures and wounds. In fact, we have just recently
begun to apply our knowledge of microvascular growth in
ovarian follicles and corpora lutea to the study of wounds in
diabetics, which display delayed wound healing [3].

In addition to being species-specific, the average size of
the mature corpus luteum, or the total size of the several cor-
pora lutea present in the ovary in species in which multiple
ovulations are common, is closely related to the average
mature body size of the species in question. For example,
the total weight of mature corpora lutea in the shrew (body
weight ª15g) is about 1mg, whereas that of the blue whale
(body weight ª100,000–150,000kg) is about 1kg. This dif-
ference in luteal size probably reflects differences in the
number of granulosa and thecal cells making up the ovula-
tory follicle, and is thought to reflect the importance of hav-
ing sufficient luteal mass to produce adequate amounts of
progesterone to maintain pregnancy.

The Ovarian Microvasculature

Follicles

In the late 19th century and first half of the 20th century,
several investigators noted the tremendous vascularity of
ovarian follicles and corpora lutea and recognized the
importance of the ovarian vasculature in supporting growth
and development of these tissues. In his classic treatise,
Clark [4] evaluated vascular development of the human
ovary from the fetal stage through senescence and provided
us with the first clear picture of the vascular architecture of
the various ovarian tissues.

After evaluating vascular anatomy throughout follicular
development, Clark concluded, “the vital impulse to growth
in the theca interna depends not upon a maintenance of its
primitive blood supply, but upon a decided increase of that
supply.” More recent studies have confirmed that dominant
follicles (that is, growing follicles that go on to ovulate
rather than regressing) have not only a more vascular theca
but also an increased uptake of serum gonadotropins com-
pared with other antral follicles, implying that they also
have increased blood flow compared with other follicles.
Thus, increased vascularity may be a primary determinant of
follicular dominance.

These early investigators also observed the heterogeneity
in follicular vascularization and suggested its importance in
determining whether follicles remain healthy or become
atretic. Subsequent work has supported this contention that
maintenance of the follicular vasculature is important for

maintaining follicular health. For example, Moor and 
coworkers (summarized in Ref. [5]) observed that early
atretic ovine follicles will regenerate when placed in vitro,
and suggested that decreased vascularity may limit access of
atretic follicles to nutrients, substrates, and tropic hormones
in vivo. More recently, Greenwald [6] found that reduced
DNA synthesis of follicular endothelial cells was associated
with reduced follicular vascularity and was one of the earli-
est signs of atresia. Similarly, we have observed that cessa-
tion of thecal endothelial cell proliferation, associated with
a decrease in thecal vascularity, is an early event associated
with atresia in bovine, ovine, and porcine follicles.

Corpora Lutea

Vascular development of the ovarian follicle becomes
even more impressive after ovulation, in association with
development of the corpus luteum. The capillary network of
the mature corpus luteum is so extensive, in fact, that the
majority of epithelial (parenchymal or steroidogenic) cells
are adjacent to one or more capillaries (Figure 3). This is not
surprising, since in several mammalian species most (50 to
85%) of the cells that are proliferating during growth of 
the developing corpus luteum are endothelial cells or capil-
lary pericytes. In addition, morphometric studies in several
species have shown that endothelial cells and pericytes con-
stitute about 50 percent of the cells of the mature corpus
luteum. In agreement with its high degree of vascularity, 
the mature corpus luteum also receives most of the 
ovarian blood supply, and not only has one of the greatest

Figure 3 Histochemical staining of a mature sheep corpus luteum for
BS-1 lectin, which stains microvessels. Note that nearly every steroido-
genic epithelial cell (a few are indicated by arrowheads) in the parenchy-
mal area is in contact with a capillary (a few are indicated by the arrows;
some are filled with red blood cells). Also note a few larger lymphatic cap-
illaries located in the parenchymal area (upper right and lower left of the
micrograph). A portion of a connective tissue tract (CT), which is where the
vast majority of the luteal arterioles and venules are located, is visible in 
the lower right corner. The section has been counterstained with nuclear
fast red, and the micrograph was taken with a 20¥ objective. (see color
insert)
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weight-specific rates of blood flow of any known tissue but
also has an extremely high rate of oxygen consumption.
Ovarian blood flow and microvascular perfusion are highly
correlated with progesterone secretion, which emphasizes
their importance for normal luteal function, just as
microvascular perfusion may be a critical factor in deter-
mining which ovarian follicles become preovulatory and
acquire the ability to produce and secrete estrogens.

Conversely, inadequate luteal function has been associ-
ated with decreased luteal vascularization. Several investi-
gators have suggested that reduced ovarian blood flow also
plays a critical and active role in normal luteal regression. It
is interesting to note that during luteal regression, although
a portion of the capillary bed regresses, some of it remains
intact and apparently functional throughout regression. This
is thought to be important because the corpus luteum does
not regress by necrosis but rather regresses in an orderly
fashion such that the luteal tissue is resorbed within just a
few days or weeks.

Unique Aspects of the Ovarian Microvasculature

The ovarian follicle and corpus luteum are relatively
unique not only because they are so vascular and have such
high rates of blood flow but also because of the composition
of their microvasculature. For example, in the several
parenchymal lobules of the mature corpus luteum, which
constitute the bulk of luteal volume, the vast majority of the
microvessels are blood or lymphatic capillaries, with arteri-
oles and venules only rarely observed (Figure 3). This
observation, along with physiological studies, has led to the
suggestion that the luteal microvasculature comprises a
“sluice flow,” or relatively unregulated, system, and that
blood flow is therefore regulated acutely by vasoconstriction
or vasodilation of ovarian vessels external to the corpus
luteum itself. This appears to be at least partially correct, but
acute regulation of regional blood flow probably also occurs
within the corpus luteum via intraluteal arterioles and
venules that are present in the connective tissue tracts
between the parenchymal lobules (Figure 3). Additionally,
Niswender and colleagues (see the chapter by Ellinwood 
et al. in The Vertebrate Ovary, which is listed under Further
Reading) have demonstrated substantial regional hetero-
geneity of luteal blood flow distribution.

Consistent with the relative lack of vasoactivity, the
microvessels of the luteal parenchymal lobules do not
appear to be innervated. In the follicle, nerve fibers are not
present in the avascular follicular granulosa layer, whereas
the arterioles and venules of both the theca interna and theca
externa are densely innervated and respond to adrenergic
agents. Similarly, luteal blood flow is highly responsive to
adrenergic agents. In fact, ovarian blood flow is regulated
primarily by periarterial sympathetic vasoconstrictor inner-
vation within the follicular and luteal arterioles (see Ford,
1982, which is listed under Further Reading).

In addition to being composed mostly of capillaries, the
microvasculature of the theca interna and corpus luteum

contains a large proportion of capillary pericytes. For exam-
ple, Redmer and coworkers [7] have recently found that 
the endothelial cell : pericyte ratio in the corpus luteum is
approximately 1 :1. In addition, although the number of
lymphatic capillaries has not been quantified, the corpus
luteum and ovarian follicles have an extensive lymphatic
system and a relatively high rate of lymph flow per unit of
tissue mass (up to 1% of blood flow), which probably
reflects their high rates of tissue perfusion and blood flow.

The microvasculature of the ovarian follicle and corpus
luteum also is relatively unique in that it is highly perme-
able. This high permeability is not surprising because of 
the highly fenestrated nature of the capillaries, especially 
in preovulatory follicles and mature corpora lutea. For
example, both ferritin (molecular weight 462kDa) and 
albumin (molecular weight approximately 66kDa) readily
pass through the capillaries into the interstitial fluid. A rela-
tively high level of plasma protein in the ovarian lymphatic
drainage reflects this high permeability. In fact, the ovarian
lymphatic drainage transports up to one-thousandfold more
protein per day, on a tissue weight specific basis, than the
lymphatic drainage of the hindlimbs.

Angiogenesis in the Ovary

Ovarian Angiogenic Factors

As mentioned in the preceding sections, microvascular
growth, or angiogenesis, is a critical aspect of normal fol-
licular and luteal function. Angiogenesis in these ovarian 
tissues appears to be regulated ultimately by a suite of
angiogenic factors common to many tissues. This suite
includes the vascular endothelial growth factor (VEGF) and
the fibroblast growth factor (FGF) families. Both ovarian
follicles and corpora lutea produce VEGFs and FGFs and
also contain receptors for these angiogenic factors. In addi-
tion, a relatively large proportion of the angiogenic activity
secreted by follicles and corpora lutea can be immunoneu-
tralized with antibodies against VEGF and FGF. Recent
work by a number of investigators has confirmed that block-
ing VEGF or its receptors inhibits follicular and luteal
growth and function (for example, see Fraser and Wulff,
2001, which is listed under Further Reading).

We also have suggested that the FGFs are involved not
only in luteal angiogenesis, which occurs primarily early in
the estrous cycle, but also in other aspects of luteal function.
For example, we and others have shown that FGF regulates
luteal progesterone production. In addition, the FGFs have
been shown to inhibit cell death in several cell types. As
mentioned previously, many of the larger luteal micro-
vessels are maintained during luteal regression, and we
observed an increase in FGF receptors in these vessels,
which could explain how they selectively avoid cell death
while the rest of the luteal tissue is resorbed [8]. We have
therefore suggested that FGF may affect not only luteal 
cell proliferation but also luteal cell function and vascular
maintenance.
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As mentioned earlier, thecal pericytes invade the 
granulosa layer within hours after ovulation. These thecal
microvascular pericytes are the major source of VEGF in the
developing corpus luteum. We also have found that granu-
losa cells from preovulatory follicles produce a factor that
promotes migration of pericytes. Thus, we have suggested
that at ovulation the granulosa cells signal the pericytes to
invade, and these thecal-derived pericytes may subsequently
direct vascularization of the developing corpus luteum via
production of VEGF.

We also have recently found that VEGF mRNA expres-
sion in cultured ovine luteal cells is increased by only about
30 percent with luteinizing hormone (LH) treatment but by
300 percent under low oxygen (O2) conditions. These stud-
ies were based partly on the observation that gonadotropin
treatment induces VEGF mRNA expression in preovulatory
rat follicles and in cultured bovine luteal cells. If VEGFs
were major luteal angiogenic factors, their regulation by LH
would make sense because LH is an important luteotropic
factor and is critical for normal luteal development and
function. However, our work is consistent with the observa-
tion that O2 is a potent stimulator of VEGF expression
across a number of cell and tissue types and bolsters the con-
cept that metabolic demand is the primary factor regulating
vascular development in all tissues, including those of
adults.

Angiogenic Factors in Ovarian Pathology

As mentioned earlier, a variety of pathologies of the
female reproductive organs are associated with disturbances
of the angiogenic process, including ovarian hyperstimula-
tion syndrome, ovarian carcinoma, and polycystic ovary
syndrome. These pathologies also are associated with
altered expression of VEGFs and/or FGFs. These patholo-
gies of the female reproductive organs represent major
socioeconomic problems. For example, ovarian carcinoma
often shows a poor prognosis and low survival rate and
therefore is recognized as one of the most dangerous cancers
in female patients. In fact, ovarian, uterine, and cervical can-
cers represent approximately 13 percent of new cases of
cancer and 10 percent of cancer deaths in the United States,
making these the fourth-leading cause of deaths due to can-
cer in women. In the near future, angiogenic or antiangio-
genic compounds may prove to be effective therapeutic
agents for treating these pathologies. In addition, monitoring
of angiogenesis or angiogenic factor expression may pro-
vide not only a diagnostic tool but also a means of assessing
the efficacy of these therapies.

A Model for Follicular/Luteal Angiogenesis

Recent work also has shown that nitric oxide (NO),
which is primarily an endothelial product and an important
local vasodilator, can stimulate VEGF production and
angiogenesis. Similarly VEGF, which as mentioned previ-
ously is present in luteal perivascular cells, can stimulate

endothelial nitric oxide synthase (eNOS) expression and
thus NO production.

We and others recently have found that eNOS is
expressed in endothelial cells of arterioles and capillaries of
preovulatory follicles and developing corpora lutea. We also
have shown that the follicular and luteal endothelial cells
expressing eNOS often are in close physical association
with perivascular cells (capillary pericytes and arteriolar
smooth muscle) that express VEGF. These observations led
us to propose a new model for follicular and luteal vascular
function (Figure 4), involving the existence of a paracrine
loop whereby endothelial cells release NO, which stimulates
perivascular VEGF production, which in turn stimulates
endothelial expression of eNOS. This paracrine loop would
thereby serve as a feed-forward system to maximize vasodi-
lation and angiogenesis during follicular and luteal growth
and development.

Glossary

Corpus luteum: The progesterone-secreting body formed on the
ovary from the wall of the ruptured follicle after ovulation; during the non-
pregnant (estrous or menstrual) cycle, the corpus luteum secretes proges-
terone for several days but then regresses at the end of the cycle; during

Figure 4 Working model for the regulation of ovarian follicular and
luteal vascular function by VEGF and NO in sheep. This model is based on
numerous in vitro and in vivo studies from our laboratories and those of
others in which the major angiogenic growth factors have been not only
quantified but also localized to specific tissues and cell types. In the model,
vascular endothelial growth factor (VEGF) is secreted by follicular/luteal
vascular smooth muscle (VSM) cells as well as capillary pericytes. The
secreted VEGF acts on the endothelial cells of the follicular/luteal arterioles
and capillaries, via VEGF receptor (VEGFR), to stimulate not only angio-
genesis but also endothelial nitric oxide synthase (eNOS) and thus nitric
oxide (NO) secretion. NO acts on the follicular/luteal VSM and pericytes,
via NO receptor (NOR; soluble guanylate cyclase [sol GC]), to stimulate
vasodilation and VEGF secretion. This system thereby establishes a posi-
tive feedback loop to maximize follicular/luteal angiogenesis and blood
flow. Low oxygen tension seems to be the major stimulator of VEGF pro-
duction, but luteinizing hormone (LH) also has a modest stimulatory effect.
The schematic of the arteriole was adapted with permission from Rhodin
(Architecture of the vessel wall. In Handbook of Physiology [D. F. Bohr, A.
P. Somlyo, and H. V. Sparks, Jr., eds.], Section 2, Vol. II, p. 2. Bethesda,
MD: American Physiological Society).



CHAPTER 88 The Microvasculature of the Ovary 585

gestation, the corpus luteum remains viable and secretes progesterone
throughout most of pregnancy.

Follicle: The ovarian structure composed of an oocyte (or egg), an
avascular granulosa cell layer surrounding the oocyte and enclosed 
by a basement membrane, and a vascular thecal layer; both the gran-
ulosa and thecal layers are involved in biosynthesis of estrogens. At ovula-
tion, the wall of the follicle ruptures and the oocyte is released and subse-
quently “picked up” by the oviduct where it is fertilized; the ruptured wall
of the follicle transforms into the corpus luteum (q.v.) over the next few
days.

Granulosa (stratum granulosum or granulosa layer): The avascular
inner epithelial layer of the ovarian follicle, which surrounds the oocyte, is
itself surrounded by a basement membrane, and is involved in biosynthesis
of estrogens.

Theca (thecal layer): The outer layer of the growing ovarian follicle,
which contains both epithelial and fibroblastic cells and is divided into a
theca interna and a theca externa. The theca interna contains a capillary
wreath adjacent to the basement membrane surrounding the granulosa layer
and also contains a few arterioles and venules; the theca externa contains
mostly arterioles and venules and is continuous with the ovarian stroma.
The theca interna also is involved in biosynthesis of estrogens.
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To support the regrowth of the endometrium, and preg-
nancy if it occurs, a rich new vasculature regenerates within
it during each proliferative phase. This contrasts to the situ-
ation in almost all other tissues of the body where blood ves-
sels are highly stable once formed. Thus, the uterus is one 
of the few sites in the body in which angiogenesis, the
development of new blood vessels, is a regular occurrence.
In addition to the standard role of supplying oxygen and
nutrients and removing wastes for surrounding cells, the
endometrial microvessels also play a special role, via
increases in their permeability, in the rapid regrowth of 
the endometrium, secretion by endometrial glands, and the
process of implantation. This last role, and the factors that
mediate it, will be emphasized in this review.

Anatomy of the Endometrial Microvasculature

Most studies of the endometrial vasculature have focused
on the large “spiral” arteries rather than the microvascula-
ture (Figure 2). Reference to the latter is usually limited to
the statement that the spiral arteries terminate in a “capillary
plexus” in the subepithelial zone. As in most tissues, how-
ever, the most fundamental function of the endometrial cir-
culation, i.e., the delivery of nutrients and the removal of
wastes, occurs at the level of the microvasculature—in the
capillaries. The fact that this capillary plexus is so richly
supplied by feed arteries, which penetrate the full width of
the functionalis with minimal branching, is in itself an indi-
cation of its functional importance. Structurally, the sub-
epithelial capillaries have been described as highly variable

Introduction

The endometrium, the inner lining of the uterus, is per-
haps the single most dynamic tissue in the human body, 
rapidly growing, functionally differentiating, and then
degenerating during each menstrual cycle (Figure 1).
Growth and regression of the arteries, veins, and capillaries
of the endometrial vasculature are an intrinsic part of this
cycle. This occurs throughout the decades-long reproductive
life span in response to a precise pattern of circulating
steroid hormones produced by the ovaries. This cycling is
punctuated normally only by pregnancy, during which the
endometrial vasculature undergoes further extensive modifi-
cation for delivery of maternal blood to the placenta. In
humans and other primates, the endometrium is composed
of two main layers, the functionalis and the basalis 
(Figure 2). The functionalis, the innermost portion sur-
rounding the lumen, is composed of a richly vascularized
stroma covered on its luminal surface by a simple epithelial
cell layer. The functionalis undergoes dramatic changes in
thickness (fourfold or more) during the menstrual cycle, first
rapidly regenerating itself (during the first half or prolifera-
tive phase of the cycle), then functionally differentiating 
in preparation for implantation of a developing embryo
(called the secretory phase of the cycle, in recognition of 
the full development and function of the epithelial cell–
lined endometrial “glands”). If pregnancy does not occur,
the functionalis is shed during menstruation. The basalis, the
thinner, basal layer that remains after menstruation, is the
foundation and tissue reservoir from which the functionalis,
including its vasculature, is regenerated during the subse-
quent cycle.

Copyright © 2006, Elsevier Science (USA).
587 All rights reserved.



588 PART II Organ Microvascular Adaptations

in form, diameter, and length [1], with numerous anasto-
moses interconnecting the various channels and large-
diameter lacunae (Figure 3). This description suggests that
flow through the plexus may be relatively slow, which
would maximize exchange of bloodborne materials with the

subepithelial stroma, the epithelium, and the lumen (analo-
gous to the subcutaneous capillary plexus of the skin that
facilitates the exchange of heat with the external environ-
ment). The capillaries of the plexus empty via narrow
branches to larger collecting venules, which in turn empty
into progressively larger veins. These eventually enter a
venous plexus between the basalis and the myometrium (the
outer muscular layer of the uterus).

During the cycle, epithelial cell–lined invaginations, the
endometrial glands, develop and extend from the lumen
deep into the functionalis layer, thereby greatly increasing
the epithelial surface area of the endometrium. In humans,
these glands reach their maximum development during 
the secretory phase of the cycle under the influence of pro-
gesterone. Glands also are present in the endometrium 
of nonmenstruating species, and their development is also
stimulated by progesterone. Although seldom discussed, a
distinct capillary plexus also envelops each gland [3]. Such
a “basket” of capillaries can clearly be seen in Figure 4, sur-
rounding a gland in the monkey endometrium [4]. Capillary
branches penetrate every fold of the gland, bringing them
into close proximity to the epithelial cells. This suggests that
the capillaries are critical for glandular function, which is to
produce and secrete or transport nutrients and other factors
into the uterine lumen. Indeed, these secretions play essen-
tial roles in embryo survival, development, and pregnancy
recognition even before the conceptus invades the endo-
metrium to gain more direct access to maternal blood (see
later discussion).

Mode of Endometrial Angiogenesis

Although it is clear that complete revascularization of the
endometrium takes place each cycle, the exact process
involved is far from clear. Histological studies to date have
fallen short of clearly capturing the nature of the growth or
its timing relative to the changes in the other components of
the endometrium during the menstrual cycle. The regenera-
tion of the human endometrium is a unique process, and
there is little with which to compare it; menstruation occurs
only in humans, some Old World primates, and a couple of
other rare species, so research animal models of endometrial
regeneration are quite limited (recently, Brasted et al. [5]
reported on a mouse model of menstruation, based on 

Figure 1 Diagram of endometrial development during the human menstrual cycle. F, function-
alis layer; B, basalis layer; M, myometrium (modified from Ref. [1]).

Figure 2 Diagram showing the histologic organization and major fea-
tures of the endometrium and its vasculature. Although this figure shows
the subepithelial capillary plexus, it does not show that a plexus also sur-
rounds each gland (from Ref. [2]).
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progesterone treatment and rapid withdrawal, that may in
part address this gap). The most extensive studies of
endometrial angiogenesis have been carried out by Rogers
and co-workers [6], who have concluded, somewhat sur-
prisingly, that it does not involve the sort of progressive

sprouting from existing microvessels that characterizes the
angiogenesis associated with tumor growth, wound healing,
and vascularization of the corpus luteum after ovulation.
This is based mainly on their failure to observe sprouts or
markers for sprouting endothelial cells in the endometrium,
and their observation that proliferation of endothelial cells
occurs primarily within the walls of existing vessels. Instead
they find an elevation in average vessel segment length in
the mid- to late-proliferative endometrium and an increase
in the number of vessel junctions in the early to mid-secre-
tory phase. For these reasons they suggest that the linear
growth of endometrial vessels is due mainly to vessel elon-
gation brought about by the proliferation of endothelial cells
in response to mechanical (stretch) or chemical signals from
the surrounding, growing endometrial tissue. At the level of
the subepithelial microvasculature, they propose that new
channels may arise by a process called intussusception,
which, simply put, involves one vessel splitting length-
wise to give rise to two vessels. Although these processes
probably are involved in the elongation of endometrial 
vessels, especially in menstruating species in which the
endometrium becomes progressively thicker, and the
remodeling of capillary beds within the endometrium, 
further work is needed to determine whether or not angio-
genesis via endothelial cell sprouting also occurs. The
subepithelial capillary plexus, after all, is completely lost
with menstruation. Furthermore, injection or corrosion cast
preparations of the endometrial vasculature of experimental
animals, which do undergo substantial remodeling during
the reproductive cycle [3], often show the presence of blind-
ended capillary branches during the portion of the cycle
when estrogen is rising. These are generally interpreted to
be new capillary sprouts. If sprouting occurs in the
endometrium of animals in which the endometrium is not
lost, it seems likely that it would also occur when an entirely
new vasculature is regenerated. Better methods to visualize
endometrial vessels, down to the level of capillaries, in
intact, high-quality endometrial samples collected at all

Figure 3 A diagram of the subepithelial capillary complex, showing the connecting lacunae (VL, collecting lacunae (SL), and
the terminal branches of the spiral arteries (Sp) that supply the complex (modified from Ref. [1]).

Figure 4 A thick frozen section of the endometrium from a rhesus
monkey at the mid-proliferative stage of the cycle immunostained with an
antibody to the type 2 VEGF receptor (KDR), which is expressed almost
exclusively on endothelial cells. Note the richness of small vessels in the
endometrium (upper portion of image) versus the myometrium (lower
quarter of the image), especially around the endometrial glands. A
paraglandular capillary plexus is clearly discernible around the gland in the
lower right quadrant of the endometrium (from Ref. [4]. Copyright 2000,
The Endocrine Society).
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stages of the cycle from experimental primates will be
required to resolve this issue.

Factors Regulating Endometrial Angiogenesis

The development of the endometrium during the first half
of the menstrual cycle—the proliferative phase—is induced
by estrogen from the maturing follicle, and its full functional
differentiation occurs during the second half of the cycle
under the influence of progesterone, and some estrogen,
from the corpus luteum. It is likely that the development 
of the uterine microvasculature occurs in response to the
same two hormones. Although endothelial cells have been
reported to express low levels of estrogen and progesterone
receptors, it is unlikely that they mediate the steroid-induced
angiogenesis. Rather, the growth and differentiation is
induced by paracrine angiogenic factors, such as vascular
endothelial growth factor (VEGF), synthesized by the
epithelial cells or stromal fibroblasts in response to estrogen
and/or progesterone (and possibly by hypoxia as a result of
increased tissue metabolism leading to oxygen demand
exceeding supply). Treatment of immature rodents with
estrogen induces a very rapid upregulation of VEGF expres-
sion in the uterus [7]. Progesterone has also been shown 
to influence VEGF expression in several studies, and 
may especially induce its stromal production. As shown in
Figure 4, the endometrial vessels are richly endowed with
VEGF receptors.

Perhaps the best study to date of VEGF expression in the
endometrium in relation to the vascular remodeling is that of
Nayak and Brenner [8], in rhesus monkeys, a menstruating
species. They observed a marked increase in VEGF expres-
sion in the proliferating epithelial cells during restoration of
the luminal epithelium. This was matched by an increase in
VEGF receptor expression in the underlying small vessels.
This implicates VEGF in the repair of the endometrial
microvasculature during postmenstrual healing. Hypoxia
and the numerous cytokines and growth factors linked to
wound healing could drive VEGF expression during this
phase. Following reconstruction of the luminal epithelium,
during the midproliferative stage of the menstrual cycle,
there was a major peak in blood vessel growth (i.e., endothe-
lial cell proliferation). This coincides with the rise in estro-
gen production by the preovulatory follicle and a peak in
stromal VEGF expression. Endothelial cell labeling and
VEGF expression were lower during the progesterone-
dominated, secretory phase, but could still contribute to the
continued lengthening of the larger feed arteries, which
causes them to coil (hence, the origin of the term “spiral
arteries”), as well as the final elaboration of the glandular
and luminal subepithelial capillary complexes. Finally, 
there was an increase in VEGF expression in the glandular
epithelial cells during the late secretory phase. This 
would be predicted to increase the permeability of the
paraglandular capillaries, thereby enhancing glandular
secretory capabilities.

Role of the Endometrial Vasculature 
in Menstruation

Menstruation is triggered by a fall in progesterone pro-
duction by the ovary at the end of an infertile cycle. Con-
striction of blood vessels, specifically the spiral arteries, was
long believed to cause the ischemic degeneration and shed-
ding of the functionalis layer. A review of the literature,
however, offers little direct support for this theory. In recent
years, more emphasis has been placed on the role of 
proteases in the degradation of the endometrium. This 
theory proposes that the loss of blood vessel integrity and
decreased blood flow is secondary to a large increase in pro-
tease production, triggered by the fall in progesterone,
resulting in extensive proteolytic degradation of the extra-
cellular matrix and basement membranes throughout the
endometrium, including those in the walls of blood vessels
[9]. In part, this theory is favored over the vasoconstriction
one because of a lack of evidence that ischemia, or hypoxia,
occurs prior to the major breakdown in the endometrium.
However, it was recently reported that there is a large
increase in VEGF expression in the superficial endometrium
during the early stages of menstruation in monkeys [8].
Since this occurs in tissue that will be shed, and did not
seem to be due to steroid stimulation, the most likely expla-
nation for it is tissue ischemia and hypoxia. If so, to what
degree that ischemia is due to vasoconstriction or to the gen-
eral loss of structural integrity of vessels remains to be
determined. The increase in VEGF at this point in time
could be functionally significant. VEGF induces protease
production by endothelial cells, which might further con-
tribute to a breakdown in vessel integrity. Furthermore, the
increase in VEGF was matched by an increase in stromal
cell expression of VEGF receptors. Thus it is possible that
VEGF may trigger a similar increase in protease production
by stromal cells.

Cyclic Changes in Endometrial Microvascular
Permeability

In addition to being dynamic in terms of growth and
regression, the uterine microvasculature may also be one 
of the most variable in terms of changes in permeability in
the body. These changes, which play a critical role in
endometrial function, are also governed by VEGF [7, 10],
which is the most potent inducer of vascular permeability
known.

The first visible effect of estrogens on the rodent uterus is
the rapid induction of massive stromal edema [11]. This is
readily observable within a few hours as a large increase in
uterine size and wet weight. These changes closely resemble
those that occur in response to endogenous estrogen during
proestrus in the normal adult rat. Although not as outwardly
apparent as in rodents, cyclic endometrial edema also takes
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place in humans during both the midproliferative and mid-
secretory phases of the menstrual cycle [12], periods that
correspond to increases in estrogen production by first the
developing follicle and then the corpus luteum. Further-
more, the administration of exogenous estrogens induces
stromal edema in the human endometrium, just as it does in
the rat. There have been few studies of uterine edema in
other species, but it is likely that it is a universal response to
estrogen in mammals.

The estrogen-induced increase in permeability is pre-
ceded by a large increase in VEGF expression [7]. Its 
morphological basis is the formation of gaps between 
and fenestrae within capillary endothelial cells. VEGF can
induce both gaps and fenestrations and is the only factor
known to induce the latter effect [13]. Furthermore, admin-
istration of an antibody to VEGF prevents estrogen-induced
uterine edema [10], conclusive evidence that VEGF is the
key factor involved. Estrogen also induces a marked
increase in blood flow to the uterus, probably via the induc-
tion of increased synthesis of nitric oxide, a potent vasodila-
tor. The combination of an increase in vessel porosity (a
route for fluid flow out of the blood vessel) and an increase
in blood flow (which creates the pressure that drives the fil-
tration) leads to the translocation of large amounts of fluid
from the intravascular to the extravascular space, directly
bathing cells of the endometrial stroma in serum.

It is now clear that this increase in permeability is far
more than just an interesting biological phenomenon.
Increased microvascular permeability plays a fundamental
role in both normal and pathological tissue remodeling
(reviewed in Ref. [14]). The infusion of the extravascular
compartment of a tissue with plasma proteins, such as plas-
minogen and fibrinogen, leads to the breakdown of the exis-
tent extracellular matrix and formation of a provisional one
upon which stromal cells, including endothelial cells, can
migrate, proliferate, differentiate, and reorganize. Extra-
vascular fibrin deposition occurs in the human endometr-
ium during the period of maximum edema, as does a
breakdown of its collagenous extracellular matrix. Increased
permeability also facilitates the delivery to cells of other
essential bloodborne elements, such as oxygen, essential
nutrients, serum growth factors, leukocytes and platelets—
with their own rich stores of growth modulators—and estro-
gen-carrying proteins. In the uterus, such enhanced passage
of estrogen to target cells may accelerate and sustain the full
range of estrogen responses.

Thus, increased permeability is probably an essential
requirement for the rapid growth and differentiation of the
endometrium. Consistent with this, inhibition of uterine
edema with anti-inflammatory steroids significantly retards
subsequent uterine epithelial cell proliferation. Furthermore,
the induction of transient edema in one horn of rat uteri by
ligation of the associated uterine veins (thereby increasing
resistance, capillary hydrostatic pressure, and filtration)
resulted in the short term in edema, which was followed
within days by marked endometrial and myometrial hyper-
plasia [15]. The authors concluded that this cell proliferation

was triggered by the experimentally-induced edema. In
addition to creating the optimal environment for growth, 
the uterine distension caused by edema may trigger stretch-
activated pathways that further stimulate the proliferation 
of cells.

In rodents, the interstitial fluid subsequently enters and
distends the uterine lumen during estrus, which is when mat-
ing occurs. This may create the optimal environment for
sperm transport and capacitation.

Structural Changes in the Endometrial
Microvasculature Associated with Implantation

The initial structural change in the endometrial microvas-
culature upon the penetration of the implanting embryo into
the stroma is actually the establishment of a totally avascu-
lar zone, called the primary decidual zone, immediately
around it. Whether this involves a displacement of stromal
vessels away from the embryo by decidualizing stromal
fibroblasts or the regression of vessels (or a combination of
the two processes) is unclear. Studies have demonstrated
that this dense zone of decidual cells is an effective barrier
to the diffusion of proteins larger than about 45,000MW to
the embryo. Thus, it probably serves a protective function,
preventing harmful immunoglobulins and immune cells
from reaching the embryo, which is immunologically for-
eign, until it establishes its own protective layers, while 
still permitting the passage of oxygen and essential nutrients
from capillaries immediately outside the zone. Outside 
this zone, continuous growth and remodeling of the 
capillary bed and associated arteries and veins continues to
support and accommodate the invading and growing
embryo [16].

An increase in endometrial microvascular permeability
and edema are critical for implantation. In rodents, this
increase is triggered by the brief spike in estrogen on the
fourth day after mating. The increase in permeability makes
it possible to readily visualize implantation sites in rodents
with the naked eye following intravenous injection of blue
protein dyes [11]. Marked edema also occurs peripheral to
the implanting blastocyst in primates [17]. Increased perme-
ability immediately precedes decidualization, in which it is
thought to play a causal role. Edema is probably critical for
implantation for several reasons in addition to the general
role it plays in the promotion of cell growth, tissue remod-
eling, and angiogenesis, as described earlier. The swelling of
the uterine walls clasps the blastocyst in the uterine lumen,
bringing it in intimate association with the epithelium. This
may trigger the breakdown of the latter, placing the blasto-
cyst into direct contact with the endometrial stroma, where
it further enhances local microvascular permeability and the
decidualization process. In species with multiple young,
such as rats and mice, edema at the implantation sites, and
not in adjacent portions of the uterus, has also been pro-
posed to cause differential uterine elongation and growth,
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thereby leading to even spacing between embryos, which is
likely critical as they grow to full-term fetuses.

The implantation-related increase in permeability is
again VEGF dependent. Several studies have shown that
VEGF and its receptors are expressed immediately around
the implanting blastocyst, and we have demonstrated that
administration of an antibody to VEGF to mice on the fourth
day after mating completely blocks implantation [10].

The Endometrial Vasculature and Pregnancy

In humans, Old World monkeys, rodents, and rabbits, the
growing placenta deeply invades the uterine wall. This inva-
sion involves an extensive remodeling of the endometrial
vasculature to create an interface with the placenta, which is
itself primarily a large vascular bed (roughly the size of the
liver in humans). By the 10th day of human pregnancy, the
blastocyst is completely embedded in the endometrial
stroma and cytotrophoblast cells, specialized stem cells that
cover the surface of the conceptus, invade the endometrium,
eventually penetrating it entirely, and even entering the
outer third of the myometrium. During the initial stages of
development, the growth of subepithelial capillaries, stimu-
lated by factors from the embryo, are sufficient to support its
growth. Further development, however, requires even
greater access to maternal blood. This is accomplished when
cytotrophoblasts invade the walls of the endometrial arteri-
oles and veins, replacing endothelial and smooth muscle
cells, to create new large-bore, low-resistance hybrid ves-
sels. The arterial channels deliver maternal blood directly
onto the surface of the placenta, which consists of finger-
like-villi composed of a stromal core surrounded by the
cytotrophoblast cells. Within the stromal core are fetal cap-
illaries. In essence, then, the endometrial microvasculature
is largely replaced by, and its function taken over by, the
microvasculature of the fetal placenta. This condition 
persists until parturition when the placenta is shed, the
endometrium is restored to the nonpregnant state, and
cycling resumes as a result of the resumption of cyclic ovar-
ian function and steroid hormone production.

Studies have shown that oxygen levels play an important
role in the invasion of the cytotrophoblast cells [18]. When
levels are low, due to increasing oxygen demand by the
embryo, the cytotrophoblasts are highly proliferative and
invasive. When they encounter and invade the blood vessel
wall, however, they are exposed to the higher oxygen levels
in maternal blood. This inhibits further proliferation and
invasion, and rather induces the merger of the cytotro-
phoblasts into the multinucleate syncytiotrophoblast layer,
which synthesizes large amounts of progesterone important
for maintenance of pregnancy. This transformation involves
the expression of endothelial cell–type adhesion molecules
and other proteins typical of endothelial cells. Consistent
with a vascular cell phenotype, their differentiation and sur-
vival appears to be dependent on members of the VEGF
family [19].

The Endometrial Vasculature 
and Uterine Pathologies

The angiogenesis and changes in permeability that char-
acterize the endometrial microvasculature may contribute to
a number of serious diseases of the uterus.

Infertility: As discussed previously, changes in vascular
permeability play a critical role in the preparation of the
uterus for implantation and in the implantation process
itself. Inadequate permeability, due to inadequacy of hor-
monal stimulation, the inability of the endometrium to react
with appropriate VEGF expression, or failure of vessels to
respond to VEGF, could give rise to a nonreceptive
endometrium and failure of implantation. Infertility could
also result from placental insufficiency. Hypoxia, one of the
strongest inducers of VEGF expression, is believed to play
an essential role in the growth of the placenta through main-
tenance of trophoblast cell proliferation [18]. Furthermore,
knockout of HIF-1, a key regulator of VEGF expression
(below), blocks placentation.

Dysmenorrhea/uterine bleeding: VEGF mediates normal
estrogen-induced endometrial development and vasculariza-
tion [7, 8, 10]. Imbalances in VEGF expression or activity,
therefore, could contribute to abnormal uterine bleeding.
This is supported by the results of a recent clinical trial of
the protein hormone relaxin for the treatment of progressive
systemic sclerosis [20]. Relaxin, like estrogen, is an ovarian
hormone that stimulates VEGF expression in the uterus
(although its role in uterine physiology is less well under-
stood at this time). The most frequent adverse event reported
during the trial was heavier-than-usual or irregular men-
strual bleeding. The authors of the study attributed this
effect to relaxin-induced overexpression of VEGF in the
uterus. VEGF is also implicated in the formation of uterine
fibroids (below), which are also a frequent cause of abnor-
mal uterine bleeding.

Endometriosis: Endometriosis is the abnormal growth of
endometrial tissue at ectopic sites in the peritoneal cavity. It
is a major cause of infertility in women of reproductive age,
as well as of severe pelvic pain. Establishment of the lesions
presumably requires their ability to revascularize at ectopic
sites. A wide range of studies have implicated VEGF in this.
The increase in VEGF expression in the superficial
endometrium just prior to shedding during menstruation
may make fragments that enter the peritoneal cavity prone
to implantation there [10]. Estrogen, relaxin, and hypoxia
could all be involved in the regulation of VEGF expression
by endometriotic tissue.

Leiomyoma: Uterine leiomyomas (fibroids) are benign
tumors of the uterus that occur in one third of women over
the age of 30. Although they originate in the smooth muscle
of the myometrium rather than the endometrium, they
impinge upon the endometrium and cause abnormal uterine
bleeding, infertility, and pregnancy loss. They are one of the
most common indications for hysterectomy. The regulation
of their growth, however, is poorly understood, but estrogen
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is undoubtedly involved. Angiogenesis is also hypothesized
to play a role in their formation, which implicates VEGF in
their etiology, and the expression of VEGF has been
reported to be elevated in endometrium and myometrium of
leiomyoma-bearing uteri.

Uterine cancer: Expression of VEGF is significantly
increased in most tumors, including uterine cancers. Circu-
lating levels of VEGF even correlate with uterine tumor
stage and burden. This strongly suggests that VEGF is an
important angiogenic factor in endometrial carcinoma. Inhi-
bition of VEGF action is being actively pursued as a means
of treatment of cancer and other pathologies characterized
by angiogenesis, with some agents now in phase III trials for
treatment of human tumors. Such drugs could also prove
useful for the treatment of noncancerous endometrial disor-
ders such as dysmenorrhea and endometriosis.

Summary and Conclusion

It can fairly be argued that the microvasculature of the
endometrium is the essential functional, as opposed to
merely supportive, unit of this organ. While it certainly sup-
ports the epithelial cells and stromal fibroblasts, it also plays
a special and essential role by generating extraordinary
amounts of interstitial fluid at specific times—fluid that is
absolutely essential for the rapid tissue repair, growth, and
differentiation that prepare the endometrium to receive a
fertilized egg. Capillaries also are an integral functional
component of the endometrial glands, secretions of which
nourish and protect the early embryo. Finally, they supply
oxygen and nutrients and remove wastes for the invading,
growing conceptus in early pregnancy. When they are no
longer adequate for this task, the placental cells themselves
take over by invading the vessels and forming low-resist-
ance channels that open directly onto the surface of the pla-
centa, bathing it in maternal blood. Rapid progress is being
made in understanding the factors that control these com-
plex developmental events, but much remains to be learned.
Further research could reveal much about the basic mecha-
nisms that regulate new blood vessel growth, its cessation,
and vessel regression in general, knowledge that could be
important for understanding and developing new treatments
for several uterine pathologies as well as the angiogenesis
that plays an essential role in tumor growth and numerous
other diseases.

Glossary

Endometrium: The lining of the uterus that consists of the function-
alis layer (lumenal surface epithelium, stroma, and glands) and the basalis
layer, which is adjacent to the myometrium (the external muscular layer of
the uterus) and from which a new functionalis is regenerated during each
menstrual cycle.

Estrogen: The steroid hormone produced cyclically by the ovary that
stimulates growth of the uterine endometrium and initiates implantation (in
part, via induction of VEGF expression).

Glands: Epithelial cell–lined invaginations that extend from the uter-
ine lumen deep into the functionalis and secrete nutrients and other sub-

stances essential for the survival, implantation, and early development of
the embryo.

Spiral arteries: The major feed arteries that extend from the basalis to
near the lumenal surface epithelium of the functionalis layer and give rise
to the capillary networks that surround the glands and underlie the lumen;
they grow, becoming progressively more convoluted, and regress again
during each menstrual cycle.

VEGF: Vascular endothelial growth factor, also known as vascular
permeability factor (VPF), is a protein that binds to specific endothelial cell
receptors, and through them induces greatly increased microvascular per-
meability and new blood vessel growth (angiogenesis).
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Overview of Mammary Gland Development

In contrast to other organs, the majority of mammary
gland development occurs postnatally, facilitating investiga-
tion of how the mammary vasculature develops in conjunc-
tion with the epithelium. The mammary gland is primarily
composed of epithelial cells, which function to synthesize
milk at lactation, myoepithelial cells, which contract to
express milk at lactation, and the stroma (or adipose). The
relative proportions of these cell types change over the
course of the development. The nulliparous (virgin) gland is
comprised of approximately 9 percent epithelial cells,
whereas the lactating gland contains about 90 percent
epithelial cells (Figure 1). To date, the function of the
epithelial cell population has been the primary focus of
mammary gland studies in transgenic and gene-deleted
mice. Recently, however, several laboratories have begun to
analyze the contribution of other cell types within the gland
using genetic models; included in these studies have been
the myoepithelium and immune cells. Thus far, the effects of
endothelial cell-specific gene deletion have not been ana-
lyzed in the context of normal or tumor mammary epithelial
cell biology. Furthermore, it remains unclear if unique
molecular markers are expressed in either normal or tumor-
associated mammary gland vasculature.

Postnatal development of the epithelium consists of four
tightly regulated stages: ductal outgrowth into the stromal

Introduction

In adults angiogenesis is primarily confined to the female
reproductive system, including the uterus, the ovary, and the
breast. More recently, it has become clear that hypoxia is a
potent inducer of angiogenesis, and thus can represent a
physiological stimulus within tumors for neovasculariza-
tion, an essential feature of tumor growth as well as metas-
tasis. The normal rodent mammary gland is an excellent
model system for studying the process of angiogenesis and
vascular remodeling because it exhibits controlled expan-
sion and regression of blood vessels over the course of preg-
nancy, lactation, and involution.

As the epithelial cell population of the mammary gland
expands during pregnancy to prepare for lactation, there is
also a concomitant expansion of the mammary-associated
vasculature. During the first half of pregnancy, the vas-
culature expands by sprouting angiogenesis, effectively
doubling the number of blood vessels. During the second
half of pregnancy, the vasculature expands through nonpro-
liferative or intussusceptive angiogenesis, dilating at partu-
rition to facilitate nutrient exchange. Upon pup weaning
(involution), the vasculature regresses along with the mam-
mary epithelium through an undefined process that involves
capillary collapse. The mechanisms responsible for 
the angiogenic switch during breast tumorigenesis remain
undefined.

Copyright © 2006, Elsevier Science (USA).
595 All rights reserved.
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fat pad from 3 to 9 weeks of age, lobuloalveolar prolifera-
tion and differentiation during pregnancy, synthesis and
secretion of milk at lactation, and involution of the secretory
epithelium following weaning. Each stage depends on a 
critical balance among proliferation, differentiation, and
apoptosis. Ductal morphogenesis progresses via a balance
between proliferation and apoptosis within multilayered
club-shaped structures known as terminal end buds (TEBs).
As the ducts approach the edges of the fat pad, the TEBs
disappear, signaling the end of ductal morphogenesis 
(Figure 1a). The virgin gland remains relatively quiescent

until the onset of pregnancy, or the administration of exoge-
nous hormones such as estrogen (E) and progesterone (P).

Pregnancy induces proliferation of the secretory units of
the mammary gland, the alveoli, which originate from duc-
tal progenitor cells and proliferate to fill the entire stromal
fat pad at lactation (Figure 1b). During lactation, the secre-
tory epithelium produces and secretes milk. At involution,
which peaks at day four following pup removal, extensive
tissue remodeling and apoptosis of the secretory epithelium
occurs until the gland contains the simple ductal network
observed in the virgin animal; relatively little epithelium is
present by day 10 of involution. A concise review of the
important genes that regulate mammary gland development
at each of these stages can be found in Ref. [1].

Tools to Assay Angiogenesis and Microvessel
Density in the Mammary Gland

Historically, to look at the gross structure of the mam-
mary vasculature, vascular corrosion casts were prepared
from mammary tissues isolated over the course of de-
velopment, a process that destroyed the epithelium and the
stroma. These corrosion casts were then subjected to analy-
sis by scanning electron microscopy (SEM). A more recent
technique preserves the relationship of the epithelium and
mammary-associated vasculature. In this procedure tomato
lectin, which binds to the interior of blood vessels, is
injected intravenously into live mice followed by perfusion
with fixative. Tissues of interest may then be harvested, 
followed by preparation of thick frozen sections, and 
subsequent staining for any other marker of interest, such as
phalloidin (which stains actin networks) or E-cadherin. 
Following confocal microscopy a highly refined three-
dimensional reconstruction of the vascularization of the
mammary epithelium may be visualized, as demonstrated
for a late pregnant gland in Figure 2a.

A classic morphological technique to quantify the fine
microvessels surrounding alveoli was to perfuse rodents
with India ink, to section the mammary gland, and to count
the dark spots corresponding to the ink. More recently,
staining with anti-CD31 antibodies (Figures 2b–d) and per-
forming Chalkley counts has been accepted as a repro-
ducible, quantitative measure of microvessel density
(MVD). Finally, to look at the fine ultrastructure of indi-
vidual endothelial cells, such as pinocytotic vesicles,
microvilli, and fenestrations, transmission electron
microscopy (TEM) has been performed on thin sections of
intact fixed glands.

Angiogenesis during Normal Mammary Gland
Development Is Not HIF-1 Dependent

The architecture and patterning of the vasculature shift
dramatically from nulliparous to pregnant to lactating to
involuting mice. Relatively few vessels are present in the
nulliparous gland, and these vessels either run parallel with

Figure 1 The gross histology of the mammary gland; hematoxylin-
stained whole mount preparations from nulliparous (a) or lactating 
(b) glands observed at the same magnification (40¥). In the mature nulli-
parous mammary gland, the mammary epithelium is organized into a duc-
tal tree, which is often described as “naked” or void of alveolar
development. The open arrow indicates a duct, whereas the black arrow
points to the paler stained structure indicative of a large vessel. At lactation,
the majority of the mammary fat pad is filled with epithelial cells, which are
organized into lobules (white dotted circle) that contain individual alveoli,
the polarized, secretory units of the gland that produce milk. Following
involution, the mammary gland returns to a “nulliparous-like” state con-
taining primarily ducts.
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or encircle the ductal tree (Figure 2d). The vasculature rap-
idly expands during pregnancy. Yasugi et al. demonstrated
by India-ink perfusion that the vascular density of the rat
mammary gland increased twofold from early (day 5) to
mid-pregnancy (day 10) [2]. Matsumoto and Djonov have
demonstrated that in the first third of pregnancy, vessels
expand by capillary sprouting, in which endothelial cells
migrate, proliferate, and form tubes [3, 4]. These sprouts
ramify and anastomose with each other and will organize
into distinct basket-like uniformly sized networks surround-
ing the alveoli by the second third of pregnancy (Figures 
2a and b). Toward the end of pregnancy, capillary sprouting
decreases and the vessels begin to expand instead by trans-
luminal pillar formation that is independent of endothelial
cell proliferation, a process known as intussusceptive
microvascular growth (IMG), or intussusception [4]. The
highly organized, homogenous structure of the mammary-
associated vasculature observed during pregnancy is altered
during lactation, at which time the vessels begin to dilate
and to become more tortuous, in a manner similar to that
observed in tumor vessels. At an ultrastructural level, Mat-
sumoto observed by TEM that the length of microvillus
processes and the number of pinocytotic vessels, indicative

of active secretion, increased over the course of pregnancy
compared to the nulliparous gland. Finally, there is con-
trolled regression/collapse of the capillary network during
involution. Peak capillary regression occurs at day 6 of
involution, slightly delayed compared to peak epithelial cell
death at day four of involution [4]. The critical steps in
mammary gland angiogenesis are summarized in Figure 3.

Together these observations suggest that expansion and
regression of the vasculature is under the same hormonal
control as alveolar proliferation. This hypothesis is sup-
ported by the observations of Soemarwoto and Bern in
1958, and of Matsumoto in 1992, that administration of E+P
to ovariectomized mice promoted development of capillar-
ies as well as the epithelium and that prolactin augmented
this effect [5, 6]. Furthermore, epithelium-free or “cleared”
fat pads fail to induce angiogenesis, indicating that there is
a necessary paracrine relationship between the epithelium
and the vasculature. Therefore, signals from the epithelium
control both the expansion and regression of the mammary-
associated vasculature.

But, the question remained does hypoxia, a classical
inducer of angiogenesis, also play a role in normal mam-
mary gland vasculature development? Several laboratories

Figure 2 Tools to visualize the mammary-associated vasculature. (a) A three-dimensional com-
posite image of a lectin and phalloidin-stained mammary gland harvested in the last third of preg-
nancy. The pregnant host was injected intravenously with lectin-FITC (green), the inguinal mammary
gland was embedded in OCT and sectioned at 50 mm, and then poststained with phalloidin–Alexa Red
455 (image courtesy of Bryan Welm and Jeffrey Rosen, Baylor College of Medicine). Note the net-
work of vessels enveloping the alveoli and the vessels that run in parallel with and encircle the ducts.
To observe the fine microvessel structure, anti-CD31 immunohistochemistry (blue color) was per-
formed on zinc-fixed paraffin sections counterstained with nuclear fast red (b–d) isolated from mice
at day 15 of pregnancy (b), day 2 of lactation (c), or from nulliparous mice (d) (staining courtesy of
Debbie Liao, UCSD). (see color insert)
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have demonstrated that the transcription factor hypoxia-
inducible factor-1 (HIF-1) is a master regulator of oxygen
homeostasis. HIF-1 is a heterodimeric transcription factor
complex induced under decreased oxygen tensions that is
composed of two subunits: the aryl hydrocarbon receptor
nuclear translocator (ARNT or HIF-1b) and HIF-1a, 
the oxygen-responsive subunit. One of HIF-1’s direct tran-
scriptional targets is vascular endothelial growth factor
(VEGF). Although HIF-1a is a key component in the
hypoxically induced regulation of VEGF, it should be noted
that in both the mammary epithelium and stroma there is an
increase in VEGF mRNA in response to estrogen and prog-
esterone treatment. VEGF may be transcribed into three 

isoforms from a single promoter. This process produces
three isoforms in the mouse: VEGF120, VEGF164, and
VEGF188. These isoforms differ in their increasing affinities
for the extracellular matrix and decreasing solubility,
respectively. Recent studies have shown that mammary
epithelial cells express the VEGF164 and VEGF120 isoforms,
with expression increasing twofold during pregnancy and
lactation, whereas the stroma constitutively expresses
VEGF188 [7].

Given these relationships, we recently investigated the
effect of mammary epithelial cell–specific conditional dele-
tion of HIF-1a in pregnant mice using Cre/lox technology.
Although deletion of HIF-1a impaired mammary epithelial
cell differentiation and milk metabolism, to our surprise,
there was no difference in vasculature density, patterning,
vessel diameter, MVD, or VEGF mRNA expression
between wild type and HIF-1a-/- glands [8]. These results
suggest that either pregnancy hormones are sufficient to
induce angiogenesis, or that hypoxia is not a key driver of
the angiogenesis and remodeling that occurs during normal
mammary gland development. It is possible that there is a
switch to a hypoxia-dependent mechanism during breast
tumorigenesis.

Angiogenesis in Breast Cancer

Breast cancer is the most frequently diagnosed noncuta-
neous cancer of women in the United States, projected to
affect 1 in 8 women over their lifetimes. All solid tumors
must recruit a blood supply from neighboring vessels
through angiogenesis in order to grow beyond a small size,
known as the angiogenic switch. However, in contrast to
normal development, which produces regular, controlled
expansion of functional vessels, solid tumors develop 
tortuous, leaky vessels with disrupted endothelial linings,
creating a hypoxic microenvironment. It has been demon-
strated that the normal breast has relatively low angiogenic
activity. For example, normal breast tissue implanted into
nude mouse hosts induces a mild angiogenic response,
whereas breast tumor tissue will induce a potent angiogenic
response [9]. Therefore, understanding the factors con-
trolling the angiogenic switch in breast cancer is clinically
relevant.

Several studies have reported that increased microvessel
density is an independent prognostic factor in several tumor
types, including the breast. Given HIF-1’s relationship to
angiogenesis, it is not surprising that HIF-1a protein was
found in 1999 to be upregulated in a variety of human
tumors and their metastases [10]. A subsequent study by Bos
et al. followed in 2001 [11], which investigated the correla-
tion between the levels of HIF-1a overexpression and other
prognostic factors of breast tumors, including proliferation
rates, VEGF expression, MVD, expression of estrogen
receptor (ER), and p53 expression. As in the previous study,
it was found that HIF-1a overexpression was detected in the
majority of ductal carcinoma in situ (DCIS) lesions, as well
as in all poorly differentiated invasive carcinoma samples.

Figure 3 Cartoon representation of the various stages of mammary-
associated vasculature development in conjunction with epithelial cell
development. In nulliparous mice, the ducts (black lines) do not contain any
alveolar structures (indicated in yellow), and the vasculature (indicated in
red) runs in parallel with the ductal tree. In the first half of pregnancy, the
vasculature expands by rapid endothelial cell (EC) proliferation and capil-
lary sprouting, doubling from day 5 to day 10 of pregnancy in the rat mam-
mary gland. In the latter half of pregnancy, when the alveoli have organized
into lobuloalveolar structures, the vasculature expands by nonproliferative
intussusceptive angiogenesis. At lactation, the epithelial cells become flat-
tened since the alveoli are expanded and engorged with milk and the ves-
sels dilate and become more tortuous. Finally, the vasculature regresses
along with the epithelium during involution. The entire process will repeat
over the course of each successive pregnancy. (see color insert)
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In contrast, HIF-1a expression was below detection levels
in normal breast tissue or ductal hyperplasias. Moreover, in
DCIS lesions, HIF-1a overexpression was statistically sig-
nificantly associated with increased tumor MVD, high lev-
els of proliferation, strong expression of VEGF, and ER
positivity, but not p53 expression.

Several rodent mammary tumor models have been well
characterized during the stages of mammary tumorigenesis.
The most commonly used transgenic mouse models utilize
the mouse mammary tumor virus (MMTV) long terminal
repeat (LTR) to drive transgene expression in the mammary
epithelium. Angiogenesis in transgenic mammary tumors
has been investigated by corrosion casting using the
MMTV-neuT model, which produces constitutive expres-
sion of activated rat ErbB2–2/Neu, producing mammary
tumors with almost 100 percent penetrance [4]. Evidence 
of sprouting angiogenesis and intussusception was observed
in these tumors, with angiogenesis occurring preferentially
at the tumor border and intussusception occurring in the
tumor center [4]. Because intussusception is not dependent
on endothelial cell proliferation, it is likely that the centers
of large breast tumors would be resistant to standard cyto-
toxic treatments.

Therapeutic Implications

Several lines of evidence indicate that hypoxia induces
growth arrest of a variety of normal as well as transformed
cell types both in vivo and in vitro. In addition, the percent-
age of proliferating cells in a tumor decreases as the distance
from blood vessels increases. These observations are rele-
vant to cancer therapy since sensitivity to radiation damage
depends on the presence of oxygen and since most
chemotherapeutic drugs are targeted against proliferating
cells. Therefore, hypoxic areas of tumors in which HIF-1a
is expressed should be the most resistant to cancer therapy.
In support of this hypothesis, recent studies of the response
of HIF-1a null transformed mouse embryonic fibroblasts to
cytotoxic agents found that the HIF-1a null cells are more
susceptible to treatment with carboplatin, etoposide, and
ionizing radiation than HIF-1a wild-type cells both in vitro
and in vivo [12].

Given the widespread nature of hypoxia in tumors, there
has been impetus to search for tumor-specific and hypoxia-
responsive cytotoxins to augment or replace current thera-
pies. One possibility currently in testing is the creation of a
vector in which a prodrug enzyme is placed under control of
a hypoxic response element (HRE), the HIF-1 binding site.
Upon subsequent delivery of the vector to the tumor site, the
hypoxic environment would result in preferential expression
of the construct under control of HIF-1. With respect to
breast cancer treatment, other gene therapy–based
approaches are being developed in which killing agents are
induced under control of both an HRE and an estrogen
response element (ERE), potentially increasing the speci-
ficity of the response.

Summary and Future Directions

In order to better develop targeted therapies so that they
are specific for breast tumors, it is critical to know how 
the vasculature develops in the normal breast and how it
becomes altered to induce hypoxia during breast tumorigen-
esis. Further studies that seek to determine the localization
and timing of expression of angiogenic factors and their reg-
ulators/receptors in the epithelium, endothelium, myoep-
ithelium, and stroma should begin to clarify the important
mediators of mammary gland angiogenesis. With the wide-
spread availability of well-described, tissue-specific condi-
tional gene deletion and tumor mouse models, the genetic
tools are now available to begin comparing the effects of
deletion of each putative angiogenic factor in the mammary
epithelium or the endothelium. The ultimate goal is to be
able to distinguish how these two cell types interact with
each other in normal development as well as during mam-
mary tumorigenesis.

Glossary

Cre/loxP conditional gene deletion: A gene deletion strategy in
which a portion of a gene, flanked by bacteriophage P1 recombination tar-
get sites (loxP sites), will be deleted upon introduction of the Cre recombi-
nase protein. In our case, the HIF-1a conditional mouse created in our
laboratory was bred to a transgenic mouse expressing Cre under control of
the MMTV promoter (MMTV-Cre, Jackson Labs), which targets Cre
expression preferentially to the mammary epithelium.

Ductal carcinoma in situ (DCIS): The most common early lesion
observed in breast cancer in which the epithelial cells have proliferated
beyond the normal single layer of epithelium, but not have not yet pene-
trated the integrity of the basement membrane. The analogous structure in
the mouse is referred to as the hyperplastic alveolar nodule or HAN.

Ovariectomy: A surgical procedure to remove both ovaries from
female mice in order to deplete circulating levels of steroid hormones
responsible for initiating alveolar development.
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Perturbances in Microvascular Circulation and
Endothelial Cell Function

The microvasculature is clearly perturbed in AD. With
normal aging, there is an increased thinning of the endothe-
lial wall, a decreased number of endothelial cells forming
the capillary bed, a decreased number of pericytes, and an
increased susceptibility to events that can disrupt the BBB.
In AD, many of these findings are accentuated. In particular,
the microvasculature is extremely tortuous. It has been sug-
gested that the tortuosity is so severe that perturbed hemo-
dynamics occur, with a shift from normal laminar flow to
one of chaotic flow [1]. Such chaotic flow could perturb the
exchange of solutes across the BBB, leading to deficiencies
in brain of critical substances, which, in turn, would lead to
cognitive impairments.

Brain endothelial cells from AD patients show a number
of abnormalities. For example, they have decreased protein
kinase C activity, decreased capacity for transporting glu-
cose, an increased density of b-1 adrenergic receptors, and
increased nitric oxide synthase activity. They secrete more
proinflammatory cytokines in culture, and the perturbance
in protein kinase C activity is associated with the secretion
of an unidentified neurotoxic protein.

ABP, the leading candidate as an etiologic agent in AD
[2], has a wide variety of effects that could alter the func-
tions of brain endothelial cells. ABP acts as an ionophore,
inducing channels capable of transporting calcium and
potassium. ABP can generate free radicals and affect nitric
oxide synthase activity. ABP decreases glucose uptake 
by brain endothelial cells, inhibits their proliferation, 

The dynamic functioning of the central nervous system
(CNS) is increasingly viewed to include cell types in addi-
tion to neurons, such as astrocytes and microglia. The
endothelial cells that make up the microvasculature must be
included in this new view. The microvasculature of the CNS
is specially modified to play roles that it seldom undertakes
in other tissue beds. Specifically, it forms the blood–brain
barrier (BBB), which acts to prevent the unrestricted entry
of circulating substances into the brain. But the BBB also 
is endowed with numerous saturable transport systems. All
of the vitamins, minerals, glucose, amino acids, free fatty
acids, and other nutrients needed by the CNS are delivered
to it by the BBB. The BBB also plays a homeostatic role for
the CNS, exporting toxins, regulating electrolyte levels, and
controlling pH. Finally, the BBB has a role in communica-
tion between the CNS and peripheral tissues. Both blood-to-
brain influx and brain-to-blood efflux systems participate in
this communication. By regulating the exchange between
the CNS and blood of information molecules such as
cytokines and peptides, the BBB acts as a key regulatory
point in an endocrine-like communication between the CNS
and the peripheral tissues. Failure of the microcirculation,
especially of some aspect of BBB function, has figured
largely in several theories of the etiology of Alzheimer’s 
disease (AD). It should be noted that the theories are not
mutually exclusive. Indeed, if some driving force, such as
amyloid beta protein (ABP) is invoked, it is easy to imagine
how the various theories can be interlinked.

Copyright © 2006, Elsevier Science (USA).
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and induces apoptosis and secretion of proinflammatory
cytokines, including endothelin-1. ABP-induced reductions
in cerebral blood flow are likely mediated by release of
endothelin-1.

Altered Permeability of the Blood–Brain Barrier

Disruption of the Blood–Brain Barrier

One of the most investigated areas of AD and the BBB is
whether the BBB is disrupted to blood-borne proteins. One
of the main findings supporting a disruption of the BBB is
that the cerebrospinal fluid (CSF)/serum ratio for albumin 
is increased in AD. Albumin is virtually excluded from the
CNS by the BBB, with only small amounts entering by 
way of the extracellular pathways. An increase in the
CSF/serum ratio for albumin is a hallmark for BBB disrup-
tion. However, not all studies have found an elevation in the
CSF/serum ratio for albumin. Furthermore, other causes for
an increase in the CSF/serum ratio for albumin, such as a
decrease in the rate at which the CSF is replaced, have not
been ruled out. Overall, the majority of studies have con-
cluded that the BBB remains intact in AD. This is largely
supported to the degree it has been investigated in animal
models of AD.

Alterations in the Saturable Transport Properties 
of the Blood–Brain Barrier

STUDIES IN HUMANS

Other CSF/serum ratios are also abnormal in AD. For
example, ratios for both vitamin B12 and insulin are
decreased in AD. Both of these substances are transported
by saturable systems across the BBB. Therefore, distur-
bances in their levels suggests that selective impairments in
the transport properties of the BBB can be perturbed in 
AD. This is clearly supported by work in animal models of
AD.

STUDIES IN ANIMAL MODELS OF ALZHEIMER’S DISEASE

Animal models have been key in supporting a causal link
between ABP and AD. Studies using animal models of AD
also support the idea that transporters are altered in this dis-
ease. Whereas transgenics have been the primary model in
investigating ABP as a cause of AD, a natural mutation 
has also been used in examining questions related to BBB.
The SAMP8 is a natural mutation that develops age-related
learning and memory deficits. At 4 months of age, SAMP8
mice have normal cognition, but develop severe deficits
between 8 and 12 months of age. These deficits are reversed
by antibodies or antisense molecules directed at ABP or its
precursor. Several transporters for key peptides or regula-
tory proteins have been examined in the SAMP8 mouse.
The transport of insulin and that of interleukin-1 show no
changes with aging in the SAMP8 mouse. Tumor necrosis
factor is transported more rapidly into the occipital cortex,

midbrain, and striatum of aged SAMP8 mice. Pituitary
adenylate cyclase activating polypeptide (PACAP) is trans-
ported into brain by peptide transport system-6, or PTS-6.
Enough PACAP is transported into brain by PTS-6 to pre-
vent apoptosis of CA-1 hippocampal neurons even when
given intravenously 24 hours after four-vessel stroke. PTS-
6 is present throughout the brain excepting the pons medulla
of CD-1 mice. With aging, SAMP8 mice lose PTS-6 activ-
ity in the thalamus, midbrain, and olfactory bulbs.

In contrast to the selective changes in some saturable
transport systems, even very old SAMP8 mice do not show
disruption of the BBB. The BBB remains largely intact to
both albumin and sucrose.

Transport of Amyloid Beta Protein

Blood-to-Brain Transport

Traditionally, peptides arising in the periphery have been
thought to only affect peripheral receptors. But with the
appreciation that biologically relevant amounts of peptides
are able to cross the BBB, it has become clear that peptides
arising on one side of the BBB can interact with receptors
on the other side. The possibility that ABP can cross the
BBB was considered early on. An immediate question that
arises is which ABP should one study. ABP is cleaved irreg-
ularly from its precursor so that a series of peptides of
between 39 and 43 amino acids is formed. The 1-40 and 1-
42 forms are the most abundant and of greatest interest.
These two forms of ABP differ substantially in their biolog-
ical and chemical properties. ABP1-40 is the more abundant
form in human plasma and cerebrospinal fluid. However,
ABP1-42 is considered the more toxic form. It more readily
forms fibrils than does ABP1-40, which is likely related to
its neurotoxicity. Fibrillation makes it more difficult to work
with, and so most studies have used ABP1-40. However, a
single amino acid substitution can substantially alter the
properties of ABP, so it cannot be assumed that work with
one form of ABP can be directly applied to another form.

Another potential problem in examining the ability of a
peptide to cross the BBB is the number of related interac-
tions. For example, if a peptide is degraded rapidly in blood
or by the BBB, sequestered by the vasculature, binds avidly
with circulating substances, or has multiple molecular forms
because of fibrillation, it may appear to have different inter-
actions with the BBB when studied by different techniques.
The various ABPs undergo a great number of these interac-
tions (Figure 1). By comparing and contrasting results from
different methods, a great deal of information had been
gathered about the interactions of the ABPs with the BBB.

Radioactively labeled ABP1-40 given by intravenous
injection can be recovered from both brain and cere-
brospinal fluid [3], and radioactively labeled ABP1-42 has
been recovered from brain after brain perfusion [4]. This 
is in contrast to ABP1-28, originally the only form of 
ABP commercially available for study, which is so rapidly
degraded in blood or at the BBB as to likely preclude its
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entry into brain. Uptake of radioactively labeled human
ABP1-40 is not saturable in the mouse when given by intra-
venous injection but is in the guinea pig and mouse when
given by brain perfusion. This discrepancy could be caused
by much of the unlabeled ABP being sequestered by blood-
borne binding proteins. In vitro studies with monolayers of
brain endothelial cells and in vivo studies have shown that
the receptor for advanced glycation end products, or RAGE,
plays a major role in the transport of ABP into brain. There
is also evidence that the scavenger receptor type A can bind
and transport ABP.

Bloodborne ABP1-40 taken up by the BBB is largely
sequestered by the capillaries. Only about 20 percent com-
pletely crosses the BBB to reach the brain parenchymal 
and brain interstitial fluid space, with about 80 percent 
being retained by the capillaries. ABP1-28 is similarly
sequestered, but not the synthetic reverse peptide ABP40-1.

ABP1-40 binds to Apo J, which itself is transported by a
saturable system across the BBB by glycoprotein 330/mega-
lin. However, the circulating levels of Apo J far exceed the
Km of its saturable transporter so that the transporter is com-
pletely saturated under physiological conditions. Therefore,
the net effect of Apo J binding is to retard the entry of 
ABP.

Brain-to-Blood Transport

NORMAL PHYSIOLOGY

Several studies with ABP1-40 have shown that it is trans-
ported rapidly out of the brain by a saturable efflux system.

The efflux system has been suggested to be LDL receptor-
related protein-1, and others have suggested it to be P-
glycoprotein. Studies in monkeys and mice have suggested
that efflux is impaired with aging and in AD. This has led to
the vasculogenic hypothesis stating that ABP accumulates in
brain because of an impairment in efflux transport [5].

ANIMAL MODELS OF AD
DeMattos et al. used transgenic mice overexpressing 

the precursor to ABP to dramatically demonstrate brain-to-
blood efflux of ABP [6]. Rapid clearance of ABP from blood
prevents serum levels from being very useful as an indicator
of brain levels of ABP. DeMattos et al. peripherally admin-
istered an ABP-binding antibody to mice. After injection,
serum ABP1-40 levels increased dramatically and correlated
with levels of ABP and of amyloid load in the hippocampus.
It is thought that because of clearance from blood was
slowed, ABP was able to accumulate in blood. This accu-
mulation would be related to the amount of ABP entering
the blood from the brain, which, in turn, would be depend-
ent on the amount of ABP in brain. This modeling of ABP
efflux and clearance from blood suggests that administration
of antibody to ABP could be used to determine brain levels
of ABP in a diagnostic setting. If blood-to-brain influx of
ABP is a significant contributor to brain levels of ABP, this
model would also support the use of antibodies as a thera-
peutic intervention.

The preceding studies with ABP1-40 raise the question
of whether ABP1-42 is also transported across the BBB and
whether its transport is impaired in animal models of AD.
We recently addressed both these questions [3] in the CD-1
and in the SAMP8 mouse strains. Human ABP1-40, the
form almost exclusively studied to date, and mouse ABP1-
42 were each transported out of the brain by a saturable
process in young CD-1 mice, young SAMP8 mice, and aged
SAMP8 mice. The young SAMP8 mouse had impaired
transport of the ABP1-42 and ABP1-40 and the aged
SAMP8 mouse had impaired transport of ABP1-42 (Figure
2). Other forms of ABP (mouse ABP1-40 and human ABP1-
42) showed statistically significant differences only with
aging in the SAMP8, with total loss of efflux. These results
support the hypothesis that impaired efflux is associated
with AD. Since decreased efflux occurred prior to the devel-
opment of cognitive impairments in the SAMP8, decreased
efflux could play its postulated role in leading to ABP accu-
mulation. Finally, the results show that the BBB does not
interact in the same way with all forms of ABP.

Summary

The vasculature of the central nervous system (CNS) is
specially modified to form the blood–brain barrier (BBB).
The BBB not only prevents the unrestricted leakage of
serum proteins into the CNS, it also transports into the brain
vitamins, minerals, and nutrients while transporting out of
the brain toxins and other substances. The BBB also aids
communication between the CNS and peripheral tissues
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Figure 1 Postulated and proven pathways: interactions between amy-
loid beta protein (ABP) and the blood–brain barrier (BBB). 1, Peripheral
and CNS sources of ABP are in dynamic equilibrium because of bidirec-
tional transport of ABP across the BBB. 2, ABP binds to circulating sub-
stances in blood; 3, these binding proteins may themselves either be
transported across the BBB, thus forming an alternate route for the trans-
port of ABP across the BBB, or may be less permeable to the BBB than
unbound ABP, thus retarding ABP transport across the BBB. 4, ABP can be
sequestered by or accumulate on cells forming the BBB. 5, Some forms of
ABP are especially rapidly degraded by enzymes in blood, at the BBB, and
in the CNS. 6, ABP in the CSF may enter the circulation by way of bulk
flow, the process of reabsorption of CSF back into the blood.
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through its transport of peptides and regulatory proteins.
The majority of papers find the barrier function of the BBB
to remain intact with Alzheimer’s disease (AD). However,
other aspects are altered and have been postulated to play a
causal role in AD. Hemodynamic alterations in blood flow
caused by vascular tortuosity could interfere with the trans-
port of substances across the BBB. The individual brain
endothelial cells that make up the BBB have alterations in
their biochemical functions. Amyloid beta protein (ABP),
considered widely to play a causal role in AD, induces many
changes, including cell death, in brain endothelial cells. Ani-
mal models of Alzheimer’s disease have shown alterations
in the transporter properties of ABP. Perhaps most relevant
of these are a loss of the ability to transport out the most
toxic form: ABP1-42. This last finding supports the vascu-
logenic theory, which states that loss of the ability of the
BBB to rid the brain of ABP leads to its accumulation and,
ultimately, to AD.

Conclusions

This review has considered how the microvasculature is
altered in AD. It has particularly addressed theories in which
those alterations play a pathologic or even causal role in AD.
Observations in humans has been greatly aided by work
with both transgenic and natural mutation animal models 
of AD. Overall, work shows alterations in the morphology,
cellular biology, and transport characteristics of the BBB.
ABP is toxic to brain endothelial cells and could induce
many of these changes. The loss of the ability of the BBB to
transport ABP out of the CNS could be an immediate cause
of ABP accumulation in the brain. Thus, the brain microvas-
culature likely plays a central role in the pathogenesis of
AD.

Glossary

Alzheimer’s disease: A degenerative disease of the brain character-
ized by the insidious onset of dementia.

Amyloid beta protein: A peptide of 39 to 43 amino acids thought to
play a central role in the cause of Alzheimer’s disease.

Blood–brain barrier: The modified vasculature of the CNS that pre-
vents the unrestricted entry of blood-borne proteins into the CNS and also
transports into and out of the CNS vitamins, minerals, glucose, amino
acids, free fatty acids, peptides, and regulatory proteins.

CD-1: The official strain name for the standard albino outbred white
lab mouse used since about 1926 and sold by Charles River.

Central nervous system: Consisting of the brain, spinal cord, and
cranial nerves.

SAMP8: A mouse strain with a natural mutation that leads to an 
age-related decline in learning and memory. Used as an animal model of
Alzheimer’s disease.
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Figure 2 Decreased brain-to-blood efflux in SAMP8 mice of ABP. The
SAMP8 mouse, a natural mutation used as an animal model of AD, has an
impaired ability of the BBB to transport out the various forms ABP, espe-
cially the more toxic ABP1-42. Values for (–) slopes are shown, which are
inversely related to half-time clearance from brain; a larger value means
more rapid clearance.
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greater than initially predicted. This fact is of interest
because avoiding risk factors such as overresuscitation and
high airway pressures during ventilation is now a standard
of care, which should have decreased incidence. One expla-
nation would be that there is an increase in risk factors for
ARDS now present in the critically ill population. These
include an increasingly older patient population and an
increase in the severity of illness. Also of interest is the fact
that the mortality rate of 40 to 60 percent, described with the
initial characterization of the disease, has remained at this
level until very recently. Several recent studies do report a
decline in mortality to about 35 percent. Possible explana-
tions for this recent decrease in mortality include the 
adoption of better supportive care of critically ill patients,
especially those with early signs of acute lung injury. In
addition, prevention and early treatment of sepsis should
attenuate the disease process.

Patients surviving ARDS typically have some degree of
lung dysfunction for a number of months, often attributed to
the time required to resolve residual alveolar consolidation
and fibrosis. The vast majority of survivors demonstrate
improvement in the 10 to 14 days after the onset of illness.
However, in severe cases significant chronic lung dysfunc-
tion can develop.

Mortality 30 years ago was due mainly to progressive
respiratory failure. Today however, due in part to better lung
support techniques, most patients who die with ARDS have
developed multisystem organ failure and a resulting refrac-
tory hemodynamic instability that is the eventual cause of
death. There is a smaller group of patients who die from 
progressive respiratory failure as a result of an obliterative
alveolar fibrosis or from recurrent pneumonia.

There are two types of clinical disorders that can lead to
acute lung injury and ARDS. These include either a direct

Definition

The acute respiratory distress syndrome, ARDS, remains
a common, often lethal form of acute lung injury prevalent
in both surgical and medical patients. The term ARDS was
recently converted from adult to acute respiratory distress
because children are also affected. The definition describes
a severe acute lung injury characterized by progressive
hypoxemia, increased pulmonary shunt fraction, decreased
lung compliance, and diffuse bilateral lung infiltrates in the
presence of a normal pulmonary artery wedge pressure. An
increase in lung water is also seen due to increased lung 
capillary permeability. The degree of shunt, however, is not
directly correlated with the degree of increased water con-
tent as would be the case with cardiogenic edema. The lung
insult is very complex with a significant parenchymal, inter-
stitial, and airway component to the disease process.

The common practice of referring to ARDS as one spe-
cific clinical entity probably results in more confusion than
clarification. There are probably several distinct ARDS
states, each with a different initiating cause but with a com-
mon pulmonary response.

In addition, a number of qualifying statements must be
added when making the diagnosis. Since ARDS is an acute
syndrome, chronic states such as idiopathic pulmonary
fibrosis or lymphatic spread of lung cancer are not consid-
ered to be ARDS despite similar physiologic changes.

Incidence and Outcome

The incidence today appears to be comparable to that
reported several decades ago, being 65 cases per 100,000
person years. The current incidence is actually three times

Copyright © 2006, Elsevier Science (USA).
611 All rights reserved.
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lung injury or more commonly an indirect lung injury
caused by a systemic insult (Table I). The most common
systemic insult is sepsis (Table I). Both types of insults lead
to a generalized lung inflammation and a similar diffuse
microvascular and alveolar injury.

Other systemic risk factors include a preexisting lung
dysfunction or other organ dysfunction, especially involving
the liver.

Pathogenesis

Acute Lung Injury

It is well established that the initial lung damage is the
result of inflammatory mediators attacking the alveolar–
capillary membrane. First endothelial cell damage occurs,
leading to increased lung microvascular permeability and
the leak of protein-rich fluid into the interstitium. A number
of clinical studies have verified the increased protein content
of edema and bronchoalveolar fluid, verifying animal stud-
ies that clearly indicate an increase in permeability. As the
ARDS progresses, the alveolar epithelial cells are damaged.
First the flat type I cells are damaged, leading to alveolar
edema, by disrupting the normal epithelial fluid transport.
This process is followed by damage to the more injury-
resistant and complex type II cuboidal cells whose functions
include ion transport, surfactant production, and differentia-
tion of type I cells. Surfactant production is decreased, lead-
ing to an alveolar stability and microatelectasis. The normal
local immune defenses are also severely impaired, and noso-
comial pneumonia is a common complication of the later
stages of ARDS.

Computed tomographic scanning has indicated that 
alveolar edema and atelectasis are seen mainly in depen-
dent areas of the lung. However, selective bronchoalveolar
lavage indicates that all areas of the lung are inflamed and
contain protein-rich fluid.

Causes of Injury

A number of inflammatory cells and inflammatory medi-
ators have been described which appear to cause the lung
damage in ARDS. The most common causes are described
in Table II.

NEUTROPHIL-DEPENDENT LUNG INJURY

Neutrophil sequestration, first along the microvascular
membrane, then in the alveoli, is characteristically seen in
ARDS. Adhesion molecules on the neutrophil, known as
neutrophil integrins, are known to be increased in ARDS,
facilitating the binding of neutrophils to endothelium. The
neutrophils are then activated by cytokines or other inflam-
matory agents, releasing proteases and toxic oxygen radicals
that damage endothelial and epithelial cells.

Modulation of these adhesion molecules using antiadher-
ence agents has been reported in animals to decrease the ini-
tial neutrophil sequestration and the degree of acute lung
injury. However, long-term studies in humans have not been
performed, because of the risk of impairing lung and sys-
temic immune defenses by impeding the neutrophils’ ability
to control infection.

Some new evidence would suggest that the presence of
neutrophils may be the result rather than the cause of the
lung injury. In addition, ARDS has been reported in neu-
tropenic patients. This latter finding may help explain 
why anti-inflammatory strategies aimed at suppressing neu-
trophil activity have largely been unsuccessful.

PROINFLAMMATORY CYTOKINES

Proinflammatory cytokines, especially tumor necrosis
factors (TNF) and interleukin-8 have been shown to be pro-
duced and released by the increased numbers of lung inflam-
matory cells, thereby amplifying the lung inflammatory
response. This self-perpetuating inflammatory response then
becomes autodestructive. However, selective inhibition of
specific proinflammatory cytokines has not been shown to
be beneficial in preventing or treating ARDS in humans. A
number of new inhibitors of the proinflammatory cytokines
are now available for study in ARDS. These include soluble
tumor necrosis factor receptor and antibodies against tumor
necrosis factor.

Table I Common Causes of ARDS.

Indirect lung injury
Sepsis

Severe nonpulmonary trauma
Soft tissue damage
Shock
Multiple transfusions

Acute pancreatitis

Fat emboli

Direct Lung Injury
Pneumonia, usually bilateral

Lung contusions

Aspiration

Inhalation injury

Table II Inflammatory Mediators in ARDS.

Proinflammatory cytokines

Products of neutrophils and macrophages

Oxygen radicals and lipid peroxides

Neutrophil proteases

Endotoxin

Activated coagulation cascade

Products of cyclo-oxygenase and lipoxygenase cascades



CHAPTER 92 Acute Respiratory Distress Syndrome (ARDS) 613

OXIDANTS AND ANTIOXIDANTS

Oxidant damage to the lung, measured by increased 
levels of lipid peroxides in lung tissue and bronchoalveolar
lavage, has been well described. Also, endogenous antio-
xidant levels have been reported to be decreased with 
acute lung injury, altering the oxidant–antioxidant 
balance in favor of excess oxidant activity. Infusion of N-
acetylcysteine, a precursor of the antioxidant glutathione, 
in patients with ARDS did transiently improve a number 
of hemodynamic parameters as well as lung compliance.
However, there was no significant improvement in the
severity of the ARDS in humans. To date, antioxidant ther-
apy has not been shown to modify the course of ARDS.

COAGULATION ACTIVATION

Activation of the coagulation cascade, with evidence of a
consumptive or disseminated intravascular coagulation, is
frequently evident in patients with ARDS. Microaggregates
of fibrin platelets are well described in lung microvessels,
suggesting a causal relationship with the lung dysfunction.
In addition, specific fibrin degradation products have been
reported to be toxic to the lung microcirculation. Also,
thrombosis of pulmonary arterioles has been reported, all
reflecting the role of coagulation and clotting in the patho-
physiology. However, anticoagulant therapy has not been
shown to be effective in attenuating ARDS.

Pathophysiology and Course

The course of ARDS can be divided into a number of
phases as the disease progresses through early acute lung
injury to end-stage ARDS or to resolution. It is important to
point out that the early phases can resolve and do not neces-
sarily progress to severe ARDS (Table III). The potential for
resolution is often dependent on the severity and longevity
of the initiating insult.

Early pathologic findings are described in Table III and
shown in Figure 1. An acute inflammatory response is
invariably present, with increased numbers of neutrophils
marginated along the endothelium as well as migrating into
the interstitium and alveoli. Fibrin-platelet aggregates are
also frequently found in the microvessels. At this stage, the
ARDS process is reversible but only if the initiating factor,
such as a septic focus, is controlled.

If the process continues to progress over the next several
days, established ARDS develops, characterized by evi-
dence of acute respiratory failure necessitating mechanical
ventilation and an increased fractional oxygen concentration
to treat hypoxia.

A hypermetabolic, catabolic state is also characteristi-
cally seen with the onset of ARDS. The lung inflammation,
as well as any systemic inflammatory or septic foci, pro-
duces a maladaptive endocrine environment known as the

Table III Pathophysiologic Changes in Acute Respiratory Distress Syndrome.

Radiographic change Clinical finding Physiologic change Pathologic change

Phase I (Early Changes)
Normal radiograph Dyspnea, tachypnea, Mild pulmonary hypertension, Neutrophil sequestration, no clear

normal chest examination normoxemic or mild hypoxemia, tissue damage
hypocarbia

Phase 2 (Onset of Parenchymal Changes)
Patchy alveolar infiltrates beginning Dyspnea, tachypnea, Pulmonary hypertension, normal Neutrophil infiltration, vascular

in dependent lung cyanosis, tachycardia, wedge pressure, increased lung congestion, fibrin strands, platelet
No perivascular cuffs (unless a coarse rales permeability, increased lung water, clumps, alveolar septal edema, 

component of high-pressure increasing shunt, progressive intra-alveolar protein, type I 
edema is present) decrease  in compliance, moderate- epithelial damage

Normal heart size to-severe hypoxemia

Phase 3 (Acute Respiratory Failure with Progression, over 2–10 days)
Diffuse alveolar infiltrates Tachypnea, tachycardia, Progression of symptoms, increasing Alveolar consolidation from alveolar 
Air bronchograms hyperdynamic state, shunt fraction, further decrease in exudates and protein-rich fluid, type 
Decreased lung volume sepsis syndrome, signs compliance, increased minute II cell damage, beginning fibroblast
Normal heart of consolidation, diffuse ventilation, impaired oxygen proliferation, thromboembolic 

rhonchi extraction of hemoglobin occlusion

Phase 4 (Pulmonary Fibrosis–Pneumonia with Progression, > 10 days)
Persistent diffuse infiltrates Symptoms as above, Recurrent pneumonia, progressive Type II cell hyperplasia, interstitial
Superimposed new pneumonic recurrent sepsis, evidence lung restriction, impaired tissue thickening, infiltration of 

infiltrates of multiple system organ oxygenation, impaired oxygen macrophages, fibroblasts, loculated 
Recurrent pneumothorax failure extraction, multiple system organ pneumonia and/or interstitial fibrosis,
Normal heart size failure medial thickening and remodeling of 
Enlargement with cor pulmonale arterioles
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“stress response.” The increase in catabolic cytokines and
hormones leads to a progressive decrease in body protein.
The increase in circulatory catechols produces an increase in
metabolic rate comparable to that seen with major trauma or
sepsis.

Pathologically, the lungs are much more cell dense with
an increasing interstitial population of mononuclear cells
and fibroblasts (Figure 2). An alveolar inflammatory exu-
dates persists, and type II cell damage with compensatory
proliferation is evident. Thrombotic or thromboembolic
occlusion of precapillary arteries and loss of capillary sur-
face area is a common finding.

The cause of death during this late phase is usually from
a progressive multisystem organ failure. The mechanism of
this systemic process remains unclear but it is likely due to
the release of cytokines and inflammatory mediators from
the lung into the systemic circulation. The lung changes
from the organ being injured to being the focus of systemic
organ injury. Approximately 50 percent of patients with
established ARDS develop multiple system organ failure.

Although the mortality rate at this stage is greater than 50
percent, complete resolution can occur over the subsequent
weeks if further lung insults can be avoided.

If resolution or death does not occur, a fourth phase
develops. This phase is characterized by progressive respi-
ratory failure with pulmonary fibrosis and/or recurrent pneu-
monia. If progressive pulmonary fibrosis develops, there
will be a significant increase in barotrauma-related compli-
cations. Increased collagen production in the interstitium
and the alveoli actually begins in the earlier phases.
Increased deposition of type III collagen is usually present
by day 4 or 5. Also, destruction of the more elastic colla-
gens, which are usually found in the basement membrane of
the alveolar capillary junction, is well documented. The rate
of collagen deposition is very rapid in ARDS as compared
with other forms of pulmonary fibrosis.

The mortality rate of this phase is greater than 80 percent,
again with death usually due to multiple system organ fail-
ure and systemic hemodynamic instability. The majority of
patients with multiple system organ failure develop ARDS
as the initial organ failure.

Treatment

Improved strategies in supportive care have developed in
response to a better understanding of the pathogenesis of the
lung injury in ARDS (Table IV). It is now well accepted that
support modalities, especially ventilator support and fluid
management, can further increase damage if not performed
properly. Although current pharmacologic strategies have in
large part been unsuccessful, new approaches are being
developed to help correct the underlying acute lung damage
(Table IV).

Mechanical Ventilation

A large number of modes of mechanical ventilation have
been used over the past several decades (Table IV). Until
recently, a high tidal volume (12 to 15mL/kg) has been con-
sidered as standard for supportive treatment of ARDS, with
a resultant increase in peak and mean airway pressures.
More recently, lower tidal volumes (6 to 8mL/kg) have 
been used to decrease airway pressure. This approach has
been found to significantly reduce ARDS mortality, with a
decrease in mortality from 40 percent to 31 percent in one
series. A higher respiratory rate is usually required along
with some permissive hypercapnia.

Fluid Management and the Level of Oxygen Delivery

Because of the report several decades ago, that oxygen
consumption VO2 was increased and was oxygen delivery
dependent (DO2) in ARDS, an approach of increasing DO2
until VO2 peaked was attempted in order to avoid a hidden
oxygen debt. This approach was an attempt to deliver super-
normal levels of oxygen in order to prevent multisystem
organ failure. Both blood volume and systemic perfusion

Figure 1 ARDS: Acute phase. Intense lung congestion and inflamma-
tion is evident in the interstitial and intra-alveolar space. (see color insert)

Figure 2 ARDS: Late phase. Macrophage infiltration and increased
collagen (pink) is evident. Macrophages release inflammatory cytokines
that increase the inflammatory response. These cytokines can produce both
lung and systemic organ injury. Increased fibroblasts are also present as
precursors to later lung fibrosis. (see color insert)
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have been increased by using inotropes. Recent data indicate
that this approach is not advantageous and may actually be
harmful. Currently the approach of fluid restriction, main-
taining a low to normal filling pressure, is being tested. The
degree of lung edema appears to be decreased. No increase
in MSOF has been reported with this approach.

Anti-Inflammatory Support

Since the lung injury is in large part inflammation
induced, attempts have been made at pharmacologic anti-
inflammatory therapy. The use of glucocorticoids has been
the most popular. Past studies have demonstrated no benefit
with high-dose glucocorticoid treatment, the exception
being in progressive lung fibrosis where some benefit has
been shown. Short courses of corticosteroids may be of 
benefit as “rescue therapy” to control excessive inflamma-
tion and allow recovery. Current trials are pursuing this
approach. Other anti-inflammatory agents that have been
tested have also not been found to be effective (Table IV).
These include the use of anti-endotoxin antibody, a number
of proinflammatory cytokine inhibitors as well as anti-
neutrophil adherence agents.

Surfactant Therapy

Abnormalities in the production and composition of alve-
olar surfactant are well recognized in ARDS and are likely
due to damage to the type II alveolar cells as well as deacti-
vation of surfactant by oxidants. This decrease likely 
contributes to the microatelectasis and decreased lung 
compliance.

Providing exogenous surfactant by aerosol has been
shown to be beneficial in treating neonatal respiratory 
distress syndrome. However, studies to date have not 
shown any benefit in the adult population with ARDS. This
failure may be due to the aerosol delivery system being used
as less than 5 percent of the surfactant actually reaches 
the surfactant-depleted alveoli using this approach. Newer
preparations using more efficient delivery systems are being
tested.

Vasodilator Therapy

Since increased pulmonary artery pressures are charac-
teristically present, especially with severe ARDS, the use of
a variety of pulmonary vasodilators has been attempted.
Unfortunately, recent trials with inhaled nitrous oxide, an
approach that does not produce systemic vasodilation, have
not demonstrated a decrease in mortality. Other vasodilator
agents such as prostacyclin and prostaglandin-E have also
not demonstrated long-term benefit.

Nutritional Support

A major advance in the management of ARDS is the
recognition of the need for nutritional support and early
implementation by the enteral route. Providing the increased
calorie, protein, and micronutrient needs is essential to
avoid an energy deficit and the excess erosion of lean body
mass. This process will lead to the impairment of immune
and lung function defenses, especially the strength of the
respiratory muscles needed for coughing and for weaning
from mechanical support.

Summary

The acute respiratory distress syndrome remains a com-
mon source of respiratory failure and mortality. Its incidence
does not appear to be decreasing and its high mortality rate
has only recently been reported to be improving. Its etiology
appears to be due to the combination of a variety of inflam-
matory mediators activated either directly by a source of
lung inflammation or indirectly through a systemic focus.
Activation of the various inflammatory cascades occurs,
with the lung being the target organ.

The current advances in treatment appear to be focused
on avoiding further lung damage caused by therapy. Low-
volume mechanical ventilation and adoption of an approach
to avoiding an increase in blood volume appear to be bene-
ficial. Early aggressive nutritional support is also of benefit.
The formation of an NIH-supported Multicenter Acute 

Table IV ARDS Treatment Modalities.

Ventilator support Pharmacotherapy

Type Outcome Type Outcome

High-level PEEP No benefit Glucocorticoids (early) No benefit

High-frequency jet vent No benefit Glucocorticoids (during fibrosis) Improved (small study)

Pressure control inverse Inconclusive Glucocorticoids (rescue doses) Inconclusive
I : E ratio

Low tidal volume Improvement Surfactant No benefit to date
Inhaled nitric oxide No benefit

Prone position ventilation Inconclusive Antioxidants No benefit
Cyclo-oxygenase inhibition No benefit



616 PART III Pathology

Respiratory Distress Syndrome Research Team has pro-
vided the impetus for the evaluation of current treatment
modalities and the development of new therapeutic strate-
gies. Attempts at pharmacologically modifying the degree
of acute destructive inflammation have as yet not been suc-
cessful. However, it can be stated that prevention of further
septic episodes or lung infection will lead to a more rapid
resolution of an acute lung injury or established ARDS.

Glossary

Cytokines: Hormone-like low-molecular-weight proteins, secreted by
many cell types, which regulate many aspects of the inflammatory immune
and healing responses.

Oxidant: An unstable metabolite of oxygen that leads to oxidation of
local compounds.

Syndrome: An aggregate of signs and symptoms associated with any
morbid process and constituting the description of the disease.
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The Pathogenesis of Rheumatoid Arthritis

RA is a common human disease with a prevalence of
about 1 percent in most parts of the world [1]. The clinical
presentation can vary in terms of severity and the age of
onset, although the peak occurs between the fifth and 
sixth decades of life. Patients display painful, stiff, and
swollen joints, generally presenting with a symmetrical 
polyarthritis, predominantly involving the small joints of 
the hands and wrists, as well as the metatarsophalangeal
joints, ankles, knees, and cervical spine. Periarticular 
structures, such as bursae and tendon sheaths, are com-
monly inflamed. Nonarticular features may also be seen 
in RA, including inflammatory nodules, vasculitis, and 
pericarditis, together with involvement of the lungs and
nervous system. The mortality of patients with severe RA
is equivalent to that of individuals with triple vessel coro-
nary artery disease. After 2 years, joint erosions are seen 
in most patients, and the majority of patients become 
clinically disabled within 20 years. In the UK, around
387,000 adults have RA, equivalent to 0.81 percent of the
adult population, and there are approximately 12,000 new
cases each year. Surveys indicate that more than 9 million
working days were lost because of RA in 1999–2000 in
Great Britain, representing £833 million lost production.
Indeed, in a recent study, RA patients of working age 
were found to be 32 times more likely to stop work on 
health grounds than matched controls. RA thus imposes a
significant social and economic burden, due to loss of earn-
ings and medical expenses, apart from adversely affecting
quality of life.

Introduction

In the past, the vascular endothelial lining of the cardio-
vascular system, which covers the network of arteries, veins,
and lymphatics of the human body, was considered to be
merely an inactive barrier between the circulation and
underlying tissues. However, it is now clear that despite 
its relatively small total mass, endothelium actively partici-
pates in vascular physiology. Endothelial cells produce
mediators regulating blood flow and influence coagulation
and fibrinolysis, usually presenting a nonthrombogenic sur-
face to flowing blood. Furthermore, endothelium fulfills a
gatekeeper role in cell recruitment, through expression of
leukocyte activators and chemoattractants, as well as adhe-
sion molecules. Finally, endothelial cells can act as antigen-
presenting cells and play a role in the growth of new blood
vessels (angiogenesis), which are vital for efficient supply of
oxygen and nutrients to tissue, and for removal of waste
products. These effector actions of endothelium fulfill a
homeostatic function and act as a rapid response facility in
situations of injury or infection. As the lining of blood ves-
sels, endothelium also has the potential to act as the primary
target for the action of mediators such as cytokines. It is
therefore unsurprising that the endothelium contributes to
the initiation and maintenance of many pathologies.

The focus of this review is to discuss the role of the 
vasculature in rheumatoid arthritis (RA), particularly in the
light of observations using therapies such as anti-tumor
necrosis factor a (TNFa) biologicals, and on the potential
for development of vascular-targeted therapies for treatment
of RA.

Copyright © 2006, Elsevier Science (USA).
619 All rights reserved.
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In spite of many years of intensive investigation, the
cause of RA remains unknown, although current thinking
favors the concept of a multifactorial disease, in which 
contributory genetic factors combine with environmental
and possibly infectious influences to initiate disease. The
association between RA and genetic elements encoded
within the HLA-DR region supports the importance of 
T cells in disease pathogenesis. More than 80 percent of
Caucasian RA patients express HLA-DR1 or HLA-DR4
subtypes. The primary site of inflammation is the synovial
lining of the closed spaces of articular joints, which
increases greatly in mass and becomes infiltrated by blood-
derived cells of lympho-hematopoietic origin, including 
T cells, B cells, and macrophages. The lymphocytes in-
filtrating the synovium are predominantly CD4+ T cells,
with high expression of memory CD45R0 antigens and 
activation markers such as HLA-DR and CD69. A feature 
of the synovium in RA is an altered density of sublining 
capillaries and postcapillary venules. Subsequently, the 
synovium becomes locally invasive at the synovial interface
with cartilage and bone. Progressive destruction of cartilage
and bone eventually combines to produce deformities and
functional deterioration and profound disability in the long
term.

Over the past two decades, our understanding of the
pathogenesis of RA has increased considerably, based on a
range of studies using human tissue and animal models of
disease. Of relevance to this review, the importance of the
microvasculature in RA has become increasingly apparent,
and this is discussed in subsequent sections.

Why Is the Microvasculature Important in RA?

As the lining of the vasculature, endothelium has the
capacity to integrate many different signals and responses,
and as a consequence is involved in the pathogenesis of
many diseases. The involvement of endothelium in the
pathogenesis of RA can be inferred from observations that
RA is associated with vascular and hematological abnor-
malities. For example, the excess mortality in RA is pre-
dominantly due to coronary artery atherosclerosis [2]. A
recent study showed that the adjusted relative risks of
myocardial infarction and stroke in women with RA were
2.0 and 1.48, respectively, when compared to women with-
out RA. Many studies have reported an association between
RA and traditional cardiovascular risk factors such as cho-
lesterol and low-density lipoprotein levels. The acute phase
response marker C-reactive protein (CRP) is a novel risk
factor for atherosclerosis and predicts future risk of coro-
nary artery disease in initially healthy individuals. Since
CRP levels are markedly elevated in RA, as part of the
ongoing systemic inflammatory processes, such an aug-
mented inflammatory burden may account for the increased
cardiovascular risk. However, in addition to these somewhat
circumstantial observations, the vasculature is also impli-
cated in RA by the fact that many of the events known to

occur in RA—such as leukocyte extravasation—involve the
participation of endothelial cells.

Effector Role of Vascular Endothelium in RA

It was recognized more than 30 years ago that endothe-
lial cells in RA synovium acquire the characteristic appear-
ance of lymphatic endothelium, which controls lymphocyte
emigration. Considerable evidence has now converged, doc-
umenting the responsiveness of endothelium to cytokines
expressed in RA, the presence on endothelial cells of recep-
tors for these cytokines, and expression by endothelium of
adhesion molecules and chemoattractants. Endothelium can
also contribute to RA pathogenesis through the formation of
new blood vessels.

RECRUITMENT AND ACTIVATION OF LEUKOCYTES IN RA
Adhesion of leukocytes to vascular endothelium in vivo

must overcome the normal vascular mobility of circulating
cells and result in a localized arrest of leukocytes at relevant
sites [3]. Over the past few years there have been a number
of studies using immunohistochemical analyses of RA tis-
sue, documenting alterations in the pattern of expression of
adhesion molecules. It has been shown, for example, that
antibody to E-selectin stained endothelium in RA synovium.
In addition, RA synovial endothelial cells were also found to
express increased levels of vascular cell adhesion molecule
(VCAM)-1 and intercellular adhesion molecule (ICAM)-1.
As discussed previously, the typical RA synovial infiltrate is
rich in memory CD45RO+ T cells. Synovial membrane and
synovial fluid T cells display an enhanced capacity to inter-
act with purified E-selectin and VCAM-1, relative to periph-
eral blood lymphocytes from either the same patients or
from healthy donors, due to increased levels of VLA-4a, the
counterligand for VCAM-1. In addition, synovial fluid lym-
phocytes show higher expression of other integrins such as
CD29 (b1), VLA-1a, VLA-5a, and VLA-6a. Accumulation
of memory T cells in RA synovium thus appears to result
from elevated expression of adhesion receptors on synovial
microvascular endothelium, leading to the selective emigra-
tion of memory T lymphocytes, which may bear enhanced
levels of ligands for these adhesion molecules as a result of
a previous activation step.

Moreover, endothelial cells are a source of a range of
proinflammatory cytokines, including interleukin (IL)-1, IL-
6, and granulocyte macrophage colony-stimulating factor
(GM-CSF). Many of the features of the rheumatoid synovial
environment suggest possible roles for chemoattractant
cytokines, in that the large number of infiltrating leukocytes,
especially the selective accumulation of memory T cells,
could in part be a response to the elaboration of chemokines.
Endothelial cells secrete and present on cell surface proteo-
glycans chemokines of both C-C and C-X-C subsets, in 
particular IL-8, monocyte chemoattractant protein (MCP)-1,
RANTES, and Groa. The ability of endothelium to capture
chemokines may be of particular significance in RA, in that
mediators such as RANTES or MIP-1a, secreted by other
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participating cells and anchored on the endothelial cells 
surface, would ensure a relatively high concentration of
chemoattractants close to the blood vessel wall, and hence
temporally and spatially restricted activation of circulating
cells.

ANGIOGENESIS IN RA
A consequence of the synovial hyperplasia, which occurs

in RA, is an increase in the distance between the proliferat-
ing cells and the nearest blood vessels, leading to local
hypoxia and hypoperfusion. It has been reported, for exam-
ple, that synovial oxygen tension is low in aspirated synovial
fluid samples taken from human RA knee joints. In general,
the in vivo response to hypoxia is to form new blood ves-
sels, to restore perfusion and oxygenation to the compro-
mised area. Endothelial cells lining blood vessels within 
RA synovium express cell cycle–associated antigens, and
indices of endothelial turnover are increased in synovia
from patients with RA compared with noninflamed controls.
A morphometric study also suggested that capillaries are
distributed more deeply in RA synovium. Many of the
cytokines and growth factors expressed in RA have the
potential to stimulate angiogenesis [4]. For example, serum
levels of vascular endothelial growth factor (VEGF) are
markedly elevated in RA, relative to either patients with 
OA or normal controls, and correlate with levels of CRP.
Expression of VEGF by RA lining layer cells has been
reported, and microvascular endothelial cells in the vicinity
of VEGF-positive cells express VEGF receptors. Since
VEGF is upregulated by hypoxia, it is likely that this factor
is central to the regulation of angiogenesis in RA. Other
proangiogenic molecules expressed in RA include fibroblast
growth factor (FGF)-1 and FGF-2, which stimulate prolifer-
ation of a variety of cell types, including endothelial cells.
Members of the FGF family (FGF-1 and FGF-2) have been
detected in human RA synovium. However, in RA the role
of the FGFs, and other mitogens expressed in RA, such as
platelet-derived growth factor, hepatocyte growth factor,
and transforming growth factor-b, is unclear.

In summary, the invasive synovium in RA is highly 
vascularized, and numerous growth factors are expressed,
which might promote new blood vessel formation.

Target Role of Vascular Endothelium in RA

As the interface between the blood and tissues, endothe-
lium can respond to a range of cytokines and growth factors.
In RA, many studies have focused on the identity of media-
tor(s) involved in disease pathogenesis, but a key milestone
was the realization that intercellular messengers, now
termed cytokines, may play a central role. Both TNFa and
IL-1 have the capacity to activate cells in the synovium, 
as well as regulating cartilage turnover, stimulating bone
resorption and inhibiting proteoglycan synthesis. In the 
context of RA pathogenesis, TNFa is produced in large
quantities by enzymatically dissociated synovial cells from
RA patients, and immunohistochemical analyses have

demonstrated the presence in RA synovium of TNFa and its
receptors. Addition of anti-TNFa antibodies to RA synovial
cell cultures resulted in downregulated expression of IL-1,
and reduced expression of other cytokines and angiogenic
factors [5]. These studies were instrumental in the formation
of a key hypothesis by Marc Feldmann and Ravinder N.
Maini and their researchers—namely, that TNFa plays a
vital role in the pathogenesis of RA.

In terms of vascular endothelium, TNFa is a fundamen-
tal inducer of endothelial cell responses. For TNFa to trans-
mit a signal and exert an effect on endothelial cells, it must
initially bind to specific cell surface receptors. The TNF
receptor family has been studied extensively, in our own and
other laboratories, and two receptors for TNFa, CD120a 
or TNF-R1 and 75-kDa CD120b or TNF-R2, have been
cloned. Both receptors have been detected on the surface 
of cultured endothelium. We and others have observed that
selective stimulation of endothelial cells through TNF-R1
induced responses comparable to those observed for TNFa,
actions not mimicked by TNF-R2 agonists. It is likely that
the presence of the higher affinity TNF-R2 on the cell sur-
face serves to “pass” ligand to the lower affinity TNF-R1,
leading to cell activation. Studies from our laboratory using
sections of RA synovium have also localized TNFa and its
receptors to endothelium.

TNFa has the potential capacity to regulate many of the
events occurring in the RA microvasculature—leukocyte
extravasation, chemotaxis, and angiogenesis [6]. E-selectin,
which is not expressed on unstimulated endothelial cells, is
induced in response to TNFa and IL-1b, with maximal
expression observed after approximately 4 to 6 hours.
Induction of ICAM-1 and VCAM-1 by TNFa and IL-1b
occurs over a slower time-course, peaking at 16 to 24 hours.
TNFa also induces production by endothelial cells of IL-6,
GM-CSF, IL-8, monocyte chemoattractant protein-1 (MCP-
1), RANTES, and Groa. The effects of TNFa on the angio-
genic process are both stimulatory and inhibitory, depending
on the experimental system. TNFa inhibits basal and FGF-
2-stimulated endothelial cell proliferation and migration in
vitro, but stimulates neovascularization in the rabbit cornea.
TNFa treatment of endothelial cells has been reported 
to enhance urokinase-type plasminogen activator activity,
which could contribute to the proangiogenic effects of
TNFa. Brief exposure to TNFa induced release from
endothelial cells of VEGF and FGF-2, whereas prolonged
exposure of microvascular cells to TNFa inhibited capil-
lary-like structure formation in vitro, suggesting that the net
effect of TNFa on angiogenesis may reflect a balance of
pro- and anti-angiogenic responses.

Another key endothelial cell activator is VEGF. Several
members of the VEGF family have been described, includ-
ing VEGF-A, -B, -C, and -D, which bind differentially to
tyrosine kinase receptors VEGF-R1 or Flt (fms-like tyrosine
kinase)-1, VEGF-R2 (kinase insert domain containing
receptor or KDR/Flk-1) and VEGF-R3 (Flt-4). Signaling
through VEGF-R1 appears to be important in controlling the
number of endothelial cells during vessel formation, as well
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as in the organization of these cells during angiogenesis.
Activation of VEGF-R2 enables the differentiation of
endothelial cells and blood vessel formation [7]. As well as
being essential for vasculogenesis and angiogenesis, VEGF
is also capable of inducing procoagulant tissue factor and
expression of cytokines and adhesion molecules. For exam-
ple, VEGF was shown to induce expression of MCP-1 and
IL-8, as well as ICAM-1, VCAM-1, and E-selectin. Essen-
tial to its proangiogenic function, VEGF can inhibit ap-
optosis, or programmed cell death. It has been shown, for
example, that VEGF withdrawal results in obliteration of
immature blood vessels. The antiapoptotic effects of VEGF
are mediated via the induction of members of the Bcl fam-
ily and inhibitors of apoptosis (IAP), that in turn inhibit ter-
minal effector caspases-3 and -9. VEGF induces Bcl-2, as
well as the IAPs survivin and XIAP. Thus the continued
expression of VEGF in RA, as well as promoting angiogen-
esis, is likely to sustain the vasculature, thus further aug-
menting the inflammatory process.

Finally, in the context of an ongoing inflammatory
response, it is likely that under conditions of flow, cytokines
such as TNFa may be less important as activators of 
vascular endothelium than cell-bound stimuli. Although
activation of endothelial cells via soluble factors has been
extensively studied, cell–cell interactions can also modulate
the responses of the target cells, and could thus potentially
further perpetuate inflammation. T cell adhesion to the
endothelial lining of blood vessels is an early event in
inflammation, and cell contact–mediated signaling to endo-
thelial cells by stimulated T-cells could be an important
endogenous mechanism of endothelial activation [8]. We
recently described the ability of stimulated, but not resting,
human T lymphocytes to modulate endothelial cell activa-
tion by direct cell–cell contact. T cells, either activated
through the T cell receptor (TCR) with immobilized anti-
CD3 monoclonal antibody or incubated in the presence of a
combination of TNFa, IL-6, and IL-2, were able to induce
endothelial cell production of chemokines and cytokines
(MCP-1, IL-8, and IL-6), although the relative amounts of
different cytokines were dependent on the method of T cell
stimulation. For example, TCR-activated T cells induced
relatively greater amounts of endothelial cell MCP-1 than
did cytokine-activated T cells. In contrast, production of 
IL-6 was upregulated to a greater extent in the presence 
of cytokine-activated T cells. Furthermore, addition of 
anti-CD154 (anti-CD40 ligand) and anti-TNFa antibodies
reduced release of IL-6, IL-8, and MCP-1 from endothelial
cells cocultured with T cells. Such direct cell–cell contact
between stimulated T lymphocytes and endothelium repre-
sents a novel pathogenic mechanism in inflammatory dis-
eases such as RA. For example, overexpression of MCP-1
induced by TCR-activated lymphocyte-endothelial cell con-
tact interactions might preferentially regulate the influx 
of monocytes into the RA lesions. Cytokine-activated 
lymphocyte–endothelial cells contact interactions might
also contribute to the systemic inflammatory response in RA
patients, for example, elevated expression of IL-6.

Insights from Clinical Trials of 
Anti-TNFa Biologicals

The concept of TNFa as a therapeutic target in RA, put
forward by Feldmann and Maini, was tested in a series 
of clinical trials in the UK and in other countries. The 
first Phase I/II study was an open-label trial of a single 
intravenous infusion of infliximab (Remicade), a chimeric
mouse Fv, human IgG1 antibody that binds both soluble and
membrane-bound TNFa with high affinity, in long-standing
active RA patients who had failed all prior therapy. The
results were striking, showing reductions in pain and 
morning stiffness, swollen and tender joint counts, and 
CRP levels. Currently, in addition to infliximab, two 
other anti-TNFa biologicals are approved for use in RA
(Table I). The demonstration of the clinical efficacy 
of TNFa blockade, as well as providing a therapeutic 
benchmark, also allowed the teams of investigators to ana-
lyze the mechanism of action of this approach, and to use
this knowledge to further elucidate the processes underlying
RA [9].

Since trafficking into the synovium of bloodborne cells is
a feature of RA, and since TNFa is one of the most potent
regulators of leukocyte trafficking, it seemed reasonable to
hypothesize that infliximab treatment might regulate syn-
ovial infiltration. This question has been addressed over the
years with increasingly sophisticated studies, which started
with the measurement of soluble adhesion molecules, which
could be quantified in serially acquired serum samples.
Treatment with anti-TNFa antibody significantly decreased
serum E-selectin and ICAM-1 levels, and these reductions
correlated with a rapid and sustained increase in the 
blood lymphocyte counts. Perhaps surprisingly, given that
VCAM-1 is involved in mononuclear cell adhesion, no
effect on serum VCAM-1 levels was detected. Moreover, a
reduction was observed in synovial granulocyte counts, as
well as CD3+ and CD68+ cell infiltration, and synovial
expression of ICAM-1, VCAM-1, and E-selectin was 
also decreased. The beneficial effects of infliximab in 
RA are thus due in part to diminished synovial cellularity
(Figure 1).

Table I TNFa Blocking Agents for the
Treatment of RA.

Name Composition Approval Other uses

Infliximab Chimeric mouse Fv/human Europe and Severe 
(Remicade) Fc anti-TNFa monoclonal USA Crohn’s 

antibody disease

Etanercept Human TNF receptor p75 Europe and Psoriatic
(Enbrel) dimer fused to human IgG Fc USA arthritis

Juvenile RA

Adalimumab Human anti-TNFa USA and 
(Humira) monoclonal antibody Europe
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We also measured serum VEGF concentrations following
anti-TNFa treatment, to determine whether improvement in
RA is associated with reduced angiogenesis. We observed
that treatment of RA patients with infliximab resulted 
in a reduction in serum VEGF levels (Figure 1). There is
now direct evidence of reduced synovial angiogenesis, as
assessed by reduced expression of CD31 and von Wille-
brand factor. Recently, use of high-resolution ultrasound and
power color Doppler has shown reduced synovial thicken-
ing and joint vascularity after infliximab treatment.

In summary, insights from studies in anti-TNFa-treated
RA patients suggest that an important mechanism of action
is reduced deactivation of the vascular endothelium 
(Table II).

Vascular Endothelium: A Possible Therapeutic 
Target in RA?

Increasing use of anti-TNFa biologicals has led to
reports of cases of tuberculosis. Additionally, adverse
effects such as non-Hodgkin-type lymphomas have been

described. There is clearly scope for improvement, and
cytokines other than TNFa have been proposed to be pos-
sible therapeutics goals. A recombinant, nonglycosylated
form of IL-1 receptor antagonist was recently approved in
the United States for the treatment of RA in combination
with methotrexate, following successful clinical trials. Com-
bined IL-1 and TNFa blockade, although effective in animal
models of arthritis, might be proinfective in RA. IL-6 block-
ade, using anti-human IL-6 receptor antibody, resulted in
improvement in signs and symptoms of RA, in parallel with
reduced serum VEGF levels. Thus, like anti-TNFa anti-
body, IL-6 receptor antibody may exert effects on vascular
endothelial activation [10]. The reduction in synovial infil-
tration suggest that targeting vascular endothelium might
also be beneficial in RA. Results from trials of murine anti-
ICAM-1 antibody enlimomab in RA were encouraging, 
but repeated treatments were less effective, and adverse
effects such as fever, leucopenia, and skin reactions were
observed.

The central role of angiogenesis in RA suggests that sup-
pression of blood vessel formation should retard arthritis
progression. There is certainly considerable literature
describing the ability of broadly acting angiogenesis
inhibitors such as paclitaxel (Taxol) to modulate disease in
animal models. Specific blockade of angiogenesis has also
proved to be effective in animal models of disease, such as
collagen-induced arthritis in mice. For example, we and 
others have reported that blockade of VEGF in collagen-
induced arthritis significantly reduced disease severity 
and joint destruction, paralleled by significantly less joint
inflammation, reduced bone and cartilage destruction, 
and reduced synovial vascularity. We have also shown that
another angiogenesis inhibitor related to angiostatin, termed
kringles 1-5 (K1-5), was also extremely effective in the
murine model of collagen-induced arthritis. Angiogenesis
inhibition, using molecules such as K1-5 or soluble Flt-1, is
thus effective in animal models of RA.

Figure 1 Anti-TNFa antibody: differential effects on vascular endothe-
lium. Patients received a single intravenous infusion of either placebo or
anti-TNFa antibody infliximab, at doses of either 1 mg or 10 mg per kilo-
gram body weight. Whole blood and serum samples were obtained before
and 4 weeks after treatment. Peripheral blood lymphocyte counts were
assessed, and serum levels of E-selectin, ICAM-1, and VEGF were meas-
ured by ELISA. Results were expressed relative to preinfusion levels for
each patient. Graph shows median values, interquartile ranges, and mini-
mum and maximum values for each parameter. Data were analyzed versus
placebo-treated patients by one-way ANOVA with Bonferroni correction
for multiple comparisons: **p < 0.01, ***p < 0.001.

Table II Summary of the Effects of Anti-
TNFa Antibody on the Microvasculature.

Parameter Observed effect of infliximab

Leukocyte adhesion Reduced serum adhesion molecules
Reduced synovial adhesion molecules
Reduced synovial CD3+ and CD68+ cells
Reduced granulocyte trafficking
Increased circulating lymphocytes

Chemokine expression Reduced synovial chemokines
Reduced serum chemokines

Angiogenesis Reduced serum VEGF
Reduced synovial vascularity
Reduced synovial thickening
Reduced joint vascularity

Hematological markers Reduction in elevated fibrinogen
Reduction in elevated platelet counts
Restoration of reduced hemoglobin
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Figure 2 Role of the microvasculature in RA. Schematic representation of the target-effector role of vas-
cular endothelium in RA. (A) Leukocytes secrete and express on the cell-surface cytokines including TNFa,
which bind endothelial cell adhesion molecules such as E-selectin, through cognate ligand : counterligand 
interactions. TNFa also has the capacity to upregulate expression of adhesion molecules and secretion 
of chemokines. Concomitantly, VEGF, secreted either by circulating cells in response to cytokines or CD40 
ligand and/or by fibroblasts under conditions of hypoxia, stimulates angiogenesis. (B) This process culminates
in synovitis and joint erosion, as exemplified in this hematoxylin and eosin-stained section of a tarsal joint from
a DBA-1 mouse, in which arthritis was induced by immunization with bovine type II collagen in complete 
Freund’s adjuvant. Blood vessels, leukocyte infiltration, and joint space narrowing and erosions are indicated.



CHAPTER 93 The Role of the Microvasculature in the Pathophysiology of Rheumatoid Arthritis 625

Therapeutic agents and strategies are being devised 
to either interrupt or inhibit one or more of the pathogenic
steps involved in angiogenesis, and blockade of neovascu-
larization has been effective in many tumor models. Clearly
angiogenesis can be targeted at several different stages,
including inhibition of production of stimuli such as VEGF,
binding of proangiogenic factors (using antibodies or 
soluble receptors), interruption of downstream signaling,
blockade of matrix degradation, or even using antiangio-
genic stimuli such as angiostatin or K1-5. Many of these
approaches have been used with varying degrees of success
for human cancers. The first anti-angiogenic agent, beva-
cizumab (Avastin), is an anti-VEGF antibody and was
approved in December 2003 by the US Food and Drug
Administration (FDA) as first-line treatment of patients with
metastatic carcinoma of the colon or rectum in combination
with intra-venous 5-fluorouracil-based chemotherapy.

Concluding Remarks

In terms of the number of individuals affected or the rate
of mortality, RA cannot realistically be considered in the
same terms as cancer or cardiovascular disease. However,
the increased mortality due to coronary artery atherosclero-
sis, combined with the fact that many patients are disabled
at a relatively young age, make it imperative to understand
the pathophysiology of RA. Interestingly, there are a num-
ber of parallels between RA and tumors, and atherosclerosis,
not least the important contribution of the microvasculature
to the initiation and maintenance of RA, through the regula-
tion of leukocyte trafficking and formation of new blood
vessels (Figure 2).

Some questions regarding the function of endothelium in
RA still remain unanswered, including the relative roles of
the different adhesion molecules and chemokines in RA.
However, it is not unreasonable to suggest that targeting 
the vasculature in RA, in combination with other therapies
such as anti-TNFa, may lead to a more persistent reduction
in pannus volume and hence modify disease progression.
However, confirmation of this hypothesis requires appropri-
ate clinical trials. Importantly, targeting the inflammatory
and vascular components of RA, by combining TNFa inhi-
bition with angiogenesis blockade, could increase benefit to
patients with RA, without augmenting the infection risk.

Glossary

Angiogenesis: The process of postnatal new blood vessel formation,
generally considered to be regulated by a balance between proangiogenic
and antiangiogenic factors, with angiogenesis occurring as the balance
shifts to an angiogenic phenotype (the “angiogenic switch”).

RA: Rheumatoid arthritis, a human autoimmune systemic disease,
characterized by a chronic inflammatory reaction in the synovial lining
joints and associated with degeneration of cartilage and erosion of bone.

TNFa: Tumor necrosis factor a, a pivotal molecule regulating cellular
activation and interactions in rheumatoid arthritis, and a target for new anti-
TNFa biological therapies.

VEGF: Vascular endothelial growth factor (also known as vascular
permeability factor), a potent inducer of angiogenesis and endothelial cell
survival, and a target for antiangiogenic therapies, especially in the field of
oncology.
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If free hemoglobin is going to be effective as an oxygen
carrier and deliverer, it needs to be stabilized and its oxygen
affinity must be reduced. One way to achieve these goals is
to cross-link the two a subunits of the hemoglobin molecule
with bis(3,5-dibromosalicyl) fumarate. Two such products
are diaspirin cross-linked hemoglobin (DCLHb) and its non-
commercial analog (DBBF-Hb). Alternatively, hemoglobin
can be covalently cross-linked and then conjugated with
macromolecules, such as polyethylene glycol (PEG), or it
can be polymerized, resulting in inter- and intramolecular
cross-linked polymers of various molecular sizes. Some
hemoglobins that have been modified in these ways, such as
DBBF-Hb, PEG-Hb, PolyHbBv (Oxyglobin), and O-R-
PolyHb (Hemolink), have been used in clinical trials. In
fact, PolyHbBv (Oxyglobin) is currently FDA-approved for
veterinary use in the United States, and its human counter-
part has recently been approved for clinical use in humans
in South Africa. Studies are also underway to encapsulate
modified and nonmodified hemoglobins in liposomes. Fur-
ther details concerning the properties and physiological
effects of these hemoglobins can be found in a review by
Alayash [1]. However, transfusion of hemoglobin (Hb)-
based blood substitutes, designed for their plasma expansion
and oxygen transport capabilities, has resulted in some
major problems, such as organ dysfunction, during clinical
trials. These events might be linked to deleterious responses
occurring in the microvasculature in the presence of the
blood substitutes.

Introduction

Cell-free hemoglobin-based oxygen carriers have been
proposed as blood substitutes for transfusions because of
their plasma expansion and oxygen transport capabilities.
Apart from their use after accidents or major surgery, such
substitutes could be employed to alleviate anemia in patients
with hematocrits too high to qualify for blood transfusions.
Hemoglobin-based blood substitutes have the added advan-
tages that they can be easily purified, stored for relatively
long periods of time, and used in patients of all blood types.

Normally hemoglobin in the bloodstream is enclosed in
red blood cells, and this tends to stabilize the molecule in its
tetrameric form. In addition, the red cells contain a metabo-
lite, 2,3-diphosphoglycerate (2,3-DPG), that both cross-
links the hemoglobin, further promoting its stability, and
reduces its oxygen affinity so that it is able to release bound
oxygen to the tissue. Red blood cells also contain antioxi-
dant enzymes, such as catalase and superoxide dismutase,
which catalyze the breakdown of the reactive oxygen
species (ROS), hydrogen peroxide (H2O2), and superoxide
(O2

•-). When hemoglobin is released from red cells it rap-
idly splits up into dimers because these stabilizing factors
are no longer present (see Figure 1, stroma-free hemoglobin,
SFH). Hemoglobin contained in red cells has a low oxygen
affinity, the partial pressure of oxygen needed for 50 percent
oxygen saturation, P50, being about 27mmHg. Cell-free
hemoglobin, however, has a high oxygen affinity (P50 ~
8mmHg), meaning that it will only give up its oxygen to
very anoxic tissue.

Copyright © 2006, Elsevier Science (USA).
629 All rights reserved.



630 PART III Pathology

Problems Encountered with Hemoglobin-based Blood
Substitutes during Trials

Although hemoglobin solutions have been well tolerated
in human volunteers and in dialysis, septic shock, and car-
diac surgery patients, a number of largely unresolved prob-
lems were found during preclinical trials and development
of some of these hemoglobin-based substitutes. These
include cardiovascular/hemodynamic effects, gastrointesti-
nal changes, immune cell activation, coagulation changes,
oxidative stress, and decreased host resistance to over-
whelming infection. Preclinical studies reported the detec-
tion of myocardial lesions in a number of animal models
infused with the Baxter Health Care Inc. product, diaspirin
cross-linked Hb (DCLHb). These lesions were characterized
by a mild to moderate focal myocardial degeneration and/or
necrosis in a highly vascularized portion of the myocardium.
Baxter has recently terminated its clinical development of
this product as a result of increased fatalities in the test
group [2]. In this study 46 percent of 52 patients infused
with DCLHb died compared to 17 percent of 46 patients
infused with saline solution. A dose–response study per-
formed on dogs by Biopure Corporation has shown that
Oxyglobin increases arterial oxygen content in the face of
normovolemic anemia, but produces transient clinical signs

(skin discoloration, discolored stools, nausea, vomiting). 
In addition, histopathology of Oxyglobin administration
includes activation of tissue macrophages in multiple
organs. Hemolink has recently been withdrawn from Phase
III clinical trials in cardiac bypass grafting because it pro-
duced adverse cardiac events. In addition, numerous animal
studies have demonstrated that the administration of extra-
cellular hemoglobin derivatives may lead to a variety of
undesirable side effects.

Problems with Hemoglobin-based Blood Substitutes
in the Microcirculation

Arteriolar Constriction

ROLE OF HEMOGLOBIN AS A NITRIC OXIDE SCAVENGER

Many experimental studies have reported an increase in
blood pressure after administration of hemoglobin solutions,
and pilot clinical trials have confirmed this observation. One
theory to explain this phenomenon is that arterioles constrict
due to removal of the endogenous vasodilator, nitric oxide
(NO), by the hemoglobin. This theory is supported by stud-
ies showing that administration of the NO precursor, L-argi-
nine, at the same time as DCLHb reduces the vasopressor
effects. It is thought that when Hb is enclosed in red blood
cells its ability to scavenge NO from the endothelium is
diminished because of the existence of a cell-free plasma
layer in the microvessels. The vasopressor effects of Hb-
based blood substitutes are generally considered to be a 
disadvantage because vasoconstriction will reduce the 
blood supply to the peripheral circulation. However, in some
cases the accompanying increase in blood pressure could 
be advantageous. For example, hemoglobin solutions may
improve recovery from cardiac arrest by simultaneously
increasing coronary perfusion and oxygenation. In addition,
in cases of sepsis when an increase in inducible NO syn-
thase activation causes an overproduction of NO, leading to
hypotension, a scavenger of NO would be beneficial. Apart
from scavenging the vasodilator, NO, modified hemoglo-
bins may also cause the endothelium to release the vasocon-
strictor, endothelin, or activate endothelin receptors.

ROLE OF HEMOGLOBIN AS AN OXYGEN DELIVERER

Recently, a third explanation has been proffered to
explain hemoglobin-induced vasoconstriction: That is, the
Hb provides excess oxygen to tissue, and in response, the
arterioles narrow to reduce blood flow and hence tissue oxy-
gen delivery. This response is known as “autoregulation.”
For this reason, a new blood substitute, Hemospan (Sangart,
San Diego, CA), has been designed to reduce oversupply of
oxygen. Hemospan is prepared by conjugating polyethylene
glycol to hemoglobin tetramer from outdated human blood
[3]. This product, in contrast to most of the other blood sub-
stitutes, has a high oxygen affinity (low pO2) and a high vis-
cosity (similar to blood rather than to plasma). The high

Figure 1 Development of hemoglobin solutions as blood substitutes.
SFH is either cross-linked, conjugated with macromolecules, or polymer-
ized in order to stabilize the hemoglobin tetramer and enhance its function.
SFH are, in some cases, encapsulated within liposomes. (From Ref. [1].)
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oxygen affinity ensures that the modified Hb will release
oxygen only to tissue that is anoxic, and thus autoregulatory
vasoconstriction, produced by excess oxygen delivery, will
be eliminated. It is thought that because of the higher vis-
cosity of this product, the shear stresses in the microvessels
will be maintained, thus ensuring that the endothelium con-
tinues to release NO at a rate similar to that obtained with
blood. However, this is unlikely to occur because shear
stress is proportional not only to viscosity, but also to the
rate of strain in the vessel (dv/dr, where v = flow velocity
and r = radius). A higher viscosity will reduce the volumet-
ric flow rate, and hence flow velocity and rate of strain. Thus
the shear stress will not increase with increased viscosity
unless the flow rate is maintained. At present Hemospan 
is in the preclinical phase of testing, but Phase I trials are
planned.

Toxicity

It is important to remember that blood substitutes should
not just be considered as oxygen carriers. One other impor-
tant property of whole blood is that it has a high antioxidant
capacity and makes a significant contribution to the total
antioxidant defenses of the body. Infusion of resuscitation
fluids may therefore influence the antioxidant capacity of
plasma, dependent on their composition. It is vital that the
antioxidant capacity of a transfusion fluid be adequate
because reperfusion of the circulation after loss of blood
triggers production of reactive oxygen species (ROS). The
effects of dilution of blood on its antioxidant properties were
demonstrated elegantly by Moison et al. [4]. They found that
addition of isotonic saline, or pasteurized plasma protein
solution (lacking uric acid and vitamin C with reduced
sulfhydryl level), to cord blood from babies decreased the
peroxyl radical trapping capacity. In contrast, fresh, frozen
plasma did not lower this capacity. It was hypothesized that
the use of resuscitation fluids with low antioxidant capacity
may temporarily decrease the ability of the baby to inacti-
vate reactive oxygen species.

However, not only do most modified hemoglobins have a
low antioxidant capacity; there is evidence that modified
hemoglobins, injected in vivo, produce highly reactive oxy-
gen species themselves, leading to tissue damage [5]. The
ROS are formed because Hb is susceptible to oxidation and
auto-oxidation. Some Hb-based blood substitutes have been
shown to oxidize more readily than Hb contained in red
blood cells in response to chemical modifications aimed at
lowering oxygen affinity. Although cell-free Hb may present
a low risk to people with normal redox status, patients who
are sick and have a poor antioxidant supply may be at risk.
Oxidative damage is particularly dangerous in the microcir-
culation because gaps form between the endothelial cells
resulting in excess leakage of plasma components into 
the interstitium. Such leakage disturbs the fluid balance
between blood and tissue and alters the kinetics of delivery
of intravascularly injected drugs and endogenous enzymes
and hormones to various tissues.

POSSIBLE MECHANISMS RESPONSIBLE FOR

HEMOGLOBIN-INDUCED TOXICITY

Three possible mechanisms can account for the propen-
sity of modified Hbs to form oxidative by-products. First,
the ferrous and ferric forms of Hb can react with hydrogen
peroxide (H2O2), produced by neutrophils or macrophages,
to form the highly reactive ferryl intermediate Hb Fe4+, and
this may lead to heme degradation and cytotoxicity. A sec-
ond possible redox mechanism involves the release of free
iron from Hb after oxidative damage. The free iron then
catalyses the reaction between H2O2 and superoxide (O-•

2),
both produced by phagocytes, to form the hydroxyl radical
(OH•) by the Fenton reaction. Finally, NO can react with
oxygen free radicals, or with Hb, to produce more ROS.

Ferryl hemoglobin. It has been postulated that the excess
H2O2 reacts with ferrous Hb (HbFe2+) and ferric, or “met”
Hb (HbFe3+), in vivo, to initiate further oxidation cycles
resulting in the formation of highly reactive ferryl-Hb
(HbFe4+). Specifically, when HbFe2+ reacts with H2O2, it
donates two electrons to the H2O2, to form HbFe4+ and 
OH-. In HbFe4+ the iron center is at a higher oxidation state.
Despite its transient nature, Fe4+ heme can peroxidize lipids,
degrade carbohydrates, and modify proteins. The further
interaction of HbFe4+ with H2O2 results in the formation of
rhombic heme, which is considered to be one of the best
measures of the toxicity of a blood substitute. The rhombic
heme in which the geometry of the iron is distorted due, in
some instances, to the chemical modification of the protein,
then initiates a cascade of oxidative side reactions resulting
in the formation of free iron.

Fenton reaction. In the hemoglobin molecule the hemes
are normally bound in pockets from which water is largely
excluded. Conformational changes that open up the heme
pockets and allow greater access of water and small anions
favor the conversion of the heme iron to the ferric or “met”
state. The reaction (auto-oxidation), which also produces
superoxide anions, occurs spontaneously in modified hemo-
globins. A key study showed that 72 hours after infusion 
of glutaraldehyde polymerized bovine Hb into an animal,
almost 40 percent of circulating hemoglobin is in the met
form [6]. This is important because it has been estimated
that met Hb concentrations greater than 10 percent signifi-
cantly decreases the ability of Hb to deliver oxygen to tis-
sues. The met Hb then reacts with H2O2 to release free iron
and free heme, which decomposes H2O2 to form hydroxyl
radical (OH•) and hydroxide anion (OH-) by the Fenton
reaction:

The Fe3+ that is formed can react with superoxide radicals to
produce more Fe2+:

This Fe2+ then undergoes the Fenton reaction to produce
more OH•. Thus, the combination of H2O2 and Fe2+ repre-
sents a highly toxic potential that contributes to peroxidation
in hemoglobin-containing systems. One OH• can result in

Fe O Fe O2
.3 2 2+ - ++ Æ +

Fe H O Fe OH
.

OH2 2
2 3+ + -+ Æ + +
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the conversion of many hundred fatty acid side chains into
lipid hydroperoxides. Iron is also capable of catalyzing the
production of alkoxy and peroxy radicals from lipid perox-
ides, and the production of these reactive species could con-
tribute to tissue injury.

In normal blood, the reservoir of heme iron is compart-
mentalized within the erythrocyte, which limits its ability 
to act as a catalyst. Erythrocytes are rich in antioxidant
enzymes, such as superoxide dismutase (SOD) and cata-
lase, which inactivate the O-•

2 and H2O2, respectively.
These enzymes are in close proximity to Hb within the ery-
throcytes, and although Hb can release catalytic iron when
exposed to oxidant stress, injury is limited because the
enzymes react with the resultant ROS before they reach the
cell membrane.

Reactions involving nitric oxide. Nitric oxide, which is
constitutively produced by endothelial cells and is produced
by macrophages when they are activated, can have either a
protective or a deleterious effect on tissue in the presence of
Hb. The deleterious effect can arise in two ways. One way
is from its interaction with O-•

2 to form peroxynitrite anion,
ONOO-:

The amount of O2
•- present determines the amount of

ONOO- that is formed. The concentration of O2
•- in the cir-

culation is kept extremely low by a high concentration of
superoxide dismutase (SOD). A balance between NO• and
O2

•- is therefore maintained under physiological conditions,
and the reaction between the two to form ONOO- is limited.
When the circulation is perfused with a modified Hb, the Hb
reacts very quickly with the NO• and the resulting reduction
in NO• drives the formation of ONOO-. On protonation,
ONOO- decomposes to the highly reactive OH•. Nitric
oxide can also react with oxyHb (Hb(Fe-O2)) to produce
met Hb, which is unstable and easily releases iron that 
catalyzes production of OH•. The protective effect of 
NO• occurs when it scavenges the damaging oxidant 
peroxynitrite:

It is obvious from these reactions that the role played by
NO•, whether it acts as a pro-oxidant or as an antioxidant,
depends on the relative amounts of NO• and (ROS) that are
present. The fact that Hb has a high affinity for NO• has the
potential for upsetting an existing balance between NO• and
ROS.

EFFECTS OF HEMOGLOBIN-BASED BLOOD SUBSTITUTES ON

MICROVASCULAR PERMEABILITY

It is well known that excess ROS oxidize lipids of the cell
membranes. Lipid peroxidation damage of membrane com-
ponents is thought to play an important role in increasing
microvascular permeability. When hemoglobin-based blood
substitutes are injected into the circulation, excess ROS,
such as H2O2, O2

•-, OH•, and Fe4+, will form if the hemo-
globin increases its oxidation state. Since H2O2 can easily

ONOO NO
.

NO NO- -+ Æ +2 2

O NO ONOO2
. .- -+ Æ

diffuse across cell membranes, and O2
•- can traverse mem-

branes via the chloride anion channel, it is likely that these
(ROS) will leave the microvasculature and gain access to
other cells in the tissue. This action can have deleterious
effects. For example, if the ROS reach mast cells in the
interstitium they will cause the mast cells to degranulate and
release a selection of inflammatory mediators, including 
histamine, which will increase microvascular permeability.
In addition, degranulating mast cells release eosinophil and
neutrophil activating factors, triggering these leukocytes to
release more ROS. Surprisingly, only a few studies have
been performed to determine whether injection of a hemo-
globin-based blood substitute into the circulation signifi-
cantly increases the accumulation of ROS in surrounding
tissue. In one study [5], a bolus injection of DBBF-Hb into
the circulation of rats was found to rapidly produce excess
ROS, as detected by fluorescence of dihydrorhodamine-123,
in the intestinal mucosa.

Although it is known that formation of the unstable 
form of hemoglobin, met Hb, proceeds rapidly after injec-
tion of modified hemoglobins into the circulation, and that

Figure 2 Image pair of FITC-albumin (A) and rhodamine phalloidin-
stained (B) 10-minute DBBF-Hb preparation showing venules. Note small
leaks (arrowhead in A) and extensive leak (arrow in A). The small leaks (A)
are coincident with the endothelial junctions as identified by rhodamine-
stained peripheral actin rims (arrowhead in B). Precise positions of the
small leaks coincide with discontinuities in PARs. Scale bars = 25 mm.
(From Ref. [7]).
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ROS increase microvascular permeability, very few studies
have been performed to determine whether injection of
hemoglobin-based blood substitutes increase microvascular
permeability. One study [7] showed that bolus injection of
DBBF-Hb, in rats, increased venular leakage to fluores-
cently labeled bovine serum albumin (FITC-BSA) and pro-
duced mast cell degranulation in the rat mesentery. Such
changes are characteristic of an inflammatory response.
Focal leakage of FITC-BSA from mesenteric venules fol-
lowing a 10-minute perfusion with DBBF-Hb is illustrated
by a figure from this study (Figure 2). The upper panel
demonstrates focal leaks of FITC-BSA. Small leaks (arrow-
head) and a large leak (arrow) are visible. The lower panel
shows the same segment of venule, but stained for F-actin.
The arrowhead indicates that small leaks are sometimes
coincident with focal breaks in the peripheral endothelial
actin rim. This type of focal macromolecular leakage is sim-
ilar to that observed in the presence of histamine. The dis-
crete nature of the leakage means that it is not easily
detected in studies in which only the average fluorescence in
the tissue is measured. It is disadvantageous for a potential
blood substitute to cause microvascular leakage, because the
substitute itself will rapidly leave the circulation, and in
addition, alterations in transvascular exchange of plasma
proteins will disturb the fluid balance between blood and 
tissue. Increased microvascular leakage also changes the
kinetics of delivery of intravascularly injected drugs, and of
endogenous enzymes and hormones, to various tissues.
When transfusions are needed, for example after hemor-
rhagic shock, it is important that regulation of microvascu-
lar exchange not be compromised.

METHODS TO REDUCE TISSUE DAMAGE BY BLOOD

SUBSTITUTES IN VIVO

The diagram in Figure 3 depicts the various mechanisms
by which modified hemoglobins can cause tissue damage.
From this diagram, it is clear that there are at least three dif-
ferent types of agents that could be administered to reduce
microvascular damage: (a) antioxidants, (b) iron chelators,
and (c) mast cell stabilizers. Very little progress has been
made using iron chelators and mast cell stabilizers, and so
only antioxidants will be considered.

Use of superoxide dismutase and catalase. Superoxide
dismutase and catalase are endogenous antioxidants for O2

•-

and H2O2, respectively. Several methods currently incorpo-
rate SOD and catalase into cross-linked Hb (i.e., Ref. [8]).
This technique ensures that the free-radical scavengers are
in close contact with the source of the ROS, the hemoglobin,
and also effectively addresses the problem that SOD has a
short half-life in blood (10 to 40 minutes). An alternative
way of increasing the half-lives of SOD and catalase is to
bind them to PEG. Polyethylene glycol–SOD has a half-life
of several days, and PEG linkage increases the half-life of
catalase from 2 to 50 hours.

Use of nitroxides. Another antioxidant that has been
investigated for use with blood substitutes is nitroxide.
Nitroxides are able to scavenge O2

•-, and thus can act as

potent antioxidants. However, free nitroxide is cleared 
very rapidly from the circulation and very little is left 
even 5 minutes after intravenous infusion. For this reason 
a polynitroxylated hemoglobin-based oxygen carrier has 
been developed in which nitroxide molecules are cova-
lently bound to Hb so that the circulatory half-life of the
nitroxide molecules is greatly increased [9]. At this time
there is no published record of the ability of hemoglobins,
conjugated with antioxidants, to minimize oxidative tissue
damage.

Use of selenium. Recently, the protective effect of sele-
nium on Hb-mediated lipid peroxidation has been investi-
gated for use with blood substitutes. The rationale for using
selenium is that it is a very powerful antioxidant. Selenium
is thought to act as an antioxidant in the body because it is a
component of the enzyme, glutathione peroxidase, which
catalyzes removal of H2O2. Hemoglobin’s oxidative reac-
tions are very complex, and so total protection cannot be
achieved using hydroxyl radical scavengers exclusively.
Sodium selenite (Na2SeO3), when administered orally or
intravenously, has been shown to significantly reduce the
microvascular leakage associated with bolus injection of
DBBF-Hb in rats. In addition, Na2SeO3 reduces the oxida-
tion rate of DBBF-Hb while in the presence of oxidants in

Figure 3 Diagram to show possible mechanisms by which modified
hemoglobins can cause microvascular damage. Hb(Fe-O2): oxyhemoglo-
bin; NO•: nitric oxide; HbFe2+: ferrous hemoglobin; met Hb: ferric hemo-
globin; H2O2: hydrogen peroxide; Hb(Fe4+=O): oxyferryl hemoglobin;
OH·: hydroxyl radical.
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vitro. Thus it appears that Na2SeO3 moderates hemoglobin-
induced damage at least partly through its interactions with
the hemoglobin molecule itself, and that there is no need for
glutathione peroxidase to be involved in the process. How-
ever, the disadvantage of this treatment is that selenium
compounds might only be useful adjuncts to Hb-based
blood substitutes that can be reduced by interaction with
selenium.

Future Possibilities

The possible mechanisms by which modified hemoglo-
bins cause microvascular damage are summarized in Figure
3. It is obvious that in order to prevent oxidative tissue dam-
age by hemoglobin-based blood substitutes during transfu-
sion, the formation of, and the effects of, different nitrogen-
and oxygen-derived radicals must be prevented. To prevent 
formation of such radicals it is necessary to reduce the ten-
dency of the hemoglobin to oxidize, either by chemical
modification during manufacture, or by adding an appro-
priate reducing agent at the time of infusion. Ideally, a 
therapeutic agent would scavenge all deleterious radicals,
whether or not their production is catalyzed by iron, and
would be able to cross biological membranes. One possible
candidate that has been suggested is Tempol (4-hydroxy-
2,2,6,6-tetramethylpiperidine-N oxyl), a stable nitroxide
that attenuates the effects of peroxynitrite and oxygen-
derived free radicals such as superoxide anions and
hydroxyl radicals [10]. Unlike recombinant superoxide dis-
mutase, which is not able to cross biological membranes,
Tempol permeates biological membranes and accumulates
in the cell cytosol. Future studies using molecules such as
Tempol, in conjunction with a range of Hb-based blood sub-
stitutes with various oxygen affinities and NO scavenging
capacities, may lead to a product that both is nontoxic and
delivers oxygen at a rate suitable for the conditions.

Glossary

Auto-oxidation: The removal of electrons from a molecule. In the
case of Hb, Fe2+, or ferrous Hb, is auto-oxidized to form Fe3+, or ferric
(met) Hb.

Reactive oxygen species: A cluster of atoms, including oxygen, 
which contains an unpaired electron in its outermost shell. This is an
extremely unstable configuration that reacts quickly with other molecules
to achieve the stable configuration of four pairs of electrons in the outer
shell.

Redox: Changes in the redox status of a molecule involve the addition
(reduction) or removal (oxidation) of electrons to or from the molecule.

Shear stress: The intensity of force per unit area acting tangentially to
the area.

Vasopressor: A substance that causes an increase in blood pressure by
constricting the arteries.
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an extensive collateral network of tiny (about 6 mm) thin-
walled vessels that function in gas, solute, or cell exchange
and transport. The capillaries are in some cases discontinu-
ous (e.g., “sinusoidal” capillaries as are found in the bone
marrow, liver, and spleen) or fenestrated (e.g., “transport”
capillaries as are found in endocrine organs and the renal
glomeruli). In the brain, the capillaries are tightly joined to
one-another to create a barrier for selective transport and
exchange. Capillaries then converge into widening branches
of the efferent venules, which expand in size from tens to
hundreds of microns in diameter, and possess two important
features: fenestrae that permit egress of cells and proteins
adluminally and valves that prevent backflux into the capil-
lary network. These features of the microcirculatory vascu-
lar network vary depending on their location, and it should
be emphasized that unique anatomical and functional char-
acteristics can be found in unique capillary beds, such as 
the skin, skeletal muscle, brain, liver, kidney, lungs, and
heart. Such unique characteristics undoubtedly influence an
organ’s vulnerability to specific hemostatic and thrombotic
challenges, although the mechanisms by which these influ-
ences develop are in most cases unknown.

Introduction

Physiological hemostasis and pathological thrombosis
take place within a complex in vivo milieu. The complex
variables that modulate prohemostatic and prothrombotic
responses are probably best organized by examining them
within Virchow’s triad. Virchow’s triad reminds us that
hemostasis and thrombosis are regulated by the simul-
taneous interactions among blood (cells and soluble con-
stituents), blood vessel (endothelium, subendothelium, and
smooth muscle), and blood flow (related to diameter,
branching, turbulence, and obstruction) (Figure 1). In con-
sidering the variables that affect—and perhaps differenti-
ate—glycoprotein (Gp) Ib-IX-V-dependent hemostasis and
thrombosis, one should begin by examining features within
Virchow’s triad that are unique to the microcirculation, the
site of hemostasis.

The most unique feature of the microcirculation is its
blood vessels. The afferent arterioles are defined as 100 mm
descending to <10mm in diameter, with little subendothe-
lium separating the luminal endothelium from the vascular
smooth muscle cell layer. The capillary bed is comprised of

Copyright © 2006, Elsevier Science (USA).
635 All rights reserved.
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Rheological principles governing microvascular hemo-
stasis and thrombosis emanate from its unique anatomic fea-
tures. High shear stress (up to 60dyn/cm2) “feed” arterioles
bifurcate into branch arterioles at intervals of about 200 mm,
with declining flow velocities and shear stress as branches
narrow (for example a first branch shear stress of 20dyn/
cm2 and a fourth branch shear stress of 9dyn/cm2). At
branch points there is turbulence, increased resistance and
even backflux as cyclical blood flow overcomes afferent
arteriolar autoregulatory vasoconstriction triggered with
every cardiac diastolic relaxation. As blood enters the exten-
sively branched capillary bed, shear stress decreases further.
There are very few published data that provide one with 
precise measurements of shear stress or other rheological
parameters in capillaries, but estimates based on viscosity
calculations and flow and pressure measurements leading
into and out of capillaries indicate that physiological capil-
lary blood flow is low flow velocity and generates low shear
stresses. The branching postcapillary venules then converge
into efferent vessels of increasing diameter and capacitance
and gradually increasing—but still low—shear stress (less
than 5dyn/cm2). Venular backflux is limited by tiny two-
cusped valves even when low flow and high capacitance
result in venular segmental flow reversal. Flow turbulence
decreases and flow velocity increases as smaller venular

branches come together into larger venules and, eventually,
small veins (more than 100 mm in diameter).

The unique anatomy and rheology of the microvascula-
ture direct the activity of the platelets, coagulation proteins,
red cells, and leukocytes in hemostasis and thrombosis, and
the behavior of blood within the microcirculation directs
vascular and rheological responses. Although the dynamics
of these interactions exceed the boundaries of simplifica-
tion, their complexity is best appreciated from a perspective
that brings time into the biological framework: Every ele-
ment of Virchow’s triad—whether pro- or antihemostatic or
pro- or antithrombotic—works within a response that occurs
over time. This is important for the blood vessel (e.g., vas-
cular smooth muscle vasoreactivity will constrict or dilate
an afferent arteriole) and for blood flow (e.g., a nonde-
formable 7-mm red cell will obstruct a 4-mm capillary), but
it is absolutely essential for the physiology and pathophysi-
ology of the blood. In considering how the microvascular
environment interacts bidirectionally and temporally with
the blood to promote hemostasis and thrombosis, two fun-
damental observations require emphasizing. The first is that
high shear stress (i.e., arteriolar) hemostasis and thrombosis
are predominantly platelet mediated, with the coagulation
proteins and other blood cells playing an important but sec-
ondary role (e.g., as vaso-occlusion causes flow and shear
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Figure 1 The elements within Virchow’s triad that direct hemostasis or thrombosis in the microcirculation.
The microcirculation—which is generally defined by a vascular lumen diameter less than 100 mm—encompasses
three vessel beds of strikingly different morphology and rheology: arterioles, capillaries, and venules. Each pos-
sesses a unique repertoire of physiological and pathological attributes and responses. Distribution refers to where
the majority of blood platelets are found within a cross-sectional vessel lumen. VWF, von Willebrand factor; TTP,
thrombotic thrombocytopenic purpura; HUS, haemolytic–uremic syndrome; ADAMTS13, a disintegrin and met-
alloproteinase with thrombospondin type-1 motif 13; EC, endothelial cell; TFPI, tissue factor pathway inhibitor;
WBC, white blood cell; PSGL-1, P-selectin glycoprotein ligand-1. (see color insert)
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stress to diminish, red cells, leukocytes, and fibrin accumu-
late in the nascent thrombus). The second is that low shear
stress thrombosis (i.e., capillary and venular) is predomi-
nantly fibrin mediated, with red cells and leukocytes playing
essential primary roles, and platelets generally coming into
the picture secondarily in response to coagulation factor
activation (e.g., the generation of thrombin) or leukocyte
recruitment (e.g., P-selectin glycoprotein ligand-1 on leuko-
cytes bound to inflamed or damaged postcapillary venules
will recruit activated platelets expressing P-selectin). There
is, however, one example of a platelet-initiated low shear
stress (venular) response. Platelets attach and roll along
inflamed venule endothelium and the transitory contacts that
mediate this response are both GpIb-IX-V mediated: platelet
GpIba binding to venular P-selectin and platelet GpIba
binding to venular EC surface VWF. It is noteworthy that
these interactions do not lead to significant thrombus
accrual, suggesting that elevated shearing stresses are
required for platelet-dependent thrombosis to occur in the
microvasculature.

Molecular Effectors of Platelet-Mediated Hemostasis
and Thrombosis

The GpIb-IX-V Receptor Complex

The platelet Gp Ib-IX-V complex—universally credited
as an essential component of hemostasis and as a notorious
mediator of arterial atherothrombosis—is also a critically
important factor in the pathogenesis of human diseases
affecting the microvasculature. It plays a primary role in
afferent arteriolar and capillary thrombosis in thrombotic
thrombocytopenic purpura (TTP) and the haemolytic–
uremic syndrome (HUS). It may also play a primary role 
in platelet adherence to inflamed venular endothelium 
and a significant secondary role in effecting venular throm-
bosis after leukocytes have been recruited to the injured
microvasculature.

GpIb-IX-V directs specific platelet responses by organiz-
ing disparate factors operating within Virchow’s triad into a
single series of functional responses: adhesion, secretion,
and aggregation. Its functional versatility—as a switch for
turning platelet-dependent hemostasis and thrombosis “on”
within different vascular and rheological microenviron-
ments—relates to its primary structural attributes. GpIb is
made up of GpIba and GpIbb disulfide bonded at a single
perimembranous extracellular site. There are about 25,000
GpIb heterodimers per platelet noncovalently associated
with GpIX and GpV, and the stoichiometry of the GpIba/b-
IX-V complex is believed to be 2:2:2:1. Each of the mem-
bers of the GpIb-IX-V complex is a related member of the
leucine-rich repeat protein family and each has a single
transmembranous domain. The “business ends” of the com-
plex are found mainly on GpIba: the large extracellular 
N-terminal ligand binding domain and the 96 amino acid
cytoplasmic C-terminal cytoskeletal-binding and signaling

domain. In addition, experimental data suggest that the 34
amino acid cytoplasmic domain of GpIbb modulates plate-
let activation and the extracellular domain of GpV, which 
is a substrate for thrombin cleavage, modulates platelet
responses to thrombin.

GpIb-IX-V Ligands

Pathological shear stress-dependent platelet adherence in
arteries and arterioles is triggered by platelet GpIba binding
to plasma or vessel wall von Willebrand factor (VWF).
VWF is synthesized by vascular endothelium and by
megakaryocytes. It is constitutively released adluminally
(into the subendothelium) and abluminally (into the blood)
by the endothelium, and it is also stored and secreted fol-
lowing cellular activation (stored in endothelial cell Weibel-
Palade bodies and in platelets’ a-granules). Subendothelial
VWF is most abundant in the macrovasculature large veins
and arteries (most large veins > pulmonary artery > cerebral
arteries > aorta > coronary arteries > renal arteries > hepatic
arteries > pulmonary vein). It is generally less abundant in
microvasculature subendothelium, and its distribution in the
microvasculature is noteworthy: venules > arterioles > cap-
illaries, with very little or no VWF observed in any embryo
capillary bed (in mice) and with relatively little VWF
observed in adult myocardium (in pigs).

It is a multimeric protein built up of tens to hundreds of
disulfide-bonded multivalent protomeric units. Larger mul-
timers appear to have greater hemostatic and prothrombotic
properties. Each protomeric subunit is composed of two
disulfide-linked mature VWF polypeptides, each one of
which is divided structurally and functionally into several
domains: the A, B, C, and D domains. The A domains are of
particular importance because the A1 domain forms the pri-
mary GpIba recognition site and binds to type VI collagen,
the A2 domain contains the recognition sequence for degra-
dation by the VWF multimer-cleaving protease ADAMTS
(a disintegrin and metalloproteinase with thrombospondin
type 1 motif) 13, and the A3 domain binds to fibrillar colla-
gens type I and III found in arterial subendothelium, thus
allowing soluble VWF to tack down onto the subendothe-
lium of ruptured atherosclerotic plaques. Two other domains
of VWF are important for hemostasis and thrombosis: The
C2 domain contains a RGD integrin recognition domain
essential for VWF binding to platelet aIIbb3 and an N-
terminal D domain binds Factor VIII.

VWF binding to GpIba is required for microvascular
hemostasis, which appears to be triggered in the injured
arteriole—a high shear stress microenvironment—by solu-
ble and subendothelial VWF alone or bound to collagen
(type VI may be the predominant microvascular collagen)
attaching to platelets via GpIba, with the subsequent activa-
tion of aIIbb3 to a ligand-receptive conformation. The 
high shear stress in the arteriole limits fibrin deposition 
and leukocyte recruitment, and neither soluble coagulation 
factors nor leukocyte number or function contribute in 
any clinically important manner to microvascular hemosta-
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sis in the epithelium (such as skin, mucous membranes, 
and the urinary and GI tracts). As shear stress falls in the
occlusive hemostatic plug to venular levels, fibrinogen bind-
ing to activated aIIbb3 is important for interplatelet cohe-
sion. The importance of fibrinogen is emphasized by clinical
observations that fibrinogen deficiency causes a severe
hemostatic defect. Regional regulation of the VWF-
triggered hemostatic plug induced by a bleeding time wound
is remarkably fine-tuned, as the platelet-rich thrombi accrue
only at the mouths of the transected arterioles, and little or
no platelet accumulation occurs within the adjacent arteriole
lumen.

VWF-dependent arteriolar platelet thrombosis is the hall-
mark of TTP and HUS. In TTP the primary pathogenetic
event may be an acquired deficiency of ADAMTS13, 
resulting in persistent “ultralarge” VWF multimers—on
endothelial cell (EC) surfaces and in the blood—effecting
GpIb-IX-V-dependent platelet adhesion, secretion (predom-
inantly dense granules which contain costimulatory adeno-
sine diphosphate), aIIbb3 activation, and aggregation. In
diarrhea-associated HUS the primary pathophysiology 
may involve an enterotoxin-mediated overstimulation of
“ultralarge” VWF multimers from arteriolar endothelial
Weibel-Palade bodies. This bolus of large VWF multimers
somehow remains attached to the EC surface and thereby
recruits passing platelets through the shear-dependent bind-
ing of platelet GpIba to the EC-associated VWF. A similar
effect may occur in low-shear-stress postcapillary venules
when rapid EC Weibel-Palade body release is stimulated by
calcium ionophore or histamine, suggesting that there may
be clinical conditions associated with venular inflammation
in which part of the pathophysiological process is caused by
VWF/GpIb-IX-V mediated platelet recruitment within a low
shear stress microenvironment.

There are several other molecules relevant to micro-
vascular hemostasis and thrombosis that bind directly to
GpIb-IX-V. These include P-selectin, which is expressed on
inflamed venules and mediates platelet rolling through a
direct interaction with GpIba. Platelet GpIba binding to the
leukocyte integrin receptor Mac-1—expressed on activated
neutrophils and macrophages—is involved in leukocyte
recruitment to platelet thrombi and in platelet recruitment 
to sites of microvascular leukocyte accumulation. Platelet
GpIba binds directly to thrombin and Factor XI, and such
binding appears to accelerate coagulation at the surface of
activated platelets under low-shear-stress (capillary and
venular) conditions. GpIba also binds to high-molecular-
weight kininogen and Factor XII, and these interactions
block thrombin binding to GpIb-IX-V and thrombin-
induced platelet activation. Thrombin also binds to GpV,
and this interaction may be involved in attenuating throm-
bin-induced platelet activation.

Co-receptors

Although the GpIb-IX-V complex is required for the ini-
tiation of microvascular hemostasis and is a primary factor
contributing to microvascular thrombosis in TTP and HUS,

several additional platelet receptors are also involved in
both microvascular physiology and pathology. In every
case, the co-receptor functions to support platelet-mediated
microvascular responses after GpIb-IX-V engages ligands
(the co-receptor supports postadhesion responses), and in
some cases the co-receptor requires activation or expression
downstream of VWF/GpIb-IX-V interactions (aIIbb3 and
a1b2 are “activated,” while P-selectin is expressed follow-
ing a-granule secretion). Observations of human and/or
mouse deficiencies of aIIbb3 (the human defect is called
Glanzmann’s thrombasthenia) reveal that it causes a severe
bleeding disorder but protects against macrovascular arterial
thrombosis. Similar observations have been made with the
protease-activated receptors that mediate thrombin-induced
platelet activation, the thromboxane A2 receptor, and the
P2Y12 receptor that binds adenosine diphosphate (ADP), is
the target of thienopyridine antiplatelet drugs, and appears
to be indispensable to platelet aggregation triggered by
VWF binding to GpIb-IX-V. Similar but lesser effects on
hemostasis and macrovascular thrombosis are seen in mice
lacking the P2Y1 receptor or P-selectin. In contrast, human
deficiencies of the collagen receptors—GpVI or integrin
a2b1—result in a mild bleeding diathesis, while GpVI- or
a2b1-deficient mice have only a small or no hemostatic
defect, respectively. Either GpVI or a2b1 deficiency or
pharmacological perturbation results in delayed and
decreased ex vivo thrombus formation on type 1 collagen
under both arteriolar and low-shear-stress conditions, indi-
cating that GpVI and a2b1 (probably to a lesser extent in
comparison to GpVI) are important but secondary mediators
of microvascular thrombosis. The prototypical example 
of a platelet co-receptor that appears to effect hemostasis
and thrombosis paradoxically is platelet endothelial cell
adhesion molecule (PECAM)-1, which is expressed by the
microvascular endothelium and platelets. Mice deficient in
PECAM-1 have a hemostatic defect not because of a loss of
platelet expression, but because they lack homotypic inter-
actions between PECAM-1 on adjacent ECs needed to reg-
ulate the endothelial component of Virchow’s hemostatic
response. In fact, PECAM-1-deficient platelets are actually
hyperresponsive to both VWF and collagen because
PECAM-1 is a negative regulator of GpIb-IX-V- and GpVI-
dependent signaling.

ADAMTS13

ADAMTS13 is the VWF multimer-cleaving protease. It
is synthesized in the liver, circulates in blood, and may
attach to the vascular endothelium. Although the regional
distribution of ADAMTS13 activity is not yet understood,
based on the end-organ pathology of TTP it appears to 
play an important role in processing “ultralarge” VWF 
multimers—released constitutively and secreted following
EC stimulation—in the cerebral, mesenteric, myocardial,
splenic, renal, pancreatic, and adrenal arterioles. It also
appears that arteriole-level shear stress is required for
ADAMTS13-mediated cleavage of “ultralarge” VWF multi-
mers: higher levels of shear stress open up or untangle the
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multimers and thereby expose the ADAMTS13 cleavage
site in the VWF monomer A2 domain. The hypothetical
mechanism by which ADAMTS13 deficiency leads to TTP
presents a tidy pathophysiological model. Under physio-
logical conditions, ADAMTS13 is synthesized, homes to 
the arteriole EC, and, under arteriole levels of shear stress,
breaks down prothrombotic “ultralarge” VWF multimers.
This maintains blood flow within the microvasculature.
When ADAMTS13 is deficient, arteriolar-level shear stress
triggers platelet GpIba binding to the unprocessed multi-
mers, thus causing the arterioles to become occluded with
both EC-attached platelets and platelet clumps that exceed
the diameter of the narrowing arteriolar branches. This leads
to ischemia and infarction of the involved organs.

Other Regulatory Vascular Factors

An intact vascular endothelium actively maintains blood
fluidity. Recall that a bleeding time wound shows platelet
thrombus formation only at the site of arteriolar transection.
This is because the adjacent arteriolar, capillary, and venular
ECs constitutively secrete or express on their surface 
molecules that prevent GpIb-IX-V-dependent platelet 
adhesion, secretion, and aggregation. These include PGI2
and nitric oxide (which inhibit GpIba-mediated adhesion
and signaling), the ectoADPase CD39 (which breaks 
soluble ADP down), thrombomodulin and heparin sulfates
(which bind and inactivate thrombin), and urokinase-type
plasminogen activator (uPA) and tissue plasminogen activa-
tor (tPA) (which generate plasmin capable of degrading
VWF and fibrinogen). The capillary endothelium is particu-
larly richly endowed with tissue factor pathway inhibitor
(TFPI), which is both secreted into the blood and 
retained on capillary endothelium, where it binds to and
inactivates the tissue factor/Factor VIIa/Factor Xa complex,
thereby eliminating thrombin generation and the assembly
of a platelet GpIba-based site of fibrin generation and Fac-
tor XI activation. This suggests that the capillary may be 
an important gate preventing the initiation of coagulation
despite continuous low-level exposure to prothrombotic
stimuli.

Only uPA or tPA deficiency is associated with sponta-
neous microvascular thromboses, but a deficiency of any
one of these antiplatelet or anticoagulant molecules leads to
exaggerated responses to thrombotic stimuli. The exception
to this is CD39 deficiency, which causes a severe bleeding
diathesis due to compromised hemostasis because elevated
blood levels of adenine nucleotides lead to P2Y1-mediated
platelet desensitization. This is a useful reminder that time-
dependent desensitization can affect many components of
Virchow’s triad.

Other Regulatory Blood Factors

Platelet GpIb-IX-V-dependent hemostasis is mainly a
physiological arteriolar response to injury. In addition to the
blood factors that interact directly with GpIba (see the ear-
lier section on GpIb-IX-V ligands), there are blood elements

that modify GpIb-IX-V/vascular interactions indirectly. Per-
haps most important is the red cell. Under arteriolar flow
conditions the red cells flow centrally and push the platelet
stream peripherally toward the arteriolar wall. Because
blood flow in a tubular arteriole can be considered to be par-
abolic and comprised of an infinite number of infinitesimal
laminae, the centripetal movement of platelets exposes them
to flow laminae of lowest velocity and highest shear stress,
thus slowing them and making wall collisions more efficient
(or sticky). As arterioles narrow and branch into capillaries
their luminal diameter narrows, red cells are excluded 
from the central stream (and eventually the entire stream),
flow velocity falls, and platelets become evenly dispersed
throughout the bloodstream. If the average pulmonary cap-
illary diameter is calculated to be 5.8 mm, and the size of a
platelet is 3 mm and a red cell is 7 mm, it becomes intuitively
apparent that platelets flow relatively better (e.g., faster)
than red cells through capillaries. This facilitates red
cell–mediated oxygen uptake (in the pulmonary alveoli) and
delivery (everywhere else). It also keeps platelets from
slowing and sticking: Platelet/capillary interactions are min-
imized simply because fewer platelets are at the wall and
more platelets are in the central stream with highest flow
velocity. So platelet thrombosis in capillary beds adjacent 
to bleeding time wounds does not occur, at least in part,
because of rheological factors—which are a direct conse-
quence of capillary diameter and red cell size, shape, and
deformability—that keep platelets flowing rapidly through
the thin central stream of capillary blood (calculated veloc-
ity of platelet flow through a pulmonary capillary is about
500mm per second).

A similar rheological environment is found in the
venules: Until red cells that have squeezed their way
through the capillary bed gradually queue back into concen-
tric central stream laminae, platelets remain randomly dis-
persed throughout the venular lumen even as the flowing
blood accelerates up to velocities three to four times greater
than those found in the capillaries. This means that platelet
and venule wall collisions are relatively rare and that effi-
cient collisions (collisions resulting in attachment) between
platelet GpIba and inflamed venular P-selectin or surface
VWF are even rarer, suggesting that other blood factors
enter the milieu and participate in pathological venular
thrombosis. Perhaps the most important factor is the state of
platelet activation: Platelets that enter the capillaries and
venules already activated are most likely to be deposited in
these vascular beds. The mechanisms by which platelet 
activation affects their adherence to venular endothelium 
are unclear, although it appears that P-selectin on activated
platelets is the key and that it binds to venular and arteriolar
endothelium by recognizing EC PSGL-1 and related 
molecules. Activated platelets also bind lymphocytes, neu-
trophils, and monocytes, and they release growth factors and
cytokines. These responses—alone or in combination, but
always operating within Virchow’s triad—contribute sub-
stantially to pathological venular thrombosis. Mechanisms
by which platelets become activated within the venular cir-
cuit are not clear except in one case: In bacterially induced
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sepsis, splenic venular endothelium is activated to express
tissue factor (TF), which generates thrombin through the
“extrinsic” coagulation pathway (the TF/Factor VIIa com-
plex activates Factor X, and Factor Xa—by a calcium and
phospholipid-dependent reaction—cleaves prothrombin to
thrombin).

Clinical Models That Separate GpIb-IX-V Mediated
Thrombosis from Hemostasis

Bernard-Soulier Syndrome (BSS)

BSS is rare human genetic disorder in which platelet
GpIb-IX-V is absent or dysfunctional. Such patients suffer a
bleeding disorder manifested by mucosal and cutaneous
bleeding following hemostatic insults that are clinically triv-
ial when platelet GpIb-IX-V is working properly (referred to
as “easy bruising or bleeding”). Their bleeding times are
always elevated. The impact of BSS on the development and
natural history of atherothrombosis of the mid-sized arter-
ies—or other vasculopathies—is not of any obvious sig-
nificance, but BSS platelets show poor VWF-dependent
adherence and aggregation in vitro under high-shear-stress
conditions. The only acquired human disorder that resem-
bles BSS is iatrogenic: Blood-banked platelets gradually
suffer a BSS-like lesion when their ligand-binding extracel-
lular domain of GpIba is slowly proteolyzed during storage.

Von Willebrand Disease (VWD)

VWD includes a variety of disorders defined by a defi-
ciency or dysfunction of VWF. There are three major types
of VWD. Type 1 VWD is due to a mild deficiency and type
3 VWD is due to severe or absolute deficiency. In both 
of these diseases VWF structure and multimerization are
normal. Their clinical impact is directly proportional to the
magnitude of the VWF deficiency. There are also VWD
types and subtypes in which the patient suffers mild pro-
voked bleeding because the larger normal plasma VWF
multimers (not the “ultralarge” forms that participate in TTP
and HUS) are deficient. Most type 2A VWD is due to the
production of mutant VWF multimers that are unusually
sensitive to normal proteolytic processing. Type 2A VWD is
less commonly caused by mutations that interfere with the
normal synthesis of plasma VWF multimers. Type 2B VWD
is due to VWF mutations that render it unusually avid for
platelet GpIb-IX-V; in type 2B VWD, VWF binds to GpIba
even in the absence of a modulator (e.g., ristocetin) or ele-
vated shear stress. When this happens in vivo, larger VWF
multimers become depleted from blood plasma (they bind to
circulating platelets) and some patients suffer a resulting
“consumptive” thrombocytopenia due to platelets with sur-
face-bound VWF being cleared from the intravascular com-
partment by some unknown mechanism(s). A similar loss of
large VWF multimers from blood onto platelet surface
GpIb-IX-V also occurs in pseudo-VWD, which is caused by

mutations in the extracellular ligand-recognition domain of
GpIba.

In considering the pathophysiology of VWD, two clinical
observations direct two general conclusions about the 
function of VWF in physiology and pathology. The first
conclusion is that larger plasma VWF multimers are
required for normal hemostasis: Persons with type 2 or
pseudo-VWD have a bleeding disorder. The second conclu-
sion is based on the observation that direct multimeric VWF
binding to GpIb-IX-V—as occurs in type 2B and pseudo-
VWD—has no effect on platelet-dependent hemostasis and
thrombosis in vivo independent of the fact that it causes an
intravascular depletion of larger VWF multimers. This sug-
gests that platelet-surface VWF is not an important determi-
nant of hemostasis or thrombosis unless it becomes
surface-bound by a series of specific interactions developing
within the triad of Virchow.

Moderately severe underproduction thrombocytopenia
(e.g., as occurs in leukemic patients who have received
intensive induction chemotherapy and is defined by 
blood platelet concentrations of ~20,000 to 50,000/mL)
rarely causes spontaneous dermal microvascular hemor-
rhage (petechiae). Severe underproduction thrombocytope-
nia (fewer than 10,000 platelets/mL blood) inevitably causes
petechiae. BSS (which is accompanied by thrombocytope-
nia and giant platelets) and most VWD (in which platelet
number and structure are normal) rarely cause spontaneous
mucocutaneous bleeding. Severe VWD causes petechiae,
albeit intermittently. These clinical observations reveal at
least two things about how platelets serve as “guardians of
the microvasculature.” First, platelets’ guardian function is
in large part performed by their GpIb-IX-V complex and its
capacity to recognize and bind VWF and thereupon signal
the activation of aIIbb3. Second, platelet guardian function
is maintained reasonably well even when platelet number or
the number of GpIb-IX-V complexes or VWF multimers is
very small, suggesting that evolution has “overproduced”
hemostatic cells and proteins under the selective pressure of
preventing hemorrhage. This may have biased our evolu-
tionary biology towards thrombosis. The observation that
only severe VWD, but not mild (types 1 and 2) VWD,
appears to protect against atherothrombosis is consistent
with the theory that human evolution has favored hemosta-
sis over thrombosis. If this theory is correct, the hunt 
to discover unique mechanisms of GpIb-IX-V mediated
thrombosis versus hemostasis should begin by reexamining
the old axiom that “thrombosis is simply hemostasis occur-
ring in the wrong place.” If we accept this as true, we should
then begin to try to figure out what it is about the “wrong
place’s” vascular system and rheological features that forces
“hemostasis” to occur.

TTP and HUS

TTP and HUS are thrombotic microangiopathies 
(small-vessel thromboses associated with microangiopathic
hemolytic anemia) due to platelet thrombi developing in the
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microvasculature. As more clinical and in vitro data about
these diseases are generated, more debate is generated about
the pathophysiological relationship between TTP and HUS.
Notwithstanding this fact, or the fact that HUS and TTP are
distinct clinical disorders, or the fact that TTP can be treated
with plasma exchange and HUS cannot, or the fact that in
HUS—but not TTP—fibrin can be found deposited in the
microvasculature of the renal glomerulus and peritubular
regions, or the fact that no etiological factor has yet been
identified in TTP, it is nonetheless clear that both diseases
share a common trigger: “unusually large” VWF multimers
wreak havoc because they exist where they should not. In
sporadic TTP it is an acquired deficiency of ADAMTS13,
usually because of an autoantibody. In sporadic HUS it is
because an enterotoxin (a shiga- or verotoxin) poisons the
microvascular ECs, which respond by releasing “unusually
large” VWF multimers. In familial TTP and HUS, the same
pathways are involved via different mechanisms: in familial
TTP there are inherited mutations in ADAMTS13 that affect
its secretion, stability, or activity; and in familial HUS there
is a deficiency of plasma factor H, which normally prevents
or dampens complement-mediated cellular toxicity, includ-
ing renal glomerular microvascular toxicity. Microan-
giopathies are also associated with radiation, solid organ and
bone marrow transplantation, and mitomycin, cyclosporine,
or tacrolimus therapy. These rarely fall neatly into one cate-
gory or another (i.e., TTP or HUS) and, except for bone 
marrow transplant recipients (who almost always have 
normal levels of ADAMTS13), it is difficult to predict or
establish the relative importance of ADAMTS13 insuffi-
ciency or EC damage (and perhaps even VWF-GpIb-IX-V)
in their pathogenesis.

Miscellaneous Conditions Where the Link between
GpIb-IX-V and Pathology Is Uncertain

When one examines the molecular determinants of 
GpIb-IX-V-mediated hemostasis and thrombosis and then
cross-references them with common diseases that affect 
the systemic or organ-specific microvasculature, certain
hypotheses come to light. For example, patients who suffer
from bacteremia and sepsis overproduce EC NO, which has
pleiotropic effects. Is it possible that one of the effects, that
of NO-mediated inhibition of platelet adhesion and activa-
tion resulting at least in part from GpIb-IX-V binding to
VWF, contributes importantly to bleeding associated with
sepsis? If we examine the question from the perspective of
responses by many different factors occurring dynamically
within Virchow’s triad, and that each group of factors oper-
ates in unique microvascular compartments over a 24- to 48-
hour time period, the answer must be “I don’t know, but
maybe sometimes.”

As another example, consider that solid organ (e.g., 
kidney, liver, or heart) transplant rejection often involves a
microvasculopathy with histopathological evidence of plate-
let deposition, including venular deposition. Is it possible
that venular platelet deposition is mediated by GpIba bind-

ing to VWF or P-selectin expressed on the venular EC
inflamed by the storm of cytokines that accompanies graft
rejection? How about the relationship between platelet-
mediated hemostasis and thrombosis and the pathogenesis
of brain plaques in Alzheimer’s disease? Evidence supports
the idea that platelet-secreted amyloid precursor protein
(APP) is involved in the formation of brain plaques, but are
platelets of primary importance or secondary importance, or
is platelet APP an irrelevant epiphenomenon? Answers are
possible only when we simultaneously examine changes in
the vascular and rheological components of Virchow’s triad
within the cerebral microvasculature. Finally, what is the
role of platelet GpIb-IX-V and VWF in the growth of can-
cers? Pretty solid evidence indicates that platelet aIIbb3
contributes to new capillary sprouts in several cultured
malignant cell lines. How does it work, and does it work at
all in vivo? Does it require activation and, if so, is it acti-
vated by VWF binding to GpIb-IX-V? We can only begin to
answer these questions after we have assiduously dissected
molecular mechanisms of GpIb-IX-V-mediated hemostasis
and thrombosis.

Summary and Conclusions

Atherosclerosis is a modern human disease caused by
genetic, environmental, and degenerative (i.e., senescence)
factors. It is therefore likely that a unique set of factors oper-
ate within Virchow’s triad to promote thrombosis when a
coronary plaque ruptures or when an internal carotid artery
continues to narrow beyond a 60 percent stenosis. If we can
identify these factors and rank their importance in the patho-
genesis of heart attack or stroke, we might be provided with
the opportunity to develop drugs that target these factors. An
ideal drug will inhibit thrombosis without inhibiting hemo-
stasis. It will be “lesion-specific.”

Differentiating molecular determinants of platelet GpIb-
IX-V-mediated hemostasis from those regulating thrombo-
sis is difficult and perhaps futile. It is difficult because there
are few experimental systems that provide an examination
of both hemostasis and thrombosis while also controlling for
the important prothrombotic and antithrombotic variables
simultaneously operating within Virchow’s triad. This diffi-
culty will likely be overcome because such experimental
systems—both flow chambers and whole animal prepara-
tions—are being continually revised and optimized. It is
perhaps futile because the evolutionary principles of conser-
vation of function and functional redundancy must also
apply to platelet GpIb-IX-V. But such principles may relate
mainly to physiology and not pathology, and it is reasonable
to consider that they may not apply to GpIb-IX-V when it
serves a pathological response.

Further experimentation will test the hypothesis that
there are specific molecular determinants directing platelet
GpIb-IX-V-mediated thrombosis but not hemostasis (i.e.,
“lesion-specific” determinants). If the hypothesis is 
validated, new drugs for heart attacks, strokes, and periph-
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eral arterial diseases will be developed that have a therapeu-
tic index superior to those currently in use. If the hypothesis
is refuted, data generated during the process will inevitably
contribute to our understanding of microvascular patho-
physiology. Such a “win–win” situation reflects both the
importance and the wonderfully mazelike complex hetero-
geneity of human microvascular circulation.
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Complement Activation

Activation refers to the steps by which C3 is cleaved. For
each activation sequence, there are corresponding specific
activators, “recognition” (Figure 1). The specificity of acti-
vation is critical, as the misdirection of complement activa-
tion to vital structures would be devastating. Activation
sequences are self-amplifying: complement activation
potentially begets more complement activation, in sharp
contrast to metabolic pathways where an excess of product
generally exerts feedback inhibition on the initial enzymes
of a particular pathway. Thus, understanding complement
activation also requires an understanding of the mechanisms
that keep it in check.

Enzymatic cleavage of C3 destabilizes an internal
thioester linkage, making the thiol group briefly reactive. C3
cleavage in aqueous solution produces futile reaction with
water and little biologic activity. C3 cleavage adjacent to
target surfaces produces covalent binding of C3b to the sur-
face via amide or hydroxyl groups. This binding of C3b is
responsible for all of its biologic activities. Both C4 and C5
have similar internal thioester linkages.

Of the three main ways in which C3 can be activated, the
classical (or first described) pathway is the easiest to under-
stand by analogy to the progressive proteolytic steps that
lead from vascular injury to the formation of a blood clot
(Table 1). In this type of cascade, the upstream element
enzymatically converts its successor protein from an inac-
tive proenzyme into an element of the enzyme that can
cleave the next proenzyme in the sequence. This produces
split fragments (many with biological activities) with each
cleavage and multiple potential points of control.

The triggering step for the classical pathway is the
engagement of antigen by immunoglobulins IgG or IgM, as

Introduction

Vascular organisms have evolved elaborate systems 
to rapidly identify areas of injury and to begin the repara-
tive process. Such systems signal through the blood to
recruit selective elements to assist in this process, making
the vasculature a key element in any reparative system. 
Collectively, these systems produce the inflammatory re-
sponse, whereby areas of injury develop increased blood
flow and leaky capillaries, augmenting an influx of cellular
elements into the interstitial space to remove and repair
damaged elements. Within the inflammatory response is the
system of innate immunity. Areas of injury are also areas
where barriers to microbes are breached. The system of
innate immunity, a system to which complement belongs,
recognizes and begins to check infection, at the same time
attracting more host defenses to the cause. The distinction
between inflammation and innate immunity is, in the end,
artificial as the two processes involve a near-identical
sequence of simultaneous steps and systems. Complement,
as an example, plays major roles in the response to both
infection and injury.

Despite the plethora of component proteins and protein
fragments, there are only two functional parts to the com-
plement system. One part includes the serum proteins and
produces a cascade-like sequential activation of proteins in
response to specific stimuli, “activation” (Figure 1). The
other portion consists of cell surface proteins on immune
competent cells and allows them to derive information from
specific products of complement activation, “effector” (Fig-
ure 1). The link between the two parts is the pivotal step of
the complement system: the production of a covalent bond
between the C3b fragment of C3 and the target of comple-
ment activation, “opsonization” (Figure 1).

Copyright © 2006, Elsevier Science (USA).
643 All rights reserved.
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would be typically the case on a surface with many antigens
exposed and to which the host had been immunized previ-
ously (IgD, IgA, IgE, and IgG4 are not known to interact
with complement). An example of such a surface would be
that of a common microbe. “Natural” IgM antibodies cause
this pathway to be activated also by certain antigens to
which the host has not previously been exposed or by host
antigens exposed after injury. Although the affinity for anti-
gen by an individual IgM binding site is low compared to
that of IgG, engagement of all 10 IgM binding sites at once
produces a more potent activation of complement than does
the bivalent IgG. As a result, there is specificity inherent in
the activation of this pathway that arises from the exquisite
specificity of antibodies for their antigens. Upon interacting
with antigen, a change in conformation of the antibody
attracts C1 and thereby creates activated C1, attached to the
antigen by the antibody bridge. Activated C1 then both
attracts and cleaves C4, exposing the reactive thiolester site
in its C4b fragment. Although the thiol group will most fre-
quently react futilely with water, complement activation
proceeds after the covalent attachment of C4b to amino or
hydroxyl groups on the activating surface adjacent to the Ig-
C1 complex. C4a, a spasmogenic peptide or “anaphyla-
toxin,” is simultaneously liberated during C4 cleavage and
can be detected clinically. The surface-bound C4b attracts
C2, positioning C2 for cleavage by the nearby Ig–C1 com-
plex, leading to production the bimolecular enzyme
C4b,C2a. The other portion of C2, C2b, is liberated into
solution and is a by-product with kinin activity. C4b,C2a
then cleaves C3, the most important of the complement pro-
teins. C3 also has an internal thiolester site, and when acti-
vated, as C3b, binds covalently to the activating surface
adjacent to the C4b,C2a complex. In that location, C3b
attracts C5, which is then cleaved by the C4b,C2a and in
turn bonded transiently nearby to the surface as C5b. Both
C3 and C5 cleavage liberate anaphylatoxin and chemotactic
moieties, C3a and C5a.

Activation of the alternative pathway also results in C3
and C5 cleavage, but by a much different mechanism (Table
1). This pathway does not require antibody and thus does
not have the limitation of needing a prior exposure for a
high-affinity antibody. In contrast, this pathway can respond
innately. A small amount of reactive C3 is produced contin-
uously in serum by spontaneous hydrolysis of the innately
unstable internal thioester linkage. This does not liberate
C3a, but instead leads to an opened form of C3 with weak
reactivity as an autoenzyme. Each hydrolyzed C3, in com-
bination with the other alternative pathway proteins (factor
B, factor D, and properdin), briefly acquires C3 cleaving
activity. This results in the continuous generation of small
quantities of reactive C3b. Although such C3b moieties
react with water ineffectively, a few bind to nearby surfaces.
Once bound to a surface, these C3bs become the scaffold for
assembly of alternative pathway activation enzyme com-
plexes. These multimolecular assemblies are C3b,Bb, 
which cleaves C3, and C3b, C3b,Bb, which cleaves C5.
Whether or not activation proceeds entirely depends on 
surface-specific equilibrium conditions for binding of factor
B or factor H to the C3b initially deposited on the surface.
Binding of B creates activation by producing the C3-
cleaving enzyme, C3b,Bb, in concert with factor D (a serine
esterase) and properdin (a ring-shaped protein that stabilizes
these inherently labile enzymes), and amplified deposition
of C3b ensues. In contrast, binding of H prevents activation
because of H’s property as a cofactor in the degradation 
of C3b by factor I (also called C3b, C4b inactivator 
protein). The binding of H to a surface-bound C3b produces
a form of C3b that cannot participate in further alternative
pathway activation. B and H are present in equimolar 
quantities in serum and extracellular fluid and have similar
association constants for C3b. Whether B or H binds to a
C3b is known to be a function of charge or glycosylation 
in the microenvironment surrounding the surface-bound
C3b. Surfaces lacking sialic acid residues or heparan 
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Figure 1 Schematic diagram of complement functional units. (see color insert)
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polysaccharides favor binding of B, and thus are strong
alternative pathway activators. Bacterial surfaces are lack-
ing in sialic acid residues, whereas mammalian cell walls
are rich. Thus, this activation mechanism forms the basis by
which the alternative pathway distinguishes invader from
host. Furthermore, since C3b can be generated adjacent to
activator surfaces by the classical pathway but not close
enough to participate in classical pathway activation, the
classical pathway-deposited C3b can be a source of amplifi-
cation of classical pathway activation by the alternative
pathway.

A third pathway of complement activation has been rec-
ognized recently, the lectin pathway (Table 1). This pathway
is a mimic of the classical pathway, and it is suspected that 
the classical pathway arose as an adaptation of this lectin
pathway to the presence of antibodies. This pathway 
reacts to the presence of a surface rich in mannose or 
N-acetylglucosamine residues, residues that characterize
microbes as opposed to mammalian cells. These residues are
bound by mannose-binding lectin protein (MBL). MBL
shares a common structure with the C1q subunit of C1, hav-
ing a collagenous central stalk with six globular heads
attached by flexible links. Once bound, the MBL undergoes
a conformational change allowing two enzymes to interact
and then cleave C4 and C2 in exact analogy to the classical
pathway. These proteases, “MBL-associated serine pro-
teases,” MASP1 and MASP2 are closely related to the C1s
and C1r proteolytic subunits of C1.

There are descriptions of additional paths to complement
activation of unknown significance: (1) C-reactive protein
binding to bacterial polysaccharides, (2) activation of the
kallikrein–bradykinin system, (3) direct activation by cer-
tain microbes and viruses, and (4) interaction with high con-
centrations of endotoxin.

Membrane Attack Complex

Once C5b has been produced and bound briefly to an
activator surface by either pathway, a cascade of enzymatic
steps resulting in membrane insertion of the membrane
attack complex C5b-C9 (MAC) occurs (Table 1). The MAC
assembly has the shape of a grommet. One side is hydropho-
bic, and it opens a physical hole through the target mem-
brane. This allows for unregulated inflow of water and
solute into the targets, causing potential hypotonic lysis of
the target. Although this is clearly demonstrated to cause
lysis of erythrocytes with in vitro complement assays and in
some hemolytic anemias, the degree to which cytolysis con-
tributes to cell death with nucleated cells is unclear. Cytoly-
sis may be important in the host defense against certain
encapsulated organisms, as deficiencies of the terminal 
complement components are associated with an increased
incidence of infections with neisserial bacteria species. 
The noncytolytic, membrane-perturbing effects of MAC
insertion may be more clinically relevant. For instance,
insertion of a MAC into an endothelial cell causes endothe-

lial activation, possibly leading to irreversible cell injury not
by lysis but by attraction of activated neutrophils.

Given the mechanisms and stimuli for complement acti-
vation, it is not surprising that the clinical sites of comple-
ment activation should coincide with sites of inflammation,
such as sites of acute trauma and microbial invasion. Known
possible activators at such sites would include, for the alter-
native pathway, microbes, denatured DNA and proteins
released from cell death, and injured tissue with impaired
protection against autologous complement fixation (see later
discussion)—for the classical pathway, primarily microbes
with antibody affixed and local antigen–antibody com-
plexes, and for the lectin pathway, microbes, and, perhaps,
perturbed cell membranes. In each case, C3a and C5a are
released into the blood to attract leukocytes and capillary
endothelium is rendered permeable.

Clinical Assessment of Complement Activation

As products of a triggered activation system, one would
expect that the anaphylatoxin fragments would not be
detectable in healthy patients, with levels appearing only
during complement activation. In truth, C4a, C3a, and C5a
are not detectable in vivo, but their degradation products
are. Their C-terminal arginines rapidly are cleaved off by a
serum carboxypeptidase, generating the less active catabo-
lites, designated desArg. The desArg peptides are stable and
are the targets of detection in clinical immunoassays. In the
case of C4a desArg and C3a desArg, those clinical condi-
tions that affect clearance are not described, and the normal
concentration in plasma is surprisingly high at 400ng/mL
and 100ng/mL, respectively. In contrast, C5a is so avidly
ligated to leukocyte cell surface receptors (C5aR) that levels
of C5a desArg are not detectable in systems that contain
leukocytes, such as any naturally occurring activation event,
even with massive complement activation.

Whether complement activation has occurred and to
what degree cannot be ascertained solely through analysis of
serum concentrations of C3 and other intact complement
proteins. C3 is a relatively abundant serum protein (1 to 
2mg/mL), which is synthesized by hepatocytes for plasma
levels, by macrophages in the periphery at sites of inflam-
mation, and by intestinal enterocytes. Concentrations of C3
at inflammatory sites cannot be measured clinically. Fur-
thermore, serum C3 concentrations are a balance of synthe-
sis, degradation, and serum dilution, none of which can be
measured clinically, in addition to consumption by activa-
tion. Those factors that determine the rate of synthesis and
degradation of C3 are not characterized well enough to pre-
dict C3 levels in a given medical condition. C3 also is an
acute-phase reactant, causing concentrations to rise, despite
consumption by complement activation. On the other hand,
in a state of poor nutrition, concentrations might fall without
any complement activation to consume C3. As a plasma 
protein, C3 concentrations also are dependent on degrees 
of hemodilution in the ill patients in whom C3 might be
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measured but in whom hemodilution is rarely considered.
Finally, complement activation reactions that consume more
than 5 to 10 percent of available serum C3 would be truly
massive. Assessments of the functional capability of the
complement lytic system using the CH50 assay have been
employed as a repetitive measure with which to monitor the
activity of a chronic systemic inflammatory disorder, such
as systemic lupus erythematosus. However, the CH50 is a
highly contrived assay designed to measure differences in
red cell hemolysis at limiting dilutions of complement pro-
teins (typically several hundredfold). Whether undiluted
serum can ever acquire a complement lytic functional defi-
ciency is doubtful. Thus, the mainstay of assessments for
complement activation is the measurement of complement
activation-derived cleavage products such as C3a desArg.
However, assuming that complement activation has oc-
curred simultaneously with measured elevations of C3a
desArg could be misleading, as the factors that influence the
rate of C3a desArg degradation are not characterized. Iso-
lated elevations of C3a desArg concentrations alone are
thought to indicate alternative pathway activation. Eleva-

tions of both C3a desArg and C4a desArg indicate that clas-
sical pathway activation is occurring but is unable to distin-
guish whether there is simultaneous alternative pathway
activation. In most acute injury settings, complement acti-
vation has been alternative-pathway mediated. In most
chronic diseases, the classical pathway has been paramount.
Additional complement cleavage products, such as C4d, Bb,
and the C5b-9 neoantigen, have been reported to be clini-
cally valuable, as well.

Intrinsic Regulation of Complement Activation

The rapid spontaneous decay of the multimolecular
enzymes of each pathway that cleave C3 and C5 serves as
the primary feature that prevents a complement activation
event from amplifying uncontrollably (Table 1). Further-
more, several highly specific complement regulatory pro-
teins exist that each inhibit portions of the complement
activation cascades. In addition to limiting amplified com-
plement activation, there seem to be three more functions
served by these “control” proteins. One is to prevent contin-
uous complement activation in plasma due to imperfect
specificity. One is to protect cells against autologous com-
plement attack arising from imperfect specificity. The final
function is to allow leukocytes to function in a complement
activation site without becoming damaged and for them
simultaneously to derive information from the surrounding
milieu.

C1 esterase inhibitor (C1-INH) inactivates the catalytic
subunits of C1 and is the only known protein to have this
function. Both subunits of C1 are serine proteinases, and
C1-INH is a member of a larger class of related proteins
whose function is to inhibit serine proteinases. C1-INH also
can inhibit kallikrein and Hageman factor and has activity
against factor XIIa. The inborn deficiency of this control
protein serves as an example of uncontrolled comple-
ment activation in humans. This gives rise to hereditary
angioneurotic edema, a disease characterized by sudden
systemic complement activation via the classical pathway.

Factor I (C3b, C4b-inhibitor) produces complement
inhibition by enzymatically degrading C3b and C4b, those
forms of C3 and C4 that participate in generation of further
complement activation, to inactive forms. Factor I requires
a cofactor in this degradation reaction (factor H, membrane
cofactor protein, C4-binding protein, or CR1) to bind to the
C3b and C4b. Genetic deficiency of factor I produces clini-
cal susceptibility to bacterial infection, as the natural rate of
spontaneous C3b generation is much accelerated in the
absence of factor I, leading to secondary critical depletion of
C3 and factor B. Thus, this control protein, in analogy to
C1-INH, also ensures that the proper specificity for comple-
ment activation is maintained, in this case for the alternative
pathway, and that futile fluid-phase turnover is avoided.

Additional circulating proteins that down regulate com-
plement are Factor H and C4 binding protein. Both serve to
displace ligands from their targets of inhibition, Bb from

Table I Complement Proteins.

Activation proteins, serum
Classical pathway Activates complement with antigens
IgM, IgG Binds to antigen
C1 : C1r, C1s, C1q subunits Binds to Ig, cleaves C2
C2 Cleaves C4
C4 With C2, cleaves C3
C3 Binds to target, cleaves C5

Alternative pathway Activates complement with membrane
charge

Amplifies C3 deposition by other pathways
D Cleaves B
B Binds to C3, cleaves C3/C5
C3 With B, cleaves C3/C5
P Stabilizes C3b, Bb enzyme

Lectin pathway Activates complement with sugars
MBL Binds mannose
MASP1, MASP2 With MBL, cleave C2

Terminal proteins, serum
C3 Binds to target, cleaves C5, signals

leukocytes
C5 Cleaves C6, signals leukocytes
C6–9 Form MAC, attack cell membranes

Control proteins
C1-INH Serum, inhibits C1r, C1s
C4bp Serum, inhibits C4
H Serum, serum, inhibits B
C3-INH Serum, inhibits C3, cleaves C3
CR1 Membrane, degrades C3 cleaving enzymes
DAF, MCP Membrane, decay C3 cleaving enzymes
CD59 Membrane, inhibits MAC formation

Signaling proteins
C3a, C4a, C5a Serum, anaphylatoxins, chemoattractants
CR1 Membrane receptor for C3b, phagocytosis
CR2 Membrane receptor, antibody formation
CR3 Membrane receptor, leukocyte adhesion
C3aR, C5aR Membrane receptor for anaphylatoxin
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C3b in the case of H and C2a from C4b in the case of C4-
binding protein. C3b and C4b then acquire susceptibility to
factor I and are degraded.

A unique feature of complement activation is that the
activation-dependent cleavage of C4, C3, and C5 generates
their respective “b” fragments with a highly reactive thio-
lester group. What molecules or surfaces fix these fragments
is primarily determined by spatial availability. While the
covalent bonding (other than to water) generally occurs on
the activating surface, as a membrane-bound Ig–C1 com-
plex lays down C4 and C3 around itself to generate C5
cleavage by the classical pathway, and as membrane-bound
C3b serves as the scaffold for alternative pathway-
dependent C3 and C5 cleavage. However, activated but
unreacted C3b, C4b, and C5b fragments are available in
solution very briefly, and thus can also bond to a nearby sur-
face that was not the initial activator. This can give rise to
assembly of C3 cleaving enzymes and MACs on the mem-
branes of cells that are not directly involved in the comple-
ment activation, are not themselves complement activators,
and are therefore to be damaged as innocent bystanders. As
mentioned earlier, the spontaneous decay of the C3b,Bb and
C4b,C2a complexes combined with the preferential interac-
tion of C3b with factor H (and then factor I) on nonactivat-
ing surfaces should prevent bystander injury to homologous
tissue. However, this must be imperfect as a second class of
complement control proteins exists to protect host cells from
nearby complement activation reactions. These are, there-
fore, membrane proteins.

Decay accelerating factor (DAF, CD55) is expressed on
the surface of essentially all cell types and accelerates the
proteolytic activity of factor I on membrane-bound C4b and
C3b. It has homology to the circulating proteins of similar
function, C4bp and factor H, and prevents a membrane-
bound C3b from becoming a nidus of assembly of a C3-
cleaving enzyme. The disease, paroxysmal nocturnal
hemoglobinuria, is complement mediated and is associated
with absent erythrocyte membrane.

Membrane cofactor protein (CD46) has cofactor activity
for factor-I-mediated degradation of C3b and is expressed
by fibroblasts, epithelium, and endothelium. Transfection
experiments into CHO cells as well as experiments with
antibody directed against native MCP suggest that MCP
preferentially protects against alternative pathway attack,
with DAF filling the same role for the classical pathway.

The leukocyte and erythrocyte cell surface C3b receptor
(CR1 or complement receptor type 1 or CD35) overlaps
with these two proteins in its ability to capture and degrade
C3b and C4b. CR1 can also block C1 interactions with anti-
body. CR1 has major additional important functions, as will
be discussed later.

Cell surface proteins also exist that interfere with the
assembly of a MAC (homologous restriction factor, pro-
tectin, CD59, C8-binding protein). CD59 is expressed 
by endothelium, erythrocytes, leukocytes, and epithelium.
CD59 has been found to be shed from cardiac myocytes in
areas of ischemia, suggesting a mechanism of complement
damage in ischemic tissue.

Interactions between Leukocytes and Complement

Leukocytes have specific high-affinity cell surface recep-
tors for the activator-bound and soluble fragments of C3,
C4, and C5 that are produced by complement activation
(Table 1). The complement ligand–leukocyte receptor inter-
actions cause influx of cells to the site of activation (inflam-
mation) with an increased cellular functionality. Such a
mechanism leads to “opsonization” of complement activa-
tors with the result that activated leukocytes perform their
functions with respect to the opsonized material. Receptors
for C3a, C4a, C5a, C1q, factor H, C3b and its degradation
products, and C4b have been described. Engagement of a
specific complement fragment with its corresponding recep-
tor has a specific effect, depending on which fragment and
on which type of cell is expressing the receptor. The recep-
tors of acute inflammation, C5aR, CR1, CR3, and CR2, are
discussed next.

C5aR is a 40 to 50 Mr membrane protein of granulocytes
and macrophages and has nanomolar affinity for C5a. When
exposed to C5a dispersing from a site of complement acti-
vation, granulocytes migrate toward the C5a source (chemo-
taxis) and simultaneously become more activated, exposing,
among other functions, more opsonic receptors, such as the
C3b-C4b receptor (CR1) and the iC3b receptors (CR3), on
their cell surfaces. When the C5aR become saturated with
C5a, the cell loses its capacity to respond to a subsequent
C5a exposure, as a result of internalization of engaged
receptors without replacement. Thus, granulocytes exposed
to a C5a solution (rather than a gradient) lose their respon-
siveness to a C5a gradient, a phenomenon termed desensiti-
zation. Clinically, neutrophils from a patient with an injury
large enough to produce concentrations of C5a that saturate
local neutrophil C5aR and that then penetrate the vascular
compartment may lose their capacity to migrate to the point

Table II Functions of Complement.

Via C3a, C4a, C5a
Attract leukocytes to site of complement activation
Activate leukocytes
Alterations in vascular smooth muscle
Endothelial activation
Mast cell activation

Via C5b-9
Cellular disruption
Microbial killing

Via C3
Covalent attachment of C3b “targeting label” to activator surface
Molecular adjuvant for antibody formation and phagocytosis
Clearance of immune complexes

Via membrane complement receptors
Protection against autologous complement attack
Mediation of molecular adjuvant roles
Increased cell–cell adhesion
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of injury. Because C5a causes both neutrophil and endothe-
lial activation, such an injury may produce pulmonary
leukocyte extravasation and acute respiratory distress 
syndrome (ARDS) (see later discussion). This interaction of
C5a with granulocytes is the most apparent effect of 
complement activation in vivo and has the presumably ben-
eficial effect of concentrating immuno- and phagocytosis-
competent cells at the site of injury and complement activa-
tion. C5a has other proinflammatory immunoregulatory
properties with respect to lymphocytes.

CR1 is one of the opsonic receptors for granulocytes, as
well as being a potent inhibitor of complement activation.
The natural ligands for CR1 are C3b and C4b that have
covalently interacted through the thiolester site, for which it
has nanomolar affinity. CR1 is also expressed by human ery-
throcytes, eosinophils, macrophages, and some lympho-
cytes. Although granulocytes express a limited number of
CR1 molecules on their cell surfaces, a large intracellular
pool is pre-synthesized and available. This pool rapidly
translocates to the cell surface after exposure of cells to acti-
vators, such as C5a, FMLP, endotoxin, TNF, GM-CSF, and
PDGF, causing peak numbers of about 75,000 CR1 per cell
surface. CR1 in this functional state adheres C3b-coated
activators to the leukocyte surfaces. As each activator sur-
face will have many C3bs on it arrayed around the initial
C3bs deposited, and, therefore, multiple sites of CR1
engagement, CR1 molecules become effectively immobi-
lized on the granulocyte cell surface after ligating C3b.
Increased diglyceride production, indicative of increased
cellular function, results from this CR1 cross-linking. If
antibody is also present on the activator, enhanced phagocy-
tosis (compared to antibody alone) takes place. Thus, gran-
ulocyte CR1 participates in phagocytosis and, by its activity
as a cofactor for the degradation of C3b on its own surface,
protects granulocytes from being damaged by the intensity
of the complement activation.

CR3 (CD18, CD11b) shares many of the properties of
CR1; however, its complement ligand is iC3b, the degraded
form of cell-bound C3b that follows interaction with factor
I and cofactor proteins (factor H, MCP, DAF, CR1). CR3 is
expressed by the same cells that express CR1 and has a con-
stitutive level of cell-surface expression with the capacity to
be quickly translocated to the cell surface by the same acti-
vators that affect CR1. CR3 is independent of CR1, as it is
a member of the b2-integrin family with a two-chain struc-
ture that bears little relationship to CR1. CR3 functions to
promote the attachment of granulocytes to endothelium at
the site of inflammation with extravasation of granulocytes
and engulfment of iC3b-opsonized complement activator.
The lung injury caused by systemic complement activa-
tion and pulmonary leukosequestration appears to be CR3
dependent. Such injury can be experimentally prevented by
white cell depletion, complement depletion, complement
inhibition, anti-CD18 antibodies, anti-CD11b and 11a anti-
bodies, and anti-ICAM-1 antibodies.

Since a similar spectrum of inhibitors prevent the inflam-
matory response to a local injury, it would appear that 

complement activation triggers a simple integrated
response. Complement responds innately to local injury or
microbial invasion by activation, simultaneously generating
C5a and opsonizing the foreign material with C3b. Elabo-
rated C5a both activates local endothelium and causes pass-
ing granulocytes to adhere and then extravasate at the site.
This reaction requires iC3b on the endothelium and the C5a-
induced expression of CR3 on granulocytes and ICAM-1 on
endothelium. Granulocytes migrate through the interstitium
to the site of C5a generation and engulf the complement
activator, using the C3 fragments bound to the activator for
targeting through CR1 and CR3.

CR2 (CD22) forms the link between the phagocytic
response to acute injury and the lymphocyte response to
produce antibody and future immunity. This cell surface
protein of B-lymphocytes ligates to the activator-bound
degradation fragments of C3b, iC3b, and C3dg. Experimen-
tal immunogens do not generate an IgG response either after
depletion of C3 or in the presence of soluble CR2 used to
compete with native lymphocyte CR2. Absence of CR2 may
interfere with the development of the B-cell repertoire of
antibody altogether. Just as the absence of CR2 interferes
with B-cell function, the absence of CR1 interferes with the
response of T-cells to antigen.

Complement Deficiency States

Spontaneous complement deficiencies give us clues to
the biological functions of complement in humans (Table 2).
Deficiency of C3 produces a predisposition to bacterial
infection that can be lethal. Such patients also display a defi-
cient repertoire of antibodies, possibly due to a lack of 
CR2-mediated lymphocyte events in the absence of 
C3b-mediated opsonization of new antigens. C3 deficiency
occurs in several different ways: a genetic lack of C3 pro-
duction, a secondary loss due to accelerated fluid-phase
cleavage from an inborn deficiency of factor 1 or factor H,
or acquisition of an autoantibody that causes C3 activation.
Excess bacterial infections are seen in patients with granu-
locyte deficiencies of CR3 and other adhesion molecules or
with deficiencies of properdin. Immune complex diseases
result from deficiencies of erythrocyte CR1 expression or of
classical pathway proteins, as (in primates) the classical
pathway produces immune complex clearance. Patients
deficient in C8 or C9 display increased susceptibility to
infection by Neisseria bacterial species.

Complement Inhibitors

sCR1 refers to the naturally occurring soluble form of the
C3b-C4b cell surface receptor, CR1 (see earlier discussion).
Because CR1 can both bind and act as a cofactor in the
degradation of these two cell bound foci of further comple-
ment activation, sCR1 is a potent complement inhibitor in
solution. sCR1 has now been bioengineered into a drug. It is
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in Phase 2 trials as an agent that can lessen the amount of
heart muscle killed during a heart attack.

CAB2 refers to a recombinant protein that combines the
active sites of DAF and MCP (see earlier discussion). As
such, it would be expected to have a similar activity to sCR1
and be a potent inhibitor of complement activation at the C3
step. Initial designs for clinical trials are underway, the drug
having shown promising activity in rodents. Both sCR1 and
CAB2 suffer a potential flaw in that the development of an
antibody to the drug(s) in a patient could lead to hemolytic
anemia, arising from interference with the parent, critical
proteins.

Monoclonal anti-C5 is the furthest in clinical develop-
ment. In theory, interference at this step would prevent neu-
trophil chemotaxis to a site of injury, and so prevent any
deleterious effects to be caused by neutrophil activation.
Furthermore, as will be noted later, C5a is thought to cause
much of the lung dysfunction associated with major injury,
and an anti-C5 could prevent that. Finally, this agent would
prevent endothelial activation from injury by preventing the
formation of MACs. In large Phase 2 trials, it may improve
the outcomes after cardiac surgery.

Clinical Injury and Complement Activation

Apparently damaging complement activation has been
demonstrated in a number of clinical circumstances.

Hemodialysis

The observation that simultaneous neutropenia, neu-
trophil aggregation, pulmonary leukosequestration, and
hypoxemia occurred during hemodialysis for kidney fail-
ure led to the hypothesis that dialysis membrane-induced
intravascular complement activation causes pulmonary dys-
function. The hypothesis was expanded to be the general
explanation for the etiology of ventilatory failure secondary
to complement-producing injuries elsewhere. By this theory,
since widely adopted, any source of intravascular comple-
ment activation is capable of causing lung malfunction,
through a mechanism involving activated leukocytes. Care-
ful analysis of dialyzer membrane materials and reengineer-
ing to reduce complement activation has made these
hypoxic events during dialysis much less common.

Cardiopulmonary Bypass (CPB)

Given the similarity between dialysis membranes and the
pump oxygenators used in open-heart surgery, the high fre-
quency of pulmonary dysfunction after open-heart surgery
provoked an examination of complement activation in this
clinical setting. Not surprisingly, complement activation
was found in CPB and coincided with intravascular neu-
trophil activation. Patients with postoperative respiratory
failure had C3a desArg concentrations immediately after
surgery that were twice the mean for the patients without

respiratory complication. Reengineering of CPB circuits 
in analogy to the recent dialysis experience has failed to 
produce nonactivating equipment, even in the case of
heparin bonded circuits, likely reflective of the highly com-
plex blood–plastic interfaces of modern bypass.

Thermal Injury

Burn injury was thought to cause complement activation
as early as 1963. The complement activation accompanying
thermal injury may unnecessarily injure the host. One mech-
anism is the unnecessary amplification of the inflammatory
response at the burn wound. This deleterious effect is sug-
gested by the observation that early mortality in mice
receiving a burn of reproducible size was reduced from 65
percent to 10 percent by the prior crippling of complement
function produced by depleting animals of C3 with cobra
venom factor treatments. Complement activation also harms
the host in general by causing defective neutrophil chemo-
taxis. It has been shown that burn patients’ neutrophils have
been exposed to systemic levels of C5a and have subse-
quently lost their capacity to migrate up a gradient of
increasing C5a concentration to the source of complement
activation, a possible explanation as to why burned patients
have a propensity for nonburn-site infections. In addition,
burned patients, in the absence of direct heat or volatile
chemical injury to the tracheobronchial tree, frequently
exhibit transient hypoxemia. As the burn wound produces
intravascular complement activation and systemic neu-
trophil activation, pulmonary leukosequestration could fol-
low, as was the case with hemodialysis.

Sepsis and Septic Shock

Septic shock causes alternative pathway complement
component alterations. Initial studies documented normal
levels of complement components in bacteremic patients,
but reduced levels of alternative pathway proteins and ter-
minal complement components in patients with septic
shock. In many studies now, complement activation with
increased concentrations of C3a desArg was found in those
patients in septic shock and those patients whose C3a
desArg concentrations failed to return to normal went on to
multiple system organ failure. It has been difficult to discern
whether complement activation is a beneficial response to a
major inflammatory event or whether it promotes sepsis and
shock. The antibacterial properties of complement suggest
that complement activation would be advantageous during
septic states. However, recent evidence in rodents favors the
other interpretation.

Ischemia and Reperfusion Injury

The injury to muscle caused by arterial occlusion fol-
lowed by reperfusion has similarities to the inflammatory
reactions discussed earlier, as the degree of injury is both
neutrophil and complement dependent. Myocardial infarc-
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tion has been extensively studied in this regard, and the
amplification of the ischemic injury occurring upon reperfu-
sion seems to be an example of a local complement activa-
tion response that is harmful. Areas of myocardial necrosis
in humans demonstrate deposition of complement proteins.
Furthermore, when administered to models of coronary
artery occlusion and reperfusion, sCR1 given just before
reperfusion produces a substantial reduction in the size of
the resulting myocardial infarct. sCR1 also has been used to
attenuate the reperfusion injury to ischemic smooth muscle
and mucosa of the gut in rats subjected to mesenteric arte-
rial occlusion and reperfusion. A small dose of sCR1 given
prior to reperfusion or a larger dose at reperfusion resulted
in a gross change of bowel appearance after 3 hours, from
purple-black in untreated animals to normal in treated ani-
mals, and the 5-day mortality was reduced from 80 percent
to 45 percent. The complement and neutrophil dependency
of skeletal muscle I/R, such as might occur in trauma or vas-
cular occlusion, has been shown as well with improved
indices of injury in these models is produced by sCR1.
Other complement inhibitors are also active in attenuat-
ing these injuries: anti-C5 antibodies attenuate the mucosal
injury in gut reperfusion, as does a C5aR antagonist. Anti-
CR3 antibodies attenuate hind limb reperfusion injury. In
the heart reperfusion injury models, a deficiency of C6 is
protective, as is a C1s inhibitor and anti-C5a antibodies.

ARDS

Systemic or excessive complement activation may cause
the development of ARDS, often the initial component of
the multisystem organ failure that can follow severe injury
or infection. In a study of patients at risk for developing
ARDS, patients who went on to develop the syndrome man-
ifested increased concentrations of C3a desArg, decreased
chemotaxis to C5a in vitro, and evidence of systemic neu-
trophil degranulation. This was also noted in additional
patients with multisystem organ failure of varying etiolo-
gies. A pulmonary injury is produced by skeletal muscle or
gut I/R and can be lessened using anti-CD18 antibodies or
sCR1. In a model of lung injury, which would not produce
systemic complement activation, infusion of low doses of
endotoxin and platelet-activating factor, sCR1, also pro-
tected against pulmonary edema without changing the de-
gree of neutrophil leukosequestration.

Other Conditions

A large number of inflammatory diseases have been
shown to have complement activation as at least one major
component of the ongoing tissue damage. These include
vasculitis, nephritis, and arthritis. In the vasculitides, com-
plement fragments are found in the endothelium of involved
blood vessels, and experimental models are highly comple-
ment dependent. In some of the nephritis categories, both
immune complexes and complement fragments are found in
the damaged kidneys. In systemic lupus erythematosus, the

overall activity of the disease can be followed with the
CH50 assay.

Summary

Complement is a highly regulated and intricate proin-
flammatory system that has been shown to be activated 
in situations of injury, sepsis, and multiple organ failure.
Although these observations have long suggested a role for
complement in the response to injury, it is the recent advent
of the specific complement inhibitor, sCR1, that has begun
to reveal the degree to which complement is involved. Fur-
thermore, as one of the earliest inflammatory systems to
respond, complement activation inevitably leads to cellular
activation with elaboration of cytokines and oxidants, with
worsening of injury and further complement activation.
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Ser394) bond (Figure 1). When thrombin cleaves this bond
that resembles the substrate of thrombin, the protease is
covalently linked to the P1 residue. Inhibition of these 
serine proteases by AT is accelerated approximately one-
thousandfold by binding of heparin to arginine residues
located at the heparin binding site of AT (Figure 1), with
resultant conformational change leading to exposure of the
P1-P’1 reactive center. Amino acid residues other than argi-
nine shown in Figure 1 have also been found to be critical
for interaction with heparin. AT is activated on the endothe-
lial surface where thrombin generation is increased through
binding to heparan sulfate molecules of ryudocan or synde-
can. The physiological importance of AT is well illustrated
by the presence of patients with congenital AT deficiency
who developed recurrent thrombosis in their youth; 70 per-
cent of the patients developed thrombosis before 35 years of
age. Congenital AT deficiency usually presents as a het-
erozygous state associated with venous thrombosis, and the
homozygous state is extremely rare, probably because of its
presentation as lethal neonatal thrombosis. Similar observa-
tions have been reported for the pathologic sequelae of AT
knockout mice [1]. The homozygous state of AT deficiency
was only reported in patients who have variant AT mole-
cules with heparin binding defects, and patients with such
variant molecules have arterial thrombosis as well as venous
thrombosis [2]. Possible mechanism(s) by which arterial

Antithrombin (AT) is an important natural anticoagulant
that inhibits serine proteases generated during activation of
the coagulation cascade. The physiological significance of
AT is clearly illustrated by the development of recurrent
thrombosis in patients with congenital AT deficiency. In
addition, AT improves microcirculatory disturbances by
attenuating inflammatory responses in experimental animals
given endotoxin or in those subjected to organ ischemia–
reperfusion. Since both inflammation and microthrombus
formation are important events that induce microcirculatory
disturbances, AT might play critical roles in maintenance of
proper microcirculation.

In this chapter, the author describes the molecular mech-
anism(s) by which AT regulates microcirculation and further
mentions the possible therapeutic applications of AT to
improve microcirculatory conditions in various disease
states.

Anticoagulant Activity of AT

AT, a glycoprotein, has a molecular weight of 58,200 Da
with 432 amino acids and is mainly synthesized in the liver.
AT is a physiological serine protease inhibitor that inhibits
activated coagulation factors such as thrombin and factor
Xa. The reactive site loop of AT includes a P1-P’1 (Arg393-
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thrombosis occurs in these patients will be discussed later in
this chapter. These observations strongly suggested that AT
plays a critical role in regulation of the coagulation system
by inhibiting thrombin and other serine proteases, and the
interaction of AT with the endothelial cell surface heparin-
like substances is quite important for rapid and effective
inhibition of such coagulation factors.

Anti-Inflammatory Activity of AT

Activation of the coagulation system leading to dissemi-
nated intravascular coagulation is frequently seen as a part
of the inflammatory responses in pathologic conditions such
as sepsis and circulatory shock. In these inflammatory
responses, proinflammatory cytokines such as tumor necro-

sis factor-a (TNF-a) play an important role [3]. Although
TNF-a is implicated in the activation of the coagulation sys-
tem in sepsis, it also activates neutrophils, thereby promot-
ing the release of a wide variety of inflammatory mediators
such as neutrophil elastase and free oxygen radicals that 
are capable of damaging endothelial cells. The resultant
endothelial cell damage increases microvascular permeabil-
ity, leading to microcirculatory disturbance due to the hemo-
concentration. Such microcirculatory disturbance precedes
microthrombus formation [4]. Microthrombus formation
further increases TNF-a production, thereby exacerbating
the inflammatory responses to form a vicious cycle of pro-
gression of microcirculatory disturbances [5] (Figure 2).

We previously reported that AT reduced pulmonary
endothelial injury by inhibiting neutrophil accumulation in
the lung of rats given endotoxin. AT also reduced endotoxin-
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induced hypotension in rats by inhibiting TNF-a production
[6]. These therapeutic effects of AT could not be explained
by the anticoagulant activity, but by its promotion of
endothelial production of prostacyclin (PGI2), which
potently inhibits leukocyte activation. Interaction of AT with
glycosaminoglycans might be critical for promotion of
endothelial production of PGI2. Ischemia–reperfusion is an
important pathologic mechanism leading to the develop-
ment of coagulation abnormalities and organ failure seen in
patients with circulatory shock. TNF-a is also critically
involved in this pathologic process. AT increased the hepatic
tissue blood flow by inhibiting neutrophil activation in 
rats subjected to hepatic ischemia–reperfusion. AT also
increased the renal tissue blood flow by inhibiting neu-
trophil activation through inhibition of TNF-a production,
thereby reducing renal injury [7]. These effects of AT were
also independent of its anti-coagulant activity, but depend-
ent on its capacity to promote endothelial production of
PGI2. Although AT itself has been shown to inhibit TNF-a
production by monocytes stimulated with endotoxin in
vitro, inhibition by AT of TNF-a production in vivo was not
observed when animals were pretreated with indomethacin,
which inhibits prostaglandin biosynthesis. Iloprost, a stable
derivative of PGI2, produced effects similar to those of AT
in these animal models of sepsis and in those subjected to
tissue ischemia–reperfusion. These observations strongly
suggested that anti-inflammatory activity of AT might be
mediated by PGI2 released from endothelial cells.

Molecular Mechanism(s) of the AT-Induced Increase
in Endothelial Production of PGI2

To elucidate the precise molecular mechanism(s) by
which AT exerts anti-inflammatory activity, we examined
the effect of AT on the endothelial production of PGI2 using
cultured endothelial cells. However, AT did not directly
increase endothelial production of PGI2 in cultured endothe-
lial cells. Thus, the mechanism(s) by which AT promotes
endothelial release of PGI2 in vivo might involve unknown
factors other than endothelial cells.

Capsaicin-sensitive sensory neurons are nociceptive neu-
rons that are activated by a wide variety of noxious physical
and chemical stimuli. Since ablation of sensory fibers can
result in a marked increase in the severity of inflammation,
the sensory neurons have been shown to play a role in 
the maintenance of tissue integrity by regulating local
inflammatory responses. On activation, the sensory neurons
release calcitonin gene-related peptide (CGRP) that can
increase the endothelial production of PGI2 in vitro. Since
various noxious stimuli that activate the sensory neurons 
to release CGRP are capable of inducing tissue damage, 
the CGRP-induced increase in endothelial production of
PGI2 might contribute to attenuation of local inflammatory
responses, thereby reducing the tissue damage. Consistent
with this hypothesis, we previously reported that capsaicin-

sensitive sensory neurons were activated during hepatic
ischemia–reperfusion or water-immersion restraint stress in
rats, leading to an increase in the endothelial production of
PGI2 via activation of both endothelial nitric oxide synthase
(NOS) and cyclooxygenase (COX)-1 [8] (Figure 3).

We previously reported that AT reduced ischemia–
reperfusion-induced liver injury in rats by increasing
endothelial production of PGI2. However, the mechanism(s)
underlying this phenomenon remains to be fully elucidated.
AT significantly enhanced the ischemia–reperfusion-
induced increase in hepatic tissue levels of CGRP in rats.
The increase in hepatic tissue levels of 6-keto-PGF1a, a sta-
ble metabolite of PGI2, increase in hepatic-tissue blood flow,
and attenuation of both hepatic local inflammatory
responses and liver injury in rats administered AT were 
completely reversed by administration of capsazepine, an
inhibitor of the sensory neuron activation and CGRP(8-37),
a CGRP antagonist. AT significantly increased CGRP
release from cultured dorsal root ganglion neurons isolated
from rats in the presence of capsaicin. These observations
strongly suggested that AT might extravasate at the site of
endothelial cell injury, thereby enhancing the activation of
capsaicin-sensitive sensory neurons leading to increase in
hepatic tissue levels of PGI2 [9] (Figure 3).

Roles of Anti-Inflammation and Anticoagulation by
AT in Regulation of Microcirculation

TNF-a has an important role in the development of the
microcirculatory disturbance associated with sepsis or cir-
culatory shock, primarily by activating neutrophils, thereby
inducing endothelial cell injury leading to microcirculatory
disturbance due to local hemoconcentration, and second-
arily by inducing microthrombus formation, which pre-
cipitates the preexisting microcirculatory disturbance as
described earlier (Figure 2). Thus, inhibition of both neu-
trophil activation and microthrombus formation might be
important for maintenance of proper microcirculation. AT
increases the endothelial production of PGI2 via enhance-
ment of the capsaicin-sensitive sensory neurons. PGI2 is a
vasodilator and has a potent inhibitory effect on platelet acti-
vation. Since platelet activation and subsequent vasospasms
are critical factors in the development of arterial thrombosis,
AT might prevent arterial thrombosis by increasing the
endothelial production of PGI2 through interaction with
heparin-like substances on endothelial cells, contributing 
to maintenance of proper microcirculation in the arteries
(Figure 3). This hypothesis is consistent with the observa-
tions that arterial thrombosis, as well as venous thrombosis,
are frequently found in patients in a homozygous state with
variant AT molecules that do not have heparin affinity. In
addition, PGI2 has inhibitory effects on monocytic TNF-a
production and neutrophil activation. Activated neutrophils
are critically involved in the development of microcircula-
tory disturbance in the postcapillary venules due to the
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increase in microvascular permeability, leading to reduced
blood flow resulting from local hemoconcentration. In addi-
tion to stasis, activated coagulation factors such as factor Xa
are essential for development of venous thrombosis (Figure
3). Thus, AT might prevent thrombus formation by promot-
ing endothelial production of PGI2 in postcapillary venules
where activated neutrophil-induced endothelial damage is
frequently induced and also in veins by its inherent antico-
agulant activity. Thus, both anti-inflammatory and anticoag-
ulant activities of AT might contribute to the maintenance of
proper microcirculation.

Possible Therapeutic Applications of AT for
Microcirculatory Disturbances

As described earlier, intravenous administration of AT
reduced pulmonary vascular injury and hypotension because
of its anti-inflammatory activity in rats given endotoxin,
suggesting that AT supplementation might be useful for
treatment of acute respiratory distress syndrome and shock
associated with sepsis. Administration of AT was also effec-
tive in the treatment of ischemia–reperfusion-induced liver
and kidney injuries and stress-induced gastric mucosal
injury in rats based on its capacity to promote endothelial
production of PGI2, suggesting that AT might be useful for
treatment of various organ failures associated with circula-
tory shock.

Ischemia–reperfusion-induced spinal cord injury is an
important pathologic mechanism for the development of
paraplegia after operations on the descending thoracic and
thoracoabdominal aorta due to interruption of the intercostal
and lumbar arteries feeding the spinal cord. Intravenous

administration of AT significantly improved motor distur-
bances by inhibiting reduction of the number of motor 
neurons in rats subjected to transient spinal cord ischemia
[10]. Since both local inflammatory responses and spinal 
cord microinfarction were significantly reduced through
increases in spinal cord tissue levels of PGI2 in animals
treated with AT, both anti-inflammatory and anticoagulant
activities of AT might be critical for the therapeutic effect of
AT. These observations strongly suggested that AT might be
a useful neuroprotective agent for prevention of spinal cord
injury after surgery to repair aortic aneurysms. These possi-
bilities should be examined in the clinical setting in the near
future.

Conclusions and Perspectives

Although AT is an important natural anticoagulant, it
might attenuate inflammatory responses by inhibiting the
production of TNF-a. TNF-a is capable of inducing micro-
circulatory disturbance leading to various organ failures by
activating neutrophils and by inducing microthrombus for-
mation. Since microthrombus formation further increases
TNF-a production to form a vicious cycle in the progression
of microcirculatory disturbance, inhibition of both neu-
trophil activation and microthrombus formation by AT
through promotion of endothelial production of PGI2 and
inherent anticoagulant activity might be important in
improving microcirculatory disturbance. Because of these
important properties, AT should be an useful therapeutic
agent for microcirculatory disturbance in various disease
states.
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Glossary

Activated neutrophils: Neutrophils activated by various agonists such
as pro-inflammatory cytokines and release neutrophil proteases and oxygen
radicals that are capable of damaging endothelial cells.

Antithrombin: One of natural anti-coagulants inhibiting coagulation
factors with serine protease properties.

Calcitonin-gene related peptide: A neuropeptide synthesized in dor-
sal root ganglion cells and released from sensory neurons on activation.

Capsaicin-sensitive sensory neurons: Nociceptive neurons that are
activated by a wide variety of noxious physical stimuli and have roles in
regulation of local inflammatory responses.

Endothelial cell injury: Damage of endothelial cells induced by of
noxious substances such as neutrophil elastase and oxygen free radicals 
and leads to impairment of the endothelial function to maintain proper
microcirculation.

Prostacyclin: One of prostaglandins synthesized in endothelial cells
and has potent anti-platelet, vasodilatory and anti-inflammatory activities.

Tumor necrosis factor-a: One of pro-inflammatory cytokines pro-
duced by circulating monocytes and macrophages in response to endotoxin
and a representative causal substance for coagulation abnormalities and
organ failures observed in sepsis.
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an increased coronary microvascular resistance. Today, the
coronary slow flow phenomenon (CSFP) is characterized as
a delayed passage of contrast media during adequate selec-
tive coronary arteriography in the absence of obstructive
epicardial coronary artery disease. It is referred to as a “phe-
nomenon” because it is defined on the basis of an angio-
graphic observation rather than a clinical syndrome.

What constitutes slow contrast flow has not been uni-
formly defined. Most published studies have utilized the
subjective impression of an experienced angiographer.
However, an objective definition is required if clinicians and
researchers are to ensure they are referring to the same con-
dition. Two approaches to this problem have evolved. These
both utilize conventional indices developed by the Throm-
bolytics in Myocardial Infarction (TIMI) investigators.

The TIMI flow grade is a qualitative index of angio-
graphic coronary flow where TIMI-3 flow is considered as
normal flow. In TIMI-2 flow, distal vessel opacification is
delayed and often arbitrarily defined as requiring three or
more cardiac cycles to opacify the distal vasculature. Thus a
simple quantifiable definition of the CSFP is the presence of
TIMI-2 flow in the absence of obstructive epicardial coro-
nary disease. The advantage of this definition is its simplic-
ity, which allows prompt identification of the phenomenon
during angiography. Furthermore, angiographic flow is nor-
malized for heart rate, thus reducing artifacts. Its disadvan-
tage is that it incorporates angiographic flows that are six or
more standard deviations from the mean and thus may be
too restrictive.

The TIMI frame count (TFC) is a quantitative angio-
graphic flow index that assesses the number of angiographic
frames required to opacify a coronary vessel. Published
average TFC for the left anterior descending (LAD), cir-
cumflex (Cx), and right coronary arteries (RCA) are 36.2 ±

The coronary microvasculature plays a fundamental role
in the provision and regulation of myocardial perfusion.
Accordingly, coronary microvascular dysfunction may fre-
quently contribute to impaired myocardial perfusion and
thus play an important role in the genesis of myocardial
ischemia. Thus research into coronary microvascular disor-
ders will not only elaborate new conditions and their mech-
anisms but also provide insights into the mechanisms by
which the microvasculature controls myocardial perfusion.

Syndrome X is the most extensively investigated coro-
nary microvascular disorder and must be delineated from
the “metabolic syndrome X.” The term was first coined by
Kemp in 1973, in an accompanying editorial to a study by
Arbogast and Bourassa. This landmark study demonstrated
both ST segment depression and myocardial lactate produc-
tion during rapid atrial pacing in 11 patients with angio-
graphic obstructive epicardial coronary artery disease
(group C) and also in 10 patients with angina but no epicar-
dial coronary disease (group X). Today, syndrome X is
broadly defined as chronic angina occurring in the absence
of fixed or dynamic flow-limiting epicardial coronary
obstructions on angiography. The diagnosis is most fre-
quently made in patients with exertional angina, ST segment
depression on exercise stress testing, and angiographically
normal epicardial coronary arteries.

Definition

The year prior to the description of syndrome X, Tambe
and associates described a curious angiographic finding of
slow contrast flow in six patients with angina and angio-
graphically smooth epicardial coronary arteries. They spec-
ulated that this angiographic observation was attributable to

Copyright © 2006, Elsevier Science (USA).
661 All rights reserved.



662 PART III Pathology

2.6, 22.2 ± 4.1, and 20.4 ± 3.0 frames, respectively [1].
Some investigators have defined the CSFP on the basis of
TFC just above these threshold values, whereas 
others have required counts at least two standard deviations
above these values, and yet others have utilized their own
control values. Although this approach is more quantitative
than those described earlier, its limitations include (a) fre-
quent necessity for offline analysis; (b) TFC variations with
heart rate, nitrate therapy, and dye injection relative to car-
diac phase; (c) literature references that require adjustment
for angiographic acquisition rate; and (d) clinical character-
istics of the control data that are often ill-defined.

Irrespective whether the CSFP is defined by subjective
impression, TIMI flow grade, or TFC, the criterion for what
constitutes slow contrast flow remains an arbitrary defini-
tion. Despite this, there is clearly a group of patients with
curious delayed vessel opacification in the absence of
obstructive epicardial coronary disease and thus attributable
to an increased microvascular resistance. The purpose of
this chapter is to summarize the angiographic, pathophy-
siologic, and clinical characteristics associated with this
angiographic phenomenon as well as describing potential
therapies for the associated angina.

Primary and Secondary Coronary Slow 
Flow Phenomenon

The initial description of the CSFP was reported in
patients undergoing angiography for the evaluation of chest
pain. This same angiographic appearance has also been
observed in patients immediately following technically suc-
cessful coronary angioplasty. As the delayed opacification
occurs in the absence of significant large vessel coronary
disease in both scenarios, it is plausible that both have a sim-
ilar underlying pathophysiology and therefore warrant con-
current consideration. Accordingly, CSFP occurring de novo
(usually in patients undergoing angiography for evaluation
of chest pain) with angiographically normal or near-normal
coronary arteries should be considered as primary CSFP.
When the phenomenon occurs following successful dilata-
tion of a coronary stenosis (by angioplasty, Atherectomy, or
stent deployment) resulting in a widely patent residual
lesion and no evidence of vessel dissection, then it is
referred to as secondary CSFP. This chapter will exclu-
sively focus on primary CSFP, as discussion of the second-
ary form (often referred to as the “no reflow phenomenon”)
warrants a chapter of its own.

Angiographic Features

The prevalence of the CSFP among patients undergoing
diagnostic angiography is 1 percent when the phenomenon
is defined as TIMI-2 flow in the absence of obstructive epi-
cardial coronary artery disease. The associated epicardial
artery morphology and angiographic flow have been charac-
terized in 65 patients with the CSFP [2]. Smooth contoured

vessels were found in 74 percent of patients, coronary ecta-
sia in 14 percent, and minor epicardial coronary artery dis-
ease (less than a 50% lesion) in 12 percent of CSFP patients.
Thus the CSFP is seldom due to a capacitance effect from
large ectatic epicardial coronary arteries.

Examination of the opacification rate (heart beats to fill a
vessel) for the major epicardial vessels reveals that the LAD
takes the longest to opacify in patients with the CSFP, fol-
lowed by the right coronary and circumflex arteries (3.6 ±
1.2, 3.0 ± 1.1, and 2.4 ± 1.0 beats, respectively). This would
be expected on the basis of the respective vessel lengths;
however, if the angiographic flows are assessed by the TFC
with normalization for their respective lengths, the LAD still
exhibits a more delayed angiographic flow compared with
the other vessels in the CSFP. Alternatively, if the frequency
of a vessel exhibiting TIMI-2 flow is examined, the LAD is
involved in 86 percent of patients, the RCA in 63 percent,
and the Cx in 37 percent. This reflects the heterogeneous
distribution of flow in the CSFP, although two-thirds of
patients have TIMI-2 flow in multiple vessels.

Angiographic technical artifacts such as poor catheter
engagement may potentially mimic the CSFP; however,
these are readily recognized and excluded by experienced
angiographers. A reduced perfusion pressure or myocardial
oxygen demand may also be associated with reduced coro-
nary angiographic flow. However, hemodynamic measure-
ments recorded during angiography show no difference in
central arterial pressure, epicardial artery diameter, and rate
pressure product between patients with the CSFP and con-
trols. Hence, in most patients, this angiographic phenome-
non cannot be attributed to secondary changes in coronary
blood flow.

Although the severity of the CSFP varies with time, serial
studies in affected patients demonstrate a persistence in the
delayed opacification. In a study of 12 patients with the
CSFP who underwent repeat elective angiography at median
interval of 7 months from the index study (range: 1 week to
10 years), the vessel opacification rates were similar (Figure
1). However, when the repeat study was compared with con-
trols who do not have CSFP, vessel opacification remained
considerably delayed (Figure 1).

Clinical Features

Although the angiographic features of the CSFP are of
interest, it is the associated clinical features that are of key
importance and warrant the condition being considered as a
new coronary microvascular disorder. The clinical presenta-
tion prompting coronary angiography, the subsequent clini-
cal progress, and markers of myocardial ischemia in patients
with the CSFP are discussed next.

Initial Presentation

Syndrome X is clinically characterized as exertional
angina that precipitates referral to a physician. An exercise
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stress test is then usually performed and angiography under-
taken that reveals no obstructive epicardial coronary artery
disease. Patients with CSFP have a different presentation
scenario. These patients usually present with an acute coro-
nary syndrome to the emergency department and are admit-
ted to the coronary care unit for further observation. When
the case is reviewed by a cardiologist, angiography is under-
taken because of the apparent unstable nature of the clinical
syndrome. Hence, these patients are clinically (and angio-
graphically) different from patients with syndrome X.

The data for the preceding clinical description is derived
from observational and case-control studies. In an observa-
tional study of 65 patients with CSFP, review of their clini-
cal records revealed that all except one patient underwent
coronary angiography for the investigation of chest pain.
The exceptional patient was diabetic and underwent angiog-
raphy following a presentation with ventricular tachycardia
requiring electrical cardioversion. Further evaluation of 
the remaining patients revealed that 75 percent underwent
angiography following an acute coronary syndrome presen-
tation, with most fulfilling Braunwald Class IIIB criteria.

The findings of this study prompted a more detailed case-
control study to further characterize the clinical features
associated with this angiographic phenomenon. Forty-seven
consecutive patients with the CSFP who had smooth epicar-
dial vessels on angiography were compared with 47 patients
who also had smooth epicardial vessels on angiography but

who did not have TIMI-2 flow in any vessels. The compar-
ative findings are summarized in Table I. Compared with
controls, the patients with CSFP were more often younger,
male, and smokers and presented with recent onset, rest pain
prompting admission to the coronary care unit and thereafter
angiography. Of note, 6 percent of the CSFP patients had
elevated cardiac markers consistent with myocardial infarc-
tion. However, only 19 percent had a subsequent positive
stress test and, hence, the majority would not fulfill standard
criteria for syndrome X.

These findings have been supported by case reports and
small observational studies, in particular in the TIMI-IIIA
study where angiography was undertaken in 391 patients
presenting with unstable angina/non-ST elevation myocar-
dial infarction. Of these patients, 14 percent had no signifi-
cant epicardial coronary artery disease with one-third
exhibiting the CSFP [3].

Clinical Progress

Follow-up of 64 patients with CSFP during a median
period of 21 months (range 1 to 126 months) found that 84
percent experienced recurrent chest pain with 33 percent re-
presenting to the emergency department with severe rest
pain and 19 percent readmitted to the coronary care unit 
for intravenous nitrate therapy. Although many studies of
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Figure 1 Serial angiographic studies in patients with CSFP. Number of
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Table I Clinical Characteristics of the CSFP.a

Characteristic Control Coronary 
(n = 47) slow flow

(n = 47)

Coronary risk factor
Age 55 ± 11 years 50 ± 10 yearsb

Males 21 45% 32 68%b

Current smoker 4 9% 15 32%b

Hypertension 22 47% 18 38%
Diabetes 3 6% 5 11%
Positive family history 19 41% 19 41%
Hypercholesterolemia 8 20% 15 37%

Chest pain features
Recent onset (<1 month) 15 32% 29 62%b

Predominantly rest pain 28 59% 40 85%b

Pain prompting urgent admission 10 21% 35 74%b

CCU admission 8 17% 31 66%b

Urgent angiography 10 21% 33 70%b

Acute myocardial infarction 0 0% 3 6%

ECG findings
ST/T wave changes on resting ECG 8 17% 17 36%b

Positive stress testc 11 39% 6 19%

a Clinical characteristics of patients with chest pain, smooth epicardial
vessels on angiography, and absence (control) or presence (cases) of CSFP.
(From Beltrame et al., 2002, Cardiology 97, 197–202, with permission.)

b Significant difference between controls and coronary slow flow
patients (chi-square or unpaired t-test, p < 0.05).

c Data available for each 47 control and coronary slow flow patients
except for hypercholesterolemia (39 versus 41, respectively) and stress test
(28 versus 32, respectively).
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patients with chest pain and normal angiography demon-
strate recurrent chest pain, those with the CSFP appear to be
particularly susceptible. Voelker and colleagues followed 88
patients with angina and normal angiography for a mean
period of 9 years (range: 6 to 11 years) and examined fac-
tors that were predictive for ongoing chest pain. The best
predictor of continuing chest pain at follow-up was the
demonstration of CSFP on the initial angiogram.

Although CSFP is associated with recurrent chest pain
and frequent hospital readmissions, the risk of a subsequent
cardiac event is low. None of the 64 patients just described
endured a subsequent documented myocardial infarct, al-
though one patient experienced a fatal cardiac arrest at home
following an episode of chest pain. This latter finding is of
concern since ventricular tachycardia has been documented
in a number of patients with CSFP. Furthermore a recent
investigation has demonstrated a higher corrected QT dis-
persion among patients with CSFP, suggesting a predisposi-
tion to ventricular arrhythmias [4]. Further investigation is
required into the relationship between CSFP and ventricular
arrhythmias.

Myocardial Ischemia in the Coronary Slow 
Flow Phenomenon

The presence of myocardial ischemia in patients with
syndrome X is controversial with studies demonstrating dis-
parate results. The same appears to be so for CSFP, with
some investigators finding a poor association with ischemic
markers while others claim that the delayed contrast opaci-
fication may be considered “a marker for ischemia.”

CLINICAL MARKERS OF ISCHEMIA

Table II summarizes the findings from exercise stress
testing and myocardial perfusion scintigraphy in patients
with the CSFP. In both investigations there is considerable

heterogeneity in the findings. This may be attributable to (a)
different definitions for the CSFP, (b) different exclusion
criteria, and (c) variable definitions as to what constitutes a
positive result. In relation to exercise stress testing, signifi-
cant ST depression has been reported between 0–71 percent
amongst the various studies. Five of the 7 studies (Table II)
report positive stress test findings in less than 20 percent 
of patients suggesting that there is seldom evidence of
ischemia on standard exercise stress testing in the CSFP.
Myocardial perfusion scintigraphic studies are more often
positive for ischemia with approximately a third demon-
strating a reversible perfusion defect (Table II).

BIOCHEMICAL MARKERS OF ISCHEMIA

Myocardial lactate production is the gold standard
marker of ischemia, and two studies have evaluated its pres-
ence in the CSFP. Yaymaci and others undertook rapid atrial
pacing in 34 patients with the CSFP and demonstrated
ischemic lactate production in only six patients (18%). In an
independent study by Beltrame and colleagues, 12 patients
with documented CSFP failed to demonstrate net lactate
production during rapid atrial pacing, cold pressor stimula-
tion, or acetylcholine provocation despite many patients
experiencing chest pain. Thus, consistent with the clinical
markers, most patients with CSFP do not have objective evi-
dence of ischemia on metabolic criteria. Whether this is due
to an absence of myocardial ischemia or inability to detect it
is open to speculation.

Pathophysiological Mechanisms

Tambe and colleagues’ initial description of CSFP spec-
ulated that the phenomenon was due to an increased
microvascular resistance. Structural biopsy studies and
functional coronary hemodynamic studies have been under-

Table II Studies of Clinical Ischemic Markers in CSFP.

Study n Ischemic marker Ischemia present

Exercise stress tests
Ciavolella (1994) 17 ØST (flat) ≥ 1 mm 9 (53%)

ØST (upsloping) ≥ 1.5 mm
Cesar (1996) 17 ØST (downsloping) 17 (12%)
Mangieri et al. (1996) 10 “Pathological ØST” 0 (0%)
Kurtoglu et al. (2001) 25 Not defined 0 (0%)
Goel et al. (2001) 28 ØST ≥ 1 mm 20 (71%)
Beltrame et al. (2002) 44 ØST ≥ 1 mm 7 (16%)
Demirkol et al. (2002) 60 ØST (downsloping) ≥ 0.5 mm

ØST (flat) ≥ 1 mm 60 (13%)
ØST (upsloping) ≥ 1.5 mm

Myocardial perfusion scintigraphic studies
Ciavolella (1994) 21 Fixed or Reversible defect 18 (86%)
Cesar (1996) 17 Reversible defect 7 (41%)
Beltrame et al. (2002) 39 Reversible defect 10 (26%)
Demirkol et al. (2002) 60 Reversible defect 17 (28%)

a Summary of published findings from standard exercise stress test and myocardial perfusion scintigraphic 
studies in patients with the CSFP.
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taken to examine the role of microvascular dysfunction in
CSFP.

Biopsy Studies

Mosseri and coworkers performed right ventricular biop-
sies in six patients with CSFP. In contrast to syndrome X,
they demonstrated significant structural microvascular
changes including hyperplastic fibromuscular thickening of
the small arteries with endothelial cell swelling and degen-
eration. Whether these small vessel changes were patho-
genic in the CSFP or secondary to ventricular hypertrophy
was controversial as many patients also had hypertension.

In a follow-up study, Mangieri and others performed left
ventricular biopsies in 10 patients with the CSFP, none of
whom had concurrent hypertension, diabetes, or myocardial
hypertrophy on echocardiography. As in the previous study,
the small vessels had markedly thickened walls with lumi-
nal narrowing. Hence, independent studies have demon-
strated structural microvascular abnormalities that could
account for an increased coronary vascular resistance and
thus slow distal vessel filling.

Coronary Hemodynamic Studies

Coronary hemodynamic studies have confirmed the pres-
ence of an increased coronary vascular resistance in CSFP.
In 12 CSFP patients, resting coronary sinus oxygen satura-
tion was measured and found to be abnormally low as com-
pared with controls (23 ± 4% versus 31 ± 4%, respectively;
p < 0.001, Figure 2), reflecting an increased resting coronary
resistance.

The structural small vessel disease demonstrated in the
foregoing biopsy studies could account for the observed
increased coronary resistance. However, pharmacological
studies would suggest that there is a significant functional
component. Mangieri and colleagues demonstrated that
acute administration of a small vessel vasodilator (dipyri-
damole) alleviated the delayed vessel opacification where-
as a large vessel vasodilator (nitrates) had little impact. 
Kurtoglu and others extended these observations demon-
strating resolution of the angiographic phenomenon with 1
month of oral dipyridamole therapy. A significant dynamic
component to the increased resistance is also consistent with
the clinical presentation of rest pain, since predominantly
exertional pain would be anticipated with a fixed increased
resistance.

Possible Biologic Mechanisms

Although evidence for structural and functional compo-
nents of the increased coronary vascular resistance have
been identified, the responsible biological mechanisms are
unknown. Endothelin-1 is a potent small vessel vasocon-
strictor that also has vascular remodeling properties and
therefore is a potential candidate autacoid for this disorder.
Consistent with this hypothesis, intracoronary administra-

tion of endothelin-1 in rabbits and dogs has been shown to
mimic CSFP. Likewise, intracoronary neuropeptide Y has
been shown to produce CSFP in patients with chest pain and
normal angiography, suggesting another potential mecha-
nism. These potential mechanisms are interesting but further
studies are required to elucidate the exact mechanisms
responsible for CSFP.

Therapeutic Considerations

Although the CSFP generally has a good prognosis in
relation to subsequent cardiac events, it is associated with
considerable morbidity with many patients experiencing
recurrent chest pain and therefore requiring antianginal ther-
apy. To date, there is only one published study examining
potential therapy for this disorder. In an open-label, obser-
vational study, Kurtoglu and coworkers administered dipyri-
damole 75 mg three times daily to 25 CSFP patients, with
angiography performed at baseline and after 1 month of
therapy. Although there are limitations to this study, this
group demonstrated resolution of the chest pain and angio-
graphic phenomenon with dipyridamole.

From our own clinical experience we have found vera-
pamil and oral nitrates to be of limited benefit. However, we
have found mibefradil, a unique calcium channel blocker, 
to be particularly effective. We surveyed the patient’s per-

0%

10%

20%

30%

40%

C
or

on
ar

y 
S

in
u

s 
O

xy
ge

n
 

S
at

u
ra

ti
on

Control Patients CSFP Patients

Figure 2 Resting coronary sinus oxygen saturations in CSFP. Resting
coronary sinus oxygen saturations (including mean ± SD) for eight control
patients with normal angiography but without CSFP and 12 patients with
CSFP. (From Beltrame et al., American Heart Journal, 146, 84–90, with
permission.) 



666 PART III Pathology

ceived response to mibefradil in 22 patients (56 ± 14 years,
16 males) with CSFP who previously responded poorly 
to long-acting nitrates and conventional calcium channel
blocker therapy. In contrast to the conventional antianginal
therapy, all patients reported at least a moderate improve-
ment in their angina frequency with mibefradil, including 73
percent who reported a major improvement. Randomized,
double-blind controlled studies are required to corroborate
this observational finding.

Synopsis

In summary, CSFP is an angiographic phenomenon
which was first described more than 30 years ago but until
recently has been largely considered an angiographic curios-
ity and thus frequently neglected. Table III summarizes our
current knowledge of this disorder.

Although initially diagnosed on the basis of an angio-
graphic observation, pathophysiological investigations have
demonstrated that it is a coronary microvascular disorder
with an increased resting coronary resistance due to both
structural and functional abnormalities. Potential biologic
mechanisms include the autacoids, endothelin, and neu-
ropeptide Y.

The disorder differs clinically from syndrome X because
patients often present initially as an acute coronary syn-
drome and seldom have positive stress tests. There is signif-
icant associated subsequent morbidity with most patients
experiencing recurrent chest pain and thus require prophy-
lactic antianginal therapy. Dipyridamole and mibefradil may
be effective therapies but require further evaluation.

Glossary

Coronary slow flow phenomenon (CSFP): An angiographic obser-
vation characterized by the delayed opacification of the distal vasculature
in the absence of obstructive epicardial coronary disease.

TIMI flow grade: A qualitative index of angiographic coronary 
flow (graded from 0 to 3) developed by the Thrombolytics in Myocardial
Infarction (TIMI) investigators. TIMI-0 flow = occluded vessel; TIMI-1
flow = contrast penetrates the obstruction but does not opacify the distal
vessel; TIMI-2 flow = delayed distal vessel opacification; and TIMI-3 
flow = normal filling of the distal vasculature (i.e., within three cardiac
cycles).

TIMI frame count (TFC): A quantitative angiographic flow index
developed by the Thrombolytics in Myocardial Infarction (TIMI) investi-
gators. Flow is assessed by the number of angiographic frames required to
opacify a coronary vessel to predefined end points.
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tory action by interacting with cell surface receptors on 
vascular endothelial and smooth muscle cells [1, 3]. Three
structurally similar isoforms of ETs have been identified,
ET-1, ET-2, and ET-3. These 21-amino-acid peptides are
produced by a number of tissues with vascular endothelium
being the major source. ET-1 appears to be the predominant
isoform that is constitutively expressed in the vascular
endothelium. ETs are regulated primarily at the transcrip-
tional level and a number of stimulators have been identified
that upregulate ET expression. These ET inducers include
growth factors, cytokines, and various physiochemical 
factors [1]. In addition to transcriptional regulation, ET
production may be regulated via destabilization of mRNA
species.

ET gene products undergo two steps of enzymatic cleav-
age to generate biologically active ET peptides. These 
peptides perform vasoregulatory action by interacting with
specific cell surface receptors, ETA, ETB, and ETC. Among
the ET receptors, only ETA and ETB receptor types are
expressed in mammals. These receptors are coupled to phos-
pholipase C via G proteins [1, 3]. ETA receptors are local-
ized primarily on vascular smooth muscle cells and are
involved in sustained slow-onset vasoconstriction. Activa-
tion of ETA receptors results in calcium influx via phos-
pholipase C-mediated diacylglycerol (DAG) and inositol
trisphosphate (IP3) production. Elevated intracellular cal-
cium and DAG-mediated protein kinase C (PKC) activation
lead to myosin light chain kinase (MLCK) phosphorylation
and smooth muscle cell contraction. ETB receptors are
involved in generation of nitric oxide (NO) by endothelial
cells and thus regulate vasodilation. Endothelial-derived NO
activates guanylate cyclase in smooth muscle cells and
causes vasodilation by decreasing intracellular calcium 
levels. The net vascular effect would, therefore, depend on

Diabetes is the leading cause of blindness, renal failure,
and limb amputation in the North American population [1,
2]. In spite of improvements in therapeutic modalities, this
disorder accounts for significant morbidity and mortality in
diabetic patients. Long-standing diabetes leads to structural
and functional alterations in both micro- and macrovascula-
ture. The most devastating complications in terms of 
morbidity are, however, of microvascular origin. The 
determinant of these complications is sustained hyper-
glycemia, which leads to biochemical and structural anom-
alies in the eye, kidney, heart, and peripheral nerves.
Microvascular endothelial damage may be a key factor in
the pathogenesis of chronic diabetic complications.
Endothelins, by virtue of multifunctional capability and
widespread tissue distribution, may affect function and
structure of microvasculature in several target organs of 
diabetic complications. Early events in small vessel disease
include functional deficits such as blood flow alteration and
increased vascular permeability [2]. These early events are
essentially reversible with adequate blood glucose control.
With progression, however, structural remodeling of
microvessels takes place that entails thickening of capillary
basement membrane (BM), loss of capillary pericytes, and
microaneurysm formation. Later stages may also lead to
neovascularization in some organs such as the retina. This
review will outline the role of endothelins in microvascular
complications of diabetes with emphasis on putative mech-
anisms of vascular endothelial cell damage.

Endothelins

Endothelins (ETs) are by far the most potent vasoactive
peptides identified to date. These peptides exert vasoregula-

Copyright © 2006, Elsevier Science (USA).
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ET concentration, relative density of ET receptor types, and
the vascular tissue.

Mechanism of ET Alteration in Diabetes

Alteration of ETs has been demonstrated in both type I
and type II diabetes. Although a number of studies can be
cited that provide contradictory reports of plasma ET levels
in diabetic patients, it should be noted that these peptides 
act in both an autocrine and paracrine fashion. Therefore,
plasma levels may not provide an adequate assessment of
their biological activity [1]. In both animal and human dia-
betes, use of ET antagonists may be more revealing in terms
of the consequences of ET alteration. We and others have
demonstrated that in endothelial cells and in several target
organs of diabetic complications, ETs are upregulated and
mediate structural and functional alterations [1].

The mechanisms by which sustained hyperglycemia
leads to upregulation of ETs include activation of PKC, 
augmented polyol pathway and pseudohypoxia, oxidative
stress, elaboration of growth factors, and alteration of
vasoactive factors such as NO. Mechanisms and conse-
quences of ET alteration in diabetes are diagrammed in Fig-
ure 1. We will briefly describe the possible mechanism by
which these biochemical anomalies may lead to alteration of
the ET system in diabetes.

PKC Activation

PKC activation has been demonstrated in both diabetic
micro- and macrovasculopathy [2]. High glucose levels can

induce de novo synthesis of DAG and activation of PKC.
PKC has been implicated in mediating several important
vascular functions such as regulation of blood flow, vascu-
lar permeability, expansion of extracellular matrix, and in
the elaboration of various growth factors and cytokines.
Studies have demonstrated an interactive relationship
between PKC and ETs. We have previously demonstrated
inhibition of high glucose-induced ET upregulation by both
general (chelerythrine) PKC inhibitor and specific
(LY379196) PKCb inhibitor [4]. PKC activation may also
regulate several other growth factors such as vascular
endothelial growth factor (VEGF), platelet-derived growth
factor, epidermal growth factor, insulin-like growth factor,
and fibroblast growth factor. Elaboration of these growth
factors may also mediate PKC-induced ET alteration in 
diabetes.

Polyol Pathway

Polyol pathway has been implicated in several chronic
diabetic complications [1]. High intracellular glucose levels
overwhelm the glycolytic pathway and lead to enzymatic
conversion of glucose to sorbitol via aldose reductase (AR).
Sorbitol is subsequently metabolized to fructose by sorbitol
dehydrogenase. AR activity requires oxidation of NADPH
whereas sorbitol dehydrogenase requires reduction of
NAD+. Therefore, increased flux through the polyol 
pathway leads to alteration of NADH:NAD+ and
NADPH : NADP+. Such imbalance in redox state may cause
endothelial dysfunction secondary to hyperglycemia [1].
Interestingly, the augmented polyol pathway may reduce
NO synthesis, which also requires NADPH. Impairment of
the NO system may lead to ET alteration, as NO has been
shown to regulate ETs.

Nonenzymatic Glycation

Glucose and other reducing sugars such as glucose 6-
phosphate, trioses, and fructose may react nonenzymatically
with amino groups of proteins. Advanced glycation end
products (AGEs) may also be produced from glycating
dicarbonyl compounds such as 3-dioxyglucosone, methyl-
glyoxal, and glyoxals. AGEs were first thought to mark
senescent proteins for degradation. However, in recent
years, numerous AGE receptors (RAGEs) have been identi-
fied. Binding of AGEs to AGE receptors may mediate intra-
cellular signaling and cause upregulation of growth factors
such as ET-1 and VEGF [1]. In addition, AGE formation has
been shown to reduce NO, which would further lead to ET
alteration.

Oxidative Stress and NO

Increased oxidative stress due to glucose autoxidation,
AGE/RAGE interaction, and NO generation has been impli-
cated in the pathogenesis of diabetic complications. In 

Hyperglycemia 

Polyol Pathway 

PKC 

Oxidative Stress AGE/RAGE 

ET 
Ø NO 

NF-kB 

Mitogenic Signals 

Growth Factors 

Extracellular Matrix Proteins 

Growth Factors 

Blood Flow 
Alteration 

Vasoconstriction 
≠ Permeability 

Angiogenesis 

Intracellular Signaling 

PKC, NF-kB, PI3 kinase, MAPK 

Figure 1 Putative mechanisms and consequences of ET alteration in
diabetes. A schematic outlining various hyperglycemia-induced pathways
leading to upregulation of endothelin levels is shown in the upper panel.
Some of the major effects of increased ET levels are also presented. (see
color insert)
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cultured endothelial cells as well as several target organs 
of diabetic complications, NO synthase mRNA has been
shown to be upregulated. However, diabetic patients exhibit
impaired endothelium-dependent relaxation. Several theo-
ries have been proposed to reconcile these contradictory
results. It is interesting to note that concurrent with
increased NO synthase expression is increased production
of free radicals. Activation of various lipoxygenase
enzymes, secondary to hyperglycemia, may promote scav-
enging of NO by superoxide anions. This interaction yields
highly reactive peroxynitrite and hydroxyl radicals. Seques-
tration of NO by superoxide anions could also contribute 
to reduced NO bioactivity and availability leading to 
upregulation of ETs. Increased oxidative stress has also 
been demonstrated to mediate PKC activation, AGE 
formation, augmented polyol pathway and sorbitol accumu-
lation, and NF-kB activation in endothelial cells. Such
anomalies may further alter the ET system in diabetes.
Recently, poly (ADP-ribose) polymerase (PARP), an
enzyme well known for polymerizing ADP-ribose in DNA
backbone synthesis, has been implicated in ET upregulation.
Use of various PARP inhibitors was shown to prevent 
diabetes-induced alteration of ETs in kidney tissues [5].
Whether diabetes-induced PARP activation leads to ET
upregulation in other target tissues, such as the retina,
remains to be determined.

Hyperinsulinemia

Insulin represents another factor leading to ET alteration
which could be of significance to microvascular complica-
tions in type II diabetes. Insulin has been shown to up-
regulate ET peptide and receptor expression in vascular
endothelial and smooth muscle cells [1]. Administration of
insulin also increases plasma ET levels in both humans and
animals. In addition, hyperinsulinemia has been linked to
accelerated macroangiopathy in diabetic patients. The role
of insulin, however, in ET alteration and microangiopathy
still remains to be determined.

Other Factors

Several other factors may be of importance in augmented
ET-1 expression in diabetes. A large number of studies indi-
cate the role of angiotensin II and transforming growth 
factor-b (TGF-b) in the development of diabetic micro- and
macroangiopathy. Angiotensin II is mitogenic for smooth
muscle cells and can lead to increased extracellular matrix
(ECM) protein synthesis. Recent reports indicate that
angiotensin II possibly mediates mitogenic and fibrogenic
effects via ET system. Angiotensin II has also been shown
to increase synthesis and secretion of ET-1 from vascular
endothelial cells. In addition, an interactive relationship
between TGF-b and ET has been established. These findings
suggest multiple signaling pathways leading to alteration of
ET-1 in chronic diabetes.

ETs and Microcirculatory Flow Alterations

Hemodynamic alterations in diabetes are believed to
arise as a result of hyperglycemia-induced metabolic abnor-
malities and elaboration of vasoactive factors including ETs.
There is great heterogeneity in findings from microcircula-
tion studies in humans. Study of nailfold microcirculation
has revealed elevated as well as reduced blood velocity 
in diabetic patients when compared to healthy subjects.
Reduced blood velocity has also been observed in gastric
mucosal blood flow studies. Much of the inconsistency in
such studies can be attributed to duration of diabetes, 
interstudy variability, and limitations of techniques used 
for measurement of blood flow.

In parallel to in vivo blood flow studies, ex vivo meas-
urement of blood vessel responsiveness to ETs has produced
conflicting results. Depending on the relative distribution of
ETA and ETB receptors in the vascular bed, responsiveness
has been shown to be attenuated as well as exaggerated.
Limited animal model studies suggest that diabetes leads to
alteration of ET responsiveness. Based on existing evidence,
however, diabetes is believed to cause vasoconstriction and
reduced blood flow early in target organs of chronic com-
plications. These hemodynamic alterations are mediated 
by increased vasoconstrictors such as ETs and reduced
vasodilators including NO. Administration of ET-1 in
humans has demonstrated reduced coronary and renal blood
flow and increased vasoconstriction. Furthermore, we have
demonstrated increased diabetes-induced vasoconstriction
in the retina which was normalized with ET receptor 
antagonist [6].

ETs in Microvascular Endothelial Dysfunction

Endothelial cell dysfunction is increasingly being real-
ized as the unifying mechanism of development and pro-
gression of chronic diabetic complications. Endothelial cells
are critical for a complex array of functions such as provid-
ing a barrier between blood and tissues, maintaining growth
and phenotypic characteristics of smooth muscle cells, 
balancing pro- and anti-inflammatory changes, and fluidity
of blood. Alteration of endothelial function, therefore, may
affect one or more of these properties. In diabetic microan-
giopathy, endothelial dysfunction is exhibited as increased
permeation, vasoconstriction, and increased synthesis of
ECM proteins. Hyalinosis of arterioles and capillaries in
diabetes suggests accelerated loss of microvascular endothe-
lial cells and increased ECM deposition. Endothelial degen-
eration, together with pericyte loss, may bring about a
proliferative response and successive elaboration of BM
proteins. ETs are implicated in several parameters of
microvascular endothelial dysfunction. Administration of
ET antagonists has been shown to prevent increased perme-
ability, vasoconstriction, and BM protein expression.
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Permeability

We have previously demonstrated that ETs regulate vas-
cular endothelial permeability. Such increased permeability
was normalized by treatment with ET receptor antagonist
and PKC blocker [4]. The mechanisms by which ETs 
regulate endothelial permeability are not fully understood.
Increased permeability may be arbitrated through endothe-
lial cell contraction. Administration of calcium has been
shown to cause phosphorylation of MLCK and cell contrac-
ture in endothelial cells [7]. Augmented ET expression by
high glucose levels could increase endothelial permeability
through interaction with ETB receptor that is G protein cou-
pled and increases calcium via augmented IP3. In addition 
to cell contracture, ETs could also increase permeability via
an MLCK-independent retraction mechanism. In such a
process, ET-mediated PKC activation is of great signifi-
cance. PKC has been shown to phosphorylate actin-linking
proteins, talin and vanculin, producing intercellular gaps
and increased permeability [8].

Mitogenic Responses

ETs are potent mitogens for vascular endothelial cells.
The mitogenic property of ETs was first demonstrated in the
early 1990s by DNA synthesis assays. Administration of ET-
1 was shown to induce DNA synthesis in brain capillary
endothelial cells. It has been demonstrated that selective
ETB receptor antagonist can prevent endothelial cell prolif-
eration and migration. In addition to endothelial cells, ETs
exhibit mitogenic property toward smooth muscle cells. One
interesting difference between the signaling pathways for
endothelial and smooth muscle cell proliferation is the
involvement of ET receptor type. It has been demonstrated
that mitogenic signals are mediated through respective pre-
dominant receptor type, that is, for endothelial cells, ETB,
and for smooth muscle cells, ETA.

In addition to several in vitro studies, ex vivo and in vivo
studies also demonstrate mitogenic effects of ETs. Several
biochemical pathways may mediate such proliferative 
signals. ET-induced tyrosine phosphorylation of proteins,
such as Src, focal adhesion kinase, and janus kinase, may 
be involved in these mitogenic responses. In addition, 
PKC-dependent activation of mitogen activated protein
kinase (MAPK) family members may be important in the
transduction of mitogenic signals.

ECM Protein Upregulation

A structural hallmark of diabetic microangiopathy is
increased capillary BM thickening. Increased expression
and decreased degradation of ECM proteins is believed to
be critical in BM thickening. The major fibrogenic proteins
involved in upregulation of ECM proteins are ETs, TGF-b,
and angiotensin II. We have previously demonstrated that
high glucose concentration in endothelial cells and hyper-
glycemia in diabetes leads to upregulation of ECM proteins,
fibronectin (FN) and collagen, via ET alteration. Further-

more, recent studies suggest that TGF-b and angiotensin 
II may also cause increased expression of ECM proteins
through ETs. Studies from our laboratory demonstrate that
ETs activate NF-kB and AP-1 in target organs and in 
cultured microvascular endothelial cells leading to FN
upregulation [9]. It should be noted, however, that parallel
activation of PKC and MAPK family by ETs may also be
involved in increased FN expression.

In addition of direct upregulation of ECM proteins 
such as FN, ETs may also regulate composition of ECM.
Recently, we have demonstrated that ETs regulate preferen-
tial expression of oncofetal FN, a splice variant of FN [10].
Oncofetal FN is exclusively expressed in proliferating 
tissues such as embryos and tumors and has recently been
proposed to be a marker of tumoral angiogenesis. We have
also shown that ET-mediated oncofetal FN is involved in
microvascular endothelial cell proliferation. The mechanism
by which ET-mediated oncofetal FN regulates cellular pro-
liferation is still obscure. However, recent studies from our
laboratory suggest a potential role of oncofetal FN in VEGF
expression.

ETs in Organ-Specific Microvascular
Alterations in Diabetes

Diabetic Retinopathy

Diabetic retinopathy (DR) predominantly affects the vas-
cular components of the retina. Early in the disease course,
diabetes causes functional alterations such as reduced retinal
blood flow [2]. With sustained hyperglycemia structural
changes such as capillary BM thickening, loss of pericytes,
and breakdown of intracellular endothelial cell junctions
occur.

Retinal tissue is a rich source of ET-1 and ET-3 [1]. We
and others have shown increased mRNA and protein expres-
sion of both ET-1 and ET-3 in retinas of diabetic animals 
in association with retinal vasoconstriction [1]. Blockade of
ET receptor mediated signaling and ECE1, enzyme involved
in ET peptide processing, prevents retinal vasoconstriction
and associated structural changes.

With respect to structural changes, we have demonstrated
that ET receptor blockade with dual ETA and ETB antago-
nist, bosentan, prevents diabetes-induced upregulation of
FN and collagen alpha-1 (IV) mRNA, and increased capil-
lary BM thickening in animals [1]. ETs could also arbitrate
later stages of DR as selective ETB receptor antagonists can
prevent endothelial cell proliferation and migration, two
fundamental steps in the process of angiogenesis. In a few
recent studies, vitreous ET-1 levels were found to be signi-
ficantly elevated in patients with proliferative DR as 
compared to nondiabetic subjects [10].

Diabetic Nephropathy

Diabetic nephropathy (DN) remains the most common
cause of renal failure. Sustained hyperglycemia leads to
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glomerular hyperfiltration and microalbuminuria. With 
progression, patients develop overt macroalbuminuria and
reduced glomerular filtration rate. Pathological features of
DN include mesangial matrix expansion, thickening of
glomerular capillary BM and tubulointerstitial fibrosis.

ETs may regulate renal blood flow and glomerular filtra-
tion. Recent studies from our laboratory have demonstrated
increased expression of ET-1, ET-3, ETA, and ETB in the
diabetic rat [1]. Increased ET-1 mRNA and increased renal
ET-1 clearance in association with proteinuria has been
demonstrated in human diabetes. Furthermore, treatment 
of diabetic animals with ET receptor antagonist has been
shown to prevent microalbuminuria.

Studies in rat mesangial cells have implicated ETs in reg-
ulating ECM protein production. Diabetes-induced
increased expression of ECM proteins and other fibrogenic
growth factors has been shown to be completely blocked by
treatment with an ETA receptor antagonist and dual ETA and
ETB receptor antagonist.

Diabetic Cardiomyopathy

Diabetic cardiomyopathy is a prominent cardiac com-
plication that involves structural and functional changes 
in both cardiomyocytes and capillary endothelial cells.
Pathological features of diabetic cardiomyopathy include
myocyte hypertrophy and/or necrosis, interstitial and
perivascular fibrosis, and capillary BM thickening.

ETs have been shown to be produced by both cardiomy-
ocytes and endothelial cells. We have previously demon-
strated upregulation of ET-1 along with ETA and ETB
receptor expression in heart tissues of diabetic rats. Such
alterations were associated with focal apoptosis of car-
diomyocytes, scarring of the myocardium, and increased
expression of ECM proteins. Inhibition of ET receptor 
signaling completely prevented these structural abnorma-
lities. Furthermore, a duration-dependant alteration of
chronotropic and inotropic responses to ET-1 has been
demonstrated in isolated atria of diabetic rats. Recently, 
we have demonstrated that ET-1 may interact with
sodium–hydrogen exchanger-1 (NHE-1) in mediating dia-
betes-induced structural and functional changes. NHE-1
may act as the downstream mediator in the development of
ET-mediated functional and structural changes in diabetic
myocardium.

Diabetic Neuropathy

Diabetic neuropathy is one of the most prevalent compli-
cations of chronic diabetes. The pathogenesis of diabetic
neuropathy involves chronic hyperglycemic insult to both
neurovasculature and neuronal parenchyma. Studies in
STZ-induced diabetic rats have established a role of ETs 
in impairment of endoneurial blood flow. In addition,
reduced NO production in the vasculature of the peripheral
nerve has been demonstrated, which may further augment
ET expression. ET receptor antagonism has been shown to

prevent impairment of endoneurial blood flow in diabetic
animals.

Neuronal parenchymal damage is believed to be due to
impaired nerve conduction velocity. Impaired nerve conduc-
tion velocity has been associated PKC activity and could
possibly be mediated via ETs. We have demonstrated
increased immunoreactivity of ET-1 and ET-3 in peripheral
nerves in diabetes. Furthermore, inhibition of ET receptor-
mediated signaling has been shown to prevent early nerve
conduction velocity deficits in STZ-induced diabetic rats.

Concluding Remarks

Experimental and clinical studies over the past few years
indicate that ETs are of significance in several human dis-
eases. Their predominant expression in vascular tissues and
their multifunctional nature do indeed suggest that alteration
of ETs may be involved in diseases affecting both the micro-
and macrovasculature. In both animal and human diabetes,
ETs have been shown to be upregulated. Hyperglycemia-
induced biochemical anomalies such as PKC activation,
nonenzymatic glycation, oxidative stress, augmented polyol
pathway, and elaboration of various growth factors and
cytokines may contribute to alteration of ETs. ETs, in turn,
may regulate other vasoactive factors and growth factors
leading to changes in both hemodynamic and structural
parameters. A schematic outline of ET alteration and its 
consequences has been depicted in Figure 1. In support of a
central role of these multifunctional peptides in diabetes-
induced pathogenetic changes, it has been shown that 
ET-receptor antagonists prevent structural and functional
abnormalities in all target organs of chronic diabetic com-
plications in animal models. Based on the available data, ET
antagonism may have a potential role in the treatment of
these complications.

Glossary

Basement membrane: A ubiquitous supportive tissue that underlies
an epithelium or endothelium. This tissue contains macromolecules such as
collagen, fibronectin, laminin, and sulfated proteoglycans.

Extracellular matrix: A meshwork-like substance found within the
extracellular space. It provides a supporting structure for cells and regulates
cellular events.

Neovascularization: The development of new blood vessels. Neovas-
cularization is an important event in tissues where circulation has been
impaired by trauma or disease.

Vascular permeability: The property of the vasculature to be per-
vaded by water and large molecular weight proteins.

Vasoactive factors: Factors that exert an effect on the caliber of blood
vessels. These factors include endothelins, angiotensin II, nitric oxide, and
prostacyclins.
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CHAPTER 100

Pericytes and Diabetic Retinopathy
Hans-Peter Hammes

University Hospital Mannheim, University of Heidelberg, Germany

pericyte coverage in retinal capillaries may not be necessary
for the prevention of diabetic retinopathy.

Pericytes in Vascular Biology: A Brief Overview

Retinal capillaries consist of three elementary structures:
endothelial cells, basement membrane tubes, and intramural
pericytes that are located within the basement membrane
(Figure 1). Pericytes both in humans and in rodents are pres-
ent in the retina at an almost 1 :1 ratio with endothelial cells.
Their high numbers in the retina, even higher than the num-
bers in the brain, has been associated with the tightness of
the blood–retinal barrier.

The recruitment of pericytes to the vessel wall has been
most extensively studied in rodents. Pericytes arrive in the
retinal vessel closely following the sprouting tip of the
growing capillary. With improved techniques circumventing
the problem that certain markers (such as SMA) are not
expressed in pericyte subpopulation invading the CNS, it
emerges that the existing window of plasticity of the devel-
oping retinal capillary network is not explained by pericytes
lagging behind the sprouting of endothelial cells. The re-
sistance of retinal capillaries to regressive signals such as
hyperoxia marks the end of the vascular plasticity. From in
vivo studies in newborn mice, it is likely a variety of growth
factors such as vascular endothelial growth factor (VEGF),
the angiopoietins, and others associated with pericyte
recruitment such as platelet-derived growth factor (PDGF)-
B and TGF-b are involved in the maturation of retinal 
capillaries. However, the precise mechanisms are not yet
defined, and the role of pericytes is still undetermined
except for the fact that their attachment to the vessel wall
does not coincide with the resistance of the capillaries to
regression. With regard to the pathogenesis of diabetic
retinopathy, which develops almost exclusively in the
mature retina, pericytes are crucially involved in promoting

General Remarks

This review aims to select and summarize available
information relating to the adult retina, and to mechanisms
that are likely involved in the pathogenesis of diabetic
retinopathy. Insofar as developmental aspects are important
for a deeper understanding of the pathogenesis of diabetic
retinopathy, and the role of pericytes herein, they will be
presented. Otherwise, I refer the interested reader to relevant
chapters of this encyclopedia, and to excellent recent
reviews of the general role of pericytes in vascular biology
(see Bibliography).

Introduction

Incipient diabetic retinopathy is characterized by
increased vascular permeability and progressive vascular
occlusion. The substrate of vascular occlusion is the forma-
tion of nonperfused, acellular capillaries within the retina.
The primary morphologic change in the diabetic retina is the
loss of pericytes that precedes the formation of acellular
capillaries. Pericytes play an important role in the develop-
ment and maturation of the vascular system. Under non-
hyperglycemic conditions, pericytes have a survival- and
growth-inhibiting effect on endothelial cells. Under hyper-
glycemic conditions, the protective function of pericytes on
endothelial cells is traded for the increased repair capacity
of the capillary endothelium. It was previously thought that
pericyte loss is the result of toxic product accumulation and
induction of destructive cellular signals generated within the
pericyte. In contrast, new experimental data indicate that
pericyte dropout may result from regulations that induce
pericyte elimination as an active process. The prevention of
acellular capillaries without the rescue of pericyte loss in
experimental diabetic retinopathy suggests that the endothe-
lium is the primary therapeutic target, and that restoration of

Copyright © 2006, Elsevier Science (USA).
677 All rights reserved.
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the survival of retinal capillaries. Active disruption of the
cellular cross-talk between ECs and pericytes leads to aber-
rant remodeling. While pericyte recruitment to capillaries in
the developing retina is initially PDGF-Rb dependent, cap-
illaries from older mice become resistant to PDGF-B deple-
tion. From these data, it emerges that pericytes in the
developing retina control sprouting and vessel remodeling,
whereas in the adult/matured retina, they serve as survival-
supporting cells for endothelial cells. This is also reflected
by experiments showing that the adult retina is resistant to
hyperoxia-induced vascular regression, even when pericyte
numbers are reduced, suggesting that mechanisms inde-
pendent of the physical presence of pericytes determines
plasticity.

The Natural Course of Human Diabetic Retinopathy

The two most characteristic features of incipient diabetic
retinopathy are increased vascular permeability and pro-
gressive vascular occlusion. The method of retinal digest
preparations, developed by Kuwabara and Cogan, allowed
inspection and quantitation of changes in the affected retina
liberated from neuroglial tissues due to differential suscep-
tibility against trypsin digestion. As a result of their work
and that of others presented later, pericyte loss was identi-
fied as the earliest change in the diabetic retina. With 
time, microvascular endothelial cell loss, in part due to pro-
grammed cell death, and progressive capillary occlusion
occur. Acellular capillaries are the most significant lesions in
the diabetic retina, as they (1) represent the phenotype of
hyperglycemia-induced vascular cell damage, which is a
general feature of diabetic complications, and (2) are the
likely harbingers of all subsequent changes. Micro-
aneurysms, which are the first clinically detectable lesions 
in the eye of a diabetic patient, are found predominantly
around areas of occluded capillaries (Figure 2). As sug-

gested by Ashton, microaneurysms are considered a first,
abortive attempt at neovascularization due to focal retinal
ischemia.

With more extended nonperfused areas due to progres-
sive capillary occlusions, larger retinal areas react forming
intravascular endothelial proliferations in hypercellular ves-
sels (not necessarily capillaries!). The subsequent formation
of venous beadings indicates progressive retinal ischemia,
representing the extension of the response to ischemic injury
to the veins. With long-standing diabetes, and progressive
vascular regression, the retina starts to form new blood 
vessels that enter the vitreous body. The number of newly
formed vessels frequently correlates with the extent of non-
perfusion in the retina. Neovascularizations tend to spread
within the preretinal vitreous and are prone to rhexis and
preretinal bleeding. They are often accompanied by matrix-
producing cells such as fibroblasts and by inflammatory
cells. Both tractive forces due to formation of membranes,
which tend to shrink, and the fragility of the newly formed
vessels explain the high risk of vitreous hemorrhages in
patients with proliferative diabetic retinopathy.

Microaneurysms are often locations of increased vascu-
lar permeability, and leaky microaneurysms may lead to
macular edema and hard exudates. Focal hard exudates and
dot-blot hemorrhages are direct indicators of a breakdown
of the blood–retinal barrier. Increased vascular permeability
infrequently occurs when other typical retinal lesions are
still absent, when glucose control is inadequate, and disap-
pear upon normalization of hyperglycemia.

Pericyte dropout in the retina has not been clearly related
to diabetes duration in humans, nor is it pathognomonic for
the diabetic retina, since pericyte dropout can occur in 
various other ocular and systemic diseases such as venous
occlusion, polycythemia, and hypertension. Permeability

Figure 1 Retinal digest preparation of a human retina, obtained post-
mortem, of a patient with type 1 diabetes. A microaneurysm is positioned
next to acellular capillaries. Original magnification 600¥. Periodic
acid–Schiff (PAS) staining. Figure 2 Retinal digest preparation (original magnification 400¥;

stained with PAS) showing retinal capillaries of a 12-month-old rat. Note
the distribution of endothelial cells and pericytes within the basement
membrane tube.
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changes in the diabetic retina can be focal or diffuse, sug-
gesting that predilections exist unrelated to pericyte
dropout.

The time course of the initial hyperglycemic capillary
damage has been most carefully studied in diabetic animal
models. Here, the first appreciable sign of structural vascu-
lar damage is the loss of pericytes. Pericyte loss has been
demonstrated in a variety species (mice, hamsters, rats,
dogs, cats, monkeys), and with various modes of diabetes
(chemical, genetic). In streptozotocin-diabetic rats, pericyte
loss starts between 4 and 8 weeks of diabetes. Subsequently,
there is a steady increase in the number of endothelial cells
per capillary area unit, indicating random distribution of
endothelial cell proliferation. This change becomes signifi-
cant after 4 to 5 months of hyperglycemia. In parallel with
the increase of endothelial cell numbers, acellular occluded
capillaries occur, starting with a unilateral focal obstruction
in the vicinity of capillaries that still contain cells. This 
phenotype favors the idea that capillary occlusion in the
diabetic retina is the result of both endothelial cell damage
(and loss) and extraluminal factors. Although in vivo exper-
iments suggest that intraluminal obstruction may occur
through cellular components, acellular capillaries in retinal
digest preparations of diabetic rats are typically devoid of
cellular debris or blood cells. Acellular capillaries are also
present in nondiabetic animals, but are more numerous in
diabetic animals, and become more frequent after 3 to 4
months of diabetes. Microaneurysms resembling very early
lesions in human retinae (i.e., a unilateral outpouching of 
the capillary) are occasionally found in diabetic rodents,
appearing after 5 to 6 months of hyperglycemia.

Although microaneurysms are occasionally observed in
diabetic rodents, and much more frequently in diabetic dogs,
there is no consistent evidence of sprouting vessels or pro-
liferative changes in diabetic rats or mice despite a level of
pericyte dropout that can reach 50 percent.

Abnormal vascular permeability measured by dye tech-
niques is observed as early as 1 week after induction of
chemical diabetes in rats. A relation to pericyte dropout has
not been determined, but is unlikely to happen, given the
discrepant time courses of both changes.

Lessons from Genetically Modified Diabetic Animals

Mice with a genetic ablation of PDGF-B exhibit several
vascular phenotypes that are highly reminiscent of certain
characteristics of diabetic retinopathy, including micro-
vascular leakage and hemorrhage, pericyte deficiency, and
microaneurysms in brain capillaries. A similar phenotype is
observed when the PDGF-receptor b is absent, suggesting
that this system is crucially involved in the recruitment of
pericytes to developing vessels. Moreover, experiments in
postnatal mice blocking pericyte recruitment by antibody
inhibition of PDGF-receptor b revealed impaired remodel-
ing, distortion and larger diameters of capillaries, and leaki-
ness of retinal vessels. Of note, no signs of apoptosis or

acellular occluded vessels were present. When administered
to older animals, the inhibition of the PDGF-B/receptor b
system had no effect on pericyte recruitment, suggesting
that the system is only important for recruiting but not 
for maintaining pericytes in the capillaries. This is to be
expected given the redundancy of factors involved in peri-
cyte recruitment and attachment, such as angiopoietin-1,
TGF-b, and tissue factor. In the absence of pericytes,
changes in capillary diameters, with both increased and
decreased luminal diameters, are reported. It is an open and
largely disputed question whether this is attributable to the
propensity of pericytes to contract. However, independent
from these open questions, it is concluded that pericytes
have a specific and profound role in sprouting angiogenesis
in the developing retina, and that pericytes inhibit endothe-
lial proliferation, as endothelial cell hyperplasia is seen in
mice that lack pericytes.

Note that diabetic retinopathy initiates in the adult,
mature retina, which is mostly resistant to manipulations
such as hyperoxia or growth factor withdrawal, suggesting
that important functions of pericytes and system that affect
pericyte recruitment may vary.

Some indication of pericyte function in the adult vessel
comes from experiments using retinal digest preparations
from mice in which PDGF-B is reduced by half (heterozy-
gous PDGF-B mice). These mice had a 28 percent reduction
in pericyte numbers, and a moderate but significant increase
in acellular capillaries, suggesting that pericytes function as
survival factors for endothelial cells. In diabetic animals, the
degree of pericyte loss was increased as expected, but the
number of acellular capillaries increased exponentially. This
means that with more pericyte loss, PDGF-B is not only a
pericyte recruiting factor, but also an indirect survival factor
for the stressed endothelium in diabetes.

In endothelial specific PDGF-B knockout mice, a hetero-
geneous degree of pericyte loss was observed, when
assessed in several areas of the brain. In the retina, the num-
bers of capillary occlusions in the intermediate and deep
capillary layers was inversely correlated with the numbers
of pericytes on these vessels. The more pronounced the per-
icyte deficit, the more capillary occlusions occurred. How-
ever, mice with the least pericyte coverage did not develop
any capillary layers other than the superficial, and developed
proliferative signs in their remaining superficial layer. This
indicates that pericytes are important cells for develop-
mental angiogenesis. However, their inhibitory effect on
endothelial proliferation needs revision, as pericytes do
accompany proliferating vessels in this (pathological) and in
other (physiological) settings.

Apart from the PDGF-B/PDGF-bR system, other 
ligand–receptor systems may be involved in the develop-
mental recruitment of pericytes. Angiopoietin-1, which 
signals via the endothelial specific tyrosine kinase receptor
Tie-2, determines capillary sprouting, endothelial cell 
survival, and vascular remodeling and has been implicated
in the stabilization of vessels by recruiting pericytes.
Angiopoietin-2 can act as a natural antagonist of Ang-1. In
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a rat model of experimental diabetic retinopathy, Ang-2 is
upregulated manyfold prior to the onset of pericyte dropout.
The upregulation of Ang-2 persists over time, suggesting a
nontransient effect of hyperglycemia on Ang-2 transcrip-
tion. Confirmatory data come from a mouse model in which
a reporter construct is expressed under the control of the
Ang-2 promoter (Ang-2 LacZ knockin mice). Intravitreal
application of Ang-2 mimics the pericyte-depleting effect of
hyperglycemia without affecting retinal capillary diameters
or endothelial cell survival. When Ang-2 LacZ knockin
mice were maintained hyperglycemic for 6 months, they did
not develop pericyte loss, as did the wild-type controls, sug-
gesting that Ang-2 plays a significant role in the early peri-
cyte loss by hyperglycemia. Preservation of pericytes in this
diabetic model was accompanied by a partial reduction of
acellular capillaries compared with nontransgenic diabetic
mice. Pericytes partially protect endothelial cells in chronic
hyperglycemia, but other mechanisms, related to the newly
formulated hypothesis of the unifying concept of vascular
damage in diabetes by Brownlee (see later discussion), have
been proposed.

Confirmation of the role of Ang-2 in pericyte regulation
of retinal capillaries also comes from experiments in which
Ang-2 was overexpressed in the photoreceptor using a pho-
toreceptor-specific promoter. The resulting increase in Ang-
2 in the deep layers of the retina induce a selective moderate
pericyte loss of the deep capillary network, while leaving
the superficial network unaffected. Hyperglycemia in these
mice induces a premature damage of the deep capillary
layer, as indicated by an untimely formation of acellular
capillaries.

Pericytes and acellular capillaries are unevenly distrib-
uted within the retina. Whereas pericyte ghosts, which are
empty basement membrane pockets suggesting pericyte
loss, are similar in all four quadrants of a diabetic dog’s
retina, acellular capillaries are most frequent in the superior
temporal area. A number of questions need to be addressed
before these findings are accepted as contradiction against
pericytes being survival factors for endothelial cells in the
diabetic retina, such as the local production of growth fac-
tors, the main subpopulation of pericytes leaving ghosts
behind, and the possible contribution of local blood flow in
different areas of the retina.

Linking Biochemistry to Cell Biology of Diabetic
Retinopathy: The Unifying Hypothesis

The causal link between diabetes and microvascular
complications is chronic hyperglycemia. Large prospective
clinical studies in both type 1 and type 2 diabetics have
demonstrated a strong relationship between glycemia and
diabetic microvascular complications. The link between
hyperglycemia and endothelial cell damage in diabetes has
been intensively studied during the past 20 years. Biochem-
ically, four independent pathways were investigated and 
led to the development of pharmacological inhibitors 

(Figure 3): increased polyol pathway flux, increased
advanced glycation end product formation, activation of
protein kinase C, and increased hexosamine pathway flux.
Hyperglycemia-driven mitochondrial overproduction of
reactive oxygen species has recently been identified as the
underlying biochemical abnormality that is not only a com-
mon denominator of the four seemingly unrelated pathways,
but also a new crystallization point of concepts for the
development of antiangiopathy principles in treatment of
diabetes. The model is based on the findings that cells which
are exposed to a high ambient glucose, such as endothelial
cells, have an increased substrate flux through glycolysis
and the TCA cycle. The net result is an increased production
of superoxide by the mitochondrial electron transport chain.
This induces a substantial reduction in the activity of the
glyceraldehyde-phosphate dehydrogenase with an upstream
accumulation of glycolytic intermediates such as glycer-
aldehyde 3-phosphate and fructose 6-phosphate. These
metabolites are important initiators of the previously 
mentioned biochemical pathways, such as the hexosamine
pathway (fructose 6-phosphate) or the protein kinase C
pathway (glyceraldehyde 3-phosphate). The mechanism
responsible for the inhibition of GAPDH involves ROS-
mediated activation of poly-ADP-ribose polymerase.

Another approach to alleviate diabetic vascular compli-
cations is to shift of the increased flux of toxic intermediates
into a nontoxic pathway. Activating transketolase by the
cofactor vitamin B1 or lipid-soluble prodrugs such as benfo-
tiamin has been shown to reduce all major biochemical
pathways activated by hyperglycemia, and reduces acellular
capillary formation in diabetic rats. Notably, retinal capillar-
ies did not exhibit any change in pericytes by transketolase
activation, but the well-documented increase in endothelial
cells in areas not affected by acellular capillaries was

Figure 3 Biochemistry of diabetic vascular damage: Mitochondrial
overproduction of reactive oxygen species (mt-ROS) induces upregulation
of poly(ADP-ribose)polymerase (PARP), which inhibits a central enzyme
of glycolysis (GAPDH) with subsequent effects on major pathways of
hyperglycemia-induced damage. The initiator of mt-ROS is increased
transport of glucose into endothelial cells followed by increased flux
through glycolysis and the tricarbon cycle. (From Brownlee, Claude
Bernard Lecture 2003, Paris.)
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reduced toward normal. These findings are consistent with
the hypothesis that the endothelium modulates the balance
between pericyte-recruiting and pericyte-eliminating factors
in chronic hyperglycemia, and that the endothelium is the
primary therapeutic target in diabetic microangiopathy.

Glossary

Acellular capillaries: Smallest vessels in the eye in which the cells
(endothelial cells and pericytes) have been either lost or destroyed by
chronic hyperglycemia, and the subsequent biochemical abnormalities.

Diabetic retinopathy: Most prevalent microvascular complication of
common types of diabetes mellitus, affecting vascular and neuroglial struc-
tures of the retina.

Microaneurysms: Lesion typical, but not pathognomonic, for incipi-
ent diabetic retinopathy. Fusiform or saccular in appearance, microa-
neurysms tend to cluster around areas of acellular capillaries, suggesting
that they are an early aberrant angiogenic process.

Retinal digest preparation: A method to isolate the retinal vascula-
ture by means of enzymes that digest away neuroglial elements; subsequent
staining with periodic acid–Schiff base and hematoxylin–eosin provides a
selective view on the retinal vasculature.
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The release of endothelium-derived relaxing factors
(EDRFs) must be considered. These factors include, in 
addition to NO and prostacyclin, the endothelium-derived
hyperpolarizing factor (EDHF), not yet fully identified,
which may play a role, especially in smaller vessels. The
importance of these relaxing factors is supported by the fact
that endothelium-dependent vasodilatation is usually used
as an easily reproducible and accessible parameter to test
endothelial function in various conditions, such as T1DM
and T2DM.

Endothelial dysfunction can be defined as the loss of nor-
mal vascular endothelium properties (e.g., alteration of pro-
tein synthesis, increased vascular tone and permeability,
acquisition of prothrombotic and antifibrinolytic properties).

Definition of the Problem

In human T1DM, impaired endothelium-dependent
vasodilatation has been reported in the absence of clinical
signs of vascular complications. However, in well-
controlled diabetics without albuminuria no alteration of
endothelium-dependent vasodilatation has been reported.
This is probably true also for T2DM. Whereas elevation of
both vWF and its propeptide could indicate acute perturba-
tion, elevated vWF levels alone may reflect chronic
endothelial cell activation.

Impaired endothelium-dependent vasodilatation may be
due to reduction of EDRF production, increase in EDRF
inhibition, alteration in diffusion of EDRFs from the
endothelium to the underlying smooth muscle cells, reduc-
tion of smooth muscle cell responsiveness to EDRFs, and
increase in the production of endothelium-derived constrict-
ing factors (EDCFs), most likely prostanoids [1]. Impaired

Introduction

Type 1 diabetes mellitus (T1DM) is associated with the
development of micro- and macrovascular disease, which
represents the major cause of morbidity and mortality
among these patients.

Diabetic angiopathy in children and adolescents is 
represented mainly by microangiopathy, characterized by
structural changes in the eye and renal glomeruli, whereas
macroangiopathy consists of an accelerated form of athero-
sclerosis that increases the risk of cardiovascular disease.

The pathogenesis of diabetic angiopathy is not clear and
the progression, in most cases is unpredictable. The vascu-
lar endothelium is a primary target of unbalanced glycemic
metabolism in both T1DM and type 2 diabetes mellitus
(T2DM). Several studies have shown that endothelial dys-
function is associated with the development of diabetic
micro- and macrovascular complications and, in particular,
may explain the link between microalbuminuria and the risk
of atherosclerotic cardiovascular disease.

Physiopathology of Vascular Endothelium

The endothelial cells are flattened by intraluminal hydro-
static pressure, and show a wide cytoplasm with a central
nucleus and, frequently, a nucleole. The cytoplasm contains
the Weibel-Palade bodies, which are the depot of von 
Willebrand factor (vWF).

The endothelium produces a variety of mediators, such 
as nitric oxide (NO), prostanoids, tissue-type plasminogen
activator (t-PA) and plasminogen activator inhibitor-1 (PAI-
1), and vWF.

Copyright © 2006, Elsevier Science (USA).
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endothelium-dependent vasodilatation in T1DM correlates
with duration of disease, glycemic control, and small-vessel
disease.

Patients with high plasma levels of t-PA, PAI, vWF, 
and endothelin have an adverse cardiovascular prognosis. 
In particular, increased plasma vWF levels are detectable in
patients with microalbuminuria, but not in those with early,
uncomplicated, and well-controlled T1DM, or in those with
early diabetic retinopathy. Nevertheless, the initial phase of
vascular endothelium damage, defined by the term endothe-
lial perturbation, which refers to a reversible dysfunction of
the endothelial cells, is revealed by a simultaneous increase
in circulating levels of vWF and t-PA that exceed 2 SD
above control values. The combined determination of vWF
and t-PA may be a specific and sensitive index of endothe-
lial cell alteration, since vWF may also originate from
platelets, and t-PA is also secreted by endothelial cells. vWF
is considered an available marker of endothelial dysfunc-
tion. A prospective study showed that increased plasma
vWF levels started about 3 years before the onset of
microalbuminuria in adult patients with T1DM.

Pathogenesis of Endothelial Dysfunction

Poor glycemic control is the major factor responsible for
the developing diabetic complications. However, despite
meticulous metabolic control, 10 to 15 percent of patients
develop renal complications after 20 years of diabetes dura-
tion. The mechanism of the progression of nephropathy is
not completely understood. There is some evidence for the
potential role of genetic factors in the development of dia-
betic kidney disease.

There is also evidence that all patients with diabetes will
develop minimal retinopathy by 20 years after the onset of
the disease. Vascular endothelium is a primary target of the
altered glycemic metabolism in T1DM. High glucose 
concentrations may alter, either directly or indirectly, the
antiatherogenic and antithrombotic properties of the vascu-
lar endothelium, through the formation of advanced glyco-
sylation end products (AGEs) and reactive oxygen species
(ROS), thus setting the stage for the ensuing development of
vascular complications. Increased ROS may represent a sin-
gle mechanism of induction, linking elevated glucose con-
centrations and three major biochemical pathways involved
in the diabetic damage. Several parameters, such as vWF or
prorenin, have been found to be associated with the devel-
opment of microangiopathy independently from glycemic
control in limited studies in children.

Hyperglycemia

In patients with diabetes, glycosylated hemoglobin is
generally considered the best parameter to detect the 
individual risk for the development of long-term vascular
complications. The multicenter, randomized, prospective
Diabetes Control and Complications Trial (DCCT) con-

firmed previous studies demonstrating glycemic control to
be the most important predictor for the development and
severity of complications in T1DM. In patients with T1DM
more severe endothelial dysfunction is present when they
have poor glycemic control compared with patients with
better glycosylated hemoglobin. There is evidence that
vasodilatation mediated by endothelium-derived NO is
altered in patients with both T1DM and T2DM DM. 
Moreover, impaired NO-mediated vasodilatation during
acute hyperglycemia has been documented in nondiabetic
humans. Other studies, however, were not able to demon-
strate a correlation between HbA1c values and degree of
endothelium-dependent vasodilatation.

Polyol Pathway and Protein Kinase C Activation

Hyperglycemia activates the polyol pathway, resulting in
the formation of sorbitol by aldose reductase. As aldose
reductase utilizes NADPH for the reduction of glucose to
sorbitol, cellular stores of NADPH may be depleted (55).
NADPH is required for the functioning of several enzymes,
such as NO, synthase for NO generation, and cytochromes
P450, and for the activity of glutathione reductase that
replenishes glutathione, one of the most important endoge-
nous antioxidant systems. Increased polyol pathway activity
is associated with the occurrence of long-term complica-
tions in patients with diabetes. This is demonstrated by the
efficacy of aldose reductase inhibitors in the restoration of
impaired endothelium-dependent vasodilatation, as well as
in the prevention of diabetic neuropathy, albuminuria, and
cataracts in animal models but so far not in humans.

Advanced Glycosylation End Products (AGEs)

Glucose binds to amino groups on proteins or to lipids,
leading to the generation of weak bonds or Schiff bases by
Maillard’s reaction. These early nonenzymatic glycosyla-
tion products are reversible and are known as Amadori prod-
ucts. Through several oxidative and nonoxidative reactions,
including glycoxidation and auto-oxidative glycosylation,
they are converted to irreversibly modified cross-linked 
condensation products of glucose and lysine or arginine
residues, so-called advanced glycosylation end products
(AGEs). AGEs formation normally occurs at a low rate dur-
ing the normal aging process, whereas it is accelerated by
hyperglycemia; thus plasma levels of AGEs are increased in
patients with T1DM and may precede the occurrence of
microangiopathy. AGEs carry out their harmful effects by
accumulating in tissue and generating ROS. AGEs bind 
to their respective cellular receptors (RAGEs), activate
endothelial cells, monocytes, and mesangial cells, and
increase oxidative stress. AGEs have been found in many
proteins, such as collagen, albumin, and plasma lipopro-
teins, and in lipids. Moreover, they can also increase
lipoprotein oxidizability and atherogenicity; they have been
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demonstrated in atherosclerotic lesions. AGEs can impair
the properties of the basement membrane and stimulate the
interaction between mononuclear cells and modified tissue;
they can cause endothelial dysfunction by inhibiting type IV
collagen formation. AGEs can quench NO and lead to the
loss of its vasodilatating and antiproliferative properties. 
It has been shown that serum AGEs concentrations are
increased in adolescents and young adults with T1DM and
with diabetic retinopathy and nephropathy, and that the
severity of diabetic angiopathy correlate with serum levels
of AGEs.

Oxidative Stress

Oxidative stress represents one of the most important
factors involved in the pathogenesis of endothelial dysfunc-
tion during diabetes and is characterized by an elevation 
of ROS as a consequence of increased free radicals produc-
tion and/or reduced antioxidant systems. Diabetes mellitus
has been associated with increased formation of free radi-
cals and reduced concentrations of superoxide dismutase,
catalase, glutathione, and ascorbic acid. The increased
oxidative stress observed in diabetes may be due to different
mechanisms, such as glucose autoxidation, PKC activa-
tion, AGE generation, increased availability of substrates
through the polyol pathway, and enhanced eicosanoid
metabolism. Therefore, free radicals may alter endothelium-
dependent vasodilatation by inhibiting NO or behaving 
as an endothelium-derived constricting factor. Several stud-
ies have shown that administration of antioxidant enzymes
also in combination may improve or restore the impaired
endothelium-dependent response in diabetes and during
high glucose exposure. However, other studies demon-
strated that superoxide dismutase had less effect or no effect
in improving endothelium-dependent vasodilatation com-
pared to hydroxyl radical scavengers; therefore, hydroxyl
radicals are thought to be more important in eliciting
endothelial dysfunction.

Coagulation Cascade

Endothelial dysfunction is also characterized by an ongo-
ing prothrombotic state and an increased risk of thrombotic
events, and its persistence may represent a negative prog-
nostic index. Patients with micro- and macroalbuminuria
present an accentuated activation of the coagulative cascade
[2]. It has been found that the simultaneous increase in cir-
culating levels of vWF and tPA (that exceed 2 SD above
control values) is associated with increased levels of pro-
thrombin fragments 1 and 2 (F1 + 2) in children with
T1DM. This finding seems to indicate that at the onset of the
disease, young patients with diabetes may suffer from a sub-
clinical coagulative, prothrombotic disorder. Increased F1 +
2 level is a marker of an unbalanced tissue factor/tissue 
factor inhibitor pathway, as well as an index of enhanced

thrombin generation and of a hypercoagulable state. Dia-
betes is characterized by several coagulative disorders, such
as an increase of factor VII activation and thrombin and fib-
rin generation, and a reduction of antithrombin III activity.

Structure and Function of von Willebrand Factor

The von Willebrand factor (vWF) is a glycoprotein
involved in primary hemostasis and secreted mainly by
endothelial cells and megakaryocytes. vWF is synthesized
as a large 360-kDa precursor named pro-vWF. After many
changes in the endoplasmic reticulum and the Golgi appara-
tus, this precursor undergoes cleavage into mature vWF and
a large 97-kDa propeptide [3, 4]. Stimulation of exocytosis
causes the release of equimolar amounts of vWF and its
propeptide (vWF propeptide), which has a circulating half-
time of 2 to 3 hours, compared with more than 12 hours for
vWF itself. Propeptide concentrations are less influenced 
by factors such as blood groups, adhesive properties, and
catabolism, whereas vWF concentrations can be influenced
by ABO blood groups [3], exercise, and hypoxic reperfusion
injury.

von Willebrand Factor and Diabetes Mellitus

Endothelial dysfunction represents an early feature of
vascular disease, and several mechanisms may be involved
in its pathogenesis. It has also been reported in young 
normotensive and normoglycemic first-degree relatives of
patients with T2DM in association with insulin resistance,
independent of age, sex, body mass index, serum insulin,
and lipids. Abnormal markers of endothelial cell activation
and impaired endothelium-dependent vasodilatation have
been observed in children, adolescents, and young adults
with T1DM without clinical evidence of vascular disease in
the work of Elhadd, Kennedy, and others.

The increase in plasma concentration of vWF and vWF
propeptide are found in patients with overt nephropathy [5]
and in patients with microalbuminuria, whereas only the
propeptide was increased in normoalbuminuric patients [3].
Assessment of propeptide concentrations is a valuable com-
plement in studies of endothelial activation and also in
chronic vasculopathies. Besides, it has been found that the
increase of vWF and vWF propeptide in plasma precedes
microalbuminuria. This increase can thus be useful to iden-
tify children with T1DM at risk of developing incipient
nephropathy later in life, although not all authors are in
agreement with this opinion.

Finally, the parallel determination of vWF and vWF
propeptide does not add any useful information for the early
prediction of the development of microalbuminuria.

It has been reported that the increase in plasma vWF pre-
cedes, and may therefore help to predict, the development of
microalbuminuria in T1DM.

The type of endothelial dysfunction reflected by
increased vWF and fibrinogen levels is closely related to
microalbuminuria not only in T1DM [6], but also in T2DM
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and essential hypertension. It is not clear, however, whether
the prognostic value of vWF and vWF propeptide is related
to their specific functions, that is, enhancement of platelet
adhesion and factor VIII availability, or whether they are
simply markers of endothelial injury and dysfunction.

High plasma levels of vWF and vWF propeptide are
found also in patients with T2DM, and probably in T2DM
patients an increased risk of new cardiovascular events is
present only in patients with vWF concentrations above the
median, but not in those with lower values. From the litera-
ture it is quite difficult to draw a clear conclusion about
changes of vWF in T2DM patients because the data are 
discordant; therefore, larger and more complete studies 
are needed in order to really understand the value of vWF
evaluation is T2DM subjects.

Glossary

Diabetic angiopathy: Represented mainly by microangiopathy, char-
acterized by structural changes in the eye and renal glomeruli, and by
macroangiopathy that consists of an accelerated form of atherosclerosis
that increases the risk of cardiovascular disease.

Endothelial dysfunction: Long-term complication of diabetes melli-
tus characterized by structural changes in small vessels.

T1DM: Type 1 diabetes mellitus; generally, the onset is in pediatric
age. This is an autoimmune disease and the patients are insulin dependent.

T2DM: Type 2 diabetes mellitus; generally, the onset is in old age and
obesity is one of the most frequent causes.

von Willebrand factor: A glycoprotein involved in primary hemosta-
sis and secreted mainly by endothelial cells and megakaryocytes.
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may include hemorrhagic and neurological disorders. Infec-
tion with these viruses is associated with a lethality rate of
almost 20 percent.

Bunyaviridae

Human viruses in all four genera of the Bunyaviridae
family can cause hemorrhagic fevers. Crimean–Congo 
hemorrhagic fever (CCHF) is a severe tick-borne nairovirus
infection found in Africa, Asia, and Eastern Europe. Rift
Valley fever (RVF) virus (Phlebovirus genus) is a mosquito-
transmitted disease of cattle, sheep, and other ruminants in
sub-Saharan Africa. Infection of humans can cause a range
of symptoms including febrile illness, retinal disease, and
hemorrhagic fever. Hantaviruses, maintained as persistent
infections in rodents, are associated with two major dis-
eases: hemorrhagic fever with renal syndrome (HFRS) and
hantavirus pulmonary syndrome (HPS). The identification
of a new hemorrhagic fever-causing bunyavirus called
Garissa has been also recently described.

Flaviviridae

Flaviviruses include the viral etiologic agents for yellow
fever and dengue hemorrhagic fever. Although there are no

Hemorrhagic Fever Viruses

The hemorrhagic fever viruses (HFVs) are small RNA
viruses that belong to one of four families: Arenaviridae,
Bunyaviridae, Flaviviridae, and Filoviridae. HFVs are
transmitted to humans by contact with infected animal hosts
or arthropod vectors. However, the natural history and reser-
voir for some HFVs remain unknown. Infection of humans
can cause an acute febrile illness known as viral hemor-
rhagic fever (VHF) characterized by an unremarkable symp-
tom complex that includes fever, fatigue, dizziness, muscle
aches, loss of strength, and exhaustion. Patients can go on to
develop systemic hemorrhages, which may be accompanied
by shock, coma, seizures, and sometimes death.

Arenaviridae

The family Arenaviridae includes 23 viral species, of
which five are included in the Category A Pathogen List
established by the CDC. These five viruses are Junin
[Argentine hemorrhagic fever (HF)], Machupo (Bolivian
HF), Guanarito (Venezuelan HF), Sabia (Brazilian HF), and
Lassa virus (Lassa fever). Rodents are the natural hosts of
the arenaviruses, although person-to-person transmission
can occur by direct contact with infectious blood and bodily
fluids. Their clinical manifestations are almost identical and

Copyright © 2006, Elsevier Science (USA).
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reported cases of person-to-person transmission or nosoco-
mial spread of flaviviruses, humans are readily infected by
yellow fever virus or dengue viruses from the bite of an
infected mosquito. Historically, yellow fever, the original
viral hemorrhagic syndrome, was one of the most 
feared lethal diseases. Today, despite the availability of an
effective vaccine, the disease still affects as many as
200,000 people annually in tropical regions of Africa and
South America and is associated with a mortality of up to 50
percent worldwide. Dengue virus is one of the most impor-
tant emerging human viral pathogens, posing a threat to
nearly one-third of the global human population. Although
the primary infection with one serotype of this virus is 
often subclinical, a second infection with a different
serotype is an important risk factor for dengue hemorrhagic
fever (DHF) or dengue shock syndrome. Omsk hemorrhagic
fever (OHF) and Kyasanur Forest disease (KFD) viruses are
acquired from the bite of an infected tick and are responsi-
ble for a number of infections annually in Russia and India,
respectively.

Filoviridae

Included among the biological agents of greatest concern
are the enigmatic filoviruses (Ebola and Marburg). These
viruses cause the most tissue destruction and harbor the
highest fatality rates (up to 90 percent) among the HFVs.
Their effective modes of transmission, rapid clinical course,
and high mortality have elevated these tiny viruses to 
considerable threats. Indeed, the feasible use of HFVs as
aerosolized biological weapons targeting large populations
necessitates the development of vaccines and effective ther-
apies against these infectious agents [1]. Unfortunately,
molecular characterization of filoviruses is limited, as cur-
rent studies require the direct manipulation of these lethal
human pathogens within the few available biosafety level 4
facilities. Despite these restrictions, emerging evidence sup-
ports a role for direct and indirect damage to the vascular
endothelium in the mechanism of action of HFVs. This
chapter will focus on the pathogenesis of a member of the
Filoviridae family, Ebola, which can serve as a prototype
for understanding other HFVs.

Infection with Filoviruses: Ebola and Marburg

The first outbreak of human VHF caused by a filovirus,
Marburg virus, occurred in 1967 in Germany and
Yugoslavia. In 1976, simultaneous outbreaks of two distinct
Ebola virus subtypes erupted near the Ebola River Valley in
Zaire and southern Sudan, resulting in hundreds of deaths.
Since then, additional reports of human VHFs secondary to
filoviruses have appeared sporadically, mainly in Africa,
with mortality rates ranging from 50 to 90 percent. Out-
breaks involving the Ebola virus subtypes, however, have
remained the most deadly [2].

There are currently four recognized subtypes of Ebola
virus: Zaire (the most aggressive), Sudan, Reston, and Côte
d’Ivoire. The Reston subtype is pathogenic in monkeys but
does not cause lethal infection in humans. Epidemiological
evidence suggests that transmission of Ebola virus to
humans usually occurs after direct contact with blood, 
secretions, or tissues of affected patients or nonhuman 
primates. Following infection, patients initially present 
with an unremarkable symptom complex that includes fever,
headache, muscle pain, nausea, vomiting, abdominal pain,
and diarrhea. As the infection progresses, patients exhibit
marked thrombocytopenia with abnormal platelet aggrega-
tion, and coagulation abnormalities, which together cause
severe bleeding often involving the gastrointestinal tract and
conjunctiva. Exaggerated inflammatory responses and
hematological irregularities, including lymphopenia with
subsequent neutrophilia, are also often observed. Although
the viral infection can run its course in 14 to 21 days, dam-
age to the liver, combined with massive viremia, can lead to
disseminated intravascular coagulopathy (DIC). Death 
is usually associated with shock characterized by fluid 
distribution abnormalities (secondary to increased vascular
permeability), hypotension, variable degrees of hemor-
rhages, and widespread focal tissue destruction, especially
affecting the liver, lymphoid organs, and kidneys.

Unfortunately, current treatment options for filovirus
infection consist primarily of contact isolation and support-
ive care. The identification of suitable therapeutic targets for
effective antiviral therapies or vaccines requires a strong
understanding of the pathogenesis of these enigmatic
viruses [3]. In this regard, there are many questions that
remain unanswered about the filoviruses. Among them are
explanations for their extreme virulence, the differences 
in aggressiveness among the different subtypes, and the 
specific mechanisms that facilitate their pathogenicity.
Although many of these questions remain unanswered,
emerging evidence suggests that the vascular endothelium is
a principle target in Ebola pathogenesis.

The Role of the Vascular Endothelium in 
Ebola Pathogenesis

Although we do not yet fully understand why Ebola virus
is so potent, the clinical signs and symptoms of human
infection with this agent point toward a dysfunction of the
vascular system. The syndrome caused by this virus—and
all HFVs—are acute multiorgan diseases, associated with
widespread tissue damage and diffuse vascular dysfunction.
Macrophages, monocytes, endothelial cells, and hepatocytes
are the main cellular targets of the Ebola virus [4].
Macrophages and monocytes are considered the primary tar-
get for infection. The virus then spreads to the endothelium
and the parenchyma of different organs rapidly. Several fac-
tors may enable Ebola to be such an invasive and cytopathic
virus: its effective blockage of the immune response, its
unusually high rate of viral replication, its disruption of 
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normal vascularization, and the severe damage it induces 
in infected cells.

In Ebola infection, the vascular endothelium can be tar-
geted in different ways: by indirect dysregulation through
cytokines, chemokines, and other mediators released upon
infection of primary target cells (including monocytes and
macrophages); by secreted nonstructural viral proteins that
may trigger the alteration of endothelial cells either directly
or through the activation of primary target cells; and by
direct viral infection and replication within vascular
endothelial cells [5] (Figure 1).

Indirect Alterations of the Vascular Endothelium
through Paracrine Secretions

Filoviruses infect macrophages and other cells of the
mononuclear phagocytic system at the site of entry and in
regional lymph nodes. They then spread to fixed tissue
macrophages in the liver, spleen, and other tissues through-
out the body. Infected monocytes and macrophages become
activated and release large quantities of vasoactive agents
such as cytokines (i.e., IL-1b, TNFa, and IL-6), chemokines
(i.e., IL-8, GROa), histamines, and peroxidases, which 
may lead to endothelial cell disorganization and increased

permeability of the endothelial lining of blood vessels. In
particular, antibodies that neutralize TNFa block increased
endothelial permeability in vitro, indicating a pivotal role of
this proinflammatory cytokine in virus-induced disease. A
marked elevation of IL-2, IL-10, TNFa, IFNa, and IFNg
has been also noted in fatal Ebola cases. Platelet-derived
agents triggered by damaged endothelial cells might also
contribute to a shock syndrome. Experimental data further
provide evidence for changes in the protein organization of
the endothelial cell junctions, particularly the VE-cadherin/
catenin complex, although the molecular mechanisms
involved have not been fully elucidated. These factors may
contribute to the disruption of fluid balance between the
intravascular and extravascular spaces.

Indirect Alterations of the Vascular Endothelium
through Secreted Viral Proteins

Ebola virus encodes nonstructural proteins, which are
released from infected host cells. These proteins may trigger
the activation of endothelial cells either directly or through
the activation of their target cells. Their function as potential
determinants in pathogenicity remains to be investigated.

Endothelial cell

Ebola Virus

Macrophage

IL-8 TNFα

IL-6

Secretion of
vasoactive molecules 

Direct cytopathic effects

Basement membrane

Endothelial cell death
• vascular instability
• hemorrhage
• shock

Detachment

others

Figure 1 Effects of Ebola virus infection on the vascular endothelium. (see color insert)
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Direct Infection of the Vascular Endothelium

In addition to inducing indirect damage to the vascular
endothelium, Ebola virus also directly infects microvascular
endothelial cells. Direct infection of endothelial cells can
cause massive endothelial cell damage, compromising vas-
cular integrity and inducing microthrombus formation. This
may result in interstitial hemorrhages, fluid shifts, tissue
ischemia, and cytokine dysregulation, which together may
lead to development of disseminated intravascular coagu-
lopathy (DIC), diffuse bleeding, and shock. In addition,
cytopathic involvement of the parenchymal cells of multiple
organs may cause tissue damage, especially involving the
liver, which could further contribute to the DIC.

Experimental evidence supports a role for both direct 
and indirect damage to the vascular endothelium in Ebola
pathogenesis. Ongoing efforts have recently focused on
identifying the Ebola-encoded genes responsible for these
pathogenic effects.

Ebola Pathogenic Genes

In general, filoviruses possess a noninfectious, negative-
sense, single-stranded, nonsegmented RNA genome within
a lipid envelope. The cellular receptors required for cell
infection are not definitively clarified. The Ebola virus
genome is 19kb long and includes seven open reading
frames encoding structural proteins [the glycoprotein (GP),
the nucleoprotein (NP), and the matrix proteins VP24 and
VP40], nonstructural proteins (VP30 and VP35), and the
viral polymerase (Figure 2). Additionally, the GP open read-
ing frame of Ebola virus, through transcriptional editing,
generates two different gene products: a full-length 150- to
170-kDa protein (GP) that inserts into the viral membrane
and a soluble 60- to 70-kDa protein (sGP), that is secreted
from infected cells. The Ebola glycoproteins, GP and sGP,
share approximately 300 amino-terminal amino acids, but
contain an additional 380 and 70 carboxy-terminal amino
acids, respectively. Both are thought to play important roles
in viral pathogenesis [6].

Ebola Envelope Glycoprotein (GP)

The Ebola GP forms a trimeric complex expressed on the
viral envelope and is responsible for receptor binding and
viral fusion with host cells. The affinity of Ebola for
endothelial cells appears to be due, in part, to GP’s prefer-
ential binding to these cells [7]. In addition to mediating
host cell binding, GP also appears to harbor cytopathic
effects when expressed in different cell types in vitro.
Specifically, GP expression in cultured human endothelial
and epithelial cells causes cell rounding and detachment.
These effects correlate with the downregulation of expres-
sion of important cell-surface molecules involved in matrix
adhesion such as integrins [8]. Interestingly, GP from the
Ebola Zaire strain—which is lethal in both humans and

nonhuman primates—has the most robust activity in this
cell culture assay. Ebola Zaire GP also induces severe dam-
age and increased permeability of the endothelial cell lining
in blood vessel explants derived from both human and non-
human primates [9]. Conversely, GP encoded by the Ebola
Reston strain—which is lethal only in nonhuman pri-
mates—induces similar effects only in nonhuman primate
vessels. This remarkable congruence between Ebola GP
cytotoxicity in vitro and Ebola strain pathogenicity in vivo
suggests that the GP may be an important viral determinant
of endothelial cell toxicity in Ebola infection.

Ebola Secreted Glycoprotein

Two functions have been hypothesized for the secretory
glycoprotein (sGP). This dimeric, nonstructural protein has
the ability to inhibit the neutralizing activity of anti-GP anti-
serum, suggesting that it may act as a decoy to adsorb neu-
tralizing antibodies against GP. This might explain why
GP-specific antibodies are not usually detected in patient
sera during acute infection, while antibodies to the other
major viral proteins are readily found. sGP may also play an
important role in immune evasion. sGP has been reported to
bind to human neutrophils, interfering with the physical and
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Cytotoxicity
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Figure 2 The Ebola genome. (see color insert)
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functional interaction between CD16b and CR3, thereby
impairing early steps in neutrophil activation that ordinarily
contribute to virus clearance. This may help explain why
Ebola virus spreads so rapidly through the body without
eliciting a proper immune response in acutely infected
patients.

Other Ebola Proteins

Several of the other Ebola proteins have been shown to be
essential for efficient viral infection, replication, and patho-
genesis. The Ebola virus nucleoprotein, VP35, VP30, and
RNA polymerase are all required for RNA replication and
transcription. Recent data also indicate that VP35 can act as
a type 1 IFN antagonist, suggesting that this protein may also
be required for full Ebola virulence. Viral protein 40 (VP40)
is another suspected cytotoxic protein, which induces 
particle formation when expressed in mammalian cells. 
This process most likely requires cellular WW-domain-
containing proteins that interact with the amino-terminal
proline-rich region of VP40. It was also demonstrated that
VP40 interacts with an ubiquitin ligase. The biological sig-
nificance of this interaction is still unclear, although it may
be involved in assembly and budding of filoviruses.

Ultimately, the key to fully understanding the relative
contribution of Ebola genes to VHF will rely on the devel-
opment of model systems to safely and effectively examine
this virus in vitro and in vivo.

Models to Study the Pathogenesis of Ebola Virus

In general, studies on Ebola virus require sophisticated
yet inconvenient safety precautions, considerably limiting
the investigation and understanding of Ebola pathogenesis.
Fortunately, isolation of the viral cDNAs and the develop-
ment of artificial expression strategies have allowed the
study of Ebola virus gene products in vitro under less
restrictive conditions. For example, an artificial replication
system has been developed based on the vaccinia virus T7
expression model. Also, a reverse genetics system enables
the generation of infectious Ebola virus from cloned cDNA.
Using this strategy, cultured cells are transfected with plas-
mids for the expression of the Ebola proteins, a plasmid for
the Ebola viral RNA controlled by T7 RNA polymerase pro-
moter, and a plasmid for T7 RNA polymerase. This system
is effective for the study of mechanisms underlying the path-
ogenicity of Ebola virus, as viral genes and proteins can be
manipulated as desired.

Several animal models have also been used to examine
Ebola virulence, the host responses to infection, and the 
efficacy of immunization. Although Ebola Zaire infection is
traditionally examined using nonhuman primate hosts, the
virus has recently been adapted to produce uniformly fatal
infection in other animals including guinea pigs and mice,
through serial animal-to-animal passaging. These models
have provided critical insights into Ebola pathogenesis and

are especially valuable for testing antiviral medications and
vaccines.

More recently, a safe high-throughput avian-derived
retroviral gene transfer system was engineered to specifi-
cally express candidate viral genes in mouse endothelial
cells in vivo [10]. The TIE2-TVA transgenic mouse system
expresses the avian leukosis virus (ALV) receptor, TVA,
under the control of the endothelial cell-specific TIE2 pro-
moter. Using this system, only mammalian cells engineered
to express the TVA receptor can be transduced by infection
with avian-derived viruses, enabling the somatic introduc-
tion of multiple genes in vivo, in a tissue-specific manner,
using a single transgenic animal. This unique animal model
safely mimics the infectious process by which Ebola targets
endothelial cells in vivo. To verify viral infectivity and
demonstrate the potential of this model to study HFV viru-
lence genes, an ALV-derived vector [RCASBP(A)] express-
ing Polyoma Middle T Antigen (PyMT)—which induces
hemorrhagic diathesis when expressed in mice—was used.
Endothelial cell–specific retroviral transduction with PyMT
had a dramatic effect on mouse survival. Histological exam-
ination of killed animals revealed massive hemorrhaging 
in the liver and spleen, very similar to that seen in human
patients infected with Ebola virus. These promising prelim-
inary results suggest that this model may be uniquely suited
to safely examine the contribution of Ebola genes, individu-
ally or in combination, to VHF. This system may provide
fundamental insight into the molecular pathogenesis of this
lethal virus and may ultimately help identify diagnostic
markers and gene-product targeted therapies for VHF.

Conclusion

Infection with the Ebola Zaire virus causes a viral hem-
orrhagic fever syndrome with one of the highest fatality
rates (up to 90 percent) among all known human viruses.
This astonishing lethality can be attributed, at least in part,
to the viruses ability to target the vascular endothelium
through a combination of direct and indirect mechanisms.
Although current efforts to elucidate the molecular patho-
genesis of this virus have been inspired by its potential use
as a bioweapon, examination of Ebola may further provide
considerable insight into the complex relationship between
inflammation and vascular dysfunction.

Glossary

Disseminated intravascular coagulopathy (DIC): DIC is a disorder
of widespread systemic activation of the clotting cascade that results in dif-
fuse fibrin deposition in small and midsize vessels and depletion of clotting
factors in the blood. It occurs when the blood clotting mechanisms are acti-
vated throughout the body instead of being localized to an area of injury.
This disorder is variable in its clinical effects and can result in either clot-
ting symptoms or, more often, bleeding. Bleeding can be severe.

Glycoprotein: A protein that has carbohydrate groups attached to the
polypeptide chain.
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Viral hemorrhagic fevers: A group of acute febrile illnesses caused
by viral infection. They are characterized by the presence of symptoms
including fever, fatigue, dizziness, muscle aches, loss of strength, and
exhaustion. Patients can go on to develop systemic hemorrhages, which
may be accompanied by shock, coma, seizures, and sometimes death.
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(ADMA), the levels of which are increased during hyper-
cholesterolemia. The elevated ADMA levels likely result
from the diminished activity of dimethylarginine dimet-
hylaminohydrolase (DDAH), which normally degrades
ADMA, that accompanies hypercholesterolemia. Further-
more, the NOS enzyme cofactor tetrahydrobiopterin (BH4)
is also reduced during hypercholesterolemia, which 
would further reduce the bioavailability of NO. The net
effect of these changes in both animal and human subjects
during hypercholesterolemia is a diminished capacity for
arteriolar endothelium to produce NO and to mediate
endothelium-dependent vasorelaxation. It is important to
note that these vessels are capable of responding to direct
stimulation of the smooth muscle cells by NO donors, sup-
porting the concept that there is a loss of NO bioavailability
rather than a deterioration of smooth muscle cell responses
to NO. However, the response of denuded coronary arteri-
oles to vasoconstrictors is reduced in hypercholesterolemic
humans, compared to their normocholesterolemic counter-
parts, suggesting that smooth muscle–dependent alterations
do occur in this condition, albeit via an NO-independent
mechanism.

Concomitant with these changes in NO production is the
release of reactive oxygen species (ROS). Although several
ROS-producing enzymes have been implicated in the
endothelial dysfunction induced in large arteries by hyper-
cholesterolemia, the source of excess ROS generation in
arterioles remains poorly understood. We have recently
demonstrated that, as in large arteries exposed to hypercho-
lesterolemia, enhanced superoxide (O2

-) production also
contributes to the impaired relaxation responses observed in
arterioles during acute hypercholesterolemia. Furthermore,
using gp91phox-deficient mice, we demonstrated that
NAD(P)H oxidase is a major source of the O2

- that mediates

Introduction

Hypercholesterolemia is an established risk factor for the
development of cardiovascular diseases. The atherosclerotic
lesions that result from a sustained elevation in blood cho-
lesterol concentration are associated with an accumulation
of inflammatory cells and platelets that facilitate the deposi-
tion of lipids in the walls of lesion-prone arteries. However,
long before these changes occur in large arteries, inflamma-
tory and prothrombogenic responses are observed in arteri-
oles and venules throughout the vascular system (Figure 1).
These responses are manifested as endothelial dysfunction
and the binding of leukocytes and platelets to the vessel
wall. Although several mechanisms have been proposed to
explain the phenotypic changes that occur in the microvas-
culature during hypercholesterolemia, oxidative stress and a
diminished bioavailability of nitric oxide (NO) have gained
much attention in recent years. This chapter describes the
responses of the microcirculation to hypercholesterolemia
and addresses the mechanism that underlies this systemic
inflammatory condition.

Hypercholesterolemia and Arterioles

Under normal physiological conditions, basal NO pro-
duction by endothelial cells maintains vascular tone and
inhibits inflammation. However, during hypercholes-
terolemia, several events occur that negatively influence the
vasodilatory role of NO in arterioles. Although the concen-
tration of L-arginine, the substrate for NO synthase (NOS),
is not reduced during hypercholesterolemia, the interaction
between L-arginine and endothelial NOS may be blocked 
by the endogenous inhibitor asymmetric dimethylarginine

Copyright © 2006, Elsevier Science (USA).
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the impaired endothelium-dependent vasodilation exhibited
by arterioles during hypercholesterolemia.

Unlike in venules and atherosclerosis-prone large arter-
ies, there is little evidence for the accumulation of adherent
leukocytes or platelets in arterioles in animal models of diet-
induced hypercholesterolemia. However, there is some evi-
dence that oxidized low-density lipoprotein (oxLDL), which
is elevated in blood of hypercholesterolemic humans, can
induce the rolling and firm adhesion of leukocytes in arteri-
oles. The leukocyte rolling response is mediated by P-
selectin, while the firm adhesion of leukocytes is supported
by b2-integrins.

Hypercholesterolemia and Capillaries

In response to the changes in arteriolar tone that accom-
pany hypercholesterolemia, red blood cell velocity is
reduced. This leads to erythrocyte aggregation and stasis in

smaller microvessels. Humans with elevated blood choles-
terol levels are said to exhibit reduced capillary perfusion,
which likely reflects a diminished red blood cell velocity in
capillaries. Recent work suggests that NO-dependent path-
ways contribute to the impaired capillary perfusion during
hypercholesterolemia. There is evidence that leukocyte
accumulation in downstream venules may also contribute 
to the impaired capillary perfusion during hypercholes-
terolemia, possibly through the release of inflammatory
mediators.

Administration of oxLDL to otherwise normal animals
promotes the degradation of the endothelial glycocalyx in
capillaries. Platelets adhere to the endothelial cells of these
damaged capillaries. The glycocalyx breakdown and result-
ant platelet adhesion can be inhibited by superoxide dis-
mutase (SOD) and catalase. It remains unclear whether
diet-induced hypercholesterolemia induces a similar injury
response in capillaries. However, it has been shown that
hypercholesterolemia exacerbates the capillary leak that
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occurs in response to acute inflammatory stimuli, such as
ischemia–reperfusion (I/R). This likely reflects impaired
endothelial junction integrity and occurs in a neutrophil-
dependent manner, suggesting that leukocytes adherent
within venules may release inflammatory mediators such as
ROS that worsen the response to other stimuli.

Hypercholesterolemia and Postcapillary Venules 

Although large veins appear to be relatively unaffected
by acute or chronic elevations in blood cholesterol concen-
tration, postcapillary venules in the diameter range of 20 to
40mm exhibit profound changes in response in these condi-
tions. Some of the alterations in signaling and inflammatory
pathways induced in arterioles by hypercholesterolemia are
also manifested in venules. For example, the reduced NO
bioavailability and elevated ROS production are seen in
both segments of the microvasculature. However, the conse-
quences of these changes vary between the vascular seg-
ments, with NO and ROS exerting minimal influence on the
diameter of venules while exerting a profound effect on arte-
rioles. In venules, NO exerts a major influence on the
expression of cellular adhesion molecules and consequently
serves to minimize the adhesive interactions between circu-
lating blood cells and venular endothelium. However, dur-
ing hypercholesterolemia the expression of several adhesion
molecules is increased on venular endothelium. These 
adhesion molecules support the leukocyte infiltration and
platelet–endothelial interactions that occur in postcapillary
venules when blood cholesterol concentration is elevated.

Blood Cell–Endothelial Cell Interactions

The use of blocking antibodies and mutant mice has
revealed key roles for several adhesion molecules in the
pathogenesis of atherosclerosis. The adhesion molecules
that contribute to the binding of leukocytes and platelets in
postcapillary venules during hypercholesterolemia have
been less well defined. oxLDL also causes degradation of
the endothelial glycocalyx in venules. It is noteworthy that
this leads to loss of heparin sulfate proteoglycans, which
would normally contribute to the negative charge and anti-
adhesive properties of the normal endothelial cell. Hence,
the increased adhesion molecule expression (and possibly
the oxidatively modified surface of the endothelial cell)
causes the endothelial cells to assume a phenotype that 
supports the adhesion of leukocytes and platelets during
hypercholesterolemia.

Both intercellular adhesion molecule-1 (ICAM-1) and 
P-selectin are upregulated on venular endothelium when
mice are placed on a cholesterol-enriched diet for 1 week.
This protein expression coincides with the recruitment of
leukocytes. In the early stages of leukocyte recruitment in
hypercholesterolemic venules, neutrophils appear to repre-
sent the major cell population that interacts with the vessel
wall. Both CD4+ and CD8+ T-lymphocytes participate in

this response, but in an indirect manner, by producing
cytokines that upregulate endothelial cell adhesion 
molecules.

Platelets are also recruited into postcapillary venules dur-
ing acute hypercholesterolemia. It has been demonstrated
using knockout mice that the platelets interact with the
venular wall via P-selectin that is expressed on the surface
of circulating platelets, although P-selectin on venular
endothelium also contributes but to a lesser extent. The 
latter may participate by binding P-selectin glycoprotein 
ligand-1 (PSGL-1) on leukocytes, which in turn may serve
as a platform for platelet binding to the venular wall. oxLDL
promotes the formation of leukocyte–platelet aggregates
that can interact with the venular wall. The formation of
these aggregates can be inhibited using a P-selectin blocking
antibody suggesting that platelet P-selectin is interacting
with PSGL-1 on the leukocytes.

Nitric Oxide and Reactive Oxygen Species

Although there are very few mechanistic data available
on platelet accumulation in postcapillary venules, a large
body of evidence supports a role for an NO-ROS imbalance
in the hypercholesterolemia-induced leukocyte–endothelial
cell interactions. First, NO inhibitors fail to exacerbate
leukocyte adhesion responses in postcapillary venules of
hypercholesterolemic mice, unlike the greatly enhanced
responses observed in normal mice. This suggests that basal
NO release is impaired, possibly because of the augmented
circulating levels of ADMA mentioned earlier. Exposure of
normal postcapillary venules to an analog of ADMA (at lev-
els comparable to circulating levels during hypercholes-
terolemia) elicits leukocyte adhesion in venules and impairs
endothelial barrier function, supporting the proposal that the
elevated ADMA levels during hypercholesterolemia are
indeed proinflammatory. Second, many NO donors (e.g.,
sodium nitroprusside, spermine-NO, and L-arginine) have
been successfully employed to reduce the inflammatory
responses (adhesion molecule expression and leukocyte
accumulation) observed both in diet-induced hypercholes-
terolemia and following exposure to oxLDL, supporting a
role for decreased NO bioavailability in this leukocyte
recruitment process.

The importance of ROS in the venular responses to
hypercholesterolemia is underscored by the observation 
that oxidative stress, measured using an oxidant-sensitive
fluorescent probe, is elevated in postcapillary venules of
hypercholesterolemic mice when compared with their 
normocholesterolemic counterparts. This coincides with
increases in leukocyte adhesion and emigration in venules.
Furthermore, the leukocyte recruitment is profoundly atten-
uated in CuZn–SOD-overexpressing mice, suggesting that
O2

- is a major component of the ROS generated during
hypercholesterolemia. Similarly, administration of CuZn-
SOD has been shown to be effective in preventing oxLDL-
induced venular responses. The enzymes that contribute 
to the increased ROS generation in hypercholesterolemic
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venules have not been clearly defined. However, mice that
are genetically deficient in the p47phox subunit of NAD(P)H
oxidase demonstrate a significantly lower level of leukocyte
recruitment in response to hypercholesterolemia. Interest-
ingly, when bone marrow chimeras were made to separate
blood cell versus vessel wall sources of this enzyme, both
sources appeared to be equally important in the generation
of the inflammatory phenotype observed in postcapillary
venules after 2 weeks on a cholesterol-enriched diet.

Other Inflammatory Mediators

Several mediators have been implicated in inflammatory
responses of venules to oxLDL- or diet-induced hypercho-
lesterolemia. For example, arachidonic acid metabolism
appears to be important in oxLDL-induced leukocyte
recruitment. Blocking leukotriene biosynthesis can prevent
the leukocyte adhesion elicited by oxLDL in both arterioles
and venules. Platelet-activating factor (PAF) receptor antag-
onists are equally effective in attenuating the inflammatory
responses to oxLDL. Although the contribution of these
lipid mediators to diet-induced microvascular alterations has
not been assessed, a role for these factors in diet-induced
atherosclerotic lesion formation is well established, support-
ing the possibility that they may also contribute to the early
inflammatory responses elicited in venules.

The T-cell-derived cytokine interferon-g (IFN-g) has also
been implicated in vascular responses to hypercholes-
terolemia. IFN-g can promote adhesion molecule expres-
sion, and it is a potent activator of NAD(P)H oxidase. The
microvasculature of IFN-g-knockout mice exhibits reduced
leukocyte adhesion and significantly lower oxidant stress in
response to hypercholesterolemia, when compared with
wild-type mice. This suggests that T-lymphocytes may be
mediating the inflammatory responses to hypercholes-
terolemia via IFN-g, and that this cytokine acts by promot-
ing ROS generation. Another step in this inflammatory
pathway may be the release of IL-12, a cytokine that is inti-
mately linked to IFN-g production. Like IFN-g, IL-12 is
expressed in atherosclerotic lesions and it has recently been
shown to contribute to the oxidative stress and leukocyte
recruitment induced in postcapillary venules by hypercho-
lesterolemia. These observations suggest that IFN-g and 
IL-12 act in concert to promote leukocyte adhesion and emi-
gration by enhancing the production of ROS.

Exaggerated Inflammatory Responses 
during Hypercholesterolemia

There is a growing body of evidence that hypercholes-
terolemia renders microvascular endothelium more suscep-
tible to the deleterious consequences of inflammatory
stimuli such as I/R. I/R per se is known to elicit an oxidative
stress and promote leukocyte adhesion in postcapillary
venules. Both of these responses are exacerbated during

hypercholesterolemia and can be blocked by pretreatment
with either SOD or a xanthine oxidase inhibitor (allopuri-
nol). This suggests that O2

- generated from xanthine 
oxidase mediates the leukocyte accumulation elicited by
hypercholesterolemic tissues exposed to I/R. Hypercholes-
terolemia also enhances the P-selectin upregulation that 
is normally elicited by I/R. In addition, the hypercholes-
terolemia-induced exacerbation of inflammation is seen
when tissues are challenged with either lipid mediators
(leukotriene B4 and PAF) or cytokines such as TNF-a.

It has also been shown that hypercholesterolemia exacer-
bates the protein extravasation in venules induced by vari-
ous inflammatory stimuli, and that this may be due to the
enhanced leukocyte recruitment. However, administration
of oxLDL in the local arterial supply of tissues exposed to
I/R promotes leukocyte adhesion and emigration, without an
accompanying increase in albumin extravasation. Although
oxLDL is able to induce most of the microvascular alter-
ations observed during diet-induced hypercholesterolemia,
the underlying mechanisms appear to differ between these
two forms of microvascular dysfunction.

Relevance of Hypercholesterolemia-Induced
Microvascular Responses to Atherosclerosis

Many of the inflammatory responses and pathways that
are initiated in the microvasculature by hypercholes-
terolemia have also been implicated in the development of
atherosclerotic plaques. Whether the early inflammatory
responses seen in venules influence the development of
lesions in large vessels remains unclear. Since the inflam-
matory responses to hypercholesterolemia appear to be
experienced by all tissues in the body, it appears tenable that
the large endothelial surface area (> 500m2) within the
microvasculature may serve as a motor that drives the sys-
temic immune response, ultimately leading to lesion devel-
opment in large arteries. It is clear, however, that this risk
factor, while rendering tissue more likely to experience an
ischemic episode through the development of atherosclero-
sis, also predisposes organs to greater microvascular dys-
function and more tissue injury following a given ischemic
insult. Hence, an improved understanding of the mecha-
nisms that underlie the inflammatory phenotype that is
assumed by the microvasculature during hypercholes-
terolemia may reduce the morbidity and mortality associ-
ated with cardiovascular diseases.

Glossary

Adhesion molecules: Molecules expressed on the endothelial cells,
leukocytes, and platelets, which bind their ligands on other cells, thereby
mediating the interactions between the circulating cells and the vessel wall.

Blood cell recruitment: The adhesion of blood cells (leukocytes and
platelets) to the vascular endothelium at sites of inflammation.

I/R: Ischemia/reperfusion, or the cessation and restoration of blood
flow to an organ or tissue.
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Oxidant stress: This usually occurs as a result of an imbalance
between nitric oxide and oxidant-generating systems, resulting in an over-
all increase in the oxidative capacity of the tissue.

OxLDL: Low-density lipoprotein (normally responsible for carrying
cholesterol to tissues) that is oxidatively modified, thereby attaining proin-
flammatory properties.
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including the adrenergic neurotransmitter norepinephrine
and other vasoconstrictor agonists, elevations in intravascu-
lar pressure (myogenic response), and an enhanced constric-
tion in response to physiological stimuli such as increased
oxygen availability. The increase in the sensitivity of arteri-
oles to vasoconstrictor stimuli in hypertension may have a
number of underlying causes, including intrinsic alterations
in the electrophysiological responses of the vascular smooth
muscle (VSM) cell membrane, changes in the nature and/or
production of chemical modulators of vascular tone pro-
duced by the endothelium or by the vascular smooth muscle
cells themselves, alterations in intracellular Ca2+ homeo-
stasis or in other second-messenger systems regulating 
contractile function, and the potential effects of increased
sympathetic nerve activity, humoral factors, and elevated
arterial pressure per se in enhancing the sensitivity of the
vessels to other vasoconstrictor stimuli.

Under normal physiological conditions, the transmem-
brane potential (Em) of the vascular smooth muscle (VSM)
cells is a crucial regulator of their active contractile force
(and therefore the diameter of arterioles and small resistance
arteries). As a result, diameters of small arteries and arteri-
oles are tightly regulated by the dynamic interaction
between Ca2+ and K+ ion channels in the smooth muscle
cells. Calcium influx through voltage-gated Ca2+ channels
(activated by membrane depolarization) induces vasocon-
striction, whereas the opening of K+ channels mediates
hyperpolarization and vasodilation due to the inactivation of
voltage-gated Ca2+ channels. There is a very steep relation-
ship between VSM transmembrane potential and contractile
force generation in the Em range between approximately 
-50mV and -30mV, so that small changes in Em produce
large changes in vascular tone. Because of the tight coupling

Importance of the Arterioles in Hypertension

Arterioles and the small arteries that are located immedi-
ately upstream from the arterioles are the major sites of vas-
cular resistance in the peripheral circulation. Thus, changes
in the structure and function of these vessels can play a cru-
cial role in the development and maintenance of hyperten-
sion, since an elevation in peripheral vascular resistance is a
common denominator in virtually all forms of this disease.
In addition to controlling the resistance to blood flow in
peripheral vascular beds, arterioles play a crucial role in
determining the distribution of blood flow within the tissues.
Therefore, changes in arteriolar structure, function, and
microvessel density can have important implications for the
supply of oxygen and nutrients to the tissues in hypertensive
individuals. A variety of alterations in arteriolar structure
and function can lead to an elevated vascular resistance in
hypertension (Figure 1). These include increases in active
resting tone; an enhanced response to vasoconstrictor stim-
uli; an impaired relaxation in response to vasodilator stim-
uli; a reduced number of arterioles and capillaries
(microvascular rarefaction), and structural alterations lead-
ing to reduced lumen diameter, increases in wall/lumen
ratio, and increases in vessel stiffness.

Enhanced Sensitivity of Arterioles to Vasoconstrictor
Stimuli in Hypertension

One of the primary functional alterations that has been
reported in arterioles during hypertension is an increase in
their sensitivity to a variety of vasoconstrictor stimuli

Copyright © 2006, Elsevier Science (USA).
705 All rights reserved.
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between transmembrane potential and active tone in the
smooth muscle cells, alterations in the electrophysiological
responses of the VSM cell membrane could contribute to
both an enhanced response of arterioles to vasoconstrictor
stimuli and to an impaired relaxation in response to
vasodilator stimuli in resistance vessels of hypertensive
individuals. In this regard, it is important to note that resting
Em in the VSM cells of in situ arterioles and resistance arter-
ies lies within the steep portion of the Em–active force 
relationship, or very near the threshold for mechanical 
activation of the smooth muscle. Therefore, arteriolar tone is
very sensitive to activation by vasoconstrictor stimuli such
as norepinephrine and transmural pressure elevation, which
would result in depolarization and VSM contraction. In
hypertension, enhanced sympathetic nerve activity, elevated
levels of intravascular pressure, and local or circulating
humoral factors not only could activate the vessels directly
via depolarization of the VSM cells, but also could bring
VSM Em closer to the threshold for mechanical activation,
which would increase the sensitivity of the arterioles to
other vasoconstrictor constrictor stimuli that act via mem-
brane depolarization.

Several types of voltage-sensitive ion channels, including
L-type Ca2+ (CaL) channels, voltage-gated K+ (KV) chan-
nels, and high-conductance voltage- and Ca2+-sensitive K+

(BKCa) channels, play a crucial role in the regulation of arte-
riolar tone, and many studies suggest that high blood pres-
sure may trigger cellular signaling cascades that alter the
expression of different ion channels in arterial smooth mus-
cle, leading to further modifications of vascular tone. There
is substantial evidence that calcium current through Ca2+

L
channels is increased in blood vessels of hypertensive ani-
mals, which would contribute to an enhanced response to

vasoconstrictor stimuli. There is also evidence that Kv chan-
nel current is reduced in vessels of hypertensive animals.
This reduced Kv current would tend to depolarize the VSM
cell membrane, resulting in increased resting tone and an
enhanced response to vasoconstrictor stimuli. On the 
other hand, KCa channel current at physiological membrane
potentials is significantly higher in cerebral arterial smooth
muscle cells from spontaneously hypertensive rats (SHRs)
compared to those of normotensive Wistar-Kyoto (WKY)
controls, apparently because of an increased density of the
KCa channels in the VSM cell membrane. These findings
suggest that elevated levels of blood pressure lead to
increased KCa channel expression in vascular smooth muscle
membranes as a compensatory mechanism to offset the
enhanced Ca2+ current and reduced Kv current in the cells.
In the absence of this compensatory increase in KCa channel
expression, the increased Ca2+ current and the reduced Kv
current in the VSM cells could lead to a “vicious cycle” of
positive feedback that would cause intense vasoconstriction
and severe hypertension.

As noted earlier, alterations in the nature or release of
chemical modulators of vascular tone, including a variety of
arachidonic acid metabolites, could also contribute to an
enhanced response of arterioles to vasoconstrictor stimuli.
For example, there is evidence that the release of the vaso-
constrictor substances endothelin, prostaglandin H2 (PGH2),
and/or thromboxane A2 (TxA2) from the vascular endothe-
lium contributes to the enhanced myogenic response to
pressure elevation in arterioles of spontaneously hyperten-
sive rats. Release of PGH2 and/or TxA2 also appears to con-
tribute to an enhanced response to vasoconstrictor stimuli in
SHRs and other forms of hypertension. Studies of the role 
of these compounds in the potentiation of the myogenic

Figure 1 Summary diagram of the mechanisms by which changes in arteriolar structure and func-
tion may contribute to an elevated vascular resistance in hypertension. (Adapted with thanks from an
original drawing by Dr. Francis A. Sylvester.) (see color insert)
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response to transmural pressure elevation in hypertensive
animals suggest that these endothelium-derived constrictor
substances increase the Ca2+ sensitivity of the contractile
apparatus of arteriolar smooth muscle cells in hypertension,
so that similar increases in internal Ca2+ concentration in the
VSM cells during pressure elevation in the vessel cause an
enhanced myogenic constriction of arterioles. The latter
observation suggests that intracellular signaling cascades 
(in addition to changes in VSM Em) can participate in the
altered vascular responses to vasoconstrictor stimuli occur-
ring in arterioles of hypertensive animals. There is also evi-
dence that elevations in intravascular pressure can increase
the formation of superoxide anion in arterioles, which could
then interfere with nitric oxide (NO)-dependent vascular
relaxation and potentiate myogenic responses indirectly.
The enhanced myogenic response and the increased con-
striction of arterioles in response to elevated Po2 that have
been demonstrated in many forms of hypertension could
also be due to an enhanced production of 20-hydroxye-
icosatetraenoic acid (20-HETE) or to an increased sensitiv-
ity of the smooth muscle cells to the vasoconstrictor effects
of 20-HETE, a metabolite of the cytochrome P450 pathway
of arachidonic acid metabolism that has been implicated in
mediating myogenic responses to transmural pressure eleva-
tion and arteriolar constriction in response to increased Po2.

Impaired Relaxation of Arterioles to 
Vasodilator Stimuli

In addition to an enhanced response to vasoconstrictor
stimuli, arterioles of hypertensive animals exhibit an
impaired relaxation in response to a variety of vasodilator
stimuli including hypoxia, shear stress, and endothelium-
dependent vasodilators, such as acetylcholine (ACh).
Impaired relaxation of arterioles to endothelium-dependent
vasodilator stimuli such as ACh has also been demonstrated
in human hypertensive patients. The impaired vascular
relaxation in hypertensive individuals has been proposed to
be due to a reduced production of endothelium-derived
vasodilator compounds, such as nitric oxide (NO) or
vasodilator prostaglandins, and/or to an enhanced release of
vasoconstrictor factors (e.g., thromboxane or prostaglandin
H2) from the endothelium. The reduction in endothelium-
dependent dilation mediated by NO also may result from
increased levels of oxidative stress in the tissue, which
would destroy NO and reduce its availability for mediating
vascular relaxation. There is also evidence that fundamental
alterations in receptor–heterotrimeric G protein coupling
may contribute to impaired vasodilator responses in hyper-
tensive animals and in normotensive animals on a high-salt
diet. In the latter case, arterioles and resistance arteries of
hypertensive animals and normotensive animals on high-salt
diet not only exhibit impaired relaxation in response to
vasoactive agonists acting through the cyclic AMP pathway
of vascular relaxation, but also fail to respond to direct 

activation of the alpha subunit of the Gs protein with cholera
toxin. Taken together, these observations suggest that hyper-
tension and high salt diet may both be associated with fun-
damental alterations of signaling pathways in the vascular
smooth muscle cells.

Nitric oxide–dependent relaxation and prostaglandin-
mediated vasodilation are both impaired in skeletal muscle
arterioles of spontaneously hypertensive rats. This appears
to be due to an impaired synthesis and/or action of nitric
oxide (including reduced bioavailability of NO due to
increased oxidative stress) and alterations in the metabolism
of arachidonic acid to favor an enhanced production of the
vasoconstrictor metabolite PGH2 and a reduced production
of vasodilator prostaglandins in the arterioles. Findings such
as these suggest that a simultaneous dysfunction of these
two major endothelium-dependent vasodilator pathways
could make a significant contribution to the elevated vascu-
lar resistance in hypertension. Agonists such as norepineph-
rine and acetylcholine also cause an increased release of 
the endothelium-dependent vasoconstrictors thromboxane
A2 and/or PGH2 in arterioles and resistance arteries 
of hypertensive rats, leading to a reduced sensitivity to
acetylcholine and to an enhanced vasoconstrictor response
to norepinephrine.

As noted earlier, arteriolar dilation in response to the
physiological stimulus of increased flow or shear stress 
is also impaired in arterioles of hypertensive rats. The
impaired relaxation of arterioles of spontaneously hyperten-
sive rats in response to increased flow and shear stress
appears to be due to an impairment of the NO-mediated por-
tion of flow-dependent dilation, but may also involve an
enhanced release of endothelium-derived vasoconstrictor
factors such as PGH2. Current evidence suggests that aug-
mented hemodynamic forces in the microcirculation can
alter the shear stress-induced synthesis of prostaglandins
and other vasoactive factors in hypertension, possibly con-
tributing to the elevated vascular resistance in this disease.

It has been proposed that the elevated hemodynamic
forces present in hypertension may initiate alterations of sig-
naling pathways in the endothelium and smooth muscle
cells of arterioles that could, in turn, enhance the release of
reactive oxygen species such as superoxide. Any reduction
in the availability of NO due to increased levels of superox-
ide released by high pressure in the arterioles (or in response
to other pathophysiological alterations in hypertension)
would likely cause an impaired dilation of arterioles in
response to shear stress- and other NO-dependent vasodila-
tor stimuli, leading to the maintained elevation of wall shear
stress and peripheral vascular resistance that exists in hyper-
tension. It has also been proposed that alterations in the
mechanisms of functional vascular control in hypertension
may eventually lead to the development of irreversible
structural changes in the microcirculation. The latter
hypothesis is consistent with the increasing body of evi-
dence that elevated levels of reactive oxygen metabolites
may contribute to the vascular dysfunction commonly
observed in hypertension.
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Structural Alterations in Arterioles 
during Hypertension

In addition to the changes in functional arteriolar control
mechanisms in hypertension, structural alterations of arteri-
oles and small arteries can contribute to the elevated vas-
cular resistance in this disease. These changes include
structural narrowing of the lumen, thickening of the vascu-
lar wall leading to an increased wall/lumen ratio, and altered
mechanical properties of the vessel, such as increased stiff-
ness and reduced distensibility of the vessel wall. These
structural alterations of the vascular wall may be caused, at
least in part, by alterations in the composition of the wall,
such as changes in collagen and elastin content in the vessel
wall, or by alterations in the specific types of collagen 
present in the vascular wall.

Most reports indicate that wall thickening is not a com-
mon response to elevated blood pressure in the smaller arte-
rioles; however, wall thickening is prominent in the larger
arteries that lie upstream from the microcirculation. There is
evidence that the nature of the structural alterations occur-
ring in the vascular wall in response to hypertension may be
determined by the response of individual vessels to the
increase in circumferential wall stress occurring during ele-
vations in arterial pressure. In large arteries or in resistance
arteries that do not exhibit strong myogenic responses,
hypertrophy of the smooth muscle cells and the deposition
of extracellular matrix thicken the walls of the vessel during
the development of hypertension without reducing the size
of the lumen. In contrast, small arteries and arterioles that
exhibit myogenic contractile activation in response to ele-
vated pressure show an inward remodeling that reduces
lumen diameter without thickening the vessel wall. This
inward remodeling is mediated through the rearrangement
of the smooth muscle cells around a smaller lumen. In this
case, the initial increase in circumferential wall stress that
occurs in response to increased pressure in the vessel can
account for inward remodeling because myogenically active
small arteries and arterioles can constrict in response to an
elevation of intravascular pressure, thus restoring circumfer-
ential wall stress toward control levels. In contrast, larger
arteries have little or no myogenic response and respond to
the increase in wall stress by initiating growth processes in
the vascular wall. There is substantial evidence that the
structural alterations in small arteries of hypertensive indi-
viduals reflect an adaptation to the elevated blood pressure,
rather than being the primary cause of increased vascular
resistance in hypertension. However, structural narrowing
of the vessel lumen and thickening of the vascular wall may
play a crucial role in the maintenance and exacerbation of
the elevated vascular resistance in hypertension. In this
respect, elevations in vascular resistance that arise from
structural alterations are less responsive to therapeutic
approaches than those that result from an elevated vascular
smooth muscle tone, which can be treated with drugs that
lead to vascular smooth muscle relaxation.

Arteriolar Rarefaction

In addition to structural narrowing and increased wall
thickness, a decrease in the number of arterioles and capil-
laries (rarefaction) has been widely reported in many differ-
ent animal models of hypertension and in hypertensive
humans. Microvessel rarefaction has two components: func-
tional rarefaction, mediated by active closure of arterioles,
and anatomical or structural rarefaction, mediated by an
actual reduction in the number of arterioles. Several lines of
evidence suggest that functional rarefaction can eventually
progress to anatomical rarefaction. Microvascular rarefac-
tion involves both the capillaries and the smaller (third- and
fourth-order) arterioles and is accompanied by structural
changes in the microvessels. Mathematical models suggest
that microvessel rarefaction can have substantial effects on
the microcirculation, including an elevation in vascular
resistance (especially in conjunction with the constriction of
arterioles) and a reduction in tissue Po2. The latter changes
may be particularly significant in contributing to tissue
damage under conditions of reduced perfusion. One inter-
esting observation regarding microvessel rarefaction in salt-
dependent forms of hypertension is that it has also been
demonstrated to occur in normotensive animals on a high-
salt diet. Arteriolar rarefaction in salt-dependent hyperten-
sion forms of hypertension and with high-salt diet in
normotensive animals develops very rapidly and appears to
be mediated by the angiotensin II (ANG II) suppression that
occurs in response to elevated salt intake, since it can be 
prevented by continuous intravenous (i.v.) infusion of a 
low dose of ANG II to maintain normal circulating levels 
of ANG II without increasing blood pressure.

Oxidative Stress and Arteriolar Function 
in Hypertension

Enhanced production of reactive oxygen species such as
superoxide anion may contribute to arteriolar dysfunction,
elevated vascular resistance, and organ damage in hyper-
tensive individuals. Studies assessing the contribution of
enhanced oxidative stress to altered microvascular function
have demonstrated that dihydroethidine fluorescence and
tetranitroblue tetrazolium dye reduction (indicators of
oxidative stress) are significantly increased in arterioles and
venules of spontaneously hypertensive rats and Dahl salt-
sensitive hypertensive rats on high-salt diet. This finding
suggests that there is an enhanced production of oxygen free
radicals in the microvasculature of hypertensive animals
that could contribute to impaired relaxation in response to
NO-dependent vasodilator stimuli or other vascular relax-
ation mechanisms, for example, prostacyclin-induced dila-
tion. It also appears that elevated dietary salt intake alone
can lead to an increase in oxidative stress in arterioles and
resistance arteries of normotensive animals. As discussed
next, alterations in the function of arterioles and resistance
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arteries due to the effects of high-salt diet alone may have
important implications for the development of an elevated
vascular resistance in salt-sensitive forms of hypertension.

Dietary Salt Intake and Arteriolar Function

Many individuals exhibit salt-sensitive forms of hyper-
tension, in which elevated dietary salt intake leads to an
increase in arterial blood pressure. This elevation of blood
pressure is accompanied by an increase in peripheral vascu-
lar resistance. A particularly valuable genetic animal model
of salt-sensitive hypertension is the Dahl salt-sensitive
(Dahl S) rat, an inbred strain of rats in which elevation of
dietary salt intake leads to an elevated vascular resistance
and a substantial degree of hypertension. In Dahl S rats, the
development of hypertension in response to elevated dietary
salt intake is accompanied by a uniform increase in hemo-
dynamic resistance throughout most of the peripheral vas-
culature. In the spinotrapezius muscle, this increase in
resistance is largely due to an intense constriction of 
proximal arterioles. The mechanisms responsible for this
increased arteriolar tone include increased responsiveness to
oxygen and a loss of tonic nitric oxide (NO) availability
caused by reduced endothelial NO production and/or accel-
erated degradation of NO by reactive oxygen species.

In recent years, it has become increasingly clear that ele-
vated dietary salt intake alone can lead to profound changes
in the structure and function of resistance vessels of nor-
motensive animals, as well as vessels of salt-sensitive exper-
imental models of hypertension such as the Dahl S rat.
These changes include microvascular rarefaction and an
impaired relaxation of blood vessels in response to vasodila-
tor stimuli such as hypoxia, acetylcholine, and prostacyclin.
In normotensive Dahl salt-resistant (Dahl R) rats, elevated
dietary salt intake also leads to an impaired dilation during
the elevated shear stress that occurs in response to increased
flow in the arteriole. The impaired dilation in response to
increased flow in arterioles of Dahl R rats on high-salt diet
appears to be due to a salt-induced suppression of NO 
activity in the absence of hypertension. Emerging evidence
suggests that impaired vascular relaxation in normoten-
sive animals on a high-salt diet involves alterations in the
function of both the endothelium and the vascular smooth
muscle cells, and that increased levels of oxidative stress in
the vasculature can contribute to the impaired vascular
relaxation in animals on high-salt diet.

The impaired relaxation of blood vessels of normoten-
sive animals on high-salt diet in response to vasodilator
stimuli such as hypoxia, acetylcholine, and prostacyclin
appears to be due to the suppression of angiotensin II (ANG
II) levels that occurs in response to high-salt diet, because
continuous i.v. infusion of a low dose of ANG II to prevent
salt-induced ANG II suppression restores normal vasodila-
tor responses without raising blood pressure in normoten-
sive animals on a high-salt diet. The direct effect of high-salt
diet itself in contributing to microvessel rarefaction and

impaired vascular relaxation in normotensive rats suggests
that elevated dietary salt intake may be an important initial
contributor to the increased vascular resistance in salt-
sensitive forms of hypertension, since it would tend to 
elevate vascular resistance even before the increase in arte-
rial blood pressure. In combination with other predisposing
factors for hypertension, such as impaired renal function,
these changes not only could lead to the development of
salt-sensitive hypertension, but also could play a major role
in the maintenance and progression of the elevated vascular
resistance in salt-sensitive forms of this disease.

Influence of Gender on Arteriolar Function 
in Hypertension

Females prior to menopause are much less susceptible to
hypertension and other cardiovascular diseases than males,
indicating that gender has a protective effect in these disor-
ders and that female sex hormones can offset some of the
alterations in arteriolar function that may occur with hyper-
tension in males. For example, flow-induced arteriolar 
dilation is significantly reduced in male spontaneously
hypertensive rats compared to females, because of the loss
of the nitric oxide (NO)-mediated portion of the response.
This impairment of the NO-mediated component of flow
induced dilation results in a maintained elevation of wall
shear stress in the male rats, suggesting that female sex hor-
mones play an important role in maintaining NO-dependent
vasodilator responses and in preserving the regulation of
arteriolar shear stress by nitric oxide. Arteriolar dilation in
response to increases in perfusate flow is also impaired in
isolated gracilis muscle arterioles of ovariectomized female
SHRs, compared with those of intact female SHRs and
ovariectomized female SHRs receiving estrogen replace-
ment. The impaired flow induced dilation in ovariectomized
female SHRs appears to be due to the loss of the NO-
dependent component of shear stress–induced vascular
relaxation, providing additional evidence that estrogen 
preserves the NO-mediated portion of flow/shear
stress–induced dilation in female hypertensive rats, result-
ing in a lower maintained wall shear stress in the female
SHRs, compared to their male counterparts. The lower wall
shear stress in the females may contribute to a lowering of
systemic blood pressure and to the lower incidence of car-
diovascular diseases in females. In contrast, the maintained
elevation of shear stress in arterioles of the male rats could
trigger other pathological alterations in the vascular wall, as
discussed earlier.

Norepinephrine-induced constrictions are also enhanced
in arterioles of ovariectomized female SHRs compared with
those of intact female SHRs and ovariectomized female
SHRs receiving estrogen supplementation. These differ-
ences in norepinephrine-induced constriction of arterioles
are eliminated by inhibiting NO synthesis, suggesting that
estrogen also preserves the modulating effect of NO on 
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arteriolar responses to vasoconstrictor agonists in female
rats.

Although female sex hormones may attenuate endothe-
lial dysfunction in hypertensive animals by preserving
endothelium-dependent vasodilation, less is known regard-
ing the influence of ovarian hormones on the generation of
contractile substances by the endothelium. However, it
appears that female sex hormones attenuate the generation
of vasoconstrictor prostanoids and superoxide anion (O•

2
-)

by the endothelium of mesenteric microvessels from spon-
taneously hypertensive rats. Microvessels from ovariec-
tomized female SHRs exhibit an increased sensitivity to
norepinephrine and a reduced sensitivity to acetylcholine,
compared to those from intact female SHRs. Treatment with
estradiol or estradiol + progesterone restores normal reac-
tivity to norepinephrine and acetylcholine in vessels of
ovariectomized female SHRs. Inhibition of cyclooxygenase
and scavenging of superoxide with superoxide dismutase
(SOD) also restore normal responses to norepinephrine and
acetylcholine in vessels of ovariectomized female SHRs.
Norepinephrine-induced release of prostaglandin F2a
(PGF2a), a vasoconstrictor metabolite of the cyclooxyge-
nase pathway of arachidonic acid metabolism, is also greater
in endothelium-intact microvessels of ovariectomized
female SHRs compared to those of intact female SHRs. This
response is normalized by treatment with estrogen or estro-
gen + progesterone. Taken together, these findings suggest
that estrogen may protect female SHRs against severe
hypertension, not only by preserving NO-dependent dila-
tion, but also by decreasing the synthesis of endothelium
derived contracting factors such as PGH2, PGF2a, and O•

2
-.

Glossary

Angiotensin II: Biologically active peptide formed from a precursor
peptide (angiotensin I) by angiotensin-converting enzyme (ACE).
Angiotensin II has numerous biological actions, including vasoconstriction,
stimulation of aldosterone release, stimulation of sodium reabsorption by
the kidney, and regulation of vessel structure, vessel funciton, and
microvessel density.

Arachidonic acid: Major lipid precursor to various eicosanoids,
which are fatty acid derivatives that act as signaling molecules to mediate
many biological functions. Arachidonic acid is cleaved from membrane
phospholipids and converted into a variety of biologically active lipid
metabolites by various enzymes, such as cyclooxygenases, to form the
immediate precursor (PGH2) for various prostaglandins (e.g., prostacyclin,
prostaglandin E2, prostaglandin F2a) and thromboxane A2; lipoxygenases to
form leukotrienes; and cytochrome P450 enzymes to form vasodilator com-
pounds such as eicosatrienoic acids (EETs) and vasoconstrictor compounds
such as 20-hydroxyeicosatetraenoic acid (20-HETE).

Heterotrimeric G protein: Cell membrane spanning protein that
binds guanosine triphosphate (GTP) and mediates the functional coupling
of membrane receptors to downstream target enzymes or ion channels
involved in cellular signal transduction.

Reactive oxygen species (ROS): Reactive chemical derivatives of
oxygen, such as superoxide anion, hydrogen peroxide, hypochlorous acid,
and hydroxyl radical. ROS can be formed by a variety of enzymes includ-
ing xanthine oxidase, nitric oxide synthase (NOS), NAD(P)H oxidase, 
and cyclooxygenase. Elevated levels of reactive oxygen species in blood
vessels cause increased oxidative stress and can contribute to vascular 
dysfunction in hypertension.

Transmembrane potential (Em): Electrical potential difference that
exists across the cell membrane. The magnitude of Em differs among cell
types, but generally ranges between -50 mV and -30 mV in vascular
smooth muscle cells of in vivo microvessels and resistance arteries. A
reduced magnitude of the Em (depolarization) is associated with contraction
of the smooth muscle due to increased Ca2+ influx into the cells via voltage
activated Ca2+ (CaL) channels, while an increased magnitude of Em (hyper-
polarization) is associated with reduced Ca2+ influx into the cells, leading
to relaxation.

Bibliography

Dantas, A. P., Scivoletto, R., Fortes, Z. B., Nigro, D., and Carvalho, M. H.
(1999). Influence of female sex hormones on endothelium-derived
vasoconstrictor prostanoid generation in microvessels of spontaneously
hypertensive rats. Hypertension 34, 914–919.

Huang, A., Sun, D., Kaley, G., and Koller, A. (1998). Superoxide release to
high intra-arteriolar pressure reduces nitric oxide-mediated shear 
stress- and agonist-induced dilations. Circ. Res. 83, 960–965. This
study demonstrated that elevated pressure in arterioles can cause
increased superoxide production, which could subsequently lead to
impaired dilation of arterioles in response to elevated shear stress and
other NO-dependent vasodilator stimuli. These findings may be directly
relevant to the impairment of vascular relaxation that occurs in hyper-
tensive individuals not exhibiting other alterations that may impair vas-
cular relaxation mechanisms, such as diabetes or low circulating ANG
II levels.

Izzo, J. L., Jr., and Black, H. R. (senior eds.) (2003). Hypertension Primer,
3rd ed. Dallas, TX: American Heart Association.

Lee, R. M. K. W. (ed.) (1989). Blood Vessel Changes in Hypertension:
Structure and Function, Vols. I and II. Boca Raton, FL: CRC Press.

Liu, Y., Hudetz, A. G., Knaus, H.-G., and Rusch, N. J. (1998). Increased
expression of Ca2+-sensitive K+ channels in the cerebral microcircula-
tion of genetically hypertensive rats: Evidence for their protection from
cerebral vasospasm. Circ. Res. 82, 729–737.

Lombard, J. H., Sylvester, F. A., Phillips, S. A., and Frisbee, J. C. (2003).
High salt diet impairs vascular relaxation mechanisms in rat middle
cerebral arteries. Am. J. Physiol. 284, H1124–H1133.

Special Topics Issue: Microcirculatory Adaptations to Hypertension.
(2002). Microcirculation 9(4), 221–328. This special issue of Microcir-
culation features a collection of recent reviews about various aspects 
of microcirculatory adaptations to hypertension, including: (1)
“Microvascular structure and function in salt-sensitive hypertension,”
by M. A. Boegehold (pp. 225–241); (2) “New expression profiles of
voltage-gated ion channels in arteries exposed to high blood pressure,”
by R. H. Cox and N. J. Rusch (pp. 243–257); (3) “The inflammatory
aspect of the microcirculation in hypertension: Oxidative stress, leuko-
cytes/endothelial interaction, apoptosis,” by M. Suematsu, H. Suzuki H,
F. A. Delano, and G. W. Schmid-Schönbein (pp. 259–276); (4) “Signal-
ing pathways of mechanotransduction in arteriolar endothelium and
smooth muscle cells in hypertension,” by A. Koller (pp. 277–294); (5)
“Adaptation of resistance arteries to increases in pressure,” by R. L.
Prewitt, D. C. Rice, and A. D. Dobrian (pp. 295–304); (6) “Structural
adaptation of microvascular networks and development of hyperten-
sion,” by A. R. Pries and T. W. Secomb (pp. 305–314); and (7) “Adap-
tations of the renal microcirculation to hypertension,” by J. D. Imig and
E. W. Inscho (pp. 315–328).

Stekiel, W. J., Contney, S. J., and Rusch, N. J. (1993). Altered b-receptor
control of in situ membrane potential in hypertensive rats. Hypertension
21, 1005–1009. This study demonstrated that receptor-G-protein cou-
pling is impaired in arterioles and venules of rats with reduced renal
mass hypertension. VSM transmembrane potential (Em) was measured
with glass microelectrodes in first order arterioles and venules of the in
situ cremaster muscle of hypertensive and normotensive rats. Arterioles
of hypertensive rats failed to hyperpolarize in response either to the
cAMP-dependent beta adrenergic agonist isoproterenol or to cholera
toxin, a direct activator of the alpha subunit of the Gs protein coupling



CHAPTER 104 Arteriolar Responses to Arterial Hypertension 711

the receptor to downstream signaling events. In contrast, arterioles of
normotensive controls hyperpolarized in response to both isoproterenol
and cholera toxin. Subsequent studies by other laboratories demon-
strated that G protein coupling is impaired in other forms of hyperten-
sion such as SHRs, and in animals on high salt diet. Winner (W. J.
Stekiel) of the 1993 Harry Goldblatt Award in Cardiovascular
Research, awarded by the publications committee of the American
Heart Association Council for High Blood Pressure Research, to rec-
ognize the most significant new contribution to the understanding of the
causes and/or consequences of hypertension.

Ungvari, Z., and Koller, A. (2000). Endothelin and prostaglandin H2/throm-
boxane A2 enhance myogenic constriction in hypertension by increas-
ing Ca2+ sensitivity of arteriolar smooth muscle. Hypertension 36,
856–861.

Zweifach, B. W. (1983). The microcirculation in experimental hyperten-
sion: State of the art review. Hypertension 5, I-10–I-16.

Capsule Biography

Dr. Lombard is currently Professor of Physiology at the Medical 
College of Wisconsin. He is a former President of the Microcirculatory
Society and is a fellow of the Cardiovascular Section of the American 
Physiological Society, the Council for High Blood Pressure Research of the
American Heart Association, and the Council on Basic Cardiovascular Sci-
ences of the American Heart Association. His laboratory focuses on micro-
circulatory control under normal conditions and during pathological
conditions such as hypertension. His work is currently supported by several
grants from the National Institutes of Health.





CHAPTER 105

Capillary and Venular Responses to
Arterial Hypertension

Geert W. Schmid-Schönbein
Department of Bioengineering

Whitaker Institute of Biomedical Engineering
University of California, San Diego, La Jolla, CA 92093-0412

otherwise, these models serve as the main basis for current
knowledge at the microvascular level.

Microcirculation in Hypertension

The Microvascular Network Pattern and 
Cell Morphology

The microvascular network topology in hypertensive and
normotensive animals is overall the same but differs in
quantitative terms. For example, in skeletal muscle the
microvascular branching pattern formed by feed arterioles,
by arcade arterioles, and by their regular side branches, the
terminal (previously designated also as transverse) arteri-
oles, is the same. The terminal arterioles form asymmetric
dichotomous trees, which give rise to the capillary network.
The SHR has a higher density of arcade arterioles with
smaller trees forming the terminal arterioles. The capillaries
form bundles with a modular pattern of alternating terminal
arterioles and collecting venules, which in turn feed into the
arcade venules and discharge into the central circulation
through the draining veins. Compared to WKY rats, the
SHR exhibits on average a lower capillary network density
although individual capillaries have on average greater
length (between bifurcations) and diameter. Apart from the
fact that collecting venules of SHR are narrower while
arcade venules are wider in lumen diameter than in the
WKY rats, the two strains exhibit no differences in venular
network topology.

The innervation of microvessels in skeletal muscle
extends to the terminal arterioles in form of adrenergic

Introduction

Since arterial hypertension is diagnosed by elevated
blood pressure in central arteries, it is frequently regarded as
a condition that is almost exclusively affected by hemody-
namic resistance in the small arteries and arterioles. This
point of view has lead for several decades to a focus on
arteries and arterioles as mediators of the syndrome and as
focus for therapeutic targets. But microvascular studies indi-
cate that several forms of arterial hypertension may be
affected by more general mechanisms, which not only
involve the arteries and arterioles, but a range of pathophy-
siological mechanisms.

This chapter will be focused on the manifestations of
hypertension in capillaries and venules, microvessels 
that are not exposed to blood pressure elevation. Capillaries
and venules are involved in blood flow regulation and
exchange functions. They are also an integral part of the
inflammatory cascade, a potentially important aspect of
hypertension as a vascular disease with cell and organ 
damage. We will summarize an array of pathophysiological
phenomena in hypertension for which there is still no 
conclusive evidence for a pressure-mediated mechanism
and which instead point towards a more general metabolic
and regulatory defect.

The majority of the evidence cited here has been obtained
in the spontaneously hypertensive rat (SHR) and its nor-
motensive control, the Wistar Kyoto (WKY) rat, as well as
in the salt dependent Dahl-S hypertensive rat with its nor-
motensive control, the salt resistant Dahl-R strain. Both of
these models have a strong genetic linkage. Unless indicated

Copyright © 2006, Elsevier Science (USA).
713 All rights reserved.
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fibers. The nerve fibers are positioned at the interface
between smooth muscle media and adventitia down to the
endings of the terminal arterioles. The density of adrenergic
fibers in the SHR is significantly higher compared to that of
the WYK rats. Capillaries or venules have no adrenergic
innervation.

The walls of capillaries in hypertensives and normoten-
sives consist of endothelial cells with pericytes. Venules
have a thinner wall structure than their arteriolar counter-
part, with attenuated endothelial thickness, pericytes and
smooth muscle cells in the media, and fibroblast in the
adventitia. Ultrastructural examination of adult capillaries
and venules in hypertensives often reveals morphological
damage not found in normotensives, e.g. in form of mem-
brane bleb formation.

Microvascular Pressure

The elevated blood pressure in arteries of hypertensives
is reduced in arterioles and in terminal arterioles to values
which are similar to those in normotensive animals (Figure
1). Apart from the fact that the pressure drop on the venular
side is small in both normotensives and hypertensives, there
are no significant differences in blood pressure values in
venules.

Microvascular Flow

Both the cardiac output and the average local flow rates
in different hierarchies of microvessels in hypertensive and
normotensive microvascular networks are almost indistin-
guishable (Zweifach et al., 1981). However, within each
microvessel hierarchy the hypertensives have larger varia-
tions of flow rates among individual vessels.

Hemodynamic Resistance

Estimates of the average hemodynamic resistance
derived from micro-pressure and flow measurements indi-
cate a higher resistance in arcade and terminal arterioles of
the hypertensives without such significant differences in the
venular counterparts (Boegehold, 1991).

The control of the hemodynamic resistance involves
smooth muscle contraction and restructuring of the arteri-
oles. In addition, also blood rheological mechanisms serve
to control the hemodynamic resistance in capillaries and
venules. In spite of the relatively small number of circulat-
ing leukocytes compared to significantly faster moving ery-
throcytes, in capillaries with single file of blood cells the
larger and stiffer leukocytes have an important influence on
apparent viscosity and capillary resistance. The mechanism
is due to hydrodynamic interaction of slower moving leuko-
cytes with more flexible erythrocytes, which in capillaries
displaces the erythrocytes away from their center-line posi-
tion and leads to an elevated apparent viscosity. The effect
is sensitive with respect to the exact erythrocyte and leuko-

cyte counts, and does not require membrane attachment to
the endothelium (Helmke et al., 1997).

Reactive Oxygen Species Production in Microvessels
of Hypertensives

Oxygen Free Radical Species

Evidence derived from direct measurements in the
microcirculation and in blood samples, experimental results
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Figure 1 Micropressure (top) and flow rate (bottom) and flow grouped
according to vessel diameter in mature rat spinotrapezius muscle, accord-
ing to Zweifach et al., 1981, in matched WKY and SHR. Capillaries are in
the diameter range of about 5 mm on the abscissa. To the left are the diam-
eters of the arterioles and to the right the diameters of the venules. Means
and standard deviations are shown. While there is an elevated blood pres-
sure in arterioles of the SHR, their capillaries and venules have no eleva-
tion of the blood pressure. Compared with the WKY rats, the SHR exhibit
no differences in average flow rates.
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obtained by use of scavengers, and observations on isolated
cells of hypertensives indicate an alteration in oxygen
metabolism and overproduction of biologically active oxy-
gen species in hypertension. Reactive oxygen species (ROS)
(superoxide anion (O2

-), hydrogen peroxide (H2O2), nitric
oxide (NO), carbon monoxide (CO) and their derivatives)
serve to regulate vascular functions but may also be toxic. In
the mesentery and skeletal muscle microcirculation, reduc-
tion of nitroblue tetrazolium and fluorescent labeling of
hydroethidine (superoxide dependent probes) show
enhanced levels of ROS in the endothelium not only in arte-
rioles, but also in capillaries and especially in venules. The
rise of the NBT reduction in venules exceeds any enhance-
ment on the arteriolar side in all hypertensive models inves-
tigated so far (Figure 2).

Superoxide anion, a primary radical product generated by
one electron donation to molecular oxygen, is generated
through xanthine oxidase and nicotinamide adenine dinu-
cleotide/nicotinamide adenine dinucleotide phosphate
(NADH/NADPH) oxidase. The superoxide anion has the
ability to react with NO and with guanylate cyclase-
dependent vasorelaxation, may activate platelets, leuko-
cytes, and endothelial cells. After cancellation of NO-
mediated relaxation and elevation of tone in the hyperten-
sive rats, superoxide generation promotes overexpression of
NO synthase mRNA. Superoxide anion inhibits soluble
guanylate cyclase, the major target of NO.

Chronic overproduction of superoxide and related ROS
triggers alterations in the expression of genes encoding pro-
teins that control the tissue inflammatory responses, such 
as endothelial adhesion molecules (intracellular adhesion
molecule-1 (ICAM-1), and P- and E-selectins) as well as
superoxide dismutase, NO synthase and heme oxygenase-1.
Nitric oxide depression is by itself a pro-inflammatory stim-
ulator (Kubes et al., 1991) and a driving mechanism for
superoxide mediated injury in hypertensives.

The significance of the ROS is further highlighted by the
fact that the enhanced peroxide production is detectable
before the blood pressure is elevated.

Enzymatic Sources of Oxygen Free Radicals

NADP/NADPH oxidase and xanthine oxidase in neu-
trophils, the monocyte/macrophage system and vascular
endothelial cells, smooth muscle cells, as well as parenchy-
mal cells, are involved in superoxide generation in vivo.
Recent evidence derived from immuno-histochemistry 
indicates that both enzymes are expressed in almost all cells
of the microcirculation. The population of superoxide-
generating neutrophils in the circulation is greater in SHR
than in WKY rats over their entire lifetime.

XANTHINE OXIDASE

The dehydrogenase (XD) oxidizes hypoxanthine to yield
uric acid and is coupled with a reduction of NAD into
NADH. Once the enzyme is converted to the oxidase form
(XO), the same reaction utilizes molecular oxygen as an
electron acceptor and serves as a superoxide-generating sys-
tem. Endothelial cells in microvessels, but less those in
larger vessels, serve as a major source of the XD/XO sys-
tem. In the mesentery, where the vasculature constitutes a
major source of the enzyme, both XD + XO and XO activi-
ties are elevated in SHR compared to WKY rats (Suzuki 
et al., 1998).

NADPH OXIDASE

In addition to the role of NADH oxidase in regulation of
proliferative responses in vascular smooth muscle cells, this
enzyme may also be a major player in the hypertensive syn-
drome. Phox22, a subunit necessary for the enzyme activity,
exhibits a distinct feature that is characteristic of the super-
oxide production from phagocytic NADPH oxidase. In vas-
cular smooth muscle cells, this enzyme can increase
superoxide generation in response to angiotensin II and reg-
ulate vascular hypertrophy.

CYTOCHROME P450 MONOOXYGENASE

This set of enzymes is responsible for elevation of vas-
cular tone and tissue inflammatory responses in hyperten-

Figure 2 Microimages of the mesentery microcirculation in mature Wistar Kyoto (WKY, left) and
age- and gender- matched spontaneously hypertensive rats (SHR, right). The tissue was labeled in the
living state under identical conditions with nitro-blue tetrazolium (NBT), a superoxide sensitive indi-
cator. Note the enhanced labeling in microvessels compared with the interstitial state and the strong
labeling in the venules (V) compared to arterioles (A) in both animals. The SHR exhibits widespread
enhancement of NBT labeling in almost all microvessels. Both rat strains have reduced labeling in
capillaries. (see color insert)
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sives. Cytochrome P450-derived adrenocortical hormones
such as corticosterone and aldosterone play a role in the for-
mation of hypertensive states. The metabolism of arachi-
donic acid by cytochrome P450 epoxygenases leads to the
formation of biologically active eicosanoids for regulation
of local inflammatory responses, such as epoxye-
icosatrienoic acids (EETs), dihydroxyeicosatrienoic acids
(DHETs), and hydroxyeicosatetraenoic acids (HETEs).

HEME OXYGENASE AND CO
Heme oxygenase may also serve as a modulator of vas-

cular tone and smooth muscle cell hypertrophy due to 
the biological actions of CO, a vasorelaxing mediator 
(Imai et al., 2001). The potency of CO is less than that of
NO. CO modestly activates cyclase when local NO levels
are low.

ROS SCAVENGER DEPLETION

The enhanced oxidative stress in hypertensives may also
be due to the suppression of scavenger mechanisms for oxy-
gen radicals. In the SHR, mRNA levels and enzyme activity
of superoxide dismutase and catalase are reduced in most
but not all tissues. Treatment with superoxide dismutase or
analogues serves in part to control blood pressure. Treat-
ment is hampered by the limited ability to transport current
scavenging agents, such as superoxide dismutase, to rele-
vant sites in the microcirculation, including the endothelial
or smooth muscle cells.

The evidence for enhanced ROS formation supports the
hypothesis that the SHR may suffer from a genetic shift of
the glycolytic metabolism into oxidative metabolism, in line
with the close linkage of hypertension with insulin resist-
ance in this model.

Microvascular Rarefaction

Rarefaction in the microcirculation of hypertensives has
been encounntered in patients and in experimental models
with hypertension (Hutchins and Darnell, 1974). Functional
rarefaction and structural rarefaction can be observed (Pre-
witt et al., 1982). Functional rarefaction refers to a condition
in which no or few blood cells are present in a microvessel
due to a state of high vascular tone, but blood cells can be
readily reintroduced by application of a vasodilator. Struc-
tural rarefaction refers to the physical loss of intact
microvessel.

Functional Rarefaction and Blood Cell Distribution

Capillary networks, which are supplied by arterioles
under high levels of vascular tone, exhibit functional rar-
efaction. The tone in arterioles is due in large part to smooth
muscle contraction, which in small arterioles is also associ-
ated with deformation and folding of the endothelial cell. In
terminal arterioles, a high tone may reach the point of com-
plete lumen closure. Vascular tone is defined as

{steady state diameter minus the dilated diameter}/
{dilated diameter}.

The dilated diameter is measured after application of 
a saturating dose of vasodilators, such as papaverine or
adenosine.

The average tone in arterioles of hypertensives is
enhanced, leading to a reduction of blood flow from the
arcade arterioles into terminal arterioles. At a divergent
bifurcation from an arcade to a terminal arteriole, erythro-
cytes and leukocytes enter preferentially into the vessels
with the higher flow rates, i.e. terminal arterioles with
enhanced microvascular tone receive a lower fraction of
blood flow and therefore also a lower fraction of the blood
cells. Therefore, if a terminal arteriole is constricted to the
point at which no erythrocytes or leukocytes and only
plasma and sporadic platelets enter, its downstream capillar-
ies are filled mostly with plasma and exhibit functional rar-
efaction. Dilation of the terminal arteriole raises the blood
flow and restores the flow of blood cells back into the capil-
lary network. Thus functional rarefaction represents a redis-
tribution of the microhematocit in the smallest microvessels
and is reversible.

Structural Rarefaction and Endothelial Apoptosis

In contrast, structural rarefaction is not readily reversible
by application of a vasodilator. Recent evidence in several
forms of hypertension suggests that loss of capillaries is due
to endothelial cell apoptosis (Vogt and Schmid-Schönbein,
2001).

Endothelial apoptosis may be detected in most segments
of the circulation in hypertensives. In larger arterioles or
venules with multiple endothelial cells along the wall
perimeter, apoptosis of individual endothelial cells leads to
a temporary shift in local endothelial permeability. In con-
trast, apoptosis of endothelial cells in true capillaries leads
to actual loss of the microvessels since their wall is made up
of single endothelial cells. The mesentery microcirculation
of the SHR and WKY rats is subject to a non-uniform pat-
tern of cell death, and is enhanced in selected microvascular
segments by a glucocorticoid driven mechanism. Apoptosis
is present in arterioles but also in capillaries and venules
without elevated blood pressure. Enhanced apoptotic activ-
ity has been reported in every hypertensive model investi-
gated to date, including the SHR, glucocorticoid-mediated
hypertensives, and one kidney/one clip Goldblatt hyperten-
sives. Apoptotic activity is observed in the kidney, heart,
smooth and skeletal muscle, mesentery, and in the thymus
and can be detected before blood pressure is elevated.

Leukocyte-Endothelial Adhesion in Venules

P-selectin Suppression

P-selectin mediates the rolling interaction between neu-
trophils and endothelial cells. But in SHR the adhesion of
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leukocytes to microvascular endothelium induced by
inflammatory mediators under physiologic blood shear rates
is reduced (Suematsu et al., 1995). The downregulation of
leukocyte adhesion appears to involve both leukocyte- and
endothelial cell-dependent mechanisms. The SHR has
reduced levels of P-selectin on the endothelial membrane of
post-capillary venules. There is also a reduction of the sialyl
Lewis X-like carbohydrate structure on the leukocytes.

Attenuation of leukocyte rolling has two important 
consequences.

• The SHR has a chronically elevated count of circulating
leukocytes with enhanced levels of free radical production
and cytoplasmic degranulation. The elevation in the num-
ber of circulating neutrophils and monocytes may result
from demargination of these cells in postcapillary venules
by suppression of the selectin-dependent membrane inter-
action. A similar leukocytosis is encountered in P-selectin
gene knockout mice with diminished ability for leukocyte
rolling on venular endothelium.

• The SHR exhibits a diminished sensitivity to inflamma-
tory stimuli relative to WKY rats and consequently enjoys
a surprising protection against inflammatory mediators.
The suppression of a P-selectin mediated adhesion path-
way may compromise normal leukocyte response under
physiological fluid shear conditions and early steps in tis-
sue and lesion repair.

I-CAM Upregulation

Endothelial ICAM-1 expression under both constitutive
and induced conditions is upregulated in SHR in splanchnic
organs but not necessarily in heart or skeletal muscle. Cir-
culating leukocytes adhere to and spread on endothelium
with ICAM-1 overexpression under conditions of reduced
fluid shear stress and thereby cause a selectin-independent
margination of leukocytes.

In contrast to the resistance to inflammation, the SHR is
more vulnerable than the WKY rat to hemorrhagic hypoten-
sion or acute ischemia and reperfusion (Cerwinka and
Granger, 2001). Enhanced numbers of activated leukocytes
trapped in the microcirculation during ischemia are associ-
ated with increased organ injury and reduced survival. Once
exposed to hemorrhagic shock, activated neutrophils in the
circulation are trapped in microvessels of the SHR and
expose the tissue to greater oxidative stress than in the WKY
rat. The SHRs display a greater extent of microvascular pro-
tein leakage upon ischemia-reperfusion than WKY.

Lymphocyte Apoptosis

The SHR has an atrophied thymus and suppressed
indices of immune function with extensive lymphocyte
apoptosis. Adrenalectomy in the SHR reduces apoptotic
death rates of lymphocytes in the thymus. Supplementation
with a glucocorticoid enhances the apoptosis in the thymus

and several other organs. The process may involve DNA
binding of the glucocorticoid receptor. Glucocorticoids dis-
rupt mitochondrial transmembrane potentials, deplete
nonoxidized glutathione levels, increase the production of
reactive oxygen species, elevate cytosolic free Ca2+ levels
and produce nuclear and cytoplasmic shape changes. There
is evidence for oxygen free radical involvement in early
apoptosis of dexamethasone-treated splenocytes and SHR
smooth muscle cells.

The Glucocorticoid Pathway in the Spontaneously
Hypertensive Rat

We have seen that several diverse microvascular defects
in the SHR model of hypertension depend on glucocorti-
coids. These defects include capillary apoptosis and
microvascular rarefaction, apoptosis of SHR thymocytes
and lymphocytes, impaired leukocyte-endothelial interac-
tion in post-capillary venules with central leukopenia,
enhanced levels of xanthine oxidase and reactive oxygen
species, and last not least increased blood pressure with ele-
vated arterial tone. Adrenalectomy serves to normalize the
blood pressure in the SHR and attenuates most of the
microvascular abnormalities encountered in the SHR while
supplementation with glucocorticoids restores the hyperten-
sive state. The response in the adrenalectomized WKY rats
at equal levels of glucocorticoids is significantly lower than
in the SHR. The SHR suffers from a greatly increased
response to adrenal glucocorticoids as well as mineralocor-
ticoids. There is currently no conclusive evidence that the
adult SHR has increased levels of glucocorticoids, although
it has in the mesentery microcirculation significantly ele-
vated density of glucocorticoid and mineralocorticoid recep-
tors. Glucocorticoids modulate phosphorylation of the
insulin receptor, and may be involved in the insulin resist-
ance of the SHR, forming one of the links between hyper-
tension and diabetes.

Conclusion

Hypertensives have a number of microvascular defects,
which are independent of the arterioles, and affect the capil-
lary and venular segment of the microcirculation, vessels
that are not exposed to elevated blood pressure. These
defects expose hypertensives to an enhanced risk for organ
injury. We still have little evidence to suggest that the arte-
rial blood pressure elevation per se induces vascular lesions
similar to those encountered in hypertension. It appears that
a co-factor exists that serves to enhance cell activation in the
circulation. In the SHR the glucocorticoid pathway may be
involved in production of reactive oxygen in endothelium,
apoptosis and capillary rarefaction, inhibition of leukocyte
adhesion to postcapillary venules, and suppression of the
glucose receptor. These are indications of a microvascular
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inflammatory response, which compared to that in nor-
motensives is blunted by the suppression of leukocyte
rolling and adhesion to the postcapillary venules. The
enhanced organ injury in hypertension may be associated
with microvascular apoptosis.
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tutive (PGHS-1: stomach, gut, kidney, platelets) and
inducible (PGHS-2: fibroblasts, macrophages) isoforms.
Synthesis involves a two-step conversion of arachidonic
acid. First, the enzyme oxidizes arachidonic acid to a cyclic
endoperoxide, prostaglandin-G2 (PGG2), by a cyclooxyge-
nase activity; then a peroxidase reduces the peroxide to a
hydroxide, yielding the endoperoxide, prostaglandin-H2
(PGH2).

Biochemically, PGHS-1 and -2 are very similar, with 60
percent sequence homology, identical reaction mechanisms,
superimposable x-ray crystal structures, and the same sub-
cellular localization at the endoplasmic reticulum and
nuclear membrane. However, PGHS isoforms function as
two independent prostaglandin synthesis systems utilizing
different cellular arachidonate pools in the same cell type,
and with very different patterns of expression control.

PGHS in Vascular Disease

In the vasculature, PGHS isoforms regulate vascular
homeostasis through generation of PGH2, the precursor for
prostacyclin (PGI2, endothelial) or thromboxane (TXA2,
platelets). PGHS is transiently activated in platelets or
endothelial cells by agonists, such as thrombin, collagen
(platelets), bradykinin, or acetylcholine (endothelium). Fol-
lowing this, the PGH2 is rapidly converted into PGI2 or
TXA2 by the CYP enzymes, prostacyclin synthase or throm-
boxane synthase, respectively. Platelet PGHS-1 is the pri-
mary source of plasma TXA2 in both healthy humans and
patients with vascular disease, whereas endothelial PGHS-2
is the major source of PGI2. These eicosanoids have oppos-
ing effects, with PGI2 being vasodilatory and an inhibitor of
platelet activation via elevating cAMP, and TXA2 causing
vasoconstriction and platelet activation (Figure 2).

Lipoxygenases, Prostaglandin H Synthases and
Cytochrome P450s in endothelium

Endothelial cells (ECs) express several enzymes that oxi-
dize unsaturated lipid to signaling mediators. These include
both constitutive and inducible isoforms of prostaglandin H
synthases (PGHS), lipoxygenases (LOX), and cytochrome
P450 (CYP), with the levels of expression and isoform type
being dependent on the tissue of origin and inflammatory
state of the cells. The healthy endothelium generates a num-
ber of oxidized lipid mediators including prostacyclin
(PGI2) and epoxyeicosatetraenoic acids (EET). Following
an inflammatory challenge, the properties of the endothe-
lium alter with a switch from generation of vasoprotective
mediators, to formation of factors that can potentiate the
inflammatory response, including cysteinyl leukotrienes and
hydroxyeicosatetraenoic acids (HETEs) (Figure 1). The pre-
dominant substrate utilized by all these pathways is arachi-
donate, hydrolyzed from the sn2 position of phospholipids
by phospholipase A2, in response to agonist activation. 
Following release, it undergoes enzymatic oxidation and
isomerization forming a complex variety of signaling medi-
ators that either are released to signal in adjacent cells or sig-
nal intracellularly in the endothelium itself. The following
sections will describe each signaling pathway focusing in
particular on their expression and function in the microvas-
cular endothelium and biological actions of their lipid prod-
ucts on EC themselves.

Prostaglandin H Synthases-1 and -2 in ECs

Enzymology of PGHS-1 and -2

Prostaglandins (PGs) are predominantly generated
through the action of PGHS, of which there are both consti-

Copyright © 2006, Elsevier Science (USA).
721 All rights reserved.
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The formation of PGHS-derived prostaglandins, includ-
ing TXA2, PGI2, and isoprostanes, is markedly elevated in
vascular disease. For example, urinary 8-epi-prostaglandin
F2a is increased 130 percent in hypercholesterolemia. Also,
isoprostanes are present in human atherosclerotic lesions
along with PGHS-1 and -2.

Endothelial Expression of PGHS Isoforms

It has long been considered that PGI2 is the main
prostanoid synthesized by ECs, and TXA2 the main
prostanoid from platelets. However, cultured human umbil-
ical vein endothelial cells (HUVECs) and lung microvascu-
lar and cerebral ECs express PGHS-1 constitutively, with
this enzyme being the major source of EC-derived PGH2
precursor for low-level TXA2 synthesis in HUVECs. Basal
expression of PGHS-2 is low or absent in most ECs, but 

following stimulation with a number of mediators 
[including laminar flow, HIV-infected monocytes, platelet-
derived TXA2, hypoxia, interleukin (IL)-1b, tumor necrosis
factor-a (TNFa), fibroblast growth factor, phorbol ester,
lipopolysaccharide (LPS) or vascular endothelial growth
factor (VEGF)], its upregulation through an immediate early
gene leads to generation of PGI2 and PGE2 in a number of
microvascular EC types (including human pulmonary, cere-
bral, and atherosclerotic). Interestingly, IL-1b induces PGI
synthase and PGE synthase in tandem with PGHS-2, but 
not TX synthase. It is therefore likely that the PGHS-2-
dependent generation of PGI2 in vivo in both healthy people
and patients with vascular disease requires continuous stim-
ulation of gene expression, for example by laminar flow or
proinflammatory cytokines. In contrast to HUVECs, PGHS-
2 is a significant source of TXA2 generated by human
microvascular endothelial cells, which can inhibit migration

Figure 1 Generation of bioactive eicosanoids by healthy and inflammatory-activated endothelium. Fol-
lowing its hydrolysis from the membrane by phospholipase A2 (PLA2), arachidonate is oxidized to prostacy-
clin (PGI2) or epoxyeicosatetraenoic acid (EET) by prostaglandin H synthase (PGHS). (see color insert)

Figure 2 Localization of PGHS isoforms in vascular cells. Platelets contain PGHS-1, which forms
prostaglandin H2 (PGH2) and is subsequently metabolized by thromboxane synthase (TXS) to thromboxane A2

(TXA2). Endothelial cells contain PGHS-1 and -2, both of which are responsible for providing PGH2 for PGI2

synthesis by PGI synthase. (see color insert)
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and angiogenesis in vitro. The in vivo importance of this is
unclear, however, since platelet PGHS-1 is the major source
of TXA2 in healthy people. PGHS-2 is also negatively reg-
ulated at the transcriptional level in ECs. For example,
aspirin, sodium salicylate, or nitric oxide inhibits IL-1b-,
phorbol-, or LPS-induced PGHS-2 expression in HUVECs
and bovine pulmonary artery endothelial cells.

Although PGHS-1 is expressed constitutively by a num-
ber of EC types, its expression is also controlled by tran-
scriptional regulation. For example, upregulation of PGI2
synthesis in intrapulmonary vessels rises markedly during
late fetal life, because of a developmental increase in PGHS-
1 expression that occurs via estrogen stimulation of the
estrogen receptor. This may also have implications for
PGHS-1 expression in pre- and postmenopausal women
where risk of vascular disease increases with decreased
estrogen levels, and estrogen replacement is associated with
decreased cardiovascular risk.

Regulation of EC Function by PGHS Products

Endothelial cell function is regulated in several ways
through PGHS signaling (Figure 3). In particular, recent
data have implicated the prostaglandin 15-deoxy-d(12,14)-
prostaglandin J2 (15d-PGJ2) in mediating multiple
responses through activating peroxisome proliferator–acti-
vated receptors (PPARs). These are members of the nuclear
receptor superfamily of transcription factors that are impor-
tant mediators of the inflammatory response. Through this
pathway, 15d-PGJ2 activation of endothelial PPARs inhibits
leukocyte–endothelial interactions, IFNg-induced expres-
sion of CXC chemokines, and TNF-induced oxidized LDL
receptor (LOX-1) and induces stress proteins including
heme oxygenase and plasminogen activator inhibitor type-1
(PAI-1) in a number of ECs (including brain microvascular).
15d-PGJ2 also signals in a PPAR-independent manner in
ECs, inducing apoptosis and synthesis of GSH and IL-8.

In addition to 15d-PGJ2, additional prostaglandins that
signal in ECs include PGE2, which induces expression of 
P-selectin, VEGF, and endothelial nitric oxide synthase
(eNOS) through activation of ERK/JNK2 signaling path-
ways, and PGD2, which can relax vessels through stimula-
tion of eNOS activity in bovine coronary arteries (Figure 3).

In summary, PGHS isoforms expressed in ECs regulate
normal vascular function and participate in the pathophysi-
ology of vascular disease. In addition, PGHS products gen-
erated by adjacent cells are important in regulating
numerous microvascular EC functions, including apoptosis,
integrin expression, and eNOS activity.

Lipoxygenases in ECs

Enzymology of Lipoxygenases

Lipoxygenases (LOX) are nonheme iron-containing
enzymes that catalyze arachidonate or linoleate oxidation to
form a series of lipid hydroperoxides. In mammalian cells,
several isoforms are known, named by their position of oxy-
gen insertion into arachidonate. Lipoxygenases contain a
single nonheme iron that alternates between Fe2+ and Fe3+

during catalysis. Resting enzyme predominantly exists as
the reduced form, requiring oxidation by hydroperoxides
before dioxygenation can occur.

Vascular and Endothelial Expression of 
LOX Isoforms

LOX enzymes are predominantly expressed by leuko-
cytes (5- and 15-LOX in humans, rabbits, 12/15-LOX in
mice, rats, pigs) and platelets (12-LOX). Under basal condi-
tions, ECs do not appear to express significant LOX protein.
However, increased protein expression of 5-LOX has been
reported in pulmonary artery ECs of patients with primary
pulmonary hypertension, in hypoxic rats, and in antigen-

Figure 3 Effects of PGHS products on endothelial cell function. A series of PGHS metabolites
have potent biological effects on endothelial cell function. PPAR, peroxisomal proliferator activating
receptor; HO, heme oxygenase; VEGF, vascular endothelial growth factor; 15d-PGJ2, 15-deoxy-d
(12,14)-prostaglandin J2; PAI-1, plasminogen activator inhibitor type-1. (see color insert)
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challenged mice. This suggests 5-LOX may be upregulated
in inflammatory-activated endothelium, although the mech-
anisms involved are unknown. Finally, although functional
5-LOX protein is not expressed in ECs, leukotrienes can be
generated by HUVECs and pig aortic ECs following in-
tercellular transfer of LOX products from associated 
granulocytes. It is unknown whether similar generation of
leukotrienes can occur in microvascular ECs following
granulocyte transfer of precursors.

Regulation of EC Function by LOX Products

LOX products stimulate a variety of EC functions. In
particular an important role for platelet 12-LOX expressed
by tumor cells in regulating ECs in cancer microvessels is
emerging since 12-LOX can stimulate proliferation, migra-
tion, and tube differentiation in vitro and angiogenesis in
vivo. In addition, 12-HETE upregulates expression of av b3
integrin on microvascular ECs, which is required for angio-
genesis of breast cancer, whereas biosynthesis of 12-HETE
by B16 melanoma cells is a determinant of their metastatic
potential. Finally, 12-HETE can stimulate monocyte
endothelial interactions following incubation of ECs with
high glucose or minimally oxidized low-density lipoprotein,
suggesting a role for LOX activation of EC in inflammatory
vascular disease (Figure 4).

In summary, expression of LOX in most EC is low or
absent under normal conditions. Upregulation in vivo fol-
lowing inflammatory challenge may result in generation of
low amounts of HETEs, but it is unclear whether this is of
biological significance. In contrast, generation of LOX
products by adjacent cells including leukocytes and tumor
cells is centrally involved in regulating microvascular EC
function under pathophysiological conditions.

CYP Enzymes in ECs

CYP enzymes are a ubiquitously expressed family of
heme enzymes that play central roles in xenobiotic metabo-

lism and lipid oxidation. CYP-dependent arachidonate oxi-
dation occurs through three pathways, allylic oxidation,
omega hydroxylation, and olefin epoxidation. These result
in a series of oxygenated metabolites, including epoxides
and fatty acid alcohols.

Nonhepatic cytochrome P450 arachidonate metabolites
act as intracellular signaling molecules in vascular tissue
(Figure 5). The major EC CYP isoforms are prostacyclin
synthase (PGI synthase) and thromboxane synthase (TXS),
which generate prostacyclin (PGI2) or thromboxane A2
(TXA2), respectively, from PGHS-derived PGH2 (described
earlier). Both enzymes are controlled through transcrip-
tional regulation, although the pathways are not well char-
acterized. For example, TXS is inducible in pig aortic ECs
by xenoreactive antibodies, whereas IL-1b elevates PGI
synthase in tandem with PGHS-2 in HUVECs.

Additional EC-derived CYP products include the epox-
ides, 11,12-epoxyeicosatetraenoic acid (EET) and 5,6-EET,
and dihydroxyeicosatrienoic acids (DHET). 11,12-EET is
avidly esterified into endothelial phospholipid pools and
mediates vascular relaxation, possibly accounting for a
component of endothelial-derived hyperpolarizing factor
(EDHF) activity. Preformed EETs in endothelial membranes
can influence vascular function by altering membrane char-
acteristics, ion transport, or lipid-dependent signaling path-
ways. For example, 5,6-EET mediates vasodilation by either
increasing nitric oxide production through stimulating Ca2+

influx into ECs, including rat cerebral microvessels, or by
directly activating smooth muscle Kca channels. A final
important vasoactive CYP product, 20-HETE is generated
by CYP 4A and promotes renal vasoconstriction. However,
this is generated by smooth muscle, rather than ECs.

Generation of Free Radical Species by 
PGHS or LOX and CYP

Lipid peroxidation enzymes generate free radical inter-
mediates during catalysis. For example, both PGHS and
LOX form enzyme-bound lipid alkyl (L•) and peroxyl

Figure 4 Signaling properties of 12-HETE in endothelial cells. The LOX product 12-HETE
induces multiple biological effects in endothelium. (see color insert)
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(LOO•) radicals that are ultimately converted into hydroper-
oxides (LOOH) before release from the active site. At low
O2 tension, a small proportion of lipid radicals (up to 10%)
escape the active site. These react with O2 at diffusion-
controlled rates to form free LOO•, which can then propa-
gate secondary nonenzymatic lipid peroxidation. During
this, a proportion of racemic products is formed. This reac-
tion may be a significant source of LOOH in late athero-
sclerosis where lipid peroxidation product specificity is lost.

Although they do not directly bind or activate O2, PGHS
and LOX can generate O2

•- through secondary side reac-
tions involving oxidation of certain peroxidase substrates. In
these reactions, substrates including NAD(P)H and GSH are
oxidized to radicals [i.e., NAD(P)• and GS•, respectively]
that can ultimately react with O2 either directly, or indirectly
forming O2

•-. To date, these reactions have only been
observed using purified enzyme and it is unknown whether
they contribute to free radical levels in intact cells or tissue.
Finally, it has been suggested that CYP2C9 is a significant
source of reactive oxygen species in porcine coronary arter-
ies that may play a role in regulating vascular tone.

Regulation of PGHS, LOX, and CYP by 
Reactive Oxygen and Nitrogen Species

Lipid oxidation enzymes are regulated in several ways
through the action of reactive oxygen and nitrogen species.
In general, enzyme turnover is activated by oxidation [e.g.,
for LOX or PGHS by LOOH, H2O2, or peroxynitrite
(ONOO-)] and inhibited by reduction (e.g., nordihy-
droguairetic acid and baicalein as LOX inhibitors, or
removal of LOOH or H2O2 by glutathione peroxidase or
catalase-dependent reduction).

Nitric oxide (NO) inhibits LOX turnover through scav-
enging the enzyme-bound LOO•, but exerts no direct effect
on PGHS turnover in vitro. The lack of effect on PGHS
turnover is intriguing since NO can interact with this enzyme

in multiple ways including scavenging of the catalytic tyro-
syl radical and acting as a reducing peroxidase substrate. In
contrast to its lack of effect on purified PGHS, NO has mul-
tiple and often contradictory effects on PGHS expression
and activity in intact cells. In several systems (including
purified recombinant COX-2, intact platelets, endothelial
cells, RAW-264.7 cells, an ex vivo model of renal inflam-
mation, and following in vivo administration of •NO donors
to rats), •NO highly stimulates PG production. However,
other investigators have found •NO either to be inhibitory
towards PGHS, or to have no effect on either PGHS activity
(platelets) or LPS-induced expression in RAW-264.7 cells.
In some cell types however (rat microglial cells and peri-
toneal macrophages), •NO suppresses LPS-induced COX-2
expression, resulting in apparent enzyme inhibition. Finally,
•NO inhibits CYP through formation of an iron–nitrosyl
complex, and perhaps additional uncharacterized mecha-
nisms. In rat renal microvessels, this attenuates EET-depend-
ent dilation, but conversely inhibits 20-HETE-dependent
vasoconstriction through inhibition of CYP4A.

Conclusions

Oxidized lipid mediators generated by PGHS, LOX, or
CYP are of central importance in the normal physiology of
the endothelium, with their aberrant generation playing a
major role in the pathogenesis of inflammatory vascular dis-
ease. In addition, these enzymes generate a small amount of
lipid radicals that may propagate nonenzymatic lipid perox-
idation, a hallmark of atherosclerotic lesions. Although
much is known regarding function and control of these path-
ways in ECs (especially PGHS and LOX), others, especially
the CYP enzymes, are less studied. Studying the biological
roles and signaling pathways of CYP in EC is becoming 
a major focus of research in vascular biology and will
undoubtedly lead to a fuller understanding of their roles 
in both normal homeostasis and vascular pathophysiology.

Figure 5 Localization of CYP isoforms in vascular tissue. Endothelium contains a number of CYP enzymes
that generate bioactive lipid products. An additional important isoform is CYP4A, in smooth muscle that 
generates 20-HETE. TXS, thromboxane synthase; EET, epoxyeicosatetraenoic acid; DHET, dihydroxyeicosate-
traenoic acid. (see color insert)
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Finally, although much is known regarding the biological
chemistry and cell biology of these pathways, their relative
importance in vessels of different origin is not clear. In par-
ticular, the role of PGHS, LOX, or CYP in control of vascu-
lar tone through regulating vascular function in large
vessels, resistance vessels, and capillary beds may vary
tremendously. Elucidation of tissue-specific functions and
control mechanisms for lipid oxidation pathways in sub-
types of EC is becoming an area of active and fruitful inves-
tigation that will yield major insights into their role in
regulating vascular biology in health and disease.

Glossary

Lipoxygenases: Lipid oxidizing enzymes that play important roles in
vascular function and immune regulation. There are several mammalian
isoforms, with one in particular (12/15-lipoxygenase) being involved 
in vascular dysfunction associated with hypertension, diabetes, and 
atherogenesis.

Nitric oxide: Free radical signaling molecule generated by oxidation
of L-arginine by nitric oxide synthases (NOS), which causes smooth mus-
cle relaxation and inhibits platelet and leukocyte activation.

Prostaglandin H synthases: Lipid oxidizing enzymes that generate
prostaglandins, signaling mediators that regulate vessel tone (e.g., prosta-
cyclin) and platelet aggregation (e.g., thromboxane).
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Converting Membrane Components into 
Signaling Molecules

Introduction

Upon cell stimulation, arachidonic acid is released from
the plasma membrane through the activation of phospholi-
pase A2 (PLA2). Further metabolism of arachidonic acid,
and the eventual composition of resulting eicosanoids,
depends upon the availability of enzymes responsible for
arachidonic acid metabolism within a specific cell. These
enzymes may be classified into three major groups, includ-
ing the cyclooxygenases, lipoxygenases, and P450-
monooxygenases (Figure 1).

The products of arachidonic acid metabolism exert a vast
range of downstream effects on cell signaling pathways. The
primary mode of eicosanoid action is through specific G
protein—coupled receptors. In the highly complex network
of cell signaling, these mediators influence many different
systems, including those governing cell proliferation and
differentiation (e.g., MAP kinase and PPARs), cytoskeletal
dynamics (e.g., Rho GTPases), apoptosis (e.g., Akt and
PI3K), ion transport (e.g., Ca2+ channels), and many others.
Some of the eicosanoid downstream signaling pathways,
such as those involved in inflammation, have been exten-
sively studied. Others, such as the effects of metabolic path-
ways mediated by different cyclooxygenase isoforms, have
only recently come under intense scrutiny.

The Cyclooxygenase Pathway

Prostaglandins and thromboxanes are bioactive sub-
stances that result from the metabolism of arachidonic acid
by cyclooxygenases. These molecules are produced by most
cells in the body and act as autocrine and paracrine media-
tors of a diverse range of cell functions, including pain 

Introduction: History and Definitions

Eicosanoids (from the Greek eicosa, “twenty”) are a
large family of inter- and intracellular signaling molecules
derived from arachidonic acid, a fourfold unsaturated C20
fatty acid sequestered in membrane phospholipids.
Eicosanoid production is tightly controlled by mediators 
of membrane lipid mobilization, and by the cellular con-
centrations and activities of the enzymes involved in 
their metabolism. Eicosanoids are capable of mediating a
great variety of cellular functions, including processes as
seemingly diverse as vascular contractility, inflammatory
response, protection of the gastric mucosa, and renal func-
tion. Eicosanoids are rapid responders to external stimuli,
and in keeping with this role, they are not stored within the
cell, but are rapidly synthesized and then quickly degraded
as a result of spontaneous hydrolysis or enzyme-mediated
inactivation.

The first eicosanoids identified were members of a cate-
gory known as prostaglandins. Prostaglandins were discov-
ered in the 1930s when a reproductive physiologist, von
Euler, observed that a substance in human semen induced
contraction of uterine smooth muscle. Because he assumed
that the active agent was produced by the prostate gland, 
he named this substance “prostaglandin.” Members of the
leukotriene family were first identified in the early 1940s as
a result of their effects as mediators of anaphylaxis. In 1969,
Piper and Vane showed that aspirin inhibited vasoactive
substances produced by rabbit aorta, and in 1971, Vane dis-
covered that prostaglandins were the target of nonsteroidal
anti-inflammatory drug (NSAID) activity. Samuelsson iden-
tified thromboxanes as distinct products in 1979. In the lat-
ter half of the 20th century, the recognition of eicosanoids as
important mediators of both normal and pathologic physio-
logical responses has added a wealth of data to this increas-
ingly complex field.

Copyright © 2006, Elsevier Science (USA).
727 All rights reserved.
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generation, vasomotor tone, vascular permeability, febrile
response, and uterine contractility. Stimulation of the cell by
growth factors, cytokines, or mechanical trauma leads to
mobilization of arachidonic acid from the phospholipid
membrane, followed by cyclooxygenase-mediated conver-
sion of arachidonic acid to a short-lived intermediate,
prostaglandin H2 (PGH2). This molecule is then modified 
by specific enzymes to produce a variety of bioactive sub-
stances (Table I) that share a similar chemical structure
(Figure 2). Cell-specific expression of arachidonic metabo-
lites exists as a result of differential expression of both
downstream metabolizing enzymes and receptor isoforms.
For example, epithelial cells contain prostaglandin syn-
thetase, leading to the production of prostaglandin E2
(PGE2), platelets contain thromboxane synthetase and there-
fore produce thromboxane A2 (TxA2), and endothelial cells
produce prostaglandin I2 (PGI2), also known as prostacy-
clin, through the activity of prostacyclin synthase. There are
at least nine known prostaglandin receptor forms, conveying
an additional level of tissue specificity to prostaglandin-
mediated activities. Four of the receptor subtypes bind PGE2
(EP1-EP4), two bind PDG2 (DP1, DP2), and separate recep-

tors bind PGF2a (FP), PGI2 (IP) and TxA2 (TP). These
receptors are transmembrane G protein—coupled proteins
linked to a number of different signaling pathways. In com-
plex tissues, receptors for a wide variety of prostaglandins
are present on the surface of various components, such as
epithelial cells, stromal fibroblasts, stromal endothelial
cells, and inflammatory cells.

Until 1991, only one form of cyclooxygenase was recog-
nized. This family of enzymes is now known to contain at
least two forms, each with distinct roles in tissue regulation
(Table II). Cyclooxygenase-1 (Cox-1) is constitutively
expressed in the gastrointestinal mucosa, kidneys, platelets,
and vascular endothelium and is responsible for mainte-
nance of normal physiologic function of these tissues.
Cyclooxygenase-2 (Cox-2) was identified in the early 1990s
as a distinct enzyme associated primarily with inflamma-
tion. Cox-2 is the product of an intermediate-early response
gene whose tissue expression is increased 20-fold in re-
sponse to growth factors, cytokines, and tumor promoters.
Cox-2 is not found in significant quantities in the absence of
stimulation, which explains why it remained undetected as a
distinct molecule for 20 years.

The Lipoxygenase Pathway

Lipoxygenases convert arachidonic, linoleic, and other
polyunsaturated fatty acids into biologically active
hydroperoxy derivatives that modulate cell signaling. In
mammals, lipoxygenases are classified according to their
positional specificity for fatty acid oxygenation, and are
therefore designated as 5-, 8-, 12-, or 15-lipoxygenase. The
12- and 15-lipoxygenases are further differentiated accord-
ing to whether they are derived from platelets (12-S-LOX),
epidermis (12-R-LOX and 15-LOX-2), or reticulocytes 
(12-LOX-1).

The physiologic effects of lipoxygenase metabolites have
not been characterized as extensively as those produced by
cyclooxygenase activity. The 5-, 8-, and 12-LOX isoforms
result in production of hydroxyeicosatetraenoic acids
(HETEs), including 5-S-HETE, LTB4, 8-S-HETE, and 12-
HETE (Figure 3). In general, these metabolites increase 
cell proliferation, contribute to inflammatory changes, and

Plasma membrane phospholipids

Phospholipase A2

Cyclooxygenases Lipoxygenases P450-Monooxygenases

Epoxy-eicosanoids
Hydroxy-eicosanoids

HETEs,
leukotrienesProstaglandins

Thromboxanes

Arachidonic acid

Figure 1 Arachidonic acid metabolic pathways. (see color insert)

Cyclooxygenases

Arachidonic acid

PGH2

PGD2 PGI2

PGE2
TxA2

PGF2a

Figure 2 Tissue-specific products of cyclooxygenase activity. (see
color insert)

Table I Physiologic Activities of Products of
Cyclooxygenase Activity.

PGE2 Vasodilatation, bronchodilatation, inhibition of gastric acid
secretion, gastric mucosal protection, hyperalgesia, pyrexia,
increased uterine contractility

PGD2 Vasodilatation, regulation of renal blood flow, pulmonary
artery constriction, bronchoconstriction

PGF2a Pulmonary artery constriction, bronchoconstriction, increased 
uterine contractility

PGI2 Vasodilatation, inhibition of platelet aggregation

TxA2 Vasoconstriction, bronchoconstriction, promotion of platelet 
aggregation, increased membrane permeability, neutrophil
activation
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promote angiogenesis. The 15-LOX isoenzymes (15-LOX-
1, 15-LOX-2) convert arachidonic acid to 15-S-HETE and
linoleic acid to 13-S-hydroxy-9,11-octadecadienoic acid
(13-S-HODE). These substances may have effects opposite
to those of the 5-, 8-, and 12-LOX, as they induce epithelial
cell differentiation and promote both growth inhibition and
cell apoptosis.

Leukotrienes are a family of paracrine mediators derived
from oxidative metabolism of arachidonic acid by 5-LOX.
Leukotriene B4 (LTB4) is a powerful chemoattractant,
responsible for the recruitment of leukocytes to sites of
inflammation. 5-LOX is found primarily in inflam-
matory cells, such as granulocytes, monocytes, and mast
cells. Leukotriene receptors include B-LT1, a high-affinity
receptor present on leukocytes, and B-LT2, a moderate-
affinity receptor that has widespread tissue distribution. 
A cysteinyl leukotriene receptor, CysLT1, is found on
smooth muscle cells of the bronchioles and on vascular
endothelial cells.

Products of P450 Monooxygenases

Cytochrome (CYP) P450s are a large family of enzymes
present in virtually all mammalian tissues. These enzymes
have a variety of roles and have been most extensively stud-
ied for their ability to metabolize various exogenous sub-
stances such as xenobiotics, as well as a vast variety of
drugs. A number of CYP P450s employ arachidonic acid
and other fatty acids as substrates, resulting in the genera-
tion of eicosanoids. The only fatty acid—utilizing CYP to be

extensively studied is the CYP4A subfamily. The CYP4A
epoxygenase metabolizes arachidonic acid and linoleic acid
to a set of compounds known as epoxyeicosatrienoic acids
(EETs). The EETs are further metabolized by CYP4A to 19-
and 20-hydroxylepoxyeicosatrienoic acids (HEETs). These
mediators are vasodilators and modulators of intracellular
Ca2+, Na+, and K+ transport.

Keeping the Balance: Implications for
Health and Disease

Vascular Effects

REGULATION OF BLOOD FLOW

Because of their ability to modulate the balance between
vasoconstriction and vasodilatation, eicosanoids provide a
highly responsive mechanism for regulating organ and tis-
sue blood flow. An excellent example of this is the effect of
PGE2 on the ductus arteriosus. Fetuses have high circulating
levels of PGE2, and in the 1970s, experiments on fetal lambs
showed that the vasodilatatory effects of PGE2 are responsi-
ble for the maintenance of ductus arteriosus patency in
utero. After birth, PGE2 levels decrease dramatically, a
response associated with closure of the ductus arteriosus and
establishment of postnatal patterns of pulmonary artery
blood flow. Because they inhibit PGE2 production, NSAIDs
such as indomethacin are used to induce ductus closure in
low-birth-weight infants who have persistent patency of the
ductus arteriosus. Conversely, the synthetic agent, PGE1, is
administered to infants when maintenance of a patent ductus
arteriosus is beneficial. This situation occurs in newborns
with cardiopulmonary anomalies whose systemic or pul-
monary blood flow depends upon shunting between the
aorta and the pulmonary artery.

ANGIOGENESIS

Angiogenesis is a process whereby new blood vessels are
created in response to inducible stimuli. This feature of the
microvasculature occurs in a variety of settings, both physi-
ologic and pathologic, including chronic inflammation,
embryogenesis, parturition, and tumorigenesis. Products of
cyclooxygenase activity, including TxA2, PGE2, and PGI2,
directly stimulate endothelial cell migration and angiogene-
sis in vivo and may result in increased endothelial cell sur-
vival. In addition, the product of 12-LOX, 12-S-HETE,

15-LOX-2 12-S-LOX 12-R-LOX 8-LOX 5-LOX

Arachidonic Acid

15-LOX-1

Linoleic Acid

5-S-HETE

Increased cell proliferation, promotion of tissue
angiogenesis, suppression of tumor apoptosis, 
chemoattraction of inflammatory cells and 
potentiation of inflammatory response

13-S-HODE

Decreased cell proliferation,
increased differentiation,
promotion of apoptosis, 
attenuation of inflammatory 
response

15-S-HETE LTB48-S-HETE12-R-HETE12-S-HETE

Figure 3 Products of lipoxygenase metabolism. (see color insert)

Table II Cyclooxygenases.

Constitutive expression Inducible expression Effects Inhibited by

Cox-1 Gastric epithelium, platelets Rare or none under physiological Pain, platelet activation, Most NSAIDs, including aspirin; with
conditions protection of gastric minimal or no inhibition by Cox-2

mucosa selective agents

Cox-2 Kidney, brain Induced in most tissues by growth Pain, inflammation, fever, Most NSAIDs
factors, inflammatory cytokines, angiogenesis,
neurotransmitters, oxidative stress tumorigenesis
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possesses activities contributing to angiogenesis, as it mod-
ulates both endothelial cell adhesion and motility. In in vivo
studies, selective Cox-2 inhibitors effectively suppressed
formation of new blood vessels in response to basic fibro-
blast growth factor. In in vitro model systems employing
coculture of endothelial cells with epithelial tumors,
cyclooxygenase inhibition reduced production of pro-
staglandins and proangiogenic factors and inhibited both
endothelial cell migration and in vitro angiogenesis. Related
data also suggested that NSAIDs have antiangiogenic prop-
erties that are independent of cyclooxygenase inhibition. As
a result, NSAIDs are currently under study as both chemo-
preventive and cancer therapeutic agents.

RENAL FUNCTION

In the kidney, eicosanoids are important regulators of
blood flow and glomerular filtration rate. Consistent with
this, the predominant eicosanoids produced in the kidney 
are PGE2, PGI2, and TxA2. As a component of the body’s
response to stress, the synthesis of eicosanoids by renal
parenchyma and endothelial cells is increased in response to
vasoconstrictive stimuli such as angiotensin, vasopressin, or
catecholamines. PGE2 causes vasodilatation of the renal
vasculature, and production of PGE2 in the kidney is an
important compensatory response in patients with shock,
congestive heart failure, or ureteral obstruction. Administra-
tion of NSAIDs to patients with these conditions reduces
prostaglandin production and is frequently associated with
impairment of renal function. This failure is not associated
with structural damage to the renal parenchyma and is
reversible when the drugs are discontinued. In normal indi-
viduals, NSAIDs only rarely cause changes in renal blood
flow or glomerular filtration rate.

HEMOSTASIS AND COAGULATION

When the endothelium is injured, the resulting exposure
of collagen and thrombin lead to platelet activation and
adhesion to the site of injury. Following adhesion, a number
of active substances are released by platelets, including
TxA2. TxA2 contributes to hemostasis by causing local
vasoconstriction, enhancing platelet aggregation, and 
mediating further release of TxA2 from platelets. Although
beneficial following trauma, the vasoconstrictive and
platelet-aggregating effects of TxA2 are highly detrimental
in the setting of atheromatous narrowing of coronary 
and cerebral arteries. NSAIDs, because of their ability 
to inhibit Cox-1, decrease TxA2 synthesis and reduce
platelet function. As a result, NSAIDs, particularly aspirin,
are beneficial preventive agents for patients at high risk 
of coronary artery and cerebral vascular disease. An
overview of randomized trials of aspirin for the prevention
of occlusive vascular disease concluded that 81 to 325mg 
of aspirin daily provided protection against myocardial
infarction, stroke, and death due to cardiovascular disease.
This benefit was achieved at a small risk of increased hem-
orrhage and gastrointestinal tract ulceration due to long-
term aspirin use.

Inflammation

The tissue response to inflammation is characterized by
vasodilatation, increased vascular permeability, and early
neutrophil accumulation. This response is largely produced
by the local activity of eicosanoids that are produced by
both damaged tissues and inflammatory cells. Cellular
release of PGI2 and PGE2 causes vasodilatation, and TxA2,
leukotrienes, and histamine all increase vascular permeabil-
ity. PGE2, together with histamine and bradykinin, produces
pain at the site of inflammation. Neutrophil chemoattraction
and activation are caused by TxA2 and LTB4, as well as by
complement activation. LTB4 stimulates the synthesis and
release of inflammatory cytokines, such as tumor necrosis
factor and IL-1, thereby potentiating the inflammatory
response.

By virtue of their ability to inhibit prostaglandin, throm-
boxane, and leukotriene synthesis, NSAIDs markedly 
attenuate the inflammatory process. As a result, naturally
occurring salicylates have been used for centuries to treat
pain and fever. The term “nonsteroidal anti-inflammatory
drug” was coined by rheumatologists in 1949 to distinguish
the activity of phenylbutazone from that of glucocorticoids,
whose anti-inflammatory properties in the treatment of
arthritis had recently been identified. This term came to
apply to all “aspirin-like drugs” that were used clinically as
antipyretics, analgesics, and anti-inflammatory agents.
Recently, Cox-2 has been identified as the inducible isoen-
zyme responsible for inflammation. Because the beneficial
effects of NSAIDs on the gastric mucosa and kidney are
mediated by Cox-1, selective Cox-2 inhibitors were devel-
oped to minimize the side effects of NSAIDs while preserv-
ing their anti-inflammatory efficacy.

Protection of the Gastroduodenal Mucosa

Prostaglandins produced by constitutive activity of Cox-
1 in the upper gastrointestinal tract exert important protec-
tive effects in gastroduodenal tissue. In the harsh chemical
environment of the stomach and duodenum, prostaglandins
are responsible for protection of the mucosa through pro-
motion of mucus production, bicarbonate secretion, and
mucosal blood flow. PGE2 also inhibits both basal and stim-
ulated gastric acid release. This effect may be particularly
important in individuals with duodenal ulcer disease.

The use of nonselective NSAIDs (i.e., NSAIDs able to
inhibit both Cox-1 and Cox-2) can produce damage to the
mucosa of the stomach and duodenum and increase the
complication rate of preexisting peptic ulcers. Some degree
of gastrointestinal upset is present in approximately 30 per-
cent of patients using nonselective NSAIDs on a regular
basis. In addition, endoscopic surveillance of patients using
NSAIDs regularly demonstrates a 20 percent prevalence 
of gastric ulceration, often not associated with dyspepsia.
Patients with a prior history of gastroduodenal ulcers are at
particular risk for serious complications, including upper
gastrointestinal hemorrhage and perforation. Because of
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their specificity for the inducible isoenzyme, selective Cox-
2 inhibitors have a significantly reduced incidence of both
minor and severe gastrointestinal side effects.

Regulation of Reproductive Function

The eicosanoids, particularly prostaglandin family mem-
bers, are regulators of many aspects of the reproductive
process. PGE2 stimulates LHRH secretion and may also
directly stimulate ovarian follicle maturation. PGE2 also
promotes both ejaculation and implantation of the embryo in
the uterine wall. PGE2 and PGF2a from seminal fluid pro-
mote fertility by enhancing transport of sperm into the fal-
lopian tube. Eicosanoids also regulate gestational length and
parturition. Levels of PGE2, PGF2a, and LTB4 are elevated
in the maternal circulation prior to the onset of spontaneous
labor, and exogenous administration of PGE2 or PGF2a
induces softening of the cervix and uterine contractions in
both full-term and preterm labor. Although their use in preg-
nancy is somewhat controversial, both PGE2 and the syn-
thetic prostaglandin misoprostol (PGE1) have been used
successfully for induction of labor.

Role in Ischemia—Reperfusion Injury

Eicosanoids are important mediators of the harmful con-
sequences of tissue ischemia and reperfusion. Although
decreased tissue perfusion causes compensatory increases in
PGI2 levels, ischemia also stimulates thromboxane synthesis
and release. Upon reestablishment of blood flow to an
ischemic organ, the ratio of TxA2 to PGI2 is increased, 
producing a net vasoconstrictive effect. Together with
lipoxygenase metabolites produced during ischemia, TxA2
activates neutrophils, which become sequestered in the
ischemic organ and the lung. The products of neutrophil
activation include locally destructive proteases and reactive
oxygen species, as well as inflammatory cytokines that con-
tribute to increased capillary permeability and edema. As a
result, tissue injury and decreased capacity for oxygenation
occur both in the ischemic organ and at the diffusional sur-
faces of the lung. Leukotrienes produced as a result of
myocardial ischemia can be particularly damaging upon
restoration of coronary blood flow, as these agents may 
have negative inotropic and arrhythmogenic effects. There
is no one pharmacologic agent able to counteract the 
harmful effects of ischemia—reperfusion injury. Once 
tissue perfusion has been reestablished, pharmacological
therapy focuses upon limiting leukocyte activation and the
resulting tissue damage. For example, vasodilatation can be
promoted by nitrates, calcium channel blockers will limit
neutrophil superoxide formation and release, and
angiotensin-converting enzyme inhibitors can prevent
leukocyte adhesion.

Eicosanoids and Tumorigenesis

In 1968, Williams recognized that tumors contained
increased levels of prostaglandins compared to adjacent

normal tissue. Since that time, data from a wide array of 
studies suggest that prostaglandins stimulate tumorigenesis.
By-products of eicosanoid production include a number 
of potentially genotoxic substances, including organic free
radicals, peroxides, and activated oxygen species. These
substances are suspected to play a role in every stage of 
carcinogenesis, including activation of environmental car-
cinogens, direct DNA damage, stimulation of proliferation,
inhibition of apoptosis, suppression of antitumor immunity,
and stimulation of metastasis.

The cellular processes responsible for eicosanoid-
mediated tumorigenesis are incompletely understood. There
are numerous clinical associations and experimental links
between inflammation and epithelial cancers. Inflammatory
bowel disease, burn injuries, chronic ulcers, and long-
standing cirrhosis examples of conditions that carry a cancer
risk proportional to their duration in an individual. Initiation
of the inflammatory response activates intracellular signaling
cascades that govern cell proliferation and motility. When
this condition becomes chronic, it provides a setting for
selection of cells with other defects in growth control, even-
tually producing a clone of cells with a malignant phenotype.
Recently, it was recognized that abnormal cell proliferation
in a terminally differentiated epithelial cell population leads
to progressive telomere shortening, resulting eventually in
anaphase bridging, chromosomal instability, “telomere 
crisis,” and the emergence of cells with unlimited prolifera-
tive potential due to reactivation of telomerase.

An interesting new observation in the field of eicosanoid
biology comes from study of the peroxisome proliferated-
activated receptor (PPAR) transcription factors. These
receptors were initially cloned as a family of orphan recep-
tors, but are now known to interact with a wide variety of
ligands, including hypolipidemic drugs and the eicosanoids
8-S-HETE, LTB4, and prostaglandins of the J series. In this
capacity, certain eicosanoids resemble steroid and thyroid
hormones. Cell culture data also suggests that PPARs may
be a target of NSAID activity, although in vivo data con-
firming this have yet to be reported.

The antitumor effects of NSAIDs have been examined in
both animal models and human clinical trials. Many anti-
tumor effects have been ascribed to NSAID-mediated inhi-
bition of cyclooxygenase activity. In particular, upregulation
of Cox-2 may be a key component of epithelial tumorigen-
esis, and its suppression the main factor associated with the
antitumor activity of NSAIDs. Tissue-selective overexpres-
sion of Cox-2 by promoter-specific targeting of murine
epithelial cells induced tumorigenesis. In an animal model
of FAP, intestinal tumor formation was dramatically
decreased by either genetic deletion of Cox-2 or its inhibi-
tion by a Cox-2 specific NSAID. Recent studies in human
tumor xenografts that constitutively expressed both Cox-1
and Cox-2 showed that selective inhibition of Cox-2
decreased intratumoral PGE2 and reduced tumor growth.
This result was also achieved by specifically inhibiting
PGE2 with a neutralizing antibody, but not by selective inhi-
bition of Cox-1 with a new NSAID, SC-560.
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In addition to enhanced expression in tumors, Cox-2 and
PGE2 are also increased in fibroblasts and endothelial cells
associated with intestinal tumors. Disruption of the PGE2
receptor, EP2, in Apc-mutant mice produces tumor suppres-
sion, an effect primarily due to a positive feedback mecha-
nism for Cox-2 expression by PGE2 in adenoma stromal
cells. Cox-2 is highly expressed in tumor-associated
endothelial cells, and PGE2 supports angiogenesis in human
tumors. These observations led to the hypothesis that Cox-2
upregulation supports tumor angiogenesis, and that NSAIDs
are antiangiogenic because of their ability to suppress
cyclooxygenase activity. This concept is supported by data
showing that selective Cox-2 inhibitors suppress angiogen-
esis in the FGF-rat corneal micropocket assay.

Lipoxygenase metabolites may also play a role in tumor
formation. Because they promote cell proliferation and
angiogenesis and suppress tumor cell apoptosis, the 5-, 8-,
and 12-LOX isoforms are characterized as “tumorigenic,”
whereas the opposite effects of 15-LOX suggest that this
enzyme may inhibit tumor formation. In support of this
characterization, human epithelial tumors exhibit decreased
levels of 15-LOX compared to normal tissues, and in vitro
treatment of colorectal cancer cells with NSAIDs increased
levels of 15-LOX, augmented tumor apoptosis, and
decreased cell growth. This effect appeared to be a direct
effect of NSAIDs on 15-LOX expression rather than a shift
of substrate from cyclooxygenase to lipoxygenase metabolic
pathways.

Activity and Specificity of Inhibitors of 
Arachidonic Acid Metabolism

NSAIDs

Because cyclooxygenases are the main target of NSAID
therapy, the role of cyclooxygenase-derived lipid mediators
has been widely studied. Inhibition of cyclooxygenase leads
to a decrease in the production of all prostaglandins and
thromboxanes, and this accounts for the observed effects of
NSAIDs as anti-inflammatory, antipyretic, analgesic, and
antithrombotic agents. It also explains their gastrointestinal
and renal side effects. Enormous effort has been expended
to develop NSAIDs whose specificity of action will enhance
the benefits of eicosanoid inhibition yet minimize the harm-
ful effects on gastric mucosa and renal vasculature. The dis-
covery of Cox-2 and its role in inflammation but not gastric
protection led not only to the development of specific
inhibitors of Cox-2, but also to studies examining the differ-
ential effects of existing NSAIDs upon the cyclooxygenase
isoforms.

Aspirin is currently the only NSAID that covalently
modifies cyclooxygenase. Aspirin has greater inhibitory
activity against Cox-1 than against Cox-2, and this explains
its antiplatelet and cardiovascular effects, as well as its ten-
dency to produce ulceration of gastric mucosa. Cyclooxyge-
nase blockade by the other known NSAIDs occurs as a

result of reversible binding of the drug to the cyclooxyge-
nase molecule. The kinetics of NSAID—cyclooxygenase
interactions are quite complex, with both competitive and
time-dependent elements. This, together with the complex-
ity of prostaglandin biology in vivo, makes it difficult to
compare the Cox-1/Cox-2 selectivity of different NSAIDs.
Depending upon dosage, cell type, and assay conditions,
every NSAID exhibits some degree of inhibition of both
Cox-1 and Cox-2. In general, however, most NSAIDs, such
as aspirin, indomethacin, and piroxicam, are relatively non-
specific. A few, such as meloxicam, have some degree of
increased specificity for Cox-2. A new class of NSAIDs, the
selective Cox-2 inhibitors, include NS398, celecoxib, and
rofecoxib. These agents are strong inhibitors of Cox-2 with
minimal effect on Cox-1.

Leukotriene Modifiers

Leukotrienes, through their ability to modulate leuko-
cyte—endothelial cell interactions, are thought to mediate
NSAID-associated gastric mucosal damage. Leukotrienes
are also potent vasoconstrictors and inducers of bron-
chospasm in susceptible individuals. The enzyme responsi-
ble for leukotriene synthesis, 5-LOX, is expressed only in a
limited repertoire of cells, mostly leukocytes. Leukotriene
receptors, however, are widely distributed among smooth
muscle cells of the vasculature and respiratory tract.
Leukotriene modifiers, such as zileuton and montelukast,
are 5-LOX inhibitors used clinically for asthma therapy. For
unknown reasons, these agents are particularly useful for
exercise-induced and aspirin-intolerant asthma.

Combination Agents

A promising therapeutic approach to minimize the gastric
side effects of aspirin while providing antithrombotic 
therapy is to concurrently suppress the activities of both
cyclooxygenase and 5-LOX enzymes. Based upon the activ-
ity profiles of cyclooxygenase and 5-LOX products, these
agents would be clinically useful in a wide variety of dis-
eases, including inflammatory states, cancer prevention, and
cardiovascular disorders. Several of these dual inhibitors of
prostaglandin and leukotriene synthesis have been devel-
oped. A few of these, including the agent licofelone, are
under evaluation in Phase III clinical trials for the treatment
of osteoarthritis.

Conclusion

Studies of eicosanoid biology have provided great insight
into normal physiology and the pathogenesis of disease. The
rapidly responsive, tissue-localized nature of eicosanoid
activities make them ideal targets for therapeutic interven-
tion, and it is therefore easy to see why modulators of
eicosanoid synthesis, such as aspirin, are among the oldest
known therapeutics. Because eicosanoids play central roles
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in a wide range of disease states, inhibitors of eicosanoid
synthesis can achieve a broad spectrum of activity. This is
clearly demonstrated by the use of NSAIDs for conditions
as diverse as pain relief, prevention of cardiovascular dis-
ease, and inhibition of tumor formation. In the future, the
development of specific agonists and antagonists for
eicosanoid receptors will yield further insight into the rele-
vance of various pathways to disease states and provide
new, more specific avenues for therapy.
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Nitric Oxide Induces Microcirculatory Dysfunction

Inducible Nitric Oxide Synthase Mediates
Microvascular Dysfunction

A consensus has slowly emerged that organ failure and
mortality from sepsis arise from injury and disordered cir-
culatory homeostasis and hyperdynamic states. Hypoxemia
and hypotension unresponsive to pharmacologic interven-
tion are commonly present during sepsis. Despite the 
presence of enhanced oxygen delivery associated with
hyperdynamic states, defects in oxygen extraction and tissue
oxygen utilization produce lactic acidosis, strongly suggest-
ing that a microcirculatory dysfunction is present. Cumula-
tive research indicates that all anatomic compartments of the
microcirculation are dysregulated. Cryer et al. demonstrated
loss of vascular tone with significant dilatation of third- and
fourth-order skeletal muscle arterioles (20 to 50mM) fol-
lowing onset of hyperdynamic Escherichia coli sepsis [2].
Subsequently, workers demonstrated that resistance arteri-
oles are hyporeactive to the vasoconstrictive effects of nor-
epinephrine in organ-specific resistance microvasculature
(e.g., liver, lung) in sepsis. Significant research indicates
that the reactive nitrogen intermediate nitric oxide (NO) is a
key factor producing disordered vasoregulation in sepsis.
Under physiologic conditions, NO is continuously produced
at low levels by endothelium and vascular smooth muscle
cells through transcription of the constitutive NO synthase
gene (NOSIII). However, abrupt increases of inducible NO
synthase (iNOS or NOSII) expression by endothelium, vas-
cular smooth muscle cells, and monocyte/macrophages
occur following onset of sepsis, producing remarkable
surges of detectable NO in the circulation.

Sepsis Epidemiology

New technology and specialized medical practices have
evolved over the past five decades that permit support of
acute and chronic organ failure. The current era in medicine
is remarkable for rapid progress in diverse fields such as
cancer therapy and transplantation of bone marrow and solid
organs. Consequently, patients suffering from diseases that
were formerly fatal now more often than not move to
“postacute” or chronic phases of illness, necessitating fre-
quent or extended hospitalizations. A striking increase in the
incidence of sepsis has accompanied medical advances.
Recent studies suggest that more than 750,000 new cases of
sepsis occur in the United States annually. Mortality rates
attributable to sepsis range from 25 percent to 30 percent
with higher mortality linked to increasing age. Preexisting
or comorbid medical conditions as well as greater numbers
of organs systems failed are important factors that determine
outcomes. Thus, expectations are that greater than 200,000
deaths will occur annually from sepsis with annual total
costs to the U.S. economy alone exceeding 16 billion dol-
lars. Given a host of biological factors combined with aging
populations and increased need for care of chronic illness,
conservative projections call for a 1.5 percent increase per
annum in the incidence of sepsis [1]. Worldwide incidence
figures may vary, but sepsis exacts a huge toll in lost human
life and productivity. Microvascular endothelial cells (ECs)
are integrally involved in regulating blood flow, coagula-
tion, leukocyte trafficking, edema formation, and angiogen-
esis. Insights into the pathogenesis of sepsis are gained by
examining important concepts established through careful
study of microcirculatory biology.

Copyright © 2006, Elsevier Science (USA).
735 All rights reserved.
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Postarteriolar microcirculatory constituents undergo sig-
nificantly reduced capillary perfusion despite the hyperdy-
namic conditions that exist in arterioles. Studies employing
intravital microscopy in animal models of sepsis not only
reveal a “stopped-flow” phenomenon in capillaries but also
show reduced capillary density with increased velocity of
erythrocytes perfusing capillary beds that remain patent.
These phenomena result in disruption of cellular oxygen
delivery, thus producing the metabolic acidosis characteris-
tically observed in sepsis.

Lipopolysaccharide Entry into the Circulation and
Cytokine Transcription Promote Microvascular

Dysfunction in Sepsis

Significance of Lipopolysaccharide Binding

Lipopolysaccharide (LPS) glycolipid is a key outer cell
wall component of Gram-negative bacteria released from
the surface of replicating and dying bacteria into the circu-
lation where it interacts with ECs on luminal microvascular
surfaces. LPS is a fundamental factor inducing microvascu-
lar dysfunction and shock in sepsis. LPS bioactivity is
detected in the circulation of septicemic patients. Studies
show that levels of circulating LPS predict development of
multiple organ failure, including acute respiratory distress
syndrome (ARDS) [3]. A substantial body of human and
animal experimentation reveals that entry of LPS into the
circulation produces prompt transcription of proinflamma-
tory cytokines such as tumor necrosis factor-a (TNFa),
interleukin-1 (IL-1), and interleukin-6 (IL-6). Abrupt
cytokine surges in turn promote iNOS transcription by
endothelium and vascular smooth muscle cells, leading to
increased nitric oxide generation and loss of microvascular
responsiveness to vasoconstrictors. Further, cytokine surges
produced by LPS lead to acute changes in endothelial cell
physiology, resulting in disruption of essential endothelial
functions such as adhesion, thrombogenesis, and permeabil-
ity (see later discussion). LPS binds to both circulating
monocytes and tissue-bound macrophages, mediating sig-
naling through a complex array of cell-bound receptors.
These data suggest the presence of an LPS receptor-
signaling complex. The b2 integrin CD11/CD18 and gly-
cosylphosphatidylinositol-anchored membrane protein
(CD14) bind LPS at the cell surfaces of monocytes and
macrophages. This binding event facilitates interaction with
toll-like receptor 4 (TLR4) and a nonmembrane-spanning
molecule designated MD-2. Emerging work suggests that
LPS binding to CD11/CD18 and CD14 activates TLR4, 
initiating signaling events that lead to transcription factor
activation and cytokine secretion. Studies using TLR4
knockout mice show the appearance of explicit LPS resist-
ance and suggest that TLR4 mediates specificity to certain
bacterial lipoproteins and other components of Gram-
positive bacterial cell walls [4].

Importance of Tumor Necrosis Factor-a

Current research indicates that cytokines secreted by
LPS-activated mononuclear cells (e.g., TNFa, IL-1) are pri-
mary mediators of shock and microvascular dysfunction in
sepsis. This is supported by multiple studies showing that
(a) intravenous infusion of TNFa or IL-1 into the circulation
promotes systemic responses identical to that observed fol-
lowing LPS infusion, (b) infusion of neutralizing antibodies
to TNFa or chimeric inhibitors of the 55-kDa TNF receptor
(TNF-R1) fused to an immunoglobulin heavy chain frag-
ment attenuates LPS-induced shock in animal models, and
(c) deletion of the TNF-R1 gene in mice produces increased
survival following LPS infusion [5]. Both in vivo and in
vitro studies suggest that TNFa is a central proinflammatory
cytokine mediating activation of microvascular endothelium
following onset of endotoxemia in sepsis. Binding of TNFa
to its transmembrane receptor ligand, TNFR-1, induces sig-
naling events that initiate activation of nuclear factor kB
(NFkB). NFkB exists in endothelial cell cytoplasm com-
plexed to a family of inhibitor kB proteins (IkBa-e). Phos-
phorylation of IkB by the upstream kinase NFkB inducing
kinase (NIK) targets IkBa for ubiquitination and protea-
some degradation, thus freeing NFkB for nuclear transloca-
tion and binding to cognate sequences of key endothelial
cell genes. TNFa induces coordinated activation of other
important transcription factor families including activator
protein-1 (AP-1), a member of the c-Jun and c-Fos family of
proteins, and CREB, the cAMP-responsive element binding
protein. Cooperative interactions between transcription fac-
tors such as NFkB, AP-1, and CREB lead to transcriptional
activation of essential endothelial genes that induce a sub-
stantial number of pathophysiological events observed in
sepsis.

New information also suggests that TNFa not only pro-
duces explosive activation of NFkB-related genes but also
mediates their sustained activation. Important work by
Johnson and colleagues revealed that following TNFa expo-
sure, human endothelial cells exhibit a 50 percent reduction
in IkBb, the IkB isoform essential for retarding or down-
regulating subsequent NFkB translocation [6]. Johnson’s
work further showed that TNFa induces extended periods
(i.e., 22 hours) to onset of resynthesis of IkBb, permitting
protracted NFkB translocation. Thus, TNFa not only
induces immediate NFkB activation in endothelial cells but
also prolongs activation of proinflammatory genes mitigat-
ing and amplifying the septic process.

Apoptosis of Endothelium in Sepsis

Endothelial Cell Apoptosis Is Widespread in 
Humans with Sepsis

Apoptosis is an ATP-dependent form of cell death char-
acterized by chromatin condensation, DNA fragmentation,
cell shrinkage, and “blebbing” of plasma membranes. 
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Significant evidence from human and experimental animal
studies suggests that endothelial cell apoptosis and injury
are fundamental features of the microvascular response to
sepsis. Mutunga et al. showed that human subjects suffering
from sepsis and septic shock exhibited increased numbers of
detached endothelial cells found free floating in the systemic
circulation [7]. Mutunga’s study further showed that in-
creased numbers of circulating endothelial cells correlated
negatively with survival. Histological evidence of wide-
spread microvascular EC injury is consistently observed in
postmortem lung biopsies obtained from patients dying of
sepsis-related acute respiratory distress syndrome. In vivo
studies in mice, rats, rabbits, and baboons reveal that infu-
sion of LPS or live Gram-negative organisms invariably
leads to increased numbers of apoptotic ECs as well as per-
vasive EC detachment from capillary beds in lung, liver, and
small bowel.

LPS and TNFa Promote Apoptosis of 
Microvascular Endothelium

Caspase activation is a hallmark of apoptosis. LPS and
TNFa released into the circulation during sepsis activate
caspases leading to key proteolytic events that produce
apoptosis. Of the 14 known caspases expressed in mam-
malian cells, LPS and TNFa are reported to activate cas-
pases 1, 3, 6, and 8. Controversy exists concerning the
precise mechanism leading to the disseminated apoptosis
observed in microvascular ECs during sepsis. In vitro, 
LPS induces proapoptotic signaling in ECs with resultant 
cell injury and death in the absence of host-derived media-
tors such as TNFa. A synthesis of prior publications shows
that LPS binding directly activates signaling pathways 
that lead to both NFkB activation and apoptosis and that
these pathways share certain signaling molecules including
MyD88, IRAK-1, and TRAF-6 (Figure 1). Eloquent studies
incorporating antibody and knockout strategies have 
produced an emerging discernment of the pathways that
result in apoptosis following LPS binding to ECs in
microvasculature.

Equally compelling is research that suggests LPS medi-
ates microvascular EC apoptosis via biological mediators
such as TNFa. Figure 2 shows that binding of TNFa to its
55-kDa receptor triggers formation of a multiprotein com-
plex in which cytoplasmic proteins and the receptor interact
through respective “death domain” motifs that lead to acti-
vation of a cascade of caspases. Recent studies also link
induction of apoptosis by TNFa to activation of the sphin-
gomyelin pathway. A key feature of this pathway is the gen-
eration of ceramide from the hydrolysis of sphingomyelin.
Ceramide content in tissue beds such as gut and lung rises
dramatically following LPS infusion. Ceramide generation
is consistently associated with diffuse microvascular EC
apoptosis. Once generated, ceramide signals mitochondrial
membrane permeability transition, a committed step in the
apoptotic process. Haimovitz-Friedman et al. employed a
unique binding protein inhibitor of TNFa by constructing a

chimera comprising the extracellular domain of the TNF
receptor fused to an immunoglobulin heavy chain fragment
[8]. The TNF-binding protein construct in Haimovitz-
Friedman’s study bound biologically active TNFa and pro-
tected C57BL/6 against LPS-induced death. The TNF-
binding protein strategy blocked LPS-induced ceramide
generation and resulted in striking reductions in the intensity
of EC apoptosis, leading to the schema proposed in Figure
2. These and other studies suggest that systemic TNFa is a
crucial mediator that is fully capable of directly producing
disseminated apoptosis and injury of microvascular ECs in
systemic organ beds.

Adhesion Molecules Orchestrate 
Neutrophil Sequestration

Intense Cellular Sequestration Leads to Diffuse Injury
in Septic Microvasculature

Pathological specimens from human and animal subjects
with sepsis uniformly reveal capillary injury associated with
intense sequestration of all formed blood elements. Real-
time inspection of septic microvasculature in animal models
via intravital microscopy has advanced understanding of 
the genesis of interactions that occur between blood con-
stituents and microvascular ECs. Erythrocyte deformability
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Figure 1 Schematic diagram of LPS proapoptotic signaling in endothe-
lial cells. After LPS binding to TLR-4, EC signaling pathways leading to
nuclear translocation of NFkB and apoptosis are activated. These pathways
share some of the same signaling molecules, including MyD88, IRAK-1,
and TRAF-6. A redundant signaling pathway involving MAL/TIRAP sim-
ilarly mediates both NFkB activation and apoptosis. Downstream of
TRAF-6, the signaling pathways that activate these two processes diverge.
The molecules that link the upstream NFkB signaling molecules to the
recruitment and activation of caspases remains unknown. LBP, LPS-
binding protein; NIK, NFkB-inducing kinase; IKK, IkB kinase; sCD14,
soluble CD14; FADD, Fas-associated death domain; FLIP, FADD-like
interleukin converting enzyme–like inhibitor protein; TRAF-6, TNF recep-
tor-associated factor-6; IRAK-1/2, IL-1 receptor-associated kinase-1;
MyD88, myeloid differentiation factor 88. (see color insert)
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is rapidly reduced (to less than 30 minutes) following onset
of experimental sepsis (LPS infusion) giving rise to erythro-
cyte rouleaux formation and the appearance of spherocytes.
Blood neutrophils (PMN) promptly leave axial blood flow
during this period to begin rolling adhesion along venular
microvascular surfaces. PMN rolling-type adhesion is fol-
lowed rapidly by firm adherence that halts PMN progress
through the microvasculature. Platelet activation and ag-
gregation occurs in virtually simultaneous time frames,
exacerbating obstruction and further trapping erythrocytes.
Endothelial cell engorgement and the appearance of
microvascular thrombi promote further obstruction to blood
flow through venules and capillaries. Remarkable migration
of activated, sequestered PMN occurs across microvascular
walls in sepsis. Extravasation of erythrocytes and the move-
ment of plasma proteins follow PMN migration. Ultrastruc-
tural studies reveal that these processes lead to EC
vacuolization, loss of EC lining, and ultimately exposure of
basal laminar structures to the circulation [9].

Endothelial and Neutrophil Adhesion Receptors
Mediate Sepsis-Associated Vascular Injury

Cell adhesion molecules mediate a coordinated seques-
tration of PMN in the microvasculature. Endothelial glyco-
protein receptors E- and P-selectins are rapidly displayed
following entry of LPS and TNFa into the circulation.
Rolling adhesion is mediated via selectin-to-selectin bind-
ing between endothelial-anchored selectins and the PMN
affixed L-selectin receptor. A microvascular “environment
for injury” is subsequently created by molecular mecha-
nisms that tether activated PMN tightly to venular and cap-
illary EC surfaces. Newly expressed intercellular adhesion
molecule-1 (ICAM-1), a member of the immunoglobulin
superfamily driven by NFkB activation, is a key participant
mediating tight binding of PMN to microvascular EC sur-

faces. The PMN counter receptor for ICAM-1 is the b2 inte-
grin, CD11/CD18. ICAM-1/CD11/CD18 binding induces
flattening of PMN on EC surfaces producing an interface or
microenvironment where proteolytic enzymes and reactive
oxygen species produced by PMN serve as effectors induc-
ing EC injury. Studies performed in diverse animal model
systems utilizing antibody and knockout strategies reveal
that disruption of both rolling and tight EC/PMN adhesion
attenuates microvascular injury.

Sepsis Induces Microvascular Thrombosis and
Produces Poor Clinical Outcomes

Importance of Disseminated 
Intravascular Coagulation

Clinicians and researchers have long recognized progres-
sive sepsis to be associated with microvascular thrombosis
and the appearance of multiple organ failure [10]. LPS,
other bacterial products, and proinflammatory cytokines
(TNFa. IL-1) generate a procoagulant environment in
microvessels. Significant research across many species
shows that tissue factor (TF) expressed by activated/injured
microvascular ECs and monocytes potently activates extrin-
sic coagulation pathways. Tissue factor binds activated fac-
tor VII forming a TF/factor VIIa complex that activates
factor X. Factor X together with factor Va potently generates
thrombin from its precursor molecule prothrombin. Throm-
bin generation markedly shifts the microvascular milieu to a
coagulant environment poorly capable of fibrinolysis. Dra-
matic increases in plasma levels of plasminogen activator
inhibitor-1 (PAI-1) and tissue factor pathway inhibitor
(TFPI) suppress fibrinolysis and promote fibrin deposition.
Plasma levels of major physiological anticoagulants such 
as antithrombin III and protein C become dramatically
attenuated, further promoting a prothrombotic environment.
Recent studies in humans with sepsis show that plasma PAI-
1 levels herald prothrombotic states in sepsis and highly cor-
relate with lethal outcomes [11]. Procoagulant environments
and widespread microvascular thrombosis lead to wide-
spread thrombotic occlusion of microvasculature, producing
tissue hypoperfusion, organ dysfunction, and ultimately
multiple organ failure in septic patients. Evolving research
reveals that thrombin generation augments injury signifi-
cantly, amplifying generation of reactive oxygen species
within microvascular endothelium. Further new information
suggests that thrombin significantly alters microvascular EC
barrier function, inducing enhanced permeability in capil-
lary and venular endothelium by triggering rearrangement
of the endothelial cytoskeletal elements. Signaling events
that lead to formation of intracellular “stress fibers” are
mediated through heterotrimeric G-proteins and key protein
tyrosine kinases. These molecular events produce dramatic
changes in endothelial cell shape, subsequently permitting
leakage of plasma proteins and water into extravascular
spaces [12].
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Figure 2 Entry of LPS into the circulation promotes TNFa release
from monocytes and macrophages. TNFa promotes hydrolysis of sphin-
gomyelin producing ceramide through the action of acid sphingomyelinase.
Endothelial cell apoptosis results. Basic fibroblast growth factor and the use
of acid sphingomyelinase knockout mice attenuate the generation of
ceramide and the production of apoptosis. (see color insert)
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Importance of Activated Protein C in Septic
Microvasculature and Potential for New Therapies

Under limited physiologic conditions activated protein C
is an essential element limiting coagulation. Thrombin gen-
eration induces protein C activation by stimulating binding
to both thrombomodulin and endothelial protein C recep-
tors. Activated protein C formation is essential for swinging
microvascular milieus to profibrinolytic environments. Fol-
lowing activation, protein C and protein S serve to minimize
thrombin generation by inactivating factors Va and VIIIa.
Activated protein C further promotes fibrinolysis by dimin-
ishing plasma concentrations of PAI-1 and by downregula-
tion of monocyte proinflammatory cytokine (TNFa, IL-1)
output [13]. Recent exciting results were reported from a
phase III trial where activated protein C (Drotrecogin Alfa)
was infused into adult patients with sepsis for 96 hours.
Patients who received Drotrecogin Alfa (activated) had a

significantly lower 28-day mortality rates compared to
patients who received placebo (25% versus 31%, p = 0.005)
[14].

Conclusions

Physicians have long struggled against sepsis, striving to
interrupt pathological processes that produce enormous
patient mortality and disability. Sepsis has claimed countless
lives over the millennia. Disturbing trends that show
increasing incidence bring urgency to the task of finding
comprehensive therapies. Basic and clinical research per-
formed during the past 50 years has produced significant
new knowledge. Cumulative information arising from this
research has provided clearer understanding of the funda-
mental issues and challenges that must be addressed and
overcome to institute lifesaving therapies in the future.

Figure 3 Proinflammatory cytokines such as TNFa and IL-1 shift the microvascular milieu to a procoagulant
environment through generation of tissue factor from monocytes and the endothelium. Tissue factor generates
thrombin and a fibrin deposition. Cytokines and thrombin inhibit fibrinolytic activity by promoting the release of
plasminogen-activator inhibitor 1 (PAI-1). PAI-1 inhibits tissue plasminogen activator activity. Thrombin activ-
ity further suppresses fibrinolytic system by activating thrombin-activatable fibrinolysis inhibitor (TAFI). Protein
C activation is secondarily dramatically reduced. Microvascular injury decreases thrombomodulin, an essential
factor producing protein C activation. Widespread microvascular thrombosis results, leading to multiorgan fail-
ure and enhanced mortality. Infusion of activated protein C produces a potent antithrombotic effect by inhibiting
formation of factors Va and VIIIa and the subsequent generation of thrombin. Thrombin levels in the circulation
fall and anti-inflammatory effects occur by reduction of TNFa and IL-1 transcription in monocytes. Further, acti-
vated protein C infusion enhances fibrinolytic activity through its ability to inhibit PAI-1. (see color insert)



740 PART III Pathology

References

1. Angus, D. C., Linde-Zwirble, W. T., Lidicker, J., Clermont, G., 
Carcillo, J., and Pinsky, M. R. (2001). Epidemiology of severe sepsis
in the United States: Analysis of incidence, outcome, and associated
costs of care. Crit. Care Med. 29(7), 1303–1310. Angus and colleagues
identified 192,980 cases, yielding national estimates of approximately
751,000 cases of sepsis., of whom 51.1 percent received intensive care.
Seventeen percent of patients were ventilated in an intermediate care
unit or in a coronary care unit. Incidence of sepsis increased more than
one-hundredfold with age. Overall mortality was 28.6 percent nation-
ally showing a range of 10 percent in children to 38.4 percent in eld-
erly. The average cost per case in Angus’ study was $22,100 with
annual total costs of $16.7 billion nationally.

2. Cryer, H. M., Garrison, R. N., Kaebnick, H. W., Harris, P. D., and Flint,
L. M. (1987). Skeletal microcirculatory responses to hyperdynamic
Escherichia coli sepsis in unanesthetized rats. Arch. Surg. 122, 86–92.

3. Brandtzaeg, P., Kierulf, P., Gaustad, P., Skulbert, A., Bruun, J. N.,
Halvorsen, S., and Sorensen, E. (1989). Plasma endotoxin as a predic-
tor of multiple organ failure and death in systemic meningococcal dis-
ease. J. Infect. Dis. 159, 195–204.

4. Poltorak, A., He, X., Smirnova, I., Liu, M., Huffel, C., Du,X., Birdwell,
D., Alejos, E., Silva, M., Galanos, C., Freudenberg, M., Ricciardi-
Castagnoli, P., Layton, B., and Beutler, B. (1998). Defective LPS sig-
naling in C3H/HeJ and C57BL/10ScCr mice: Mutations in Tlr4 gene.
Science 282, 2085–2088.

5. Pfeffer, K., Matsuyama, T., Kundig, T. M., Wakeham, A., Kishihara,
K., Shahinian, A., Wiegmann, K., Ohashi, P. S., Kronke, M., and Mak,
T. W. (1993). Mice deficient for the 55 kd tumor necrosis factor recep-
tor are resistant to endotoxic shock, yet succumb to L. monocytogenes
infection. Cell 73(3), 457–467.

6. Johnson, D. R., Douglas, I., Jahnke, A., Ghosh, S., and Pober, J. S.
(1996). A sustained reduction in IkB-b may contribute to persistent
NF-kB activation in human endothelial cells. J. Biol. Chem. 271(27),
16317–16322.

7. Mutunga, M., Fulton, B., Bullock, R., Batchelor, A., Gascoigne, A.,
Gillespie, J. I., and Baudouin, S. V. (2001). Circulating endothelial
cells in patients with septic shock. Am. J. Respir. Crit. Care Med.
163(1), 195–200. Mutunga and colleagues obtained blood samples
from (1) healthy volunteers and (2) ICU “control” patients without
sepsis, (3) patients with sepsis but without shock, and (4) patients with
septic shock. Endothelial cells in blood were identified by immunoflu-
orescence, using antibodies to von Willebrand factor and the vascular
endothelial growth factor receptor KDR. EC counts per milliliter of
blood were significantly higher (p < 0.0001) in patients with sepsis and
septic shock when compared to healthy or ICU control patients. Thus,
Mutanga showed that dramatic increases in circulating ECs can be
identified during sepsis and septic shock, supporting the hypothesis
that endothelial damage occurs in human sepsis.

8. Haimovitz-Friedman, A., Cordon-Cardo, C., Bayoumy, S., Garzotto,
M., McLoughlin, M., Gallily, R., Edwards, C., Schuchman, E., Fuks,
Z., and Kolesnick, R. (1997). Lipopolysaccharide induces dissemi-
nated endothelial apoptosis requiring ceramide generation. J. Exp.
Med. 186, 1831–1841.

9. McCuskey, R. S., Urbaschek, R., and Urbaschek, B. (1996). The
microcirculation during endotoxemia. Cardiovasc. Res. 32, 752–763.

10. Fourrier, F., Chopin, C., Goudemand, J., Hendrycx, S., Caron, C.,
Rime, A., Marey, A., and Lestavel, P. (1992). Septic shock, multiple
organ failure, and disseminated intravascular coagulation. Compared
patterns of antithrombin III, protein C, and protein S deficiencies.
Chest 101(3), 816–823.

11. Mesters, R. M., Florke, N., Ostermann, H., and Kienast, J. (1996).
Increase of plasminogen activator inhibitor levels predicts outcome 
of leukocytopenic patients with sepsis. Thromb. Haemost. 75(6),
902–907. Mesters and colleagues studied patients at high risk for
development of sepsis and measured, at onset of fever, plasminogen
activator inhibitor activity and PAI-1 antigen levels. They showed that
levels increased significantly normal baseline and were significantly
higher in patients developing septic shock compared to those with
severe sepsis alone. Increase in PAI activity and antigen in patients
with septic shock was accompanied by increase in tissue-type plas-
minogen activator antigen and total fibrin(ogen) degradation prod-
ucts. In patients who developed severe sepsis without shock, the
variables of the fibrinolytic system remained unchanged after onset of
fever. Differences observed between septic shock and severe sepsis
were sustained throughout the septic episode for all variables. These
findings suggest that septic shock in leukocytopenic patients is associ-
ated with significant activation of the fibrinolytic system arising from
vascular endothelium responses to inflammatory injury. Finally, PAI
activity measurements are sensitive markers of unfavorable outcomes
in patients with sepsis.

12. Bogatcheva, N. V., Garcia, J. G., and Verin, A. D. (2002). Molecular
mechanisms of thrombin-induced endothelial cell permeability. Bio-
chemistry (Moscow) 67(1), 75–84.

13. Esmon, C. T., Ding, W., Yasuhiro, K., Gu, J. M., Ferrell, G., Regan, 
L. M., Stearns-Kurosawa, D. J., Kurosawa, S., Mather, T., Laszik, Z.,
and Esmon, N. L. (1997). The protein C pathway: New insights.
Thromb. Haemost. 78(1), 70–74.

14. Bernard, G. R., Vincent, J. L., Laterre, P. F., LaRosa, S. P., Dhainaut, 
J. F., Lopez-Rodriguez, A., Steingrub, J. S., Garber, G. E., Helterbrand,
J. D., Ely, E. W., and Fisher, C. J., Jr. (2001). Recombinant human Pro-
tein C Worldwide Evaluation in Severe Sepsis (PROWESS) study
group. Efficacy and safety of recombinant human activated protein C
for severe sepsis. N. Engl. J. Med. 8;344(10), 699–709.

Capsule Biography

Dr. Fowler is the William Taliaferro Thompson Professor of Medicine
and Chairman of the Division of Pulmonary and Critical Care Medicine 
at Virginia Commonwealth University School of Medicine in Richmond,
Virginia. Dr. Fowler’s research and laboratory effort over the past two
decades has focused on mechanisms of vascular inflammatory injury occur-
ring following onset of sepsis and following reperfusion of ischemic vas-
cular beds. A major area of focus has been the regulation of interleukin-8
expression by nitric oxide in microvascular endothelium.



CHAPTER 109

Interaction of C1q with the
Endothelium: Relevance 

to Inflammation
1Berhane Ghebrehiwet and 2Ellinor I. B. Peerschke

1State University of New York, Stony Brook, New York
2Weill Medical College of Cornell University, New York, New York

platelets, and proteins of the coagulation, complement,
kinin, and fibrinolytic systems, all of which may directly or
indirectly contribute to the inflammatory process. Inflam-
mation may in turn contribute to thrombosis and atheroscle-
rosis through the complement system, or via inflammatory
cytokines secreted by activated macrophages and lympho-
cytes present at inflammatory sites, atherosclerotic plaques,
and sites of vascular injury. The inflammatory process,
which begins as a protective response, is therefore the result
of multiple interactions including those that involve the
complement system and the coagulation cascade.

In addition to its role of maintaining vessel wall integrity,
the endothelium plays a critical role in the pathophysiology
of thrombosis, atherosclerosis, and inflammation. This is
largely due to the ability of endothelial cells to respond to a
wide range of signals that include microbial proteins,
cytokines, growth factors, and proteins of the complement
system and the kinin-forming cascade. Some of these
responses are rapid and do not require new gene transcrip-
tion or protein synthesis. These responses, which are the
hallmark of the early nonleukocyte-dependent phase of
inflammation, include expression of surface P-selectin, 
activation of nitric oxide (NO) metabolic pathways, and
enhanced vascular permeability. A large number of agonists
are capable of eliciting this type of response, including pro-
teins of the clotting and complement systems. Vasoactive
peptides derived from both of these systems can in turn
recruit proinflammatory cells into the inflammatory site,
thus exacerbating the disease process.

The first component of complement, C1, is a multimole-
cular complex comprising C1q and the Ca2+-dependent
tetramer C1r2-C1s2. The primary role of C1q within the
complex is that of a recognition signal, which triggers acti-
vation of the classical pathway of complement. However,
C1q is also able to bind to a variety of cell types in a man-
ner that induces specific biological responses. Interaction of
C1q with endothelial cells, for example, leads to cellular
activation followed by release of biological mediators
and/or expression of adhesion molecules, all of which con-
tribute, directly or indirectly, to the inflammatory process.
These specific responses are thought to be mediated by the
interaction of C1q with proteins of the endothelial cell 
surface. Endothelial cells express four types of putative 
C1q binding proteins/receptors: cC1q-R/CR, or calreticulin
(CR), a 60-kDa collectin receptor; gC1q-R/p33, a 33kDa
homotrimeric protein; C1q-Rp (CD93), a 129-kDa O-
sialoglycoprotein; and CR1 (CD35), the receptor for C3b.
Although the specific role of each of these molecules in the
C1q-mediated biological responses is yet to be worked out,
all of them may, in one fashion or another, participate in the
inflammatory processes and vascular lesions that occur on
the endothelium.

The Endothelium and Inflammation

The response of blood vessels to injury is made up of a
series of interrelated reactions involving endothelial cells,

Copyright © 2006, Elsevier Science (USA).
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The Endothelial Cell Surface and C1q Receptors

Various receptor systems have been described on vascu-
lar cells that participate in the recognition, activation, and
clearance of components involved in humoral defense.
Among these molecules are receptors for the complement
protein, C1q. Four C1q binding proteins or receptors have
been described to date: cC1q-R/CR or collectin receptor, 
a 60-kDa calreticulin (CR) homolog, which binds to the 
collagen-like tail of C1q; gC1q-R/p33, a 33kDa
homotrimeric protein with high affinity for the globular
heads of C1q; C1q-Rp (CD93), a 129 kDa O-sialoglycopro-
tein involved in phagocytosis; and CR1 (CD35), the recep-
tor for C3b. In addition to C1q, the collectin receptor
(cC1q-R/CR) is also able to bind members of the collectin
family of proteins including surfactant proteins A and D
(SP-A and SP-D) and mannan binding lectin (MBL). Simi-
larly, the gC1q-R/p33 molecule can bind plasma proteins
other than C1q, including high-molecular-weight kininogen
(HK) and FXII, which may play a significant role in the
pathogenesis of thrombosis and atherosclerosis. In addition,
gC1q-R/p33 also binds a number of bacterial and viral pro-
teins including protein A of Staphylococcus aureus, known
to be associated with bacterial endocarditis. Whereas CD93
and CD35 are bona fide transmembrane proteins and can
signal directly, cC1q-R/CR and gC1q-R/p33 each lack a
transmembrane segment in their respective sequences and
therefore rely on a docking/signaling partnership with other
transmembrane proteins in order to relay their message
across the membrane (e.g., CD91 and cC1q-R/CR; b1-
integrin and gC1q-R/p33).

C1q-Mediated Endothelial Cell Responses: 
Role of C1q and HK

Interaction of C1q with endothelial cells induces a
plethora of biological functions including adhesion and
spreading; stimulation and expression of the adhesion 

molecules E-selectin, ICAM-1, and VCAM-1; and produc-
tion of interleukin (IL)-6, IL-8, and monocyte chemoattrac-
tant protein-1 (MCP-1). Endothelial cell adhesion and
spreading can be inhibited by both anti-cC1q-R/CR and
gC1q-R antibodies, and production of IL-6, IL-8, and MCP-
1 can be inhibited by anti cC1q-R/CR. Therefore, at sites of
atherosclerotic and inflammatory and vascular lesions,
where C1q is present in demonstrable quantities, C1q can
trigger or contribute to the inflammatory process not only by
activation of the classical pathway of complement, but also
by interaction with its receptors, which induces the release of
proinflammatory cytokines and recruits inflammatory cells.

In addition to its participation in C1q-mediated re-
sponses, gC1q-R, together with urokinase plasminogen 
activator receptor (uPAR) and cytokeratin-1, has been
shown to serve as a high-affinity receptor for HK and FXII
as shown by inhibition with monoclonal antibodies to gC1q-
R. The binding of HK to gC1q-R is entirely dependent on
the presence of 10- to 50-mM zinc. This is largely because
zinc can induce exposure of hydrophobic sites in the C-
terminal domain of gC1q-R, which includes those residues
recognized by inhibitory monoclonal antibody. It is under
these conditions that the binding of HK to the endothelial
cell gC1q-R becomes greatly increased. This high-affinity
interaction can then facilitate the assembly of proteins of the
intrinsic coagulation/kinin-forming cascade resulting in the
generation of bradykinin. Bradykinin, a potent vasoactive
peptide, can in turn bind to the endothelial cell bradykinin
receptor (B2) and induce a wide range of pathophysiologic
responses including morphologic changes in the endothe-
lium rendering the subendothelial matrix accessible to blood
components inflammatory cells. Furthermore, bradykinin
can participate in the processes of tumor metastasis and
angiogenesis.

Therefore, at sites of atherosclerotic and inflammatory
and vascular lesions, where gC1q-R is ubiquitously
expressed and both C1q and HK are present (see Figure 1),
these molecules can have an additive effect in augmenting
the inflammatory process—C1q by activation of com-
plement, and via gC1q-R or other C1q binding proteins,

Figure 1 Immunohistochemical staining of serial sections of the necrotic core of an atherosclerotic lesion of
human coronary artery stained with anti-gC1q-R mAb 60.11 (right panel) or with isotype- and species-matched
antibody (MOPC-21). Upon closer microscopic examination, foam cells in necrotic areas in the deeper intima
and the vessel walls in the adventitia showed the strongest gC1q-R staining. Moreover, the necrotic center of cal-
cified atherosclerotic plaques stained strongly for gC1q-R. Staining of endothelial cells was also noted. (see color
insert)
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inducing the release of proinflammatory cytokines and the
recruitment of inflammatory cells; and HK, by generation of
bradykinin, which in turn induces vascular dilation and
increased permeability through contraction of endothelial
cells and extravascular smooth muscle.

Regulation of the Endothelium

Although the C1q binding proteins are constitutively
expressed on resting nonthrombotic endothelium, and
gC1q-R in particular has the potential to bind C1q, as well
as HK and FXII, the mechanism by which a continuously
thrombogenic state of the endothelium is averted is not com-
pletely understood. Based on the available data, however, 
it is postulated that efficient engagement of gC1q-R by its
ligands is restricted to conditions where under chemical,
physical, or infectious insult, the endothelial cell is con-
verted to a prothrombotic and proinflammatory phenotype
leading to upregulation of gC1q-R, the induction of
cytokines such as IL-1 or tumor necrosis factor-a (TNFa),
and/or expression of cell adhesion molecules (CAMs).
Freshly recruited leukocytes, such as macrophages and T
cells bound to the cell adhesion molecules, can also release
cytokines, which in turn can amplify the process by upregu-
lating the expression of C1q binding molecules in a manner
that allows efficient binding of ligands. It has been shown
that cytokines, such as LPS, interferon-g (IFNg), and TNFg,
can upregulate the expression of both cC1q-R and gC1q-R.
Thus, modulation of endothelial cell function by soluble
and/or immobilized proinflammatory ligands, such as C1q
or HK, especially at sites of inflammatory and vascular
lesions, may contribute significantly to the development of
thrombosis and exacerbation of the inflammatory process.
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physiology and function have been identified in human IBD,
which may contribute to chronic inflammatory and ischemic
pathophysiology.

The Role of the Microvasculature and
Endothelial–Leukocyte Interaction in 

Chronic Intestinal Inflammation

Endothelial cells are now understood to play an early and
rate-limiting step in the inflammatory process, as endothe-
lial activation in response to cytokines and inflammatory
mediators results in expression of cell adhesion molecules
and chemokines, which play a critical role in leukocyte
recruitment from the circulation. Early investigation into the
role of endothelial cells in IBD pathogenesis focused on his-
tologic evaluation, characterizing the morphology of the
microvasculature in chronically inflamed bowel. Using
transmission electron microscopy, Dvorak et al. evaluated
intestinal specimens resected from CD patients [1], demon-
strating abnormalities in the endothelial cells lining the
microcirculation. These included loss of monolayer integrity
with tissue edema, extravasation of red blood cells, focal
venular endothelial necrosis adjacent to areas of undamaged
endothelial cells, and endothelial cell hypertrophy.

Research focusing on the role of microvascular endothe-
lial cells in leukocyte recruitment to the gut has character-
ized increased expression of cell adhesion molecules
(CAM) [2]. Immunolocalization of CAM demonstrated
marked increase in E-selectin and ICAM-1 expression in
IBD intestine, while VCAM-1 expression was less clearly

Introduction

The two major forms of human inflammatory bowel 
disease (IBD), Crohn’s disease (CD), and ulcerative colitis
(UC), represent classic chronic inflammatory disorders,
characterized by progressive destructive inflammation in the
gastrointestinal tract. Although the majority of research into
IBD pathogenesis has focused on immune dysregulation,
vascular involvement has also been recognized. The intes-
tinal microcirculation and its endothelial lining contribute to
normal immune homeostasis in the gut and potentially to 
the chronic dysregulated inflammation, which characterizes
IBD. Alterations in endothelial–leukocyte interaction have
been identified in the chronically inflamed intestine, in-
cluding an enhanced capacity for endothelial–leukocyte
interaction. The mechanisms of altered endothelial function
in IBD immune dysregulation appear to involve a dimin-
ished capacity to generate nitric oxide (NO), as well as
altered expression of cell adhesion molecules and vascular
addressins. In addition to its role in leukocyte recruitment,
the intestinal microvasculature may also contribute to
chronic inflammation through its central role in the regula-
tion of tissue perfusion. Studies have demonstrated an
altered microvascular architecture characterized by stenosis,
which correlates with decreased in vivo perfusion in chron-
ically inflamed and remodeled intestine. Recent work has
demonstrated an acquired microvascular dysfunction, with
impaired vasodilation in IBD involved intestinal microves-
sels. Chronically inflamed IBD microvessels demonstrate a
diminished endothelium-dependent vasodilatory capacity, a
finding not present in uninvolved IBD gut arterioles. In sum-
mary, important alterations in IBD intestinal microvascular

Copyright © 2006, Elsevier Science (USA).
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demonstrated. Subsequent investigation by Briskin et al. has
demonstrated an increase in the gut-specific homing mole-
cule MAdCAM-1 (mucosal addressin cell adhesion mole-
cule 1), which plays a major role in the recruitment of
leukocytes expressing the alpha 4 integrin into the mucosal
immune compartment [3].

Alterations in leukocyte homing patterns in IBD gut were
characterized by Salmi et al., who demonstrated that naive
lymphocytes are preferentially recruited to the chronically
inflamed intestinal microvascular endothelium, whereas
control intestinal microvessels preferentially bind memory
lymphocytes [4]. These findings were confirmed by Burgio
et al., who demonstrated an altered pattern of leukocyte
binding in Crohn’s disease, where naive monocytes and T
cells were again preferentially recruited to the chronically
inflamed intestine [5]. These authors also demonstrated
increased expression of ICAM-1, E-selectin, and CD34 in
the IBD gut microvessels.

To more fully define the contribution of microvascular
endothelial cells in chronic intestinal inflammation, studies
have been carried out in intestinal and disease-specific cul-
tures of microvascular endothelial cells. Human intestinal
microvascular endothelial cells (HIMECs) have been inso-
lated and characterized, demonstrating classic endothelial
markers including factor VIII associated antigen, Weibel-
Palade bodies, expression of PECAM-1 (CD31), E-selectin,
ICAM-1, and VCAM-1 as well as unique patterns of leuko-
cyte adhesion and growth compared to human umbilical
vein endothelial cells (HUVEC) [6, 7]. More importantly,
HIMECs have also been isolated from involved and unin-
volved CD and UC intestine. HIMECs isolated from both
chronically inflamed CD and UC demonstrated a signifi-
cantly enhanced capacity to adhere leukocytes, compared 
to control HIMECs, a phenomenon that was only elicited
following activation with proinflammatory cytokines 
(interleukin-1b, tumor necrosis factor-a) and bacterial
lipopolysaccharide. Leukocyte “hyperadhesion” appears to
be an acquired phenomenon, as uninvolved IBD intestinal
segments failed to demonstrate increased leukocyte binding
[8]. The mechanisms underlying leukocyte hyperadhesion in
the chronically inflamed IBD HIMECs did not appear to
involve increased levels of CAM expression, compared to
control cultures, which prompted investigation of possible
alterations in the intracellular mechanisms that govern the
downregulation of inflammatory activation in endothelial
cells. NO plays a central role in the regulation of endothelial
activation and the maintenance of vascular homeostasis,
exerting a potent anti-inflammatory effect, downregulating
the activation of vascular endothelial cells as well as their
capacity to bind circulating leukocytes, normally an early
and rate-limiting step in the inflammatory process. Control
HIMECs displayed distinct patterns of NO generation
through both constitutive endothelial (e) nitric oxide syn-
thase (eNOS; NOS3) as well as inducible NOS (iNOS;
NOS2), which was expressed following inflammatory acti-
vation [9]. In marked contrast, IBD HIMECs failed to
express iNOS and increased levels of NO following inflam-

matory activation [10]. This loss in NO generation in IBD
HIMECs was linked to enhanced leukocyte binding, as
administration of NO donors restored a normal binding pat-
tern in the activated IBD HIMECs. Further investigation
demonstrated that iNOS-derived NO in the IBD HIMECs
appears to function as an endogenous antioxidant, quench-
ing superoxide anion, which is a central mediator of inflam-
matory activation in gut microvascular endothelial cells.
The mechanisms that lead to altered iNOS expression in the
chronically inflamed IBD HIMECs have not been fully
defined.

The Role of Microvascular Dysfunction and Tissue
Ischemia in Chronic Intestinal Inflammation

The human bowel receives a significant proportion of
cardiac output, which varies with physiologic need. At rest,
intestinal perfusion via the superior mesenteric artery will
range from 29 to 70mL/min/100g intestinal tissue, whereas
in the fed state, splanchnic hyperemia increases perfusion
from 28 to 132 percent. Investigation of intestinal perfusion
in the setting of chronic inflammation in IBD has been car-
ried out using a variety of in vivo and in vitro techniques.
Angiographic studies of the IBD intestine have demon-
strated preserved anatomy in the superior and inferior
mesenteric arteries, with significant abnormalities in the
vasa recta, characterized by tortuous, dilated vessels
together with loss of normal tapering and terminal coiling as
they penetrate the bowel wall. In early stages of IBD, angio-
graphic studies have demonstrated arteries that abruptly
taper as the vessels reach the bowel wall with right-angle
bifurcation, bizarre distribution, and small luminal irregu-
larities in the peripheral branches. Furthermore, advanced
IBD lesions demonstrate reduced vessel diameter, decreased
vascular density, and diminished blood flow in the involved
segments, which may contribute to an impaired capacity to
heal and resolve the chronic inflammatory “wound.”

The microvascular architecture was characterized by
Wakefield et al. [11] using scanning electron micrographs of
corrosion microcasts from control and CD patients, identi-
fying occlusive fibrinoid lesions in the arterioles supplying
affected intestine, which were not demonstrated in un-
involved areas of bowel. Morphologically, the chronically
inflamed microvessels were tapered and stenosed compared
to vessels from uninvolved and control bowel. Vascular
damage was demonstrated as an early pathologic finding,
which preceded the development of mucosal ulceration.
Vascular damage appeared to be highest where vessels pen-
etrated through the muscularis propria, and bursts of angio-
genic vessels were seen in distal areas of the mucosal
circulation. These authors concluded that multifocal gas-
trointestinal infarction plays a pathogenic role in the chronic
inflammatory lesion in CD, with the extent of vascular dam-
age correlating with the severity of intestinal injury. The
concept of microvascular dysfunction and relative tissue
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ischemia was further investigated by Funayama et al., who
used tissue histometry to describe remodeling in the CD
intestinal microcirculation [12]. Assuming that medial atro-
phy is an indirect measure of decreased vascular perfusion
and pressure, these investigators characterized atrophy of
arterial media in the submucosal CD vessels, which indi-
rectly suggests ischemia and increased vascular resistance in
deeper submucosal arteries. Taken together, these studies
suggest that the microvascular anatomy in the chronically
inflamed CD intestine has undergone extensive remodeling.
However, these studies did not directly define microvascular
function, or potential factors that would lead to these alter-
ations in vascular architecture.

Assessment of intestinal microvascular physiology in
human IBD has been characterized using direct and indirect
methods to assess microvascular blood flow. Hulten et al.
used an intraoperative isotope washout technique as well as
in vivo abdominal angiography to demonstrate alterations 
of intestinal blood flow, including perfusion patterns 
associated with distinct phases of disease [13]. Early fulmi-
nant IBD with severe inflammation was characterized by
increased vascular perfusion, which is typical of an acute
inflammatory response. In contrast, reduced regional blood
flow was seen in chronically inflamed and remodeled tis-
sues, particularly areas of CD stricture. These observations
have been confirmed in subsequent studies, demonstrat-
ing diminished vascular perfusion associated with fibrosis
and long-standing inflammation. Using endoscopic laser
Doppler flowmetry [14], decreased mucosal blood flow was
seen in the neoterminal ileum after ileocolectomy and 
in rectal mucosal perfusion in patients with long-standing
UC [15].

The poorly healing, refractory inflammatory ulceration
and damage in the IBD intestine suggests that microvascu-
lar dysfunction resulting in diminished vasodilatory capac-
ity and tissue hypoperfusion are found in the IBD gut. The
molecular physiology underlying microvascular dysfunc-
tion in IBD was assessed directly by Hatoum et al., who
characterized vasodilator responses in human intestinal
microvessels, by measuring in vitro vasodilatory capacity in
response to acetylcholine from perfused 50- to 150-mm
diameter arterioles isolated from intestinal resections [16].
Normal intestinal microvessels vasodilate in response to
Ach using NO- and cyclooxygenase (COX)-dependent
mechanisms, while chronically inflamed IBD arterioles
(both CD and UC) demonstrated a significantly diminished
vasodilatory capacity. This decreased vasodilatory capacity
in the chronically inflamed IBD microvessels was directly
related to a loss of NO-dependent function, and these same
vessels were found to be heavily dependent on COX to
maintain their vascular tone. Microvascular endothelial dys-
function in chronically inflamed IBD tissues was associated
with excess levels of oxidative stress as measured by intrav-
ital dyes and confocal fluorescence microscopy, which was
not present in vessels isolated from normal intestine or un-
involved areas of IBD bowel. The microvascular dysfunc-
tion identified in arterioles from chronically inflamed IBD

gut was not a generalized response to inflammation, as it
was not demonstrated in vessels isolated from acute inflam-
mation (i.e., diverticulitis) and uninvolved areas of IBD.
This demonstrates that medications used to treat IBD
patients at the time of surgery did not contribute directly 
to the microvascular dysfunction, and further substantiates
that intrinsic, acquired alterations in the chronically
inflamed and remodeled microcirculation underlie this
pathophysiology.

Summary

The vasculature plays a central role in human IBD, as
studies have demonstrated an altered microvascular
anatomy in the chronically inflamed bowel, which corre-
sponds with altered immunologic function and vascular
physiology. Microvascular dysfunction in IBD results in
diminished perfusion capacity, which is linked to impaired
wound healing and may contribute to the refractory mucosal
damage that characterizes IBD. Only areas of the microvas-
cular anatomy characterized by extensive remodeling from
chronic inflammation and damage correlate with impaired
vasoperfusion, as well as enhanced leukocyte interaction
and sustained endothelial activation. Thus, we believe that
the vasculature contributes to the initiation and perpetuation
of chronic intestinal inflammation in IBD. Improved under-
standing of the vascular contribution in IBD pathogenesis
will pave the way for the development of novel strategies
targeting inflammatory and ischemic mechanisms, specifi-
cally endothelium–leukocyte interaction with antiadhesion
molecule biologic agents and vasodilatory compounds 
to improve wound healing in areas of refractory mucosal
ulceration.

Glossary

Crohn’s disease: An inflammatory disease of the gastrointestinal tract
whose etiopathogenesis is linked to a combination of both genetic and envi-
ronmental causes. The peak incidence of onset occurs between 15 and 25
years of age, and a second peak is associated with the sixth decade of life.
Common symptoms include recurrent abdominal pain, fatigue, fever, nau-
sea, vomiting, weight loss and diarrhea. Complications include anemia,
intestinal blockage from strictures, fistulas and anal fissures. Treatments
target inflammation and include 5-aminosalicylate compounds, corticos-
teroids, immunomodulators and anti-TNFalpha agents. Surgery is fre-
quently needed to ameliorate complications of this life-long disease.  

HIMEC (human intestinal microvascular endothelial cells):
acronym for human small and large intestine specific in vitro endothelial
cell lines.

Inflammatory bowel disease: The group of chronic inflammatory dis-
orders involving the gastrointestinal tract, most commonly associated with
ulcerative colitis and Crohn’s disease.

MAdCAM-1: Mucosal cell adhesion molecule 1 is a member of the
immunoglobulin gene superfamily, and this cell surface glycoprotein is
expressed on specific vascular beds in the gastrointestinal mucosa, pancreas
and brain. MAdCAM-1 is increased during inflammatory bowel disease,
and is the endothelial ligand for leukocytes bearing the alpha4 beta 7 inte-
grin, mediating selective leukocyte recruitment into tissues.  

Microvascular dysfunction: is the physiologic disturbance or impair-
ment of normal endothelial vasorelaxation in response to mediators such as
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acetylcholine. Microvascular dysfunction has been associated with coro-
nary artery disease, hypercholesterolemia, diabetis mellitus and inflamma-
tory bowel disease. 

Ulcerative colitis: One of the inflammatory bowel diseases, character-
ized by peak onset during adolescence and early adulthood, with exclusive
involvement of the large intestine. Disease invariably involves the anorec-
tum, and will extend proximally in specific patient subgroups, involving the
entire colon in approximately one-third of individuals. Treatment is focused
on 5-aminosalicylates, corticosteroids and immunomodulator agents. A
high percentage of patients (approximately one-third) will ultimately
require total abdominal colectomy due to refractory inflammation or high
propensity for malignant transformation.
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tance, as it too depends on the etiology and mechanism lead-
ing to its formation. Noninflammatory edema fluid, such as
accumulates in heart failure, cirrhosis of the liver, and vari-
ous renal diseases, is protein-poor in nature and is termed 
a transudate. In contrast, the inflammatory edema fluid,
which is termed an exudate, is protein- and leukocyte-rich
and is associated with increased endothelial permeability.
Thus, when characterizing the pathophysiology of edema
formation, it is convenient to differentiate between the
inflammatory and noninflammatory (hemodynamic)
derangements that lead to edema formation.

Hemodynamic Aspects of Edema Formation

Approximately one-third of the total body water content
is confined to the extracellular space. This compartment is
composed of the plasma volume, which under normal cir-
cumstances comprises 25 percent of the extracellular space,
and the remainder is interstitial fluid. Sodium content gov-
erns the total fluid volume in both intravascular and intersti-
tial compartments while plasma proteins (mainly albumin)
govern the partitioning between these two compartments.
The main regulatory hemodynamic mechanism that controls
the disposition of fluid between the intravascular and inter-
stitial compartments contains two sets of opposing forces
known as Starling forces [2]. The Starling principle provides
a framework for analyzing fluid movement across capillar-
ies. Thus, the direction and rate of fluid movement are deter-
mined by the balance between the hydraulic and osmotic
pressures of the intravascular and interstitial compartments.
The Starling equation may be expressed as follows:

Qf = Kf[(Pc - Pi) - (pc - pi)]

The extracellular fluid volume is maintained within nar-
row limits in normal human subjects, despite day-to-day
variations in the dietary intake of salt and water. Plasma vol-
ume, in turn, is determined by the total extracellular fluid
volume, and the partitioning of this volume between the
extravascular fluid and the intravascular compartments also
remains remarkably constant. The relationship of extracellu-
lar volume and, in particular, the volume of the plasma 
compartment to overall vascular capacitance determine to a
large extent the fundamental indices of cardiovascular per-
formance such as mean arterial blood pressure and left ven-
tricular filling volume.

Edema is the clinicopathological term used to describe 
an excessive accumulation of fluids in the extravascular
(interstitial) component of the extracellular fluid volume.
Depending on the etiology and mechanism leading to its for-
mation, edema may occur locally at specific tissue and
organs or it may have a more generalized distribution. Local
edema may be the result of a site-specific hemodynamic
derangement or it may be formed secondary to an inflam-
matory reaction to injury and sepsis. Generalized edema, the
clinical hallmark of extracellular fluid volume expansion,
usually represents the accumulation of excessive volumes 
of fluid in the interstitial compartment secondary to renal
sodium retention, the result of activation of various com-
pensatory mechanisms [1]. Nevertheless, recent studies
have suggested that other contributory mechanisms may
also have a significant role in the pathophysiology of edema
formation.

In clinical practice, when edema is severe and involves
all body tissues and organs, it is commonly termed
anasarca. Accumulation of edema fluids in the peritoneal
cavity is known as ascites and in the pleural cavity as
hydrothorax. The composition of the edema is of impor-

Copyright © 2006, Elsevier Science (USA).
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where Qf = rate of fluid movement across capillaries; Kf =
filtration coefficient; Pc = capillary hydraulic pressure; Pi =
interstitial hydraulic pressure; pc = plasma osmotic pressure;
and pc = interstitial osmotic pressure. Hence, according 
to the Starling equation, the hydraulic pressure within the
vascular system and the colloid osmotic pressure in the
interstitial fluid promote the movement of fluid from the cir-
culation toward the extracellular space. In contrast, the
hydraulic pressure of the interstitial fluid and the intravas-
cular colloid osmotic pressure produced by the plasma pro-
teins tend to drive fluid back into the vascular system. Thus,
any change in any one of these driving forces may alter the
direction of fluid movement from one compartment to the
other [3]. These forces are usually delicately balanced,
resulting in a volume steady state between the intravascular
and the extravascular compartments. At the arteriolar end 
of the microcirculation the hydraulic pressure (about 
32mmHg) is higher than the colloid oncotic pressure 
(25mmHg) such that the prevailing balance of Starling
forces favors the net filtration of fluid into the interstitium.
Net outward movement of fluid along the length of the cap-
illary is associated with an axial decrease in the capillary
hydraulic pressure and an increase in the plasma colloid
osmotic pressure. Thus, at the venular end of the capillary
the intravascular hydraulic pressure (about 12mmHg) is
lower than the colloid osmotic pressure, favoring movement
of fluid back to the circulation. Nevertheless, in several tis-
sues the local transcapillary hydraulic pressure gradient 
continues to exceed the opposing colloid osmotic pressure
gradient throughout the length of the capillary bed, such that
filtration occurs along its entire length. In such capillary
beds, a substantial volume of filtered fluid must therefore be
returned to the circulation via lymphatics. Given this impor-
tance of lymphatic drainage in this situation, the ability of
lymphatics to expand and proliferate and the ability of lym-
phatic flow to increase in response to increased interstitial
fluid formation provide protective mechanisms for minimiz-
ing edema formation.

Other mechanisms for minimizing edema formation even
under normal conditions have also been identified [4]. A rise
in the venous pressure causes myogenic arteriolar constric-
tion that will lower capillary pressure and decrease capillary
surface area. Precapillary vasoconstriction tends to lower
capillary hydrostatic pressure and diminish the filtering 
surface area in a given capillary bed. Indeed, excessive pre-
capillary vasodilatation in the absence of appropriate 
microcirculatory myogenic reflex regulation appears to
account for lower extremity interstitial edema associated
with calcium blocker vasodilator therapy. Increased net 
filtration itself is associated with dissipation of capillary
hydraulic pressure, dilution of interstitial fluid protein con-
centration, and a corresponding rise in intracapillary plasma
protein concentration. The resulting change in the profile of
Starling forces associated with increased filtration therefore
tends to mitigate against further interstitial fluid accumula-
tion. Furthermore, even small increases in interstitial fluid
volume tend to augment tissue hydraulic pressure, again

opposing further transudation of fluid into the interstitial
space. Finally, as tissue pressure increases, the lymphatic
network is widely opened, allowing the return of large vol-
umes of fluid to the microcirculation. Therefore, it is evident
that maintenance of adequate steady state between fluid vol-
umes of the circulation and the interstitial space depends on
the delicate balance among the microcirculatory hydraulic
pressure, the level of plasma proteins, and the adequacy of
the lymphatic drainage system.

The appearance of generalized edema implies one or
more disturbances in the microcirculatory hemodynamics
associated with expansion of the extracellular volume.
There are multiple factors that may affect hemodynamic sta-
bility, such as increased venous pressure transmitted to the
capillary bed, unfavorable adjustments in pre- and postcap-
illary resistances, reduced plasma colloid osmotic pressure,
renal sodium retention, or lymphatic flow inadequate to
drain the interstitial compartment and replenish the intravas-
cular compartment. All of these factors may shift the 
Starling forces toward increased movement of fluids to the
extracellular space and hence promote the formation of
edema (Figure 1A).

Increased Hydraulic Pressure

An increase in the hydraulic pressure at the venular end of
the microcirculation raises the capillary filtration pressure
resulting in increased movement of transudate to the intersti-
tial compartment. In clinical practice, this mechanism 
of edema formation is most commonly seen in congestive
heart failure. When primarily right ventricular function is
affected, the distribution of the edema is systemic, involving
all body tissues. In contrast, decreased left ventricular func-
tion results in increased venous pressure that primarily
affects the lungs. The factors leading to edema in congestive
heart failure, however, are far more complex [5]. The
decrease in cardiac output results in a decrease in the 
effective arterial blood volume. This in turn decreases 
renal blood flow, which triggers the renin–angiotensin–
aldosterone axis in a compensatory attempt to increase the
effective arterial blood volume through increased sodium
and water retention in the kidney. In addition, reduction in
the arterial renal blood flow leads to renal vasoconstriction
with a marked reduction in the glomerular filtration rate. The
direct consequence of the glomerular hemodynamic alter-
ations is an increase in the fractional reabsorption of 
filtered sodium and water at the level of the proximal tubule.
At the same time there is increased secretion of arginine
vasopressin (AVP). The stimulus for increased AVP secretion
in congestive heart failure appears to involve a nonosmotic
drive such as attenuated compliance of the left atrium,
hypotension, and activation of the renin–angiotensin system.
The net effect at the kidney level is again enhanced water
retention, this time at the distal nephron. The resultant
increase in plasma volume from all of these compensatory
mechanisms increases significantly the venous hydraulic
pressure, which in turn imposes a further burden on the 
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failing heart. This leads to further edema formation inflicted
by the transient increase in the central venous pressure. Thus,
a vicious cycle is created whereby compensatory mecha-
nisms are constantly activated in order to increase the effec-
tive arterial blood volume but ultimately fluid escapes to the
interstitium, thereby lowering again the effective arterial
blood volume and further increasing edema formation [6].

Increased hydraulic pressure may also be involved in the
pathogenesis of local edema formation. For example, ob-
struction of venous return from a limb secondary to major
vein thrombosis may lead to a marked increase in the local
venous pressure that overcomes the colloid osmotic pressure
gradient, resulting in local accumulation of fluid in the inter-
stitial space of the affected limb.

Reduced Plasma Oncotic Pressure

This cause for edema is less common than increased
hydraulic pressure, but when it is involved in the pathogen-
esis of edema formation, it tends to create a severe form of
generalized edema. In most instances, the critical level of
plasma protein needed to maintain adequate plasma oncotic
pressure is 2.5mg/dL. A decrease in the critical content of
plasma proteins, such as may occur in several clinical set-
tings including cirrhosis of the liver, nephrotic syndrome,
malnutrition, and various protein-losing gastroenter-
opathies, will significantly reduce the oncotic pressure
responsible for reabsorption of interstitial fluids. This favors
the net movement of fluids from the intravascular compart-
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Effective blood volume
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Figure 1 The hemodynamic (A) and inflammatory (B) events leading to edema formation. (see color insert)
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ment to the interstitial space. The reduction in the intravas-
cular volume leads to a state of decreased effective arterial
blood volume and, as in the pathogenesis described earlier
for congestive heart failure, activation of multiple compen-
satory pathways. As such, decreased renal blood flow will
decrease the glomerular filtration rate and activate the
renin–angiotensin–aldosterone axis, resulting in increased
reabsorption of sodium and water. However, the resultant
expansion of the intravascular volume will rapidly move to
the interstitium because of the low plasma osmotic pressure,
resulting in the massive fluid shift. Again, this compensatory
mechanism may lead to the same vicious cycle as described
in the case of heart failure, whereby renal sodium and water
retention are continuously activated secondary to a sus-
tained perceived decrease in effective arterial blood volume.

Sodium Retention

The sodium body content is the main determinant of 
volume in the extracellular compartment. Hence, sodium
retention, which is the result of an imbalance in renal tubule
sodium reabsorption relative to filtered load, may result in
excessive fluid accumulation in the interstitial compartment.
In generalized edema, the expansion of the extracellular vol-
ume is invariably associated with renal sodium retention.
Some of the causes and pathways leading to sodium reten-
tion were outlined earlier. In congestive heart failure and 
cirrhosis with ascites, the primary disturbance leading to
sodium retention does not originate within the kidney.
Instead, renal sodium retention is the response to a distur-
bance of the effective circulation induced by disease of 
the heart or liver. In the nephrotic syndrome, glomerular
injury accompanied by heavy proteinuria is associated with
sodium retention and leads to a profound disturbance in 
circulatory homeostasis. In each of these conditions, the
renal effector mechanisms that normally operate to conserve
sodium and protect against a sodium deficit are exaggerated
and continue despite subtle or overt expansion of interstitial
compartment volume.

Inadequate Lymphatic Flow

This form of edema, commonly termed lymphedema, is
nearly always confined to a specific anatomic region. Under
normal circumstances, excess of interstitial fluid is removed
by the lymphatic system, eventually returning to the circula-
tion through the thoracic duct. Lymphatic obstruction is
commonly observed in the arms following axillary lymph
node dissection or irradiation, and in the lower extremities
following inguinal lymph node dissection or chronic infec-
tion with the filarial worm Wuchecheria bancrofti. This form
of edema may be massive and severely impair limb func-
tion, again demonstrating the important role of the lym-
phatic network in minimizing edema formation.

In summary, changes in any one or more of the factors
that contribute to Starling forces may result in violation of
the normal body fluid partitioning and the development of

edema. The magnitude of edema is therefore a reflection of
the intensity of the hemodynamic derangement, and every
attempt should be made to identify the cause and aim treat-
ment strategies to counter these factors.

Inflammatory Aspects of Edema Formation

One of the common consequences of the inflammatory
response is the development of edema. Although some of
the pathophysiological events that lead to its formation are
similar to those described for hemodynamic derangements,
there are numerous events that are unique to inflammation.
One of the hallmarks of the inflammatory response is 
the production and secretion of various proinflammatory
cytokines and vasogenic mediators. Among the proinflam-
matory mediators and cytokines produced during inflamma-
tion, it is mainly histamine, bradykinin, platelet-activating
factor, interleukin (IL)-1, and tumor necrosis factor (TNF)
that are involved in the pathogenesis of inflammation-
mediated edema [7]. The magnitude of their action is largely
dependent on the etiology of the inflammatory response 
and length of exposure to offending stimuli. Furthermore,
the dominance of each of these agents also depends on the
offending stimuli leading to endothelial injury. For example,
following minor stimuli IL-1 and TNF secretion provide
cellular and tissue protection through upregulation of certain
anti-inflammatory cytokines (i.e., IL-6, IL-8). In contrast,
IL-1 and TNF have a cardinal role in the endothelial damage
associated with sepsis and endotoxemia. Most cases of 
sepsis are caused by endotoxin-producing Gram-negative
bacilli. Endotoxins are bacterial lipopolysaccharides (LPS)
released by degradation of the cell wall. LPS binds to LPS
binding proteins, and this complex binds to specific recep-
tors (CD14) on monocytes, macrophages, and neutrophils.
Exposure to high levels of LPS induces the inflammatory
response of primarily mononuclear phagocytes, leading to
the production and secretion of TNF, which in turn activates
IL-1 synthesis. Both cytokines act on the endothelial cells 
to produce other cytokines and endothelial effectors. Some
of these effectors such as nitric oxide, platelet-activating 
factors, and other eicosanoids may mediate the release of
proteolytic enzymes by neutrophils that can damage the
endothelium itself and surrounding tissues. Thus, the patho-
genesis of edema formation during inflammation is complex
and may involve the combination of multiple mechanisms.

The main events that participate in the pathogenesis of
inflammatory edema are therefore, alterations in vascular
hemodynamics and an increase in vascular permeability
(Figure 1B).

Alterations in Vascular Hemodynamics

During inflammation there is a sequence of events in the
microvasculature that leads to the formation of edema. 
Initially, there is transient vasoconstriction mediated by the
secretion of various vasoconstricting mediators. This, in
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turn, is rapidly followed by vasodilatation of arterioles and
expansion of microvascular beds in the involved region.
Hence, the increase in the hydraulic pressure secondary to
this vasodilatation results in transudation of protein-poor
fluid to the extracellular compartment. At the same time,
another edema-forming mechanism is activated. This mech-
anism, which is the hallmark of inflammatory edema,
involves the induction and development of increased
microvascular permeability.

Increased Vascular Permeability

Increased vascular permeability during inflammation
occurs mainly at the microcirculatory level, involving the
arterioles, capillaries, and venules. Unlike the forms of
edema described earlier, here there is loss of protein-rich
fluid (exudate) from the intravascular compartment to the
interstitial space. Thus, a decrease in the intravascular
oncotic pressure accompanied by an increase in the intersti-
tial osmotic pressure result in marked movement of fluids to
the interstitium and impairment of venous return.

Under normal conditions, the microvascular endothelium
is composed of a thin, continuous layer of squamous epi-
thelium with closely apposed intercellular junctions. 
Thus, bidirectional movement of water and small solutes 
is permitted between the intravascular compartment and 
the interstitial compartment, but larger particles, such as
albumin and other plasma proteins, cannot cross freely. 
At the capillary level there is somewhat freer movement of
proteins owing to the presence of micropinocytotic vesicles
(25nm). Despite its simple structure, the endothelium 
is actually metabolically active and is capable of secreting
various proteins, including prostaglandins, cytokines, and
collagen.

The primary factor leading to increased vascular perme-
ability during inflammation is an injury to the endothelium.
Acute inflammation may induce vascular leakiness of
endothelial monolayers through a response elicited by a
number of pathophysiological mechanisms. Arterioles, cap-
illaries, and venules may be affected differently, depending
on the severity of the inflammatory response and the path-
ways involved. These mechanisms may present distinctively
or, more commonly, they tend to overlap each other. The
first and most common response is observed immediately
following injury and is of very short duration. This response,
also known as the immediate transit response, occurs dis-
tinctively at small and medium-sized postcapillary venules.
This type of response is reversible and results from the acti-
vation of histamine, bradykinin, and leukotrienes. The pri-
mary effect of these mediators is a significant contraction of
the endothelial cells, leading to the formation of large inter-
cellular gaps and escape of exudate to the interstitial space.
Vascular permeability may also be increased by structural
changes in the endothelial cytoskeleton. This pathway,
which is mediated by the action of the proinflammatory
cytokines IL-1 and TNF, is of longer duration (up to 24
hours). Here, vascular leakage results from endothelial cell

retraction (not contraction) and disruption of the intercellu-
lar junctions.

Another mechanism that may lead to a massive and sus-
tained increase in vascular permeability is severe endothe-
lial injury that results in endothelial cell necrosis. Various
insults such as severe burn injuries, sepsis, and endotoxemia
are usually associated with this pathway. Cell necrosis may
be the result of direct injury or may occur secondary to out-
pouring of noxious cellular mediators including oxygen 
radicals and proteolytic enzymes. These factors are mainly
derived from recruited leukocytes. Because leukocytes need
to adhere to become effective, this type of injury is com-
monly seen in venules or pulmonary capillaries. Here, vas-
cular leakage also begins immediately, and this reaction will
be sustained until the endothelium is repaired or the blood
vessel is occluded by a thrombus. Another variant of this
type of response is of delayed onset but again may be of
long duration. It is commonly seen following thermal injury,
exposure to various toxins, and irradiation. In this setting,
the increase in vascular permeability occurs mainly at the
capillary level. The exact mechanism leading to the delayed
onset is unknown, but the possible role of some cytokines
and apoptosis were recently suggested.

Idiopathic Edema

Idiopathic edema is a disorder characterized by fluid
retention that cannot be attributed to the known causes or
the pathogenic mechanisms of edema formation listed ear-
lier. Although the etiology of this syndrome has not been
clarified yet, it is clear that idiopathic edema overwhelm-
ingly occurs in women. It is important to distinguish this
disorder from excessive estrogen–stimulated sodium and
fluid retention associated with the premenstrual state (cyclic
or premenstrual edema). True idiopathic edema has been
reported in postmenopausal women, and episodes of fluid
retention bear no relationship to the menstrual cycle. In most
series of patients, other edema-forming states such as car-
diac, renal, or hepatic disease have been excluded. It is
therefore likely that idiopathic edema is not a single entity,
but rather the result of multiple etiologies [8].

An important consistent finding in idiopathic edema is
the observation that most of the affected patients retain
sodium and water in the upright posture, but diurese in the
recumbent position. There is evidence to suggest that
decreased plasma volume with concomitant increase in
plasma renin and aldosterone activity are frequent findings.
The relative importance of secondary hyperaldosteronism in
sustaining the progressive fluid gain in this disorder is high-
lighted by the observation that treatment with angiotensin-
converting enzyme inhibitors often results in fluid loss and
symptomatic improvement.

The possibility that an underlying abnormality exists in
capillary permeability leading to loss of intravascular vol-
ume in the upright posture has also been considered. Studies
provided evidence showing a decrease in plasma volume
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and increased disappearance rates of albumin from the
plasma. Some studies have suggested an increase in edema
fluid protein concentrations, and others have reported
increased catabolic rates for serum albumin. Although
severe hypoalbuminemia is not a feature of the disorder,
small decreases in serum albumin concentration have been
noted. The mechanisms underlying the increased permeabil-
ity of the capillaries are poorly understood. However, it was
shown that IL-2 may have a major role in the pathogenesis
of this syndrome. It was also suggested that some patients
with idiopathic edema are, or have been, diuretic users.
Because diuretic agents induce a degree of volume deple-
tion, many of the mechanisms controlling sodium excretion
are stimulated to compensate for the natriuresis. This “brak-
ing” phenomenon provides patients a new steady state of
external sodium balance. Thus, proximal fluid reabsorption
might increase and the renin–angiotensin–aldosterone sys-
tem would be overstimulated.

In summary, idiopathic edema may be the end result of
multiple etiologies. After exclusion of certain metabolic and
other edema-forming states, it is likely that certain forms
exist in which primary disturbances in capillary permeabil-
ity result in decreased circulating plasma volume.

Glossary

Colloid osmotic pressure: The effective pressure between the plasma
and the interstitial compartment provided by osmotically active particles
(proteins) that do not pass the freely between semi-permeable membranes.

Extracellular fluid: The fluid contained in the plasma and the intersti-
tial compartment.

Hydraulic pressure: The hydrostatic pressure formed within the
intravascular compartment.

Microvascular permeability: Alterations in the vascular permeability
of the microcirculation.

Starling equation: Provides the calculation of forces driving fluid
movement across the capillaries.
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IRBC–CD36 interaction through a change in the phospho-
rylation state of endothelial CD36. Vascular endothelium
thus has a much more dynamic role in cytoadherence than
previously recognized. The proposed novel intracellular sig-
naling mechanism involving CD36, Src-family kinases, and
an ecto-alkaline phosphatase could potentially be exploited
to inhibit the pathophysiological chain of events seen in
patients with severe falciparum malaria.

Plasmodium falciparum Malaria

Malaria, a disease caused by parasites of the genus Plas-
modium, remains a major medical problem worldwide with
an incidence of 300 million new cases and 1 to 2 million
deaths each year. Of the four species of human malaria par-
asites, P. falciparum is the most lethal. The clinical mani-
festations of falciparum malaria are variable. They range
from a mild febrile illness to severe and frequently fatal syn-
dromes such as cerebral malaria and multiorgan failure. The
mortality due to severe falciparum malaria is about 15 to 20
percent despite effective antimalarial drugs and optimal
clinical care. In areas of high endemicity, such as sub-
Saharan Africa, severe falciparum malaria mainly affects
children less than 5 years of age, accounting for 90 percent
of the annual malarial mortality worldwide. There is lower
incidence in older children and adults in these areas, because
of the acquisition of partial immunity. Almost all the deaths
in African children have three main overlapping clinical
syndromes: respiratory distress, cerebral malaria, and severe
anemia. In areas of low endemicity such as Southeast Asia,
severe falciparum malaria can affect all age groups. Acute
renal failure, jaundice, and pulmonary edema are common

Introduction

The adhesion of infected erythrocytes containing mature
stages of the parasite Plasmodium falciparum (IRBCs) to
host endothelium is a key pathogenic process of the infec-
tion. The resulting sequestration of IRBCs in the microvas-
culature leads to tissue hypoxia, metabolic disturbances,
multiorgan dysfunction, and ultimately the death of 1 to 2
million patients worldwide annually. Under physiological
flow conditions, the process of cytoadherence is mediated
by the parasite protein Plasmodium falciparum erythrocyte
membrane protein 1 (PfEMP1) expressed on the surface 
of IRBCs, and its synergistic interactions with a number 
of endothelial receptor molecules, mimicking the adhesive
events in the leukocyte recruitment cascade. In previous
studies, we demonstrated that although IRBCs from clinical
parasite isolates can tether and roll on intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), and P-selectin, they adhere preferentially to
CD36 on microvascular endothelial cells.

In addition to serving as points of attachment, adhesion
molecules are known to serve as receptor signaling mole-
cules capable of transducing an extracellular signal leading
to cellular activation. Such signaling activities have been
reported for a number of adhesion molecules including the
selectins, the immunoglobulin superfamily of adhesion 
molecules, and integrins, all of which play critical roles in
leukocyte recruitment to sites of inflammation.

In this review, we will discuss recent experimental data
that indicate that the adhesion of IRBCs to CD36 can also
lead to endothelial intracellular signaling. Furthermore, the
evidence suggests that there are both outside-in and inside-
out signaling mechanisms that modulate the affinity of the

Copyright © 2006, Elsevier Science (USA).
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in adults. Cerebral complications may occur by itself or in
conjunction with other organ involvement. It generally has 
a poor prognosis. However, approximately 95 percent of
adults and 85 percent of children who recover from cerebral
malaria show no persistent neurological sequelae.

Cytoadherence

The most common and consistent pathological feature of
severe falciparum malaria is the sequestration of IRBC in
the capillaries and postcapillary venules of vital organs.
Sequestration has been observed in all major organs such as
the brain, heart, lung, kidney, and spleen. The organ distri-
bution of sequestration varies and often reflects the clinical
features of the preceding illness. For example, patients with
cerebral malaria show increased cerebral sequestration com-
pared with that in other organs. Even within the brain, the
cerebral cortex and cerebellum are preferentially affected
compared to the midbrain and brain stem. The sequestration
of IRBCs in microvessels is thought to allow the parasites to
evade splenic clearance. Unfortunately, the resulting impair-
ment of microcirculatory blood flow may lead eventually to
the demise of the host.

The molecular basis of cytoadherence in the vasculature
has been studied extensively. Under static conditions, a
number of adhesion molecules including CD36, ICAM-1,
E-selectin, VCAM-1, PECAM-1, and thrombospondin-1
(TSP-1) have been shown to support IRBC adhesion,
although the degree of adhesion to the different molecules
varies by several orders of magnitude. A unique situation is
the sequestration of IRBCs in the human placenta where
IRBCs appear to adhere to chondroitin sulfate A (CSA)
expressed on syncytiotrophoblasts that line the placental vil-
lous space. Under physiological flow conditions, we found
that cytoadherence on microvascular endothelium in a par-
allel-plate flow chamber in vitro and in a human microvas-
culature in vivo is mediated by a number of adhesion
molecules in a synergistic fashion (Figure 1). IRBCs can
tether and roll on several host endothelial receptors such as
ICAM-1, VCAM-1, and P-selectin, but not CSA. These
low-affinity interactions do not by themselves lead to the
arrest of the interacting cells, but enhance the subsequent
adhesion of nearly all clinical isolates tested to CD36.
ICAM-1 and VCAM-1 mediate their effect by increasing the
percentage of rolling cells that become adherent, while P-
selectin increases the absolute number of rolling and adher-
ent IRBC, consistent with its ability to tether flowing cells
from the bloodstream in leukocyte recruitment. Despite the
similarities, there are important differences between leuko-
cyte and IRBC recruitment. Whereas leukocyte recruitment
occurs in a stepwise progression from selectins to members
of the immunoglobulin superfamily, IRBCs can tether and
roll on a number of different molecules before adhesion to
CD36. In fact, CD36 by itself can mediate all three compo-
nents of the adhesive interactions. If the cumulative affinity
of all interactions is sufficiently high, the IRBC will adhere.

Otherwise, they will continue rolling. These findings under-
score the pivotal role of CD36 in the pathogenesis of severe
falciparum malaria.

CD36

CD36 is an 88-kDa membrane glycoprotein of 471
amino acids with two hydrophobic regions near the amino
and carboxyl terminals that serve to anchor the molecule to
the plasma membrane (Figure 2). It is expressed on a wide
variety of cell types, such as microvascular endothelial cells,
erythroblasts, monocytes, platelets, striated muscle cells,
adipocytes, and mammary epithelial cells. The natural lig-
ands of CD36 include collagen, TSP-1, both native and 
oxidized low-density lipoproteins (LDLs) and high-density
lipoproteins (HDLs), and apoptotic neutrophils. These
receptor–ligand interactions can lead to diverse cellular and
biological responses including uptake of apoptotic bodies,
TGF-b activation, fatty acid transport, and endothelial cell
apoptosis. CD36 was first identified as a receptor for IRBCs
indirectly by the inhibition of adhesion of IRBCs to C32
melanoma cells and endothelial cells by the anti-CD36 
monoclonal antibody OKM5. Direct evidence was obtained
subsequently by demonstrating that IRBCs adhered to
immobilized purified CD36 protein from platelets and COS
cells transfected with CD36. Most clinical parasite isolates
studied to date bind CD36, and OKM5 can block the adhe-
sion of all parasite isolates tested. These results imply that a
CD36 binding domain is expressed in most parasite isolates
and it recognizes a common region on CD36. Peptide map-
ping studies on CD36 reveal that residues 145 to 171 are
important for IRBC adhesion, and OKM5 is thought to bind
to residues 155 to 183.

PfEMP1 and Recombinant 179 Peptides

Plasmodium falciparum erythrocyte membrane protein 
1 (PfEMP1) is the parasite protein directly involved in adhe-
sive interactions with microvascular endothelium. PfEMP1

Figure 1 Schematic model of the cytoadherence cascade under flow
conditions. IRBCs are observed to have three distinct types of adhesive
interactions with microvascular endothelium: tethering, rolling, and firm
adhesion mediated by a number of different adhesion molecules.
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is a highly variable protein encoded by the large var gene
family that is expressed on electron-dense protrusions on the
surface of infected erythrocytes. In the early stages of the
parasite cycle, many var genes are transcribed in a single
IRBC. As the intracellular parasite matures to a trophozoite,
at which stage cytoadherence occurs, only one var gene
product is expressed, while the remaining genes are silenced
by an as yet unknown mechanism. However, a single para-
site clone can bind to more than one receptor molecule
through its distinct binding modules: the Duffy binding-like
domains (DBL) and the cysteine-rich interdomain regions
(CIDR) (Figure 3). A critical region of PfEMP1 involved in
binding to CD36 is localized to a 179-amino-acid sequence
within the CIDR1 region. A recombinant 179 amino acid
peptide in Escherichia coli from the parasite strain Malayan
Camp (MC) var1 gene has been shown to bind to CD36 and
inhibit and reverse the adhesion of several CD36-binding
laboratory-adapted parasite strains in static and flow cham-
ber based assays in vitro. More importantly, we recently
demonstrated that a yeast recombinant peptide PpMC-179
could inhibit and reverse cytoadherence of diverse clinical
isolates in human microvessels in vivo in a human–SCID
mouse chimeric model.

CD36-Mediated Intracellular Signaling

CD36 is known to mediate intracellular signaling. The
molecule is physically associated with Src-family kinases 
in membrane invaginations known as caveolae that are
enriched in a variety of signal transduction molecules. Cave-
olae serve as a subcompartment of the plasma membrane
where clustering of signaling proteins may result in more
rapid cross talk and/or promote efficiency of signal trans-
mission. The binding of one of the natural ligand TSP-1 to
CD36 on dermal microvascular endothelial cells sequen-
tially activates the Src-family kinase Fyn, caspase-3-like
proteases, and the p38 MAPK pathway. As well, a CD36-
mediated signaling cascade involving the Src-family kinases

Lyn and Fyn is responsible for the inflammatory effects of
fibrillar b-amyloid in mouse peritoneal macrophages and
microglial cells. Several lines of evidence in the literature
suggest that IRBC adhesion might also induce intracellular
signaling. IRBC adhesion to CD36 on human monocytes
induces a respiratory burst, and cross-linking of CD36 on
monocytes by OKM5 activates both the ERK 1/2 and p38
MAP kinase pathways. IRBCs have also been shown to
modulate the maturation of dendritic cells through an inter-
action with cell surface CD36.

An additional feature of platelet CD36 is that it is con-
stitutively phosphorylated on its ectodomain on residue
Thr92 that results in a low-affinity receptor for TSP-1. Initial
CD36–TSP-1 interaction induces platelet degranulation
with release of acid phosphatases capable of dephosphory-
lating the ectodomain of CD36, resulting in a high-affinity
receptor for TSP-1. Although the phosphorylated isoform of
CD36 have not been identified on endothelium, the PKC-
dependent targeting sequence RGPYTYRVRFLA for Thr92

phosphorylation is conserved in the endothelial protein.
The close proximity of CD36, dually acylated Src-family
kinases, and a glycosylphosphatidylinositol (GPI)-anchored
alkaline phosphatase in caveolae suggests that a change 
in the phosphorylation state of endothelial CD36 might 
also occur upon ligand binding and intracellular signal 
activation.

CD36 Signaling via Src-family Kinases 
Modulates IRBC Adhesion

We have generated pharmacological and functional data
that are consistent with a role for intracellular signaling and
subsequent dephosphorylation of the CD36 ectodomain in
mediating firm adhesion of IRBC under flow conditions.
Specifically, we have demonstrated that the binding of
PpMC-179 to CD36, as well as cross-linking CD36 with
OKM5, activated the ERK 1/2 MAP kinase pathway in
HDMEC that was dependent on Src-family kinase activity.
The PpMC-179 peptide represents the functional binding
domain of the parasite cytoadherent ligand PfEMP1 to
CD36. Our finding is therefore the first direct demonstration
that IRBC-CD36 interaction can in fact induce an intracel-
lular signal in the host cells.

To determine the functional consequence of the intracel-
lular activating, we treated HDMEC with PP1, a Src-family

Figure 2 CD36 membrane topology and binding sites. This unique
structure contains two cytoplasmic tails and two extracellular loops sepa-
rated by a hydrophobic section that sits within the outer leaflet of the
plasma membrane. Threonine-92 is phosphorylated in platelet CD36.

Figure 3 Structural domains of PfEMP1 from the parasite clone
MCvar1 for which the minimal CD36 binding site (179 amino acids) has
been mapped to the CIDR region 1. DBL, Duffy binding-like; CIDR, 
cysteine-rich interdomain.
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kinase selective inhibitor. PP1 inhibited adhesion of IRBCs
to HDMEC monolayers in a flow chamber assay and to
intact human microvessels in vivo in a human–SCID mouse
model. The effect of PP1 could be mimicked by levamisole,
a specific alkaline phosphatase inhibitor. Furthermore, firm
adhesion to PP1-treated endothelium could be restored by
the addition of exogenous alkaline phosphatase. Collec-
tively, these results strongly support a novel mechanism 
for the modulation of cytoadherence under flow conditions
through a signaling pathway involving CD36, Src-family
kinases, and an ecto-alkaline phosphatase, most likely the
GPI-anchored endothelial alkaline phosphatase. Based on
these findings, we propose that the initial attachment of
IRBCs to CD36 under flow conditions (step 1 in Figure 4)
triggers a Src-family kinase-dependent intracellular signal
(step 2) that is responsible for increasing subsequent 
adhesion of IRBCs to CD36 by means of an ecto-alkaline
phosphatase (step 3). The enzyme dephosphorylates CD36,
leading to a higher binding affinity of CD36 for IRBCs (step
4). Through this mechanism, a small number of strongly
adherent IRBCs in a clinical parasite isolate can activate the
endothelium and promote the adhesion of the majority of
IRBCs.

Downstream Signaling Events

In contrast to the increase in adhesion following the acti-
vation of Src-family kinases and possibly an ecto-alkaline
phosphatase, activation of the ERK 1/2 and p38 MAP kinase
pathways had no immediate effect on IRBC adhesion. How-
ever, this lack of effect of MAP kinases on adhesion does
not exclude an important downstream role for MAP kinases
in regulating gene expression of molecules induced as a
result of PfEMP1 ligation of CD36, including cytokines 
and chemokines that would in turn modulate the adhesion
process. The occurrence of downstream effects of MAP
kinases would be consistent with the observation that the

ERK 1/2 and the p38 MAPK pathways are activated in
monocytes following CD36 cross-linking with OKM5, and
blockade of these pathways result in inhibition of phagocy-
tosis of IRBCs. In dendritic cells (DC), the binding of IRBC
to surface-expressed CD36 leads to a switch in production
of IL-12 to IL-10, and an associated inability to activate T
cells. Recently, apoptosis in lung microvascular endothelial
cells has been observed after the cells were cocultured with
IRBCs. However, the percentage of apoptotic cells appears
to be limited (~15%), which might explain the absence of
widespread endothelial damage in patients with severe fal-
ciparum malaria. Collectively, these findings suggest that
the interaction of IRBCs with host cells can result in pro-
found modulation of their normal function.

Possible Role of Other Receptor Molecules

If the signaling by IRBCs through CD36 on microvascu-
lar endothelial cells is analogous to its action in other cell
types, we could anticipate that an assembly of membrane
receptors might be involved for endothelial cell activation 
as a result of IRBC adhesion. Integrins are likely candidate
receptors for IRBCs on endothelium, as they promote adhe-
sion to other cells and matrix proteins and are often associ-
ated physically and functionally with CD36. Indeed, CD36
is known to guide integrins into signaling rafts, and in so
doing may regulate integrin function. The antiangiogenic
effect of TSP-1 has been shown to involve its binding to
endothelial CD36 as well as to a3b1 integrin. On microglial
and other myeloid cells, the activation of CD36 by b-
fibrillar peptides (amyloid plaque) involves CD36, a6b1
integrin, and the integrin-associated protein CD47. In retinal
pigment epithelium, phagocytosis of outer segment (OS)
fragments is mediated by CD36 and avb5 integrin, but the
molecules appear to have different roles. Whereas avb5 acts
as the receptor for OS, the interaction with CD36 with
resulting dimerization of the molecule is necessary and suf-
ficient to activate the internalization process. Although we
have shown that intracellular signals can be generated by the
direct binding of PfEMP1 to endothelial CD36, it is con-
ceivable that additional signals could be induced through the
interaction of IRBCs with integrins and/or TSP-1, which can
in turn interact with CD47 or the matrix protein avb3 inte-
grin. The engagement of a core of receptors will immobilize
IRBCs on the cell surface, leading to focal aggregation of
the receptors into a functional complex. In support of this
hypothesis, an anti-av antibody has been shown to inhibit
IRBC adhesion to HDMEC under flow conditions in vitro.
As well, the uptake of apoptotic cells require both CD36 and
avb3 on macrophages.

Other Signaling Events Triggered by P. falciparum

Other P. falciparum molecules have been reported to
activate signaling in endothelial cells. The GPI anchor of

Figure 4 Proposed model of the regulation of IRBC adhesion to CD36
on microvascular endothelium under flow conditions. The initial attach-
ment of IRBCs to CD36 (step 1) leads to a Src-family kinase-dependent
intracellular signal (step 2) that is responsible for increasing subsequent
IRBC adhesion to CD36 by means of an ecto-alkaline phosphatase (ecto-
ALP) (step 3) that dephosphorylates and hence increases the binding affin-
ity of CD36 for IRBCs (step 4). (From Yipp et al., 2003, with permission
of The American Society of Hematology.)
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two P. falciparum proteins MSP-1 (merozoite surface pro-
tein 1) and MSP-2 has been shown to stimulate nitric oxide
production in human umbilical vein endothelial cells. The
same glycolipid also upregulates the expression of ICAM-1,
VCAM-1, and E-selectin on endothelial cells, leading to
increased leukocyte and parasite adhesion. The latter effect
of the GPI can be inhibited by the Src-family kinase antag-
onist herbimycin A, suggesting that the activation of non-
receptor protein tyrosine kinases in endothelial cells may
constitute a critical proximal event in integrating the regula-
tion of IRBC adhesion by diverse signals. Further under-
standing of the cellular consequences cytoadherence is
urgently required to provide the basis for novel modes of
therapy against one of the most devastating infections of
humankind.

Glossary

CD36: An 88-kDa transmembrane scavenger molecule found on
microvascular endothelial cells, erythroblasts, monocytes, adipose tissue,
platelets, dendritic cells, and microglial cells. CD36 serves many physio-
logical roles such as the uptake of apoptotic bodies and lipids, fatty acid
transport, and apoptosis of endothelial cells to prevent neovascularization
and may have significant roles in the pathogenesis of atherosclerosis, 
diabetes, and Alzheimer’s disease.

Cytoadherence: The process whereby erythrocytes infected with
mature stages of Plasmodium falciparum adhere to vascular endothelium.
Cytoadherence is mediated by the parasite protein Plasmodium falciparum
erythrocyte membrane protein 1 expressed on the surface of the infected
red cell and a number of endothelial adhesion molecules in a cascade of
interactions resembling the adhesive events in leukocyte recruitment.

Intracellular signaling: A cascade of specific molecular interactions
that facilitates information transduction from the inner cytoplasmic mem-
brane leaflet throughout the interior of the cell into the nucleus and often
results in changes in DNA regulation and expression.

Src family kinases: A family of nonreceptor protein tyrosine kinases
that mediate intracellular signaling. These molecules include Src, Fyn, Yes,
Fgr, Lyn, Hck, Lck, Blk, and Yrk and share characteristic src-homology
domains (SH) that are regulated through tyrosine phosphorylation.

Bibliography

Asch, A. S., Liu, I., Briccetti, F. M., Barnwell, J. W., Kwakye-Berko, F.,
Dokun, A., Goldberger, J., and Pernambuco, M. (1993). Analysis of
CD36 binding domains: Ligand specificity controlled by dephosphory-
lation of an ectodomain. Science 263, 1436–1440. The first description
of the importance of the phosphorylation state of the ectodomain of
platelet CD36 as a determinant of its binding affinity for various 
ligands.

Febbraio, M., Hajjar, D. P., and Silverstein, R. L. (2001). CD36: A class B
scavenger receptor involved in angiogenesis, atherosclerosis, inflam-
mation, and lipid metabolism. J. Clin. Invest. 108, 785–791.

Ho, M., and White, N. J. (1999). Molecular mechanisms of cytoadherence
in malaria. Am. J. Physiol. 276 (Cell Physiol. 45), C1231–C1242. A
comprehensive review of the roles of various adhesion molecules and
parasite proteins involved in cytoadherence.

Schofield, L., Novakovic, S., Gerold, P., Schwarz, R. T., McConville, M. J.,
and Tachado, S. D. (1996). Glycosylphosphatidylinositol toxin of Plas-
modium upregulates intercellular adhesion molecules-1, vascular cell
adhesion molecule-1, and E-selectin expression in vascular endothelial
cells and increases leukocyte and parasite cytoadherence via tyrosine
kinase-dependent signal transduction. J. Immunol. 156, 1886–1896.

Shattil, S. J., and Brugge, J. S. (1991). Protein tyrosine phosphorylation and
the adhesive functions of platelets. Curr. Opin. Cell Biol. 3, 869–879.

Smith, J. D., Gamain, B., Baruch, D. I., and Kyes, S. (2001). Decoding the
language of var genes and Plasmodium falciparum sequestration.
Trends Parasitol. 17, 538–545.

Yipp, B. G., Anand, S., Schollaardt, T., Patel, K. D., Looareesuwan, S., and
Ho, M. (2000). Synergism of multiple adhesion molecules in mediating
cytoadherence of Plasmodium falciparum–infected erythrocytes to
microvascular endothelial cells under flow. Blood 96, 2292–2299.

Yipp, B. G., Robbins, S. M., Resek, M. E., Baruch, D. I., Looareesuwan,
S., and Ho, M. (2003). Src-family kinase signaling modulates the adhe-
sion of Plasmodium falciparum on human microvascular endothelium
under flow. Blood 101, 2850–2857. The first demonstration that IRBC
adhesion to CD36 on microvascular endothelial cells leads to intracel-
lular signaling in the host cell that could eventually result in a change
in the phosphorylation state and hence binding affinity of CD36 for
IRBCs. The findings also suggest the therapeutic potential of phos-
phatase inhibitors such as levamisole in the treatment of severe falci-
parum malaria.

Capsule Biography

Dr. Ho is a Professor in the Department of Microbiology and Infectious
Diseases at the University of Calgary, Canada. She is a Senior Medical
Scholar of the Alberta Heritage Foundation for Medical Research, and her
laboratory primarily focuses on the molecular pathogenesis of severe P. 
falciparum malaria. Her work is supported by grants from the Canadian
Institutes of Health Research and the Anemia Institute of Research and
Education, Canada.

Bryan Yipp is an M.D./M.Sc. student at the University of Calgary who
studies the molecular pathogenesis of Plasmodium falciparum in Dr. May
Ho’s laboratory.

Dr. Robbins is an Associate Professor in the Departments of Oncology
and Biochemistry and Molecular Biology at the University of Calgary. He
is a Senior Scholar of the Alberta Heritage Foundation for Medical
Research and currently holds a Canada Research Chair in the area of Can-
cer Biology. His research, which has focused on defining signal transduc-
tion pathways in various pathophysiological conditions, is supported by
grants from the Canadian Institutes of Health Research, Cancer Research
Society, Kids Cancer Care Foundation of Alberta, and the Alberta Cancer
Board.





CHAPTER 113

Ischemia–Reperfusion Injury
Shahrul I. Ibrahim, Rodney K. Chan, and Herbert B. Hechtman

Department of Surgery, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts

or completely reversible or irreversible, depending on its
severity and duration. Following reperfusion, accumu-
lated toxic metabolites are flushed into the general circula-
tion, which may have adverse local or remote effects on
organs.

Two major concepts have been forwarded regarding the
mechanisms of ischemia–reperfusion injury. Early studies
implicated neutrophil stimulation and oxygen free radicals
as the main culprits. Following ischemia, there is enhanced
neutrophil adherence to endothelial cells secondary to
increased expression of adhesion molecules. This then leads
to neutrophil diapedesis, their oxidative burst, and the for-
mation of oxygen free radicals [2].

Most recent studies, however, point toward ischemia–
reperfusion as part of the inflammatory response to injury,
involving the complement system. The fact that numerous
studies employing novel ideas of blocking neutrophils or
oxygen free radicals failed to produce any meaningful or
clinically relevant findings has changed the focus of investi-
gators toward the complement system, which was first
described in myocardial infarction in the 1980s.

Overview of Inflammation

Inflammation involves a complex series of reactions
including the localized accumulation and activation of
leukocytes and certain plasma proteins following a toxin
exposure, cell injury, or infection. Inflammation is a protec-
tive mechanism, controlling infections and promoting tissue
repair; it can also be a cause of tissue damage and disease if
prolonged or overly intense.

Proinflammatory cytokines and chemokines are released
in response to injury or infection. These activate mast cells
in the connective tissue as well as basophils, neutrophils,

Introduction

Over the years, scientists have been studying the phe-
nomenon of ischemia–reperfusion injury (IR). In simple
terms, it is the resultant injury to tissues that are reperfused
following a period of ischemia. It can be a localized event or
it can be an overwhelming global phenomenon affecting
various organs in the body, so-called remote organ injury.
This is rather paradoxical, as one would expect the restora-
tion of blood supply to be beneficial, but in effect the injury
sustained following reperfusion is far worse than that from
the ischemic event alone.

The clinical relevance of reperfusion injury is enormous
and encompasses many different disciplines of medicine.
Every successful free flap, organ transplant, balloon angio-
plasty, or decompression fasciotomy can be threatened by
ischemia–reperfusion injury. It is a common clinical prob-
lem but there has so far been no effective treatment. Early
research implicated oxygen free radicals and neutrophils as
central to ischemia–reperfusion injury, but this did not lead
to any successful clinical trials, let alone treatment. The 
Harvard physiologist Walter Bradford Cannon and his 
colleagues stimulated much of the early research work in
ischemia–reperfusion. Cannon proposed the humoral theory
of disease, that all bodily functions are controlled by circu-
lating factors [1].

Events Occurring during Ischemia–Reperfusion

Rapid changes occur during ischemia, which leads to
pathway changes in signaling and surface molecule expres-
sion. There is accumulation of toxic products intracellularly,
leading to apoptosis and necrosis. Ischemia can be partially

Copyright © 2006, Elsevier Science (USA).
761 All rights reserved.
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and platelets. These leukocytes can migrate from injured
microvessels and release or stimulate the synthesis of
vasodilators such as nitric oxide, histamine, bradykinins,
and prostaglandins, as well as some powerful vasoconstric-
tor agents including leukotrienes and thromboxane A2.
Products of the complement system can also trigger mast
cell and platelet release of vasoactive agents.

Cytokines are polypeptides produced in response to
microbes and other antigens that mediate and regulate
immune and inflammatory reactions. They are structurally
diverse but share several properties: secretion is a brief, self-
limiting event; the actions often are pleiotropic and redun-
dant; they often influence the synthesis and actions of other
cytokines; actions may be local or systemic; these actions
are initiated by cytokine binding to specific membrane
receptors; the expression of cytokine receptors and the
resultant cell responsiveness are regulated by external sig-
nals; and cellular responses to cytokines are due to changes
in gene expression in target cells. Examples of cytokines
include the interleukins, tumor necrosis factor (TNF), and
the interferons.

Neutrophils play a major role in the immune system and
are recruited locally into sites of injury by chemotactic
agents including lipopolysaccharide derived from bacterial
cell walls, cytokines, eicosanoids produced by local tissue
monocytes and endothelial cells, and complement-derived
anaphylotoxins C3a and C5a. Once neutrophils accumulate
at the target site, they are stimulated by chemoactivators to
release oxygen free radicals and proteases whose objective
is to destroy offending organisms. In severe injury, infection
or ischemia–reperfusion injury, there is indiscriminate and
uncontrolled neutrophil-endothelial adhesion and the release
of injurious agents that damage host tissues [3].

Neutrophils and Free Radicals in
Ischemia–Reperfusion

In abdominal aortic aneurysm repair, reperfusion injury
occurs following the release of the aortic clamp and is medi-
ated in part by neutrophils. Free radical and eicosanoid 
production occur locally in the reperfused tissue and in 
circulating neutrophils. This occurs faster than cytokine 
synthesis, which requires transcription. Neutrophils have
been implicated in many types of inflammation including
the local and remote effects of ischemia–reperfusion.

The recruitment of neutrophils into reperfused tissue is a
self-perpetuating cycle. Oxygen radicals cause endothelial
activation and the upregulation of P-selectin and other 
neutrophil-specific integrins [4, 5]. Activated neutrophils
produce more free radicals and recruit more neutrophils.
The activated complement components C3a and C5a are
also potent chemotactic agents. Neutrophil presence alone, 
however, is often not sufficient to cause reperfusion injury.
Hence, in many experimental animal models, the creation of
a neutrophil-free environment does not reduce injury. How-

ever, complement inhibition even in the presence of neu-
trophil sequestration is sufficient to limit local injury. This
calls into question the actual role of neutrophils during
reperfusion injury. They may play a secondary though not
an unimportant role in mediating injury to the ischemic
organ.

In intestinal ischemia, use of neutrophil adhesion mole-
cule antagonists or antibodies to the endothelial counter
receptor to prevent neutrophil sequestration blunted the
remote lung but not the local intestinal injury. In one study,
animals made neutropenic by pretreatment with anti-
neutrophil antibodies before lower torso reperfusion had
significantly decreased remote pulmonary and hepatic
injury.

In discussing the role of oxygen radicals in reperfusion
injury, paramagnetic resonance has shown that reactive 
oxygen species appear in tissue beds soon after an ischemic
insult. The blockade of reactive oxygen radicals has pro-
duced promising preclinical experimental results. Manson et
al. demonstrated enhanced skin flap survival when super-
oxide dismutase (SOD) was given after arterial and venous
occlusion to scavenge reactive oxygen species. However,
the administration of free radical scavengers after the onset
of reperfusion proved ineffective.

It thus seems that the generation of oxygen radicals is
likely to be a transient early event. The relationship between
the generation of oxygen free radicals and complement acti-
vation is not well described. It is postulated that oxygen 
radicals are generated early and derived either from
parenchymal cell xanthine oxidase or neutrophil NADPH.
Either one could cause endothelial activation and cell injury,
which might include exposure of the so-called “ischemia
antigen” and the ensuing activation of the complement sys-
tem. This idea is supported by in vitro cell culture studies
that showed an increase in complement activation when
hydrogen peroxide was added to human umbilical vein
endothelial cells in a hypoxia–reoxygenation chamber.
Studies have now concentrated on the role of the comple-
ment system in ischemia–reperfusion injury, which have
been boosted by the development of specific complement
knockout animals that make the study of the various com-
ponents of the complement system possible. Reports indi-
cate that therapeutic inhibition of complement with sCR1,
C1 esterase inhibitor or monoclonal antibodies directed
against specific complement components results in
decreased tissue injury, improved organ function, and
increased survival in different animal models of human 
disease [4, 6].

Overview of the Complement System

The complement system consists of more than 30 serum
and cell surface proteins. It was first discovered by Jules
Bordet, the Belgian Nobel laureate, in 1899. He noted that
when serum with antibacterial antibodies was added to a
sample containing bacteria, the bacteria underwent lysis by
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the action of the antibodies. However, when the serum was
heated above a certain temperature, lysis ceased to occur. He
concluded that since antibodies are heat stable, there must
be another substance in the serum that assists or comple-
ments the antibodies. Hence the term “complement” was
coined.

There are three separate pathways of the complement
system: the classical, alternative, and mannose-binding
lectin pathways. They differ in the way they are activated
but have a common end product, the terminal C5-9, also
known as the membrane attack complex (Figure 1).

The classical pathway is activated by antigen–antibody
interaction, leading to the activation of C1q, with the subse-
quent C2- and C4-dependent cleavage of C3 (by C3 conver-
tase C4b2a) and cleavage of C5 by the C5 convertase
(C4b2a3b).

The lectin pathway is activated when the serum mannose
binding lectin (MBL), which is a homolog of C1q, recog-
nizes microbial surface mannose and triggers activation of

MBL-associated proteases (MASP1-3), resulting in the
same formation of C3 and C5 as in the classical pathway.

The alternative pathway is activated by the presence of
lipopolysaccharide and also spontaneously generated C3b.
C3b binds to factor B and forms a complex that is cleaved
by factor D to form the alternative C3 convertase,
C3(H20)Bb. The complex is stabilized by properdin, which
acts as an amplifying activator. This enables the cleavage
product C3b to bind to it, forming the alternative C5 con-
vertase (C3b3bBb).

All three pathways use C3 and cleave C5, which leads to
the formation of the proinflammatory cleavage products C5a
and C5b-9, which are believed to be mainly responsible for
ischemia–reperfusion injury. There is cross talk between 
the three pathways in a few species including mice. The
pathways augment each other. C3 is at the intersection of all
three pathways and its inhibition will lead to a complete
blockade of complement activation and hence the formation
of the membrane attack complex. This complex results in
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Figure 1 The three complement pathways. (see color insert)
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pore formation in the cell membrane, causing abnormal ion
transport, altered signaling, and possible cell lysis and even-
tual death.

In early studies, C3 depletion using cobra venom factor
was reported to be protective during ischemia–reperfusion
in kidney and heart [7]. Since then, complement inhibition
in multiple animal models has been successful in limiting IR
injury. In experimental myocardial ischemia, C1 esterase
inhibitor administered before reperfusion prevented the 
deposition of C1q and significantly reduced the area of car-
diac muscle necrosis. It was also shown to confer protective
effects in models of lung transplantation. Animals geneti-
cally deficient in C3 have less local tissue necrosis after
skeletal muscle or intestinal ischemia. The protection from
local and remote injury accorded to C5 deficient animals in
models of ischemia–reperfusion confirmed the central role
of the membrane attack complex [8]. These preclinical
results highlight the importance of complement activation.

Free radical scavengers have been used in similar studies
and showed promise, but results of clinical trials were dis-
couraging. Although the efficacy of complement antagonism
in clinical trials cannot be predicted with certainty, these
drugs are likely to fare better than the free radical scav-
engers. Free radical scavengers have never worked when
given after the onset of reperfusion. In contrast, an inhibitor
of complement activation, soluble crry (complement 
receptor-related gene Y), was effective against injury when
given both prior to and after the onset of murine intestinal
reperfusion. The use of a soluble complement receptor 1
(sCR1) in a model of skeletal muscle ischemia also reduced
muscle injury when given up to an hour after the start of
reperfusion. The complement system has also been shown to

mediate intestinal injury after resuscitation from hemor-
rhagic shock, which can be viewed as global body ischemia
and reperfusion. The inhibition of complement after hemor-
rhage reduced tissue injury and neutrophil influx and 
preserved nitric oxide synthase function. The exact comple-
ment pathway has yet to be ascertained, but complement
inhibition might provide a novel avenue for treating patients
with major hemorrhage and prevent the compounding prob-
lem of gut ischemia, as well other problems associated with
the multiple organ dysfunction syndrome.

Complement Activation by Immune Complexes
during Reperfusion

The idea that antibodies are involved in reperfusion
injury initially came from observations after intestinal
ischemia that C4-deficient animals were protected to a
degree similar to those deficient in C3. Since C4 is unique to
the classical pathway, which is typically activated by an
immune complex, the hypothesis set forward was that
immune complexes were formed during reperfusion (Figure
2). Supporting evidence has been developed using
immunoglobulin-deficient RAG mice. These animals have
injury reduced to levels seen in C4-deficient mice. Further,
reconstitution of RAG animals with wild-type IgM will
fully reproduce injury while reconstitution with wild-type
IgG will not [5].

IgG, however, might play a role in augmenting IgM-
mediated injury. Immunohistochemical staining for IgM and
C3 on skeletal muscle demonstrates that IgM binding occurs

Ischemia

Reperfusion

IgM deposition Classical pathway activation 

Membrane attack complex formation 

Tissue injury

Figure 2 IR activates the classical complement pathway with formation of the membrane attack complex. (see color insert)
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during ischemia while complement activation and injury
occur during reperfusion [11]. This temporal sequence along
with the histologic colocalization of IgM and C3 indicates
that the observed IgM binding to tissue is the initiator of
complement activation and subsequent reperfusion injury.

Most immunologists will agree that our understanding of
IgM and its immunological interactions is at best elemen-
tary. IgM exists in circulation as a pentamer linked by cova-
lent interactions to a J-chain. Identification of its role in
mediating reperfusion injury presents a new paradigm and
the opportunity to target a key mediator of this clinical 
phenomenon.

Binding of the Ischemia Antigen by 
Natural Antibodies

Reperfusion injury has been shown to be mediated by a
specific category of IgM, produced by a limited subset of
CD5+ B-1 cells found predominantly in the pleural and peri-
toneal surfaces of adult humans and mice. These cells were
traditionally thought of as being limited in their repertoire,
and being polyreactive with low affinity for their antigens.
They have been implicated in the removal of senescent red
cells and in the pathogenesis of type 1 or nonobese diabetes
and rheumatoid arthritis, as well as other autoimmune 
diseases.

Mice genetically lacking the complement receptor 2
molecule were found to have a limited production of CD5+

B-1 cells, to levels 40 percent of that in wild-type mice.
These CR2-deficient animals, similar to RAG mice, when
subjected to either hind limb or intestinal ischemia–reperfu-
sion, were spared injury. The injury phenotype was repro-
duced when these animals were supplied with a repertoire of
nascent IgM or B-1 cells purified from a wild-type animal.
Such experiments indicate that the causative antibody lies
not just within the pool of total body IgM or even total IgM
natural antibodies but within the 60 percent of natural anti-
bodies missing from CR2-/- animals. Preliminary evidence
derived from cloned peritoneal B1 cells suggests that at least
one IgM natural antibody exists that is sufficient to cause
injury. Although the identity of epitopes to which this
“injury-causing” IgM binds is still unknown, it is believed to
be a unique protein antigen.

It is widely believed that ischemia leads to the formation
of an ischemia antigen on cellular surfaces that binds to 
circulating IgM natural antibody, forming an immune com-
plex that activates C1 binding, complement activation, and
formation of C3a and C3b. C3b then activates the rest of the
complement cascade, resulting in the formation of the mem-
brane attack complex that causes cell injury.

Drugs have been designed to treat complement and 
natural antibody–mediated injury by targeting the classical
pathway or terminal components of complement. Two drugs
in clinical trials include sCR1 and an antibody against com-
plement component C5. Identification of the neoantigen

would allow for design of more specific neutralizing anti-
bodies, noncomplement-activating FAB fragments, or short
amino acid chains that might bind and block the ischemia
epitope.

Current Controversies

The hypothesis that natural antibodies and the classical
complement pathway are involved in all ischemia–reperfu-
sion injuries might be oversimplified. The kidney was found
to be protected in a model of kidney reperfusion injury using
C3-, C5-, and C6-deficient animals, but not C4-deficient 
animals, implying that the classical pathway may not be 
the initiator of injury in all cases. In fact, another study 
indicated that complement might not be mediating renal
ischemia–reperfusion injury at all as C3 inhibition with crry
did not convey protection. These paradoxical results require
investigation.

The classical, alternative, and lectin pathways also
appear to communicate, much like the crossovers in the
blood clotting system. The alternative pathway has been
reported to be important in intestinal reperfusion injury
using mice deficient in factor D [9]. It is possible that the
classical pathway initiates injury but the alternative pathway
is required for its amplification [10].

Lectin, the third pathway leading to complement activa-
tion, has been shown to attenuate myocardial reperfusion
injury in rats given an MBL antibody post ischemia. These
complement pathways may be species or organ specific, a
phenomenon that might explain the different observations in
the various animal studies.

Clinical Use of Complement Inhibitors in
Reperfusion Injury

C1 esterase inhibitors have been used with positive out-
come in three patients undergoing emergency coronary
artery bypass after failed angioplasty. There are additional
positive data from a study of 35 patients with attenuated
myocardial injury: improved neurological outcome and less
blood loss in the human C5 antibody treatment cohort after
nonemergent cardiopulmonary bypass. Further, the use of
sCR1 in patients undergoing lung transplant requiring
bypass has shortened the ventilator-dependent time.

However, in the only randomized controlled clinical trial
(Phase IIa) involving a complement antagonist, where sCR1
was administered to 600 patients undergoing adult cardio-
pulmonary bypass, there was no demonstrable mitigation 
of injury to the heart, brain, or other organs. It has been
argued that since adult cardiopulmonary bypass has a low
mortality and complication rate, averaging only 1 to 2 per-
cent, it would be difficult for any drug to achieve a clinically
significant difference. It is noteworthy that among safety tri-
als performed with sCR1, there have been no reported com-
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plications. However, the potential side effects of increased
susceptibility to infection might become evident in the
future. It is important to keep in mind the beneficial actions
of complement and, hence, the possible detrimental effects
of its inhibition such as the susceptibility to infectious
agents.

Paradoxically complement activation can be protective
against reperfusion injury, especially in sublytic quantities.
Infusion of 0.5 percent normal human plasma, containing
small amounts of activated complement, into rabbits sub-
jected to myocardial ischemia–reperfusion resulted in sig-
nificantly smaller infarcts. This protective effect of plasma
could be reversed by heat inactivation, or by pretreatment
with sCR1 or anti-C5a antibody.

The Future: Mast Cells and Substance P

Mast cells have recently been shown to be activated in
reperfused tissue. In the skeletal muscle of the reperfused
mouse hind limb, extensive mast cell degranulation has been
noted. Use of mast cell–deficient (W/Wv) mice has yielded
protection against local and remote reperfusion injury. Mast
cells have also been shown to mediate local injury after acid
aspiration. Whether mast cells are complement-triggered
effectors is uncertain. The mast cell and complement path-
ways likely augment one another, although evidence is still
lacking.

It has been postulated that reperfusion injury could be
attenuated by interrupting certain vagal nerve conduction
pathway either surgically or pharmacologically because of
the proximity of the mast cells to the peripheral nerve end-
ings. Cervically vagotomized mice showed a 90 percent
reduction in their remote lung injury and 40 percent reduc-
tion in local skeletal injury following hind limb ischemia–
reperfusion. Rats treated with a substance P antagonist 
L-703606, a blocker of the NK1 receptor, have attenuated
myocardial injury after ischemia. It is likely that, depending
upon the timing of therapy, reperfusion injury would best be
treated using a combination of anti-complement and anti-
mast cell agents.

Conclusion

As we gain more understanding of the problem of
ischemia–reperfusion injury, the emphasis has shifted from
free radicals to complement as the main culprit. The role of
the complement system will continue to be a vigorously
investigated field for the foreseeable future. It is most likely
that there is interaction among all three known pathways 
of the complement system. However, depending upon 
the particular organ involved and whether ischemia and 
reperfusion are synchronous, such as in hemorrhage, one
complement pathway might dominate. The potential bene-
fits are enormous if current animal studies examining the
role of complement in diverse conditions as limb ischemia,

wound healing and hemorrhagic hypotension could be trans-
lated into positive clinical trials. It would certainly change
the way we look at many disease processes in the body, and
would clearly change therapy.

Glossary

Complement: A group of serum and cell surface proteins that gener-
ate effectors of innate and adaptive immune responses through interactions
with one another or with the rest of the immune response system. The term
was first coined following its discovery by Jules Bordet, a Belgian Nobel
laureate, in the late 19th century.

Ischemia antigen: The antigen thought to be formed following
ischemia that binds to naturally occurring IgM, forming an immune com-
plex that then activates C1 binding, complement activation, and formation
of C3a and C3b. C3b then activates the rest of the complement cascade,
resulting in the formation of the membrane attack complex that causes cell
injury.

Membrane attack complex: Terminal C5b-9 common end product of
the complement cascade which is inserted into cell membranes. It has both
cytolytic and noncytolytic effects, with the latter thought to be more impor-
tant by causing irreversible cell injury by attracting activated neutrophils.

sCR1: Naturally occurring soluble form of the C3b-C4b cell surface
receptor, CR1. Now bioengineered and in Phase II clinical trials.
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form, exists as a homodimer of two protein molecules.
Catalysis occurs by transfer of electrons along a chain of
molybdo-pterin cofactor, two Fe2S2 sites, and an FAD site.
XOR can be the target of oxidation and proteolysis, modifi-
cations that change the binding specificity of the enzyme
and lead to the formation of xanthine oxidase (XO). Unlike
XDH, which binds to NAD+ as its preferred electron accep-
tor leading to the formation of NADH, XO can no longer
bind NAD+. However, the enzyme XO retains its activity in
the conversion of hypoxanthine into xanthine and uric acid,
and utilizes molecular oxygen as an electron acceptor, lead-
ing to the formation of the highly reactive oxygen species
superoxide. The alteration in binding specificity for NAD+

is irreversible in the case of proteolysis, but can be reversed
by reducing agents in the case of oxidation. However, it is
important to point out that the dehydrogenase form of XOR
can also utilize molecular oxygen and produce ROS, albeit
less efficiently than the oxidase form. Furthermore, XOR
can also function as an NADH oxidase, which generates
ROS without metabolizing xanthine or hypoxanthine. The
catalysis in this reaction occurs at the FAD site and does not
involve the molybdenum cofactor, and therefore it is not
prevented by XOR inhibitors, such as allopurinol, that target
the molybdenum cofactor [2].

Structural discoveries followed the biochemical charac-
terization of XOR and largely supported the model derived
from biochemical characterization. The crystal structure of
XOR from bovine milk was elucidated in an elegant study
which demonstrated that the conformation of the Fe2S2

Introduction

Xanthine oxidoreductase (XOR) is the terminal enzyme
in purine metabolism (xanthine dehydrogenase). Because of
its abundance in milk, XOR has been the subject of exten-
sive biochemical characterization as the leading member of
the family of molybdo-flavoenzymes. Another unique prop-
erty of the enzyme is its ability to generate reactive oxygen
species (ROS), especially when it is converted from the
original translational product, xanthine dehydrogenase, to
the oxidase form. This capacity to generate ROS brought
XOR to the forefront in the research fields of oxidative
stress, ROS signaling, and inflammation. However, after
several decades of investigation, many unanswered ques-
tions remain about the specific roles XOR might play in
health and disease. This chapter will review certain 
aspects of XOR with special emphasis on its physiology 
in microvascular endothelial cells. The reader is also
encouraged to consult recent comprehensive reviews related
to the general biology of XOR [1–3].

Biology and Function of Xanthine Oxidoreductase

Xanthine oxidase is derived from xanthine dehydroge-
nase, the translational product of the XOR gene, by post-
translational modification. Biochemical characterization
revealed that xanthine dehydrogenase (XDH), in its active

Copyright © 2006, Elsevier Science (USA).
769 All rights reserved.
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clusters, the FAD, and the moybdo cofactor domains corre-
sponded to those characterized biochemically [4]. Further-
more, when XOR was subjected to limited proteolysis in
vitro, it underwent a conformational change that resulted in
changing of the electrostatic charge at the opening to the
FAD site, thus blocking access of NAD+ to that site [4].
Such a conformational change supports the modifications in
biochemical properties resulting from the conversion of
xanthine dehydrogenase into the oxidase form.

Although its primary role is as the terminal limiting step
in purine metabolism, XOR is known to metabolize other
substrates as well, for example, ethanol. Of particular inter-
est for endothelial physiology is the capacity of XOR to
reduce nitrite resulting in the formation of NO. However,
the physiological significance of this particular activity is
not clear considering that the Km value for this reaction is
much higher than the concentration of nitrite normally
found in tissues. Nevertheless, XOR has been argued to be
a potentially significant source of NO, particularly in
ischemic tissues.

Xanthine Oxidoreductase in Endothelial Cells

Although XOR has been implicated in the pathogenesis
of different types of injury, the source of XOR causing the
injury is still under debate. The complexity stems from the
differences in XOR distribution between species. Another
source of difficulty comes from the particular method used
to study distribution, such that the level of mRNA detected
by in situ hybridization might not correspond to the amount
of protein detected by immunocytochemistry, which in turn
might not correspond to the amount of active enzyme in
lysed tissue. In rats and mice, the highest levels of XOR
mRNA, protein, and activity were found in the small intes-
tine, followed by liver and lung. In bovine tissue, XOR was
immunolocalized to the epithelium and endothelium of the

mammary glands as well as in the liver, heart, and lungs. 
It is concentrated in capillary, but not in macrovascular,
endothelial cells. In humans, XOR was immunolocalized to
skeletal and cardiac muscles, and its activity was reported in
brain autopsy samples. However, other reports claimed very
low enzyme activity in human heart autopsy samples. In
another study, while XOR mRNA was detected in the lung,
heart, brain, and kidney, enzyme activity was very low. Lack
of significant activity in the just-mentioned organs called
into question the role of XOR in ischemic injury to these
organs. However, the discrepancy has been explained either
by dilution or loss of XOR activity during tissue isolation,
or by involvement of XOR from a remote source (e.g.,
released from liver) in ischemic injury to organs such as
lung. In addition, it is possible that although the basal level
of XOR activity is low in these organs, it might be induced
under disease conditions. For example, drastic changes in
XOR activity are seen in mammary tissue under specific
conditions (see later discussion).

XOR is found primarily in the cytoplasm of endothelial
cells, but several other reports have localized it on the cell
membrane. We and others have found XOR to be localized
in discrete cytoplasmic vesicles in normoxic microvascular
endothelial cells. However, XOR protein expression in-
creases in response to hypoxia, and the enzyme assumes a
diffuse cytoplasmic distribution (Figure 1). In mammary
epithelial cells, XOR is also found as part of the milk fat
globule complex associated with proteins such as butyro-
phyllin. This localization, and the fact that XOR is normally
undetectable in mammary epithelial cells but increases sig-
nificantly in late pregnancy and during lactation, suggested
a role for XOR in secretion. As previously mentioned, the
fact that XOR can indeed be secreted in plasma has impli-
cated the enzyme in damage caused to organs distant from
the site of primary injury. The role of circulating XOR in
disease is further discussed in a later section, “XOR and
Models of Injury.”

Normoxia Hypoxia

Figure 1 XOR is localized in discrete vesicles in pulmonary microvascular endothelial cells (arrow) and under-
goes redistribution in response to hypoxia. (see color insert)
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Regulation of Xanthine Oxidoreductase in 
Health and Disease

The expression of XOR varies in response to several
cytokines, hormones, and stresses such as hypoxia and 
exposure to tobacco smoke. Studies have shown that XOR
expression can be altered at the activity, protein, mRNA, and
gene promoter levels (Figure 2). However, it is important to
point out that there are some differences in the XOR pro-
moter region of human versus rodent. Unlike the rat and
mouse, the human XOR promoter contains TATA-like ele-
ments, which are believed to play a role in repressing the
basal level of XOR in humans compared to rats. The human
XOR promoter region also contains sites responsive to
cytokines, such as IL-6 responsive elements as well as poten-
tial TNF-a, IFN-g, and IL-1b responsive elements. More-
over, cytokines such as IFN-g, IL-1b, and TNF-a have been
shown to upregulate XOR in human mammary epithelial
cells. IFN also upregulates XOR in the L929 fibroblast cell
line. Treatment of mice with endotoxin lipopolysaccharide
(LPS) activates XOR in several tissues. In a rat model of
acute lung injury, LPS in combination with IL-1 upregulated
XOR in the lung. This effect was also observed in cultured
rat pulmonary artery microvascular endothelial cells [5].

Upregulation of XOR by LPS was further enhanced by
exposing rats or endothelial cells to hypoxia. Furthermore,
hypoxia alone upregulates XOR expression in bovine pul-
monary artery endothelial and smooth muscle cells [5], 
and rat epididymal fat pad [5], and pulmonary artery
microvascular endothelial cells [6]. However, hypoxia 
and cytokines upregulate XOR at multiple levels of expres-
sion. For example, the fact that cytokines increase the 
XOR mRNA and protein severalfold, albeit not enough to
explain the observed increase in activity, suggested that 
part of the upregulation is due to post-translational modifi-
cation [7]. This also applies to hypoxia, which increases
mRNA and protein levels only after days of exposure 
[5], while the enzyme activity can be upregulated as early 
as four hours [6]. Post-translational modification of the 
protein can account for acute enzymatic activation. XOR
activity is reduced by removal of the molybdo-cofactor 
or by desulfuration [2]. Hence, addition of the molybdo-
cofactor and sulfuration of the XOR protein have been 
proposed as mechanisms for post-translational activa-
tion. Post-translational modification (phosphorylation) 
of XOR, causing acute enzyme activation in response 
to hypoxia, is linked to activation of p38 MAP kinase- 
and CK2-dependent pathways in pulmonary artery endothe-
lial cells [6].

post-translational 
activation, e.g., 

phosphorylation

Stimuli Levels of RegulationMechanisms

Binding to GAG Active secretion

Estrogen ?
g-interferon
Tobacco smoke p38
LPS+IL-1
Prolactin
Corticosteroids

g-interferon ?
Tobacco smoke p38
Hypoxia
LPS+IL-1

Hypoxia p38,CKII
Prolactin
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P

Figure 2 XOR expression is regulated at multiple levels. (see color insert)
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Hormones such as prolactin and glucocorticoids are also
important in regulating XOR expression. Both hormones
upregulate XOR in mammary epithelial cells. XOR upregu-
lation by prolactin and cortisone (both important for lacta-
tion) is probably relevant to the mechanisms of secretion
and activation in milk, a very rich source of this enzyme.
However, upregulation of XOR by glucocorticoids has also
been observed in human kidney epithelial cells [8] and 
rat pulmonary microvascular endothelial cells (Kayyali 
and Hassoun, unpublished data). Since corticosteroids are
important in inflammation, the latter action might be related
to the putative role of XOR in the acute phase response and
inflammation as discussed later. Estrogens, on the other
hand, inhibit the upregulation of XOR by hypoxia in pul-
monary microvascular endothelial cells. However, the find-
ing that the nonreceptor-binding a-estradiol also inhibits
XOR upregulation suggests a novel antioxidant property for
estrogen-related compounds. Although the mechanisms of
action of estrogens in the regulation of XOR need to be fur-
ther elucidated, a hope is that nonestrogenic compounds,
such as a-estradiol and possibly phytoestrogens, might rep-
resent potential therapeutic drugs having cardioprotective
effects (e.g., antioxidant properties) without the deleterious
effects of the active hormone.

Tobacco smoke is another form of stress that upregulates
XOR in tissues such as the stomach mucosa, striated muscle
blood vessels, synaptosomes, and pulmonary microvascular
endothelial cells. In addition XOR has been reported to be
upregulated by other toxicants such as PMA and tetra-
chlorodibenzodioxin (TCDD).

Signaling mechanisms that regulate the expression of
XOR in different cells remain to be elucidated. One kinase
that appears to be important for XOR regulation at different
levels of expression is p38 MAP kinase. Inhibiting p38 and
CK2 blocks the post-translational upregulation of endothe-
lial XOR by hypoxia, a stimulus that has been shown to acti-
vate p38 [6]. In addition, inhibiting p38 blocks XOR gene
promoter and transcriptional activation by tobacco smoke in
pulmonary microvascular endothelial cells. Since p38 MAP
kinase is a stress-activated kinase believed to be important
in reactive oxygen signaling, its involvement in regulation
of XOR expression merits further investigation.

Relation to Other Reactive Oxygen Producers

Although XOR has gained special attention because of
its suggested involvement in ischemia–reperfusion injury,
its relative importance has been challenged by other ROS
producers. For example, in the mitochondria, ROS are pro-
duced as part of the respiratory oxidative phosphorylation.
Mitochondria have also been reported to produce ROS
under hypoxic conditions. In this so-called “reductive
burst,” ROS production is presumed to precede activation 
of other ROS-producing systems such as XOR and has 
been implicated in hypoxia-induced increased endothelial

permeability and IL-6 production in human umbilical vein
endothelial cells (HUVECs).

The NAD(P)H oxidase is another potential source of
ROS in endothelial cells. This enzyme complex has been
shown to produce ROS in vascular cells, including smooth
muscle cells, fibroblasts, and endothelial cells, in a manner
similar to the neutrophil NAD(P)H oxidase. However,
unlike neutrophils, in which ROS are generated in large
amounts in an “oxidative burst,” vascular cell NAD(P)H
oxidase generates sustained small amounts of ROS believed
to be important in signaling and in the pathogenesis of vas-
cular diseases. The NAD(P)H oxidase is also a regulated
enzyme, the activity of which can be modulated by changes
in one of its subunits, such as p47phox. Activation of
NAD(P)H oxidase has been implicated in a variety of 
vascular diseases, including hypertension.

In considering potential sources of ROS one should keep
in mind the aldehyde oxidases, which bear significant
homology to xanthine oxidase and are believed to be
derived from copies of the XOR gene. This interesting fam-
ily of oxidases has been shown to metabolize several xeno-
biotics. However, their natural substrates remain unknown.
Since antibodies directed at XOR protein may cross-react
with aldehyde oxidase protein, a note of caution should be
raised about conclusions related to XOR in studies using
such antibodies. Finally, an important source of ROS in the
endothelium is nitric oxide synthase, which is covered in
detail in other chapters.

The relative importance of each of the just-mentioned
sources of ROS to different types of endothelial injury and
vascular diseases needs to be elucidated. Although results
obtained in a certain cell type under specific conditions
might suggest a major role for one source versus others,
most of these ROS-producing systems are likely to be
involved in endothelial signaling or injury. Indeed, it is pos-
sible that these enzymatic systems might work in concert to
mediate different phases of a specific response. For exam-
ple, hypoxia might rapidly activate p38 through mitochon-
drial production of ROS, and p38 in turn will activate XOR,
resulting in further production of ROS.

XOR and Models of Injury

Ischemia–Reperfusion Injury

Because of its ability to generate potentially noxious
ROS, XOR has long been suspected to be involved in
ischemia–reperfusion injury (IRI). Conversion of XOR
from the dehydrogenase to the oxidase form was at the heart
of a hypothesis proposed by Granger et al. and others to
explain the specific involvement of XOR in IRI. In that
scheme, ischemia causes an increase in intracellular cal-
cium, stimulating a calcium-activated neutral protease [9]
that irreversibly converts xanthine dehydrogenase to the
oxidase form. Concomitantly, ischemia depletes intracellu-
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lar ATP and leads to the accumulation of the XOR substrate
hypoxanthine. With reoxygenation, xanthine oxidase 
converts molecular oxygen to superoxide and hydrogen 
peroxide, causing oxidative damage [9]. Although data from
several studies indeed support a role for XOR in IRI, the
hypothesis is challenged by the finding that conversion of
XOR from the dehydrogenase to the oxidase form is either
too slow or not significant during IRI. Furthermore, the ben-
eficial effects on IRI of so-called specific XOR inhibitors,
such as allopurinol, may be questioned since these com-
pounds exert other effects on cellular metabolism and have
anti-oxidant properties unrelated to their XOR inhibitory
activity. However, as mentioned earlier, the conversion of
XOR to the oxidase form is not necessary for ROS genera-
tion by the enzyme (see  “Biology and Function of Xanthine
Oxidoreductase”).

Two lines of evidence that implicate XOR in IRI are of
particular relevance to the microvasculature. The first is cir-
culating XOR, which interacts with glycosaminoglycans 
on endothelial cells. Several studies have indicated that
although normal plasma XOR levels are low, they increase
in disease conditions such as IRI. Circulating XOR derived
from XO-rich organs such as the liver has been proposed to
cause damage to a variety of distant organs, particularly the
lung. Such effect might explain multiorgan dysfunction in
response to ischemia in a single organ such as the liver. The
second line of evidence comes from studies that propose a
role for XOR in mediating interactions between neutrophils
and microvascular endothelial cells. Neutrophils have a 
significant role in tissue injury including IRI. Since interac-
tion of neutrophils with endothelial cells involves upregula-
tion of adhesion molecules by ROS, it is possible that, in
addition to ROS generated by neutrophil NADH oxidase,
XOR-derived ROS contribute to IRI by enhancing 
neutrophil–endothelial interactions.

XOR and Acute Lung Injury

The concept of injury related to XOR-derived ROS was
originally promoted by McCord [10] and others in disease
processes of the heart, kidney, lung, liver, and intestine. In
animal models of acute lung injury (ALI), XOR is increased
in lung parenchyma and bronchoalveolar lavage (about
four-hundredfold). In humans, increased hypoxanthine and
XOR levels have been demonstrated in the epithelial lining
fluid from premature neonates with bronchopulmonary dys-
plasia, and in the serum of patients with the acute respiratory
distress syndrome (ARDS), as compared to normal controls
or critical-care patients with other organ diseases. Further-
more, plasma hypoxanthine levels are highest in nonsur-
vivors of ARDS, implicating oxidative damage (and
presumably XOR) as a determinant of mortality in these
mechanically ventilated patients. It is also possible that, in
ARDS and ALI, XOR-derived superoxide and nitric oxide
(NO) generated from inducible nitric oxide synthase (iNOS)
react to form the highly toxic oxidant peroxynitrite, result-

ing in lung protein nitrotyrosine formation and oxidative
damage. In support of oxidant-mediated toxicity by perox-
ynitrite is the demonstration of nitrotyrosine residues in the
vascular endothelium and subendothelial tissues in patients
with sepsis-induced ALI, and in the bronchoalveolar lavage
of patients with ARDS. Whether the source of superoxide in
this case is XOR or other lung oxidases, such as NAD(P)H
oxidase, remains to be determined. Likewise, the specific
source of NO may indeed be iNOS but potentially other oxi-
dases, such as the neutrophil myeloperoxidase (through its
NO oxidase activity), may also be involved.

XOR and Cardiovascular Diseases

The role of endothelial dysfunction and production of
ROS in the pathogenesis of cardiovascular diseases has long
been recognized. There has been renewed interest in the spe-
cific role of XOR in models of vascular diseases such as ath-
erosclerosis and cardiomyopathy. Indeed, the endothelium
has an important role in regulating local vasomotor tone.
This is achieved through production of vasodilator (e.g.,
nitric oxide and prostacyclin) and vasoconstrictive sub-
stances (e.g., endothelin and superoxide). Therefore, tissue
perfusion is quite dependent on a functional endothelium
and a balance between these opposing endothelium-derived
factors. An example of such imbalance is impaired flow-
dependent, endothelium-mediated vasodilation in conges-
tive heart failure (CHF), which appears to be secondary to
reduced NO availability. The latter is dependent on produc-
tion by endothelial nitric oxide synthase (NOS) but also on
NO degradation by oxygen radicals, and in particular super-
oxide. Recent studies suggest that XOR is an important gen-
erator of superoxide in human vessels and may be one of 
the main sources of decreased NO availability, specifically
through production of superoxide. Enhanced endothelium-
bound XOR activity, in conjunction with decreased extra-
cellular superoxide dismutase activity, has recently been
associated with vascular oxidative stress in patients with
CHF. A role for XOR in vascular oxidative stress is also sug-
gested by reports of elevated myocardial XOR levels found
in experimental heart failure and in patients with CHF, and
identification of XOR in atherosclerotic plaques. Finally, an
imbalance between NOS and XOR signaling pathways has
been proposed in the regulation of myocardial mechanical
efficiency, with upregulation of XOR relative to NOS as 
a leading factor in mechanoenergetic uncoupling in heart
failure.

XOR and Lactation

The presence of XOR in cow and human milk has been
long recognized; however, the exact function of the enzyme
in the mammary gland has been unclear. The expression of
XOR appears to be restricted to the mammary epithelium,
and targeted disruption of XOR in mice revealed that XOR
is important in the secretion of fat droplets in milk and,
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therefore, in maintaining lactation. In XOR +/- females, the
mammary gland undergoes premature involution due to col-
lapse of the mammary epithelium. In the secretion of the
milk fat droplet, XOR translocates from a cytoplasmic posi-
tion to an apical membrane location through structural inter-
action with two other milk fat globule proteins, butyrophilin
and adipophilin. Whether this unique feature of XOR in
secretory processes is also operative in the endothelium and
in tissues other than the mammary gland is unclear at this
time.

Xanthine Oxidoreductase: An Enigmatic Enzyme

Considerable research has been focused on XOR and its
role in health and disease. Yet the extent of XOR involve-
ment in disease processes has been debated over several
decades. Questions remain concerning the low level of XOR
activity in human tissues and about the exact significance of
the conversion of XOR from the dehydrogenase to the oxi-
dase form. However, there is no doubt that the enzyme can
generate ROS and can be upregulated under a variety of
pathological stimuli. Low basal XOR activity in normal
human endothelial cells probably represents a tighter regu-
lation in human versus other species. The debate regarding
the significance of the conversion from the dehydrogenase
to the oxidase form may be somewhat irrelevant since both
forms of the enzyme can produce ROS. Therefore, as long
as overall activity is upregulated under specific conditions,
it is likely that ROS will be produced either as signaling
molecules or as injurious agents depending on the situation.

The fact that uric acid, the end product of XOR catalysis
in humans, is a strong antioxidant also raised speculation
about the importance of XOR catalysis as an antioxidant
rather than a pro-oxidant system. However, XOR continues
to be a formidable generator of ROS when exogenously
added to cultured cells. In vivo, XOR-derived ROS may be
sufficient to directly damage cells, or to combine with NO
(in the case of superoxide) in endothelial cells to produce
highly reactive and damaging species such as peroxynitrite.
Alternatively, XOR-derived ROS may be operative as sig-
naling molecules mediating specific cellular responses to
stress, such as interaction of phagocytes with endothelial
cells.

A recent review suggested an evolutionarily conserved
role for XOR in innate immunity [3]. Microvascular
endothelial cells or mammary and intestinal epithelial cells
are proposed to protect the organism through production of
the antioxidant uric acid. Furthermore, signaling through
XO-derived ROS may help recruit phagocytes or directly
neutralize pathogens when ROS are produced in large
amounts. This view is consistent with a role for XOR in the
inflammatory or acute-phase response in which the endothe-
lial cell might be a major protagonist. By analogy to the
inflammatory process, such a protective role for XOR is not
incompatible with the notion that XOR might also cause
damage in disease processes. An inflammatory reaction 

generally offers protection to the organism but can lead to
deleterious effects when unregulated, and diseases ranging
from asthma to coronary artery disease involve dysregulated
immune responses. Likewise, the role of XOR in disease
should be viewed in terms of dysregulation leading to sig-
naling processes that alter endothelial cell physiology and/or
interaction with other cells. Rather than focusing on XOR as
a simple producer of oxidants or antioxidants, future studies
need to explore new avenues and search, for example, for
proteins that interact with the enzyme, or identify mecha-
nisms that regulate the enzyme or target it to specific cell
compartments. The horizon for XOR research, whether or
not the enzyme, like Janus, offers two faces and remains
very promising.

References

1. Garattini, E., Mendel, R., Romao, M. J., Wright, R., and Terao, M.
(2003). Mammalian molybdo-flavoenzymes, an expanding family of
proteins: Structure, genetics, regulation, function and pathophysiology.
Biochem. J. 372, 15–32. A comprehensive review of the family of
molybdo-flavoenzymes to which XOR belongs. It provides insights into
its function and relationship to other enzymes such as aldehyde oxidase
whose function is not well understood.

2. Harrison, R. (2002). Structure and function of xanthine oxidoreduc-
tase: Where are we now? Free Radic. Biol. Med. 33, 774–797. A com-
prehensive review of XOR that covers different aspects of its
biochemistry and physiology. A very useful source for primary refer-
ences on XOR research.

3. Vorbach, C., Harrison, R., and Capecchi, M. R. (2003). Xanthine oxi-
doreductase is central to the evolution and function of the innate
immune system. Trends Immunol. 24, 512–517. A discussion of the
importance of XOR as a component of the immune system.

4. Enroth, C., Eger, B. T., Okamoto, K., Nishino, T., and Pai, E. F. (2000).
Crystal structures of bovine milk xanthine dehydrogenase and xanthine
oxidase: Structure-based mechanism of conversion. Proc. Natl. Acad.
Sci. USA 97, 10723–10728. A description of the crystal structure of
xanthine oxidase that relates biochemical behavior of the different
forms of XOR to structural components of the protein.

5. Hassoun, P. M., Yu, F. S., Shedd, A. L., Zulueta, J. J., Thannickal, V. J.,
Lanzillo, J. J., and Fanburg, B. L. (1994). Regulation of endothelial
cell xanthine dehydrogenase xanthine oxidase gene expression by oxy-
gen tension. Am. J. Physiol. 266, L163–L171.

6. Kayyali, U. S., Donaldson, C., Huang, H., Abdelnour, R., and Hassoun,
P. M. (2001). Phosphorylation of xanthine dehydrogenase/oxidase in
hypoxia. J. Biol. Chem. 276, 14359–14365.

7. Page, S., Powell, D., Benboubetra, M., Stevens, C. R., Blake, D. R.,
Selase, F., Wolstenholme, A. J., and Harrison, R. (1998). Xanthine oxi-
doreductase in human mammary epithelial cells: Activation in
response to inflammatory cytokines. Biochim. Biophys. Acta 1381,
191–202.

8. Pfeffer, K. D., Huecksteadt, T. P., and Hoidal, J. R. (1994). Xanthine
dehydrogenase and xanthine oxidase activity and gene expression in
renal epithelial cells. Cytokine and steroid regulation. J. Immunol. 153,
1789–1797.

9. Granger, D. N., Hollwarth, M. E., and Parks, D. A. (1986). Ischemia-
reperfusion injury: Role of oxygen-derived free radicals. Acta Physiol.
Scand. Suppl. 548, 47–63.

10. McCord, J. M. (1985). Oxygen-derived free radicals in postischemic
tissue injury. N. Engl. J. Med. 312, 159–163.

Capsule Biography

Usamah S. Kayyali, Ph.D., M.P.H., is Assistant Professor of Medicine
at Tufts-New England Medical Center/Tufts University School of Medi-



CHAPTER 114 Endothelial Xanthine Oxidoreductase and Vascular Disease 775

cine. Dr. Kayyali’s research interests include mechanisms of endothelial
cell injury and signaling in hypoxia. His research focuses on p38 MAP
kinase pathway, reactive oxygen signaling, and cytoskeletal regulation of
endothelial physiology.

Paul M. Hassoun, M.D., is Associate Professor in the Department of
Medicine at Johns Hopkins University School of Medicine, Division of
Pulmonary and Critical Care Medicine. He is Director of the Pulmonary

Hypertension Program at Johns Hopkins Hospital. Dr. Hassoun has had a
long-standing interest in pulmonary vascular diseases, endothelial biology,
and the role of oxidant systems in vascular diseases. His research work is
focused on the regulation of certain endothelial enzymes, such as xanthine
oxidoreductase and nitric oxide synthase, and their functions in disease
processes.





CHAPTER 115

Antecedent Ethanol Ingestion
Prevents Postischemic

Microvascular Dysfunction
Ronald J. Korthuis

Department of Medical Pharmacology and Physiology, University of Missouri-Columbia

controlling for its effects on plasma lipids, platelet function,
and fibrinolytic activity. Very recent work indicates that
antecedent ethanol ingestion induces the development of an
anti-inflammatory phenotype in postcapillary venules such
that these vessels fail to support leukocyte adhesion and
emigration in postischemic tissues. Given the critical impor-
tance of infiltrating leukocytes in the pathogenesis of ather-
osclerosis and ischemia–reperfusion (I/R) injury, these new
observations provide novel insight regarding the mecha-
nisms whereby ethanol ingestion reduces the likelihood and
extent of I/R injury in individuals at risk for cardiovascular
disease. The purpose of this review is to summarize our cur-
rent understanding of the mechanisms whereby ethanol con-
sumption induces the adaptive transformation to a protected
or defensive phenotype in postcapillary venules such that
these vessels fail to support I/R-induced leukocyte adhesion
and emigration. Understanding the signaling pathways that
are invoked by ingestion of alcoholic beverages may pro-
vide a mechanistic rationale for the development of novel
treatment interventions that target both the microcirculatory
and parenchymal sequelae to I/R, but do not produce the
negative social and pathophysiologic consequences of
ethanol ingestion.

Microvascular Consequences of
Ischemia–Reperfusion

The microcirculation is particularly vulnerable to the
pathologic effects of ischemia and reperfusion (I/R), with

Introduction

The results of a large number of epidemiologic studies
indicate that long-term, regular consumption of alcoholic
beverages at low to moderate levels (one to three drinks per
day for months to years) decreases the incidence of coronary
artery disease and improves survival in patients suffering
myocardial infarctions. Some of the first evidence in favor
of this concept was derived from studies examining the rela-
tionship between cardiovascular mortality rates and dietary
fat consumption in several European and North American
countries. Whereas there was direct correlation noted
between these variables in most Westernized societies,
France was a notable exception in that this population
demonstrated a much lower risk of death from cardiovascu-
lar disease than would be predicted from the levels of fat in
their diets. A potential explanation for this “French paradox”
became apparent when red wine consumption was factored
into the analysis. Although the antioxidant properties of red
wine constituents were originally thought to largely explain
its cardioprotective effects, subsequent epidemiologic evi-
dence indicated that consumption of white wine, beer, or
spirits was also beneficial. The latter observations pointed to
the importance of ethanol per se in the beneficial actions of
alcohol intake on cardiovascular mortality.

Subsequent studies directed at the mechanistic underpin-
nings for the cardioprotective effects of moderate ethanol
consumption focused primarily on lipoprotein and hemosta-
tic factors. However, ethanol intake maintains a significant
association with reduced cardiovascular mortality even after

Copyright © 2006, Elsevier Science (USA).
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postischemic endothelial dysfunction occurring in all 
segments of the microvasculature and becoming evident as
one of the earliest responses to reperfusion. For example,
endothelium-dependent arteriolar vasoregulatory mecha-
nisms are disrupted in postischemic tissues and contribute to
the development of I/R-induced perfusion deficits in local-
ized areas of ischemic tissues. Impaired arteriolar vasoregu-
lation also appears to be a primary cause of variant angina
and coronary vasospasm. The barrier function of endothelial
cells in capillaries and postcapillary venules is also compro-
mised as a consequence of I/R, an effect that leads to
enhanced fluid and protein leakage from these vessels and
the formation of interstitial edema. The accumulation of
fluid in the extravascular compartment increases the path
length over which oxygen must diffuse to reach parenchy-
mal cells. This effect is exacerbated by postischemic
endothelial cell swelling and edema-induced extravascular
compression of the capillary lumen, processes that con-
tribute to insufficient nutritive perfusion in I/R, a phenome-
non referred to as capillary no-reflow. Postcapillary venular
endothelium also participates in the production of I/R injury
by coordinating the arrest and infiltration of leukocytes in
ischemic regions, which then direct a focused attack upon
parenchymal cells. I/R-induced platelet adhesion in post-
capillary venules may facilitate this leukosequestration
while their interactions with each other, leukocytes, and/or
the arteriolar wall may promote thrombogenesis.

The aforementioned considerations indicate that preser-
vation of endothelial function should be an important 
therapeutic goal in I/R. Of the many avenues pursued in this
regard, preconditioning tissues to resist the deleterious
effects of prolonged ischemia and reperfusion by antecedent
exposure to ethanol represents one of the most promising
interventions studied to date. For example, the effects of I/R
to induce endothelial-dependent vasoregulatory dysfunction
in arterioles, nutritive perfusion failure in capillaries (capil-
lary no-reflow), adhesion molecule expression and leuko-
cyte adherence in postcapillary venules, and endothelial
barrier disruption in capillaries and postcapillary venules are
completely prevented by prior ethanol ingestion. Of the
beneficial actions microcirculatory actions that are induced
by antecedent ethanol ingestion, our best mechanistic under-
standing pertains to its anti-inflammatory effects in postcap-
illary venules. Thus, this effect will be reviewed in the more
detail.

Anti-inflammatory Effects Induced by 
Ethanol Ingestion

Based on the large body of evidence indicating that
leukocyte infiltration into postischemic tissues plays an
essential role in the production of reperfusion injury, it was
suggested that ethanol may exert anti-inflammatory actions
in the setting of I/R. Indeed, ethanol consumption at low 
to moderate levels is associated with reduced C-reactive

protein levels, a plasma marker of inflammation, and
decreases in the production of inflammatory cytokines such
as interleukin-6. Using an intravital microscopic approach
to examine postischemic leukocyte rolling, adhesion, and
emigration in postcapillary venules in real time, we have
demonstrated that antecedent ethanol exposure prevents
adhesive interactions between circulating leukocytes and the
endothelium from developing in tissues exposed to I/R. The
temporal expression of this protected or preconditioned state
induced by ethanol ingestion is biphasic. The first or acute
phase is short-lived, first becoming apparent within 1 hour
after ingestion, with peak anti-inflammatory effects occur-
ring 2 to 3 hours after intake, and then disappearing by 4
hours after consumption. The second or delayed phase of
ischemic tolerance induced by ethanol becomes evident 18
to 24 hours after ethanol consumption and is notable for its
magnitude of protection, being much more powerful than
the acute phase (Figure 1). In these studies, plasma ethanol
levels peaked at 45mg/dL within 30 minutes of gastric
instillation by gavage and returned to control levels within
60 minutes of ingestion. This observation indicates that nei-
ther the acute phase of protection that arises within 1 to 3
hours of alcohol ingestion nor the late phase that reemerges
18 to 24 hours later are due to direct effects of ethanol.
Indeed, ethanol must be absent from the blood before the
cardioprotective effects of the alcohol become apparent.
Interestingly, continued presence of ethanol prevents the
infarct-sparing effects of other interventions that induce a
preconditioned, protected state such as antecedent exposure
to short bouts of ischemia or prior treatment with agents that
activate mitochondrial ATP-sensitive potassium channels.
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Figure 1 Antecedent ethanol ingestion produces two temporal phases
of protection against the proinflammatory effects of ischemia/reperfusion.
The early or acute phase develops within 1 hour after ingestion and is rel-
atively short-lived, persisting for 1 to 3 hours and then disappearing. This
is followed by the emergence of a second window of protection 12 to 24
hours later; this is more potent and persists for at least 2 days. The second
wave of protection is termed late phase or delayed ethanol preconditioning.
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Signaling Mechanisms That Induce the Adaptive
Transformation to a Protected Phenotype in the

Microcirculation after Ethanol Ingestion

The fact that the protected or preconditioned state that is
induced by ethanol ingestion does not become apparent until
it is removed from the tissues implies that the alcohol
induces biochemical adaptations within the affected cells
that render them resistant to the deleterious effects of I/R.
Moreover, the differences in the time course for develop-
ment and magnitudes of protection of the acute versus
delayed phases of the anti-inflammatory phenotype induced
by ethanol suggest that they may rely on different 
mechanisms.

The acute phase of protection induced by ethanol inges-
tion appears to arise as a result of the effect of ethanol to
increase the concentration of adenosine in extracellular
fluid, an effect related to the ability of the alcohol to inhibit
the nucleoside transporter in cell membranes. This concept
is based on the observation that the anti-inflammatory
effects of superfusing the mesentery with ethanol at 
45mg/dL for 10 minutes followed by a 10-minute washout
period prior to I/R are prevented by coincident treatment
with adenosine deaminase or an adenosine A1/A3, but not
an A2, receptor antagonist. Moreover, the acute-phase ben-
eficial actions of ethanol in the microcirculation are mim-
icked by treatment with adenosine A1 receptor agonists. It
appears that activation of specific protein kinase C isoforms
and mitochondrial ATP-sensitive potassium (KATP) chan-
nels may play a role as downstream signaling elements in
producing the protected phenotype. These results suggest
that acute ethanol exposure induces ischemic tolerance by a
mechanism similar to that described for early phase (or 
classical) ischemic preconditioning. However, one major
difference in these two forms of cardioprotection appear to
involve their respective mechanisms for increasing intersti-
tial fluid adenosine concentrations. That is, decreased
washout of adenosine occurs secondary to the reductions in
blood flow during the bouts of preconditioning ischemia,
whereas acute ethanol exposure inhibits the nucleoside
transporter in cell membranes, thereby preventing adenosine
reuptake.

Increased tissue adenosine levels are also required to trig-
ger the development of the late-phase anti-inflammatory
phenotype (Figure 2). However, adenosine A2 receptor
occupancy is required for this process, an important mecha-
nistic distinction as the downstream signaling elements acti-
vated by adenosine A1/A3 versus A2 receptors are very
different. These findings suggest that the acute versus
chronic phases of protection may involve downstream
phophotidylinositol-3-kinase (PI3K)/protein kinase B
(Akt)- versus adenylyl cyclase/cAMP/protein kinase
A–dependent signaling mechanisms, respectively. Indeed,
adenylyl cyclase or protein protein kinase A blockade, but
not PI3K inhibitors, prevents the late phase of ethanol pre-
conditioning. In addition, administration of cell-permeant

cAMP analogs or adenylyl cyclase activators (e.g., isopro-
terenol, forskolin) mimics the postischemic anti-inflamma-
tory effects of late-phase ethanol preconditioning.

Because ethanol enhances both basal and flow-stimulated
nitric oxide synthase (NOS) activity and nitric oxide (NO)
production in vivo and in cultured endothelial cells, it has
been suggested that production of this gaseous monoxide
during the period of ethanol exposure may serve as an
important triggering element for the late phase of ethanol
preconditioning. Support for this concept is derived from
four lines of evidence. First, administration of NOS antago-
nists just prior to, but not 1 hour after, ethanol administra-
tion on day 1 abolishes the antiadhesive effects of late
EtOH-PC on day 2. The latter observation supports the con-
cept that NO plays an important role in instigating the devel-
opment of the anti-inflammatory phenotype that becomes
apparent 18 to 24 hours later. Second, plasma levels of
nitrite/nitrate, a marker for NO production, are increased
during the period of ethanol exposure. Third, tissues pre-
treated with NO donors in lieu of ethanol develop an anti-
inflammatory phenotype 24 hours after administration.
Finally, the anti-inflammatory phenotype induced by
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Figure 2 Factors involved in the triggering or initiation of the anti-
inflammatory phenotype exhibited by postcapillary venules 12 to 24 hours
after ethanol ingestion (late phase of ethanol preconditioning). See text for
explanation.
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ethanol does not appear in mice that are genetically deficient
in endothelial nitric oxide synthase (eNOS). This last find-
ing not only provides the fourth line of evidence supporting
a role for NO as a triggering element in ethanol precondi-
tioning, but also indicates that the eNOS isoform is essential
for the development of the anti-inflammatory phenotype in
response to ethanol.

Although the factors responsible for increasing eNOS
activity in late EtOH-PC (or any form of preconditioning for
that matter) are unknown, the observations that NOS inhibi-
tion was as effective as adenosine deaminase or adenosine
A2 receptor blockade in abolishing the protective effects of
late EtOH-PC suggest that adenosine and NO may serve as
sequential triggering elements in the signaling cascade that
induces the development of the protected phenotype rather
than acting as independent initiators of this preconditioned
state. Indeed, the findings that (1) NOS inhibition prevents
late preconditioning induced by coadministration of an
adenosine A2 receptor agonist; (2) the development of the
late-phase anti-inflammatory phenotype in response to NO
donors is not prevented by adenosine A2 receptor antago-
nists; and (3) NO donors, but not adenosine A2 receptor
agonists, induce the development of a preconditioned state
in eNOS knockout animals support the concept that ethanol
triggers the development of an anti-inflammatory state by a
mechanism involving adenosine A2 receptor-dependent
eNOS activation. This notion is supported by the observa-
tions that ligation of adenosine A2 receptors increases the
activity of cAMP-dependent kinase (PKA), which in turn
activates eNOS by phosphorylating Ser-1177. Moreover,
adenosine stimulates l-arginine transport and NO biosynthe-
sis by activation of A2 receptors on human umbilical vein
endothelial cells.

Another well-known effect of ethanol is to increase the
generation of reactive oxygen species, including superoxide
and the hydroxyethyl radical. Although they are generally
considered to exert deleterious effects in biologic systems, it
is becoming increasingly apparent that reactive oxygen
species may participate in a number of normal physiologic
phenomena by serving as second messengers in transmem-
brane signaling processes. Indeed, administration of a 
cell-permeant superoxide dismutase mimetic, MnTBAP,
coincident with ethanol prevents the postischemic antiadhe-
sive effects that become apparent 24 hours after ingestion of
the alcohol. Moreover, exposing postcapillary venules to a
superoxide generating system (hypoxanthine/xanthine oxi-
dase) 24 hours prior to I/R mimicked the antiadhesive
effects produced by antecedent ethanol exposure. Additional
support for the concept that oxidants may participate in trig-
gering the development of the anti-inflammatory phenotype
in response to antecedent ethanol ingestion is derived from
studies directed at elucidating their source of production.
Inhibition of either xanthine oxidase or NADPH oxidase
alone attenuated the antiadhesive effects of ethanol precon-
ditioning by 50 percent, whereas concomitant inhibition of
both oxidant-producing enzymes effectively prevented the
development of the protected phenotype. The latter studies

indicate that xanthine oxidase and NADPH oxidase are
important enzymatic sources of the reactive oxygen species
that trigger entrance into the anti-inflammatory phenotype
displayed by postcapillary venules exposed to ethanol 24
hours prior to I/R.

As noted earlier, there is evidence implicating nitric
oxide, formed secondary to adenosine A2-receptor-
dependent activation of endothelial nitric oxide synthase, in
the beneficial actions of antecedent ethanol ingestion. This
raises the possibility that NO produced during the period of
ethanol preconditioning initiates the protective effects of
late EtOH-PC by a mechanism that involves its interaction
with xanthine oxidase- and/or NAD(P)H oxidase-derived
oxidants. This is an important issue because we have
obtained preliminary evidence implicating isoform-
selective protein kinase C (PKC) translocation and activa-
tion as an obligatory downstream signaling element in late
EtOH-PC (unpublished observations). However, NO and
NO-releasing agents reversibly inactivate PKC. On the
other hand, peroxynitrite, which is formed by the interaction
of NO with superoxide, not only induces PKC activation,
but has been implicated as a trigger for the beneficial actions
of other forms of preconditioning including that induced by
antecedent exposure to brief ischemia.

Although the mediators of late phase ethanol pre-
conditioning are unclear, the time course required for its
development suggests that the appearance of the protected
phenotype 18 to 24 hours after ethanol ingestion requires the
formation of new gene products capable of producing 
anti-inflammatory agents. In this regard, it is tempting 
to speculate that ethanol might enhance the expression of
cyclooxygenase-2 (COX-2), inducible NOS (iNOS), or
heme oxygenase-1 (HO-1), which in turn generate prostacy-
clin and other eicosanoids, NO, and carbon monoxide,
respectively, all of which produce robust antiadhesive
effects in postcapillary venules. In addition to carbon
monoxide, HO-1 also generates the powerful antioxidants
bilirubin and biliverdin, which may act to prevent the for-
mation of oxidant-dependent chemoattractants during I/R. It
is also possible that ethanol may exploit the antiadhesive
properties of adenosine as a mediator of the preconditioned
state secondary to enhanced production or decreased sal-
vaging (via activation of 5¢-nucleotidase or inhibition of
adenosine kinase, respectively) of the nucleoside in post-
ischemic tissues.

P-Selectin Expression as a Molecular End Target of
Ethanol Preconditioning

A likely effector target of the signaling cascade induced
by antecedent ethanol ingestion is P-selectin expression.
This adhesive glycoprotein is upregulated in postischemic
tissues, where it participates in leukocyte recruitment by
supporting leukocyte rolling, a requisite step for both sub-
sequent establishment of stationary adhesive interactions
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and diapedesis across postcapillary venular endothelium.
Ethanol preconditioning prevents P-selectin expression in
postischemic tissues by an adenosine- and NO-triggered,
oxidant-dependent mechanism. These observations provide
the molecular basis for the antiadhesive actions demon-
strated by ethanol preconditioning in the setting of I/R.
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during T-cell and macrophage activation will activate 
venular endothelial cells to enhance the expression of 
certain vascular adhesion molecules that mediate 
leukocyte–endothelial interactions and subsequent emigra-
tion of leukocytes (PMNs, monocytes, and lymphocytes)
into the surrounding tissue. Leukocyte emigration is often
associated with vascular protein leakage with accumulation
of albumin and other plasma proteins in the gut interstitium.
The resultant increase in tissue oncotic pressure further pro-
motes fluid filtration across capillaries and accelerates the
development of interstitial edema. Taken together, these
pathophysiological considerations suggest that the intestinal
microcirculation contributes largely to the pathophysiology
of chronic gut inflammation.

This brief review will summarize the current state of
knowledge regarding the role of the microvasculature in
chronic gut inflammation.

Organization of the Intestinal and 
Colonic Microcirculation: Anatomical and 

Functional Considerations

The microcirculation of the intestine consists of a
branching network of arterioles, capillaries, and venules.
Arterioles in the intestine are usually less than 500 mm in
diameter wrapped by an external muscular coat consisting
of two to four smooth muscle cells arranged circumferen-
tially. The terminal (precapillary) arterioles have an internal
diameter of 15 to 20 mm and are surrounded by only one
layer of smooth muscle cells.

The majority of capillaries are derived from terminal
arterioles and consist of a tube with an inner diameter of 4

Introduction

Active episodes of inflammatory bowel disease (IBD;
Crohn’s disease, ulcerative colitis) are characterized by rec-
tal bleeding, diarrhea, exudation, fever, abdominal pain, and
weight loss. Histopathological examination of the inflamed
gut reveals vasodilation, venocongestion, edema, infiltration
of large numbers of inflammatory cells, erosions, and frank
ulcerations. There is a growing body of experimental and
clinical evidence suggesting that IBD may result from a dys-
regulated immune response to components of the normal gut
flora. Current theory suggests that the inability to regulate
the normal T-cell-mediated immune responses to normal
comensal bacteria gut flora results in activation of Th1-type
CD4+ T-cells with subsequent release of proinflammatory
mediators such as interleukins-2, -12, and -1b (IL-2, IL-12
and IL-1b, respectively), interferon-g (IFN-g), and tumor
necrosis factor-a (TNF-a), as well as platelet activating fac-
tor (PAF), nitric oxide (NO), reactive oxygen species (ROS)
and certain arachidonate metabolites [1] (Figure 1). Because
many of these proinflammatory mediators are vasoactive
and activate the microvascular endothelium, it is not sur-
prising to find that much of the pathophysiology observed in
the chronically inflamed gut may result from alterations in
the colonic and/or intestinal microcirculation [2] (Figure 2).
For example, some of these inflammatory mediators (e.g.,
histamine, bradykinin, NO, prostaglandins) possess potent
vasodilatory properties and will increase blood flow (hyper-
emia), thereby producing the characteristic erythema in the
inflamed bowel. Increased arteriolar blood flow will also
raise hydrostatic pressure in the downstream capillaries,
resulting in transcapillary fluid movement across intestinal
capillaries and inducing interstitial edema. Certain proin-
flammatory cytokines (e.g., TNF-a, IFN-g, IL-12) expressed

Copyright © 2006, Elsevier Science (USA).
783 All rights reserved.
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to 10mm and are lined by a single layer of endothelial cells
and a thin basement membrane. In the gut, only a minority
(e.g., 20–30%) of the capillaries are open to perfusion under
normal resting conditions. The capillary network, with its
large surface area and an endothelial barrier that is highly
permeable to lipid-soluble and small water-soluble mole-
cules, appears well suited for the exchange of gases, nutri-
ents, and water between the bloodstream and tissues.

As with all tissues, capillaries drain into postcapillary
venules that are also devoid of smooth muscle cells. These
vessels represent the segment of the microvasculature that is
most involved in inflammatory responses and contain inter-
cellular endothelial junctions that can open to allow plasma
proteins and circulating leukocytes to escape from the
blood. The different patterns of microvascular anatomy are
illustrated in the small and large intestine [3] (Figure 3). For
example, the arteriolar supply from the submucosal arterial
plexus passes directly to the villus tip of the small intestine,
where this vessel then branches into a fountain-like forma-
tion of capillaries (Figure 3B). This dense plexus of sub-
epithelial capillaries is drained by a single venule. The
capillaries of the colonic mucosa, on the other hand, are
arrayed in a honeycomb-like plexus or ring pattern in which
each ring of capillaries surrounds the openings to the
colonic crypts (Figure 3A).

Endothelial cells and smooth muscle cells represent the
major functional elements of the blood vessel wall that
allow arterioles, capillaries, and venules to carry out their

functions. Although the two cell types are clearly capable of
functioning independently, there are processes that enable
one cell type to influence the other. Pericytes and mast cells
are examples of such auxiliary cells that can exert a pro-
found influence on the function of arterioles, capillaries,
and/or venules.

Mast cells are also found closely apposed to the
microvasculature, particularly the postcapillary venules.
These cells are exquisitely sensitive to activation by a vari-
ety of stimuli, including neuropeptides (e.g., substance P),
ROS, lipid mediators (PAF, LTB4), and bacterial peptides.
Upon activation, mast cells release a number of substances
that can influence the function of endothelial cells and 
vascular smooth muscle in all segments of the microvascu-
lature. Mast cell–derived modulators of microvascular func-
tion include histamine, adenosine, nitric oxide, cytokines
(e.g., tumor necrosis factor, interleukin-1), proteases (e.g.,
cathepsin G), and oxidants.

Arteriolar and Capillary Alterations 
Associated with IBD

Blood Flow

The resting tone of arterioles appears to result from a
complex interaction of metabolic, myogenic, neurohumoral,
and physical (e.g., stretch or shear) signals received by the

Figure 1 Intestinal immune response to enteric antigens in the absence of regulatory cells. Effector CD4+

T-cells produce Th1-type cytokines in response to T-cell receptor engagement of antigens processed and 
presented by APCs. These cytokines (such as IFN-g) may affect the gut epithelium directly and/or activate
resident Mf to release large amounts of proinflammatory mediators and cytokines as well as reactive 
metabolites of oxygen (ROS) and NO. The net result is the recruitment of additional leukocytes and subse-
quent inflammation and injury. APC, antigen presenting cell; Mf, macrophage; NO, nitric oxide; IFN-g,
interferon-g. (see color insert)
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Figure 2 All segments of the microcirculation contribute to the pathophysiology of chronic gut inflamma-
tion. A variety of inflammatory mediators (e.g., histamine, bradykinin, nitric oxide, prostaglandins) produced by
the affected tissue relax the vascular smooth muscle surrounding arterioles. The consequent dilation of arteri-
oles leads to an increased blood flow (hyperemia), thereby producing erythema. Another consequence of 
arteriolar dilation is an increased hydrostatic pressure in the downstream capillaries. The increased capillary
hydrostatic pressure alters the balance of forces that govern fluid movement across intestinal capillaries to favor
net fluid filtration. The increased capillary filtration rate contributes to the interstitial edema associated with gut
inflammation. Proinflammatory cytokines (TNF, IFN-g, IL-12) released by activated mast cells, macrophages,
and lymphocytes activate venular endothelial cells and increase expression of endothelial cell adhesion mole-
cules that mediate leukocyte–endothelial cell adhesion and eventual emigration (tissue infiltration) of leuko-
cytes. Leukocyte emigration is often associated with vascular protein leak (extravasation). Consequently,
inflammation generally results in a diminished endothelial barrier function in venules that promotes the accu-
mulation of albumin and other plasma proteins in the interstitium. The resultant increase in interstitial oncotic
pressure further promotes fluid filtration across capillaries and accelerates the development of interstitial edema.
(see color insert)

blood vessel wall. Historically, the responses of arterioles to
physiological stimuli were believed to be initiated almost
exclusively by signals sensed by VSM cells. There is now
clear evidence that endothelial cells play an important role
in maintaining vascular tone by releasing substances (e.g.,
NO, prostacyclin) that modulate the delicate balance
between vasodilation and vasoconstriction. An appreciation
for the contribution of endothelial cells to vascular tone
comes from studies demonstrating that acetylcholine dilates
arterial smooth muscle only if the endothelium is intact and
viable.

In active ulcerative colitis, the submucosal arteries dis-
play a convoluted course and dilatation and congestion of
the mucosal and submucosal microvessels is often striking.
Studies employing microangiography, vascular casts, and
mesenteric angiography have demonstrated widened arteries
and a rapid venous return, suggesting that an increase in
colonic blood flow occurs with active ulcerative colitis.
Another frequent vascular abnormality is vasodilation of the
lymph node vasculature.

In Crohn’s disease, the morphologic alterations are less
uniform than those described for ulcerative colitis and the
vascular changes show considerable variation from one
patient to another. For example, angiographic examination
of the small bowel in Crohn’s disease indicates that the
degree of dilation and engorgement of ileal and colonic
microvessels may be as conspicuous as in active ulcerative
colitis, although a reduced vascularity is also commonly
reported. In addition, in areas with mild alteration (deep
lymphocytic infiltration but not ulcerative lesions of fis-
sures), there is a distinct focal hypervascularity in the sub-
mucosa evidenced by numerous dilated arterial vessels that
have a straight “broom-like” course [3]. Studies in patients
with IBD indicate that blood flow in affected regions may
increase two- to sixfold. In addition, determination of the
intramural distribution of blood flow indicated that this
increase is confined largely to the mucosal–submucosal
layer. Based on these observations, Hulten and associates
estimated that blood flow in the inflamed colon corresponds
to 25 to 30 percent of the resting cardiac output and 
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suggested that these high flows may represent an important
factor contributing to the physical deterioration often
observed in these patients [4]. In contrast to the results
obtained in active and exudative stages of ulcerative colitis
and Crohn’s disease, colonic blood flow decreases below
normal in the late fibrosing stage. A similar pattern is
observed for the ileum in patients with Crohn’s disease
affecting this segment of the bowel. These findings correlate
well with the observed reduction in vascularity in this stage
of disease progression. In addition to these changes, a char-
acteristic distention or clubbing of the villi occurs and, in a
later phase, epithelial denudation and destruction of the villi.
Although the mechanisms underlying these alterations in
colonic blood flow are unknown, sustained overproduc-
tion of NO and/or arachidonic acid metabolites may be
important.

Arteriolar-Dependent Mechanisms of 
Interstitial Edema in IBD

Interstitial edema and mucosal exudation are cardinal
histopathological signs of inflammatory bowel disease. All
three segments of the intestinal microvasculature, that is,
arterioles, capillaries, and venules, contribute to the intersti-
tial edema associated with IBD. The arteriolar dilation that

accounts for the intense hyperemia during inflammation
may represent a major pathway for enhanced filtration of
fluid across the walls of downstream capillaries. This arteri-
ole dilation–dependent enhancement of capillary fluid filtra-
tion results from an increased capillary hydrostatic pressure.
Capillary pressure (Pc) rises when arterioles dilate because a
larger fraction of the prevailing arterial pressure is transmit-
ted to the downstream capillaries. An elevated Pc alters the
balance of hydrostatic and oncotic forces that govern fluid
movement across capillaries. If the increment in Pc is of suf-
ficient magnitude, the rate of fluid filtration is accelerated to
an extent that produces interstitial edema, that is, the rate of
fluid entry into the mucosal or submucosal interstitium
exceeds the capacity of lymphatics to drain the interstitial
compartment. That capillary filtration is elevated in the
intestinal vasculature during IBD is supported by reports
describing increased intestinal lymph flow. Although the
magnitude of the increase in Pc during IBD has not been
determined experimentally, published reports of blood flow
changes in human subjects provide some insights into this
potential Pc elevation during the inflammatory response.

Angiographic studies in patients with ulcerative colitis or
Crohn’s disease demonstrate widened splanchnic arteries.
However, estimates of colonic blood flow (using an isotope
washout technique) in patients with inflammatory bowel

Figure 3 Microcirculatory pattern of the large and small intestinal mucosa. (A) Capillaries nearest the colonic mucosa are arranged in a honeycomb-
like plexus of interconnecting rings in which each ring of capillaries surrounds the openings of the colonic crypts. (B) Fountain-like pattern of blood flow
to the small intestinal villus. The pattern of arterioles and venules conforms to the shape of the villus. This capillary plexus immediately underlies the base
of the epithelium. (Figure adapted from Ref. [3].)
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disorders indicate a two- to sixfold increase in colon blood
flow that is largely confined to the mucosa1–submucosa 
layers [5]. As mentioned previously, Hulten and associates
have estimated that the inflamed colon, in the early “exuda-
tive” stage, may be supplied by approximately 1,500mL/
min of blood, corresponding to 25 to 30 percent of the rest-
ing cardiac output [4]. Assuming that the decrease in colonic
vascular resistance occurs predominately at the arteriolar
level, it can be estimated that microvascular pressure may
rise by 10 to 40mmHg. An increase in capillary pressure of
this magnitude should profoundly increase the rate of capil-
lary fluid filtration and promote a massive accumulation of
interstitial fluid. Similarly, the fluid filtration that results
from such a large increase in Pc should lead to disruption of
the mucosal barrier and exudation of interstitial fluid into
the lumen.

Angiogenesis

The intestinal vascular beds have only a small fraction
(e.g., 20–30%) of the total capillary population open for
blood perfusion. Physiologic stresses such as an increased
metabolic demand and/or reduced blood flow in these 
tissues are generally associated with the recruitment of 
additional perfused capillaries. Consequently, the classic
concept has been that alterations in functional capillary den-
sity allow for local modulation of O2 exchange area and 
capillary-to-cell diffusion distances.

Capillary proliferation (e.g., angiogenesis) represents a
potential mechanism whereby tissues can compensate for
chronic alterations in oxygen delivery and/or metabolic
demand, and to restore organ function after injury. The
endothelium that lines normal capillaries is an extremely
stable population of cells with very low mitotic activity;
only 0.01 percent of endothelial cells in the body are divid-
ing at any given time. Hence, capillary growth and prolifer-
ation is rarely observed in normal adult tissues except
during wound healing and cyclical events in the female
reproductive cycle (ovulation, menstruation). In the pres-
ence of appropriate stimuli, the process of angiogenesis
(development of new blood vessels from an existing vascu-
lar network) can be initiated. Endothelial cells exposed to
such stimuli first release proteases that degrade the underly-
ing basement membrane and surrounding structural ele-
ments [6]. The cells then migrate toward the angiogenic
(chemotactic) stimulus within the extravascular space, with
a concomitant proliferation of the endothelial cells lining the
vessel wall to replace the previously migrated cells. The
migrating and proliferating endothelial cells form cordlike
structures in target tissues that later canalize to func-
tional vessels, which are further stabilized by surrounding
pericytes. The initiation of angiogenesis is often associated
with an increased capillary permeability that serves to
enrich the adjacent interstitial compartment with plasma
components. The role of angiogenesis in IBD is, at present,
unclear.

Venular Alterations in IBD

It is now well recognized that postcapillary venules 
represent the major site of transvascular protein exchange
(vascular permeability to plasma proteins) and leukocyte
trafficking (leukocyte–endothelial cell adhesion) driving
acute and chronic inflammation. The localization of these
inflammatory functions in venules is believed to reflect the
unique characteristics of endothelial cells in this segment of
the microcirculation. Consequently, the literature is replete
with reports that describe the responses of cultured venous
endothelial cells (usually derived from human umbilical
vein) to various inflammatory stimuli. These in vitro studies,
coupled to data derived from experiments utilizing intravital
microscopy, have improved our understanding of the poten-
tial contribution of venules to the pathogenesis of certain
inflammatory diseases.

Leukocyte–Endothelial Cell Adhesion

Circulating leukocytes are recruited to sites of inflamma-
tion and tissue injury by a highly coordinated process that
occurs primarily in postcapillary venules. As leukocytes exit
capillaries, hemodynamic forces give rise to an outward
radial movement of leukocytes toward the venular endothe-
lium. This margination process is generally attributed to red
blood cells (which normally pile up behind the larger leuko-
cyte in capillaries) that overtake the leukocyte and tend to
push it toward the venular wall. The initial adhesive interac-
tion between the leukocyte and venular endothelium is
rolling. This low-affinity (weak) interaction is subsequently
strengthened such that the leukocytes attach to endothelium
and remain stationary [7]. The leukocytes are then able to
migrate into the interstitium through spaces between adja-
cent endothelial cells. These interactions are regulated by
sequential activation of different families of adhesion mole-
cules expressed on the surface of neutrophils and endothe-
lial cells.

It is well appreciated that Th1- or macrophage-derived
cytokines such as IL-1b, TNF-a, lymphotoxin-a, or IL-12
promote leukocyte adhesion and extravasation in vitro and
in vivo. L-selectin of leukocytes and the P- and E-selectins
of endothelial cells have been implicated as the major
ECAMs involved in rolling of leukocytes along the endothe-
lium. PMN-endothelial cell interactions predominate in
acute flares of IBD, whereas lymphocyte, monocyte, and in
some cases eosinophil interactions with the microvascular
endothelium are more prevalent during the chronic stages of
gut inflammation. The mononuclear leukocytes possess a b1
integrin called very late activation antigen-4 (VLA-4; a4b1),
which binds to the inducible VCAM-1 and MAdCAM-1
expressed on the surface of cytokine-activated endothelial
cells.

Lymphocytes possess an additional ligand/counter recep-
tor pair that is important in cell–cell adhesion, signaling,
trafficking, and regulation of the immune responses in
mucosal tissues, especially in the gastrointestinal tract (e.g.,



788 PART III Pathology

MAdCAM-1/a4b7). It has recently been reported that
MAdCAM-1 surface expression on venular endothelial cells
in the lamina propria of the gut is enhanced in foci of inflam-
mation in biopsies obtained from patients with active ulcer-
ative colitis or Crohn’s disease. Three recent studies using
low-molecular-weight antagonists or immunoneutralizing
monoclonal antibodies to either a4b7 or MAdCAM-1
demonstrate that the a4b7/MAdCAM-1 interaction plays an
important role in the pathophysiology in three different
models of colitis. Future studies may reveal that MAdCAM-
1 represents a potentially important therapeutic target for the
treatment of IBD.

The involvement of ECAM expression in experimental
models of IBD can be readily demonstrated in the IL-10-/-

and CD45RBhigh/SCID transfer models. In both models it
has been shown that colonic expression of E-selectin,
ICAM-1, and VCAM-1 is significantly enhanced with the
onset of colitis [8, 9]. Interestingly, expression of ICAM-2
was unchanged in both models. Furthermore, recent studies
have demonstrated that colonic and cecal but not ileal
MAdCAM-1 expression increases dramatically (approxi-
mately elevenfold) with the onset of colitis in the
SCID/CD45RBhigh and IL-10-/- models of IBD [8, 9].

Extravasated PMNs as well as other phagocytic leuko-
cytes migrate through the interstitium in response to certain
chemotactic stimuli including bacterial products and pro-
inflammatory mediators released by the inflamed and/or
injured tissue as well as by bacterial products that have
made their way into the tissue from the lumen. However,
relatively little information is available regarding the move-
ment of PMNs through the interstitium. The formation of
crypt abscesses represents the terminal step in PMN migra-
tion out of the circulation. In order for PMNs to be present
within the lumen of the crypts, these inflammatory cells not
only must extravasate from the circulation and move
through the interstitial matrix but must interact with the
basement membrane and basolateral surface of the crypt
epithelium to emigrate out of the gut and into the lumen.
The driving force for this directed migration out of the tis-
sue into the lumen is provided by the bacterial gradient
present in the distal bowel. Transendothelial as well as
transepithelial migration of PMNs and other leukocytes may
account for some of the fluid accumulation (edema) and
enhanced mucosal (i.e., epithelial) permeability observed in
patients with active IBD. Taken together, these studies sug-
gest that the colonic and/or intestinal microvasculature reg-
ulates chronic gut inflammation by virtue of its ability to
modulate the infiltration of different populations of leuko-
cytes into the interstitium.

There are several factors that influence leukocyte–
endothelial cell adhesion in postcapillary venules. Nitric
oxide, adenosine, and prostacyclin produced by endothelial
cells tend to prevent adhesion, whereas the oxygen radicals
(superoxide, hydrogen peroxide) generated by activated
leukocytes and endothelial cells promote leukocyte adhesion.
These agents appear to exert their actions by interfering either
with the production of inflammatory mediators (e.g., platelet

activating factor) that induce leukocyte adhesion or with 
the induction of adhesion molecule expression on endothelial
cells and/or leukocytes respectively. Auxiliary cells, such 
as mast cells (histamine), macrophages (cytokines), and
platelets (leukotrienes), also produce substances that can 
promote leukocyte–endothelial cell adhesion.

The physical forces generated by the movement (flow) of
blood in the microcirculation also play an important role in
the modulation of leukocyte–endothelial cell adhesion. The
prevailing shear rate exerted on the walls of postcapillary
venules determines the level of leukocyte rolling and firm
adherence, and it dictates the contact area between leuko-
cytes and the endothelial cell surface. Even in the absence of
an inflammatory stimulus, graded reductions in venular
shear rate for brief periods (less than 2 minutes) elicit pro-
gressive recruitment of both rolling and firmly adherent
leukocytes. Similarly, it has been noted that the number of
adherent leukocytes recruited into venules by an inflamma-
tory stimulus is inversely proportional to the wall shear rate,
suggesting that it is easier for leukocytes to create strong
adhesive bonds with endothelial cells at low shear rates 
and that high shear rates may prevent the creation of such
bonds.

Vascular Permeability to Plasma Proteins

Vascular endothelial cells normally serve as a barrier that
minimizes the movement of fluid and proteins from blood to
interstitium. There are several characteristics of postcapil-
lary venules that allow this segment of the microvasculature
to regulate vascular permeability to plasma proteins. Ultra-
structural analyses of the pathways for transvascular
exchange have revealed that both the size and frequency of
interendothelial junctions and endothelial fenestrae are
higher in postcapillary venules than in either arterioles or
capillaries. These pathways are normally large enough to
allow for a low basal of plasma protein leakage that is driven
by both diffusive and convective (coupled to fluid filtration)
mechanisms. Venular endothelium also appears to possess a
higher density of cell surface receptors for inflammatory
mediators than their counterparts in arterioles and capillar-
ies. Engagement of certain inflammatory mediators (e.g.,
histamine, platelet activating factor) with their receptors on
venular endothelial cells elicit cell contraction, which
results in a widening of the junctions (gaps) between adja-
cent endothelial cells and a consequent increase in protein
extravasation. Furthermore, since postcapillary venules are
the preferred site for leukocyte trafficking (because of the
high density of leukocyte adhesion receptors), these
endothelial cells are more frequently exposed to neutrophil
products (proteases, oxidants), which can diminish barrier
function, than their counterparts in arterioles and capillaries.
The process of leukocyte emigration also appears to render
venular endothelial cells more vulnerable to barrier dys-
function. In some models of inflammation, a strong positive
correlation has been shown between venular albumin leak-
age and the rate of transendothelial migration of leukocytes.



CHAPTER 116 Microvascular Dysfunction in Inflammatory Bowel Disease 789

Interstitial Edema: Venule-Dependent Mechanisms

Another mechanism that could explain the interstitial
edema that is associated with IBD is an increased vascular
permeability. This response of the vasculature to inflamma-
tion is generally localized in the postcapillary venules,
which is the normal site of plasma protein extravasation in
most vascular beds. It is likely that endothelial cell contrac-
tion, mediated by the variety of inflammatory mediators 
that are detected in diseased tissue, is responsible for the
increased vascular permeability of IBD. Histamine, sero-
tonin, bradykinin, substance P, cytokines, and other biogenic
amines that are released in the inflamed bowel can elicit
endothelial cell contraction and an increased permeability.
The mucosal ulceration accompanying inflammatory bowel
disease allows bacterial toxins to gain access to the intersti-
tial space, where the toxins can elicit the release of
cytokines and other mediators from macrophages, and sub-
sequently increase vascular permeability. A role for bacter-
ial endotoxins in producing an increased vascular
permeability in inflammatory bowel disease is supported by
reports that approximately 50 percent of patients with these
diseases have elevated titers of antibody to antigens derived
from Escherichia coli or other bacteria. Since leukocyte
infiltration is another histopathological feature of IBD, 
these cells may also contribute to the increased vascular 
permeability.

The consequences of such a leakage of plasma proteins
from venules can be predicted from existing principles of
capillary fluid exchange. When plasma proteins accumulate
in the mucosal interstitium there is a resultant increase in
interstitial oncotic pressure (pt), which alters the balance of
forces governing capillary fluid exchange to favor enhanced
filtration. Another consequence of the diminished endothe-
lial barrier function in inflamed venules is a greater capacity
of these vessels to transport water for a given intravascular
pressure. Hence, the combined effects of increased vascular
pressures, resulting from arteriolar dilation, and an
increased hydraulic conductance, which reflects the
endothelial barrier dysfunction, likely lead to a profound
enhancement of vascular fluid filtration in the inflamed
bowel.

The amount of fluid that accumulates in the intestinal
interstitium is determined by the balance between the rates
of capillary fluid filtration and lymph flow. In Crohn’s dis-
ease, dilated lymphatic vessels are frequently present, and it
has generally been considered that lymphatic obstruction
plays a prominent part in the submucosal edema observed in
the inflamed bowel. The results of a morphologic study sug-
gest that structural changes in the walls of lymphatic capil-
laries may result in a decreased permeability of these vessels
that diminishes the drainage of fluid and protein from the
interstitium. The changes described include a lack of open
intercellular junctions seen in normal lymphatics, devel-
opment of a more extensive basement membrane, and 
accumulation of protein-rich fluid at the abluminal surface
of the lymphatic capillaries. A causal role for lymphatic

obstruction in the pathogenesis of IBD has been proposed
based on the observation that chronic lymphatic obstruction
(either surgically or with sclerosing agents) results in intes-
tinal inflammation (including the infiltration of lymphocytes
and monocytes), interstitial edema, and hyperemia. These
changes were most marked in animals with no demonstrable
reorganization of the lymphatic system (due to lymphaneo-
genesis) and bear some resemblance to the vascular and 
tissue responses seen in Crohn’s disease [10].
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Analytical Approaches to
Leukocyte–Endothelium

Interactions
Lance L. Munn
Harvard Medical School

Although the cellular components of the inflammatory
response were identified 100 years ago, most of our under-
standing of the biophysics of this process has come from
research performed in the past 20 years. This research has
relied on carefully designed analytical tools and computa-
tional methods to characterize blood rheology and adhesive
mechanisms responsible for leukocyte infiltration. In this
article, each of the critical steps in leukocyte trafficking is
discussed in light of the analytical methods that have con-
tributed to their understanding.

Margination

The first step in leukocyte adhesion is margination—the
movement of the flowing cell toward the vessel wall (Figure
1). To understand this process, we have to consider the fluid
dynamics of blood. The importance of blood rheology in
leukocyte adhesion illustrated the fact that in the absence of
red blood cells (RBCs), leukocytes only rarely contact the
vessel wall and adhere.

Red blood cells constitute approximately 40 percent of
the volume of blood. There are far fewer circulating leuko-
cytes (approximately 1,000 RBCs for every leukocyte). So
blood is a dense particulate suspension of RBCs, and this
imparts unique fluid dynamics. In the years 1917–1938,
Robin Fåhraeus pioneered the study of blood as a flowing
fluid. Among other things, he studied the decrease in vis-
cosity as blood enters smaller vessels, known as the
Fåhraeus–Lindqvist effect. This occurs due to the formation

Introduction

A virus infects an epithelial cell, multiplies, and soon
spreads to a few hundred cells in the vicinity. At the same
time, a paper cut to a finger a meter away is infiltrated by
bacteria. These attacks happen every day to us or those
around us, usually without complications. How do the cells
of the immune system respond to these insults quickly and
efficiently?

The cellular immune response is performed by a collec-
tion of cells, consisting of leukocytes (also known as white
blood cells) that circulate between the blood and lymphatic
systems. Some of these cells, such as neutrophils and mono-
cytes, kill foreign or infected cells directly or when tagged
with antibodies produced elsewhere in the immune system.
Others, such as lymphocytes, are more specific, requiring a
perfect match between cell-surface receptors and antigens
on the interrogated cell before killing commences. But how
do these cells, which circulate through the bloodstream, find
the tissue where injury or invasion has occurred?

The answer is a sophisticated combination of fluid
dynamics and adhesion molecules that bring the leukocytes
to the endothelial wall in the area of insult, slow their
motion, and finally arrest them. The specificity of the
response comes from a signaling cascade that starts in the
infected or damaged cells and propagates through “sentinel”
mast cells. Cytokines produced by these cells diffuse to
nearby endothelial cells. The end effect is an upregulation of
the required adhesion molecules on the endothelium. These
adhesion molecules collect the leukocytes.

Copyright © 2006, Elsevier Science (USA).
791 All rights reserved.
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of a plasma-rich zone near the vessel wall and an enrich-
ment of the RBCs near the center.

This is important because in flowing blood, leukocyte
dispersion due to collisions with RBCs can force them
toward the wall. This causes the leukocytes to travel prefer-
entially in the plasma-rich zone in vessels larger than 30 mm,
increasing the probability of contact with the endothelium.

The seminal studies in this area were performed in the
Goldsmith laboratory using capillary tubes and sophisti-
cated imaging techniques to track cell trajectories with high
precision. Elegant mathematical analyses of particulate flow
have also advanced the field (see, for example, Ref. [1]).

Contact

Because RBCs are more deformable and faster than the
leukocytes, they tend to pass the leukocytes at branch points
or expansion zones (such as in postcapillary venules). As
RBCs maneuver around a leukocyte, they push it even
closer to the wall, often causing a collision between the
leukocyte and endothelium. Consequently, high levels of
adhesion are observed in these regions.

The combined effect of the plasma-rich zone and colli-
sions with passing erythrocytes (predominantly from the
radial direction) “traps” the leukocytes near the vessel wall
and at the same time moves them along in the axial direc-
tion, thus increasing the number of collisions between the
leukocyte and the surface.

Because of the difficulty in quantifying rapid leuko-
cyte–endothelium collisions, much of the work in this area
has relied upon mathematical simulation. These studies con-
clude that capillary:postcapillary venule diameter ratio, RBC
configuration, and RBC shape are critical determinants of the
initiation of contact in postcapillary venules.

Similar fluid dynamics can cause “secondary leukocyte
capture” in larger vessels (Figure 1). This phenomenon
occurs when a leukocyte in the free stream passes another
already rolling or adherent on the surface. The low-pressure
zone behind the adherent cell, and leukocyte–leukocyte
interactions can cause the flowing cell to contact the wall.
This can lead to rapid accumulation of adherent cells in the
inflamed vessel.

Rolling

When it contacts the endothelium, the leukocyte is still
moving rapidly relative to the endothelium. In order to slow
it down, surface adhesion molecules known as selectins
engage upon contact. Selectins are glycoproteins that extend
from the cell surface, have high mobility, and are able to
rapidly bind to counter-receptors on the other cell. The bind-
ing is relatively weak, and the bond can quickly dissociate
under applied force. But repeated selectin binding and
breaking results in “rolling” of the cell along the endothelial
wall and, most importantly, a slowing of its motion.

glycocalyxleukocyte endothelium

integrin bindingselectin binding

margination
contact

rolling arrest
firm adhesion

secondary 
capture

glycocalyx

cytoskeleton

cytoskeletonlipid bilayer

Figure 1 Leukocyte adhesion in a postcapillary venule. Leukocytes flowing in a dense suspension of RBCs first mar-
ginate toward the vessel wall, influenced by vessel geometry and the forces exerted by passing RBCs. Upon contact with
the wall, selectin binding can occur, resulting in slowing of the cell velocity and commencement of rolling along the
endothelium. If activation of the leukocyte and endothelium are sufficient, firm integrin binding can take over, and the cell
stops rolling. Eventually, this cell will extravasate into the tissue to carry out its immune function. Secondary capture can
occur downstream of the adherent leukocyte to amplify the recruitment of cells. (see color insert)
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The most important selectins identified to date are E-, 
P-, and L- selectin (Table I). E- and P-selectin are expressed
on endothelial cells, and L-selectin on leukocytes. Selectins
bind to sialylated, fucosylated tetrasaccharide sialyl-LewisX

structures. These adhesion molecules are located on
microvilli, small protuberances of 300 to 700nm on the cell
surface, whereas their counterparts on the endothelial wall
lie within the glycocalyx layer, which extends 50 to 500nm
above the endothelial plasma membrane. It is thought that
this arrangement allows penetration of the microvilli into
the negatively charged glycocalyx of the endothelium, facil-
itating adhesion molecule binding.

Mathematical models of cell rolling have characterized
the kinetics of single adhesive bonds and the forces exerted
on rolling leukocytes by the blood cells. Once rolling is
achieved, the RBCs near the plasma-rich zone encourage the
continued rolling of the leukocyte, adding a normal force
component and torque.

Probably the most important tool in the study of cell
rolling has been the parallel-plate flow chamber. This device
allows direct observation of interactions between cells in a
flowing fluid and a surface, which is usually coated with
counter-receptors or endothelial cells. The forces experi-
enced by cells at the wall can be calculated and varied to
mimic adhesion in large and small vessels. Most impor-
tantly, this device allows observations under dynamic con-
ditions. This is useful because many of the molecular bonds
formed during leukocyte adhesion behave differently
depending on the speed of the cell and the force applied. For
this reason, selectin molecules could not have been charac-
terized in static adhesion assays.

Arrest

The overall goal of inflammation is leukocyte infiltra-
tion—that is, getting the immune cells to enter the tissue at
the region of insult. In order to do this, the leukocytes must
adhere firmly to the endothelium, resisting the forces of the
flowing blood. Firm adhesion is mediated by another set of
adhesion molecules, known as integrins, with properties 
distinct from those of selectins (Table I). Arrest of the cell

on the endothelial surface occurs through integrin binding,
usually after selectin-mediated rolling.

Integrins are less nimble than selectins (they have more
difficulty engaging their counter-receptors because of their
relative bulk, slow diffusion, and inflexibility), but once
engaged, the bond is much stronger. Integrins are classified
into several subfamilies according to their common b sub-
units; these b subunits form heterodimers with various a
subunits.

Several members of the integrin family participate in
leukocyte adhesion to endothelium: VLA-4, LFA-1, Mac-1,
and p150,95. LFA-1, Mac-1, and p150,95 share the b2 sub-
unit (and are thus called b2 integrins). The b2 subunit is a
very important component of the leukocyte adhesion mech-
anism—patients who have a mutation in this molecule have
a disorder known as leukocyte adhesion deficiency (LAD),
which results in recurrent bacterial infections due to the
inability to effectively recruit leukocytes in response to
infections.

The parallel-plate flow chamber has also contributed to
our current understanding of integrins and their binding
properties. By studying adhesion after genetic manipulation
of adhesion molecules or blocking them with antibodies,
their contributions and binding kinetics could be deter-
mined. In addition, much has been learned about endothelial
adhesion molecules and their regulation using this device.

Recently, it has been shown that integrin molecules can
increase their affinity in response to certain stimuli.
Remarkably, this can be triggered by leukocyte binding to
endothelial cells, and it can produce extremely rapid
changes in receptor configuration, bringing the leukocyte to
an abrupt halt. Although still not well characterized, the
mechanism might involve selectin or integrin signaling.
Intriguingly, binding of immobilized chemokines on the
endothelium to their receptors on the leukocyte can also
achieve this response. It remains to be seen what role this
plays in leukocyte trafficking and inflammation.

Conclusion

Leukocyte adhesion to the vascular endothelium requires
a complex and elegant sequence of events involving remark-

Table I Leukocyte Adhesion Molecules.

Adhesion molecule Designation Counter-receptor Expression

Selectins
E-selectin CD62E SLeX Endothelium
P-selectin CD62P SLeX Endothelium
L-selectin CD62L SLeX Leukocytes

Integrins
LFA-1 (alb2) CD11a/CD18 ICAM-1, ICAM-2, ICAM-3 Neutrophils, monocytes, lymphocytes
Mac-1 (aMb2) CD11b/CD18 ICAM-1 Neutrophils, monocytes
P150,95 (axb2) CD11b/CD18 ? Monocytes, granulocytes, NK cells, lymphocytes
VLA-4 (a4b1) CD49d/CD29 VCAM-1 Lymphocytes
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able fluid dynamics and a sophisticated array of adhesion
molecules. The mechanisms involved have been elucidated
using careful analytical methods and mathematical
approaches, but there is still much we do not understand.
For example, recent studies have shown that the glycocalyx
presents a steric barrier to adhesion, and that common
inflammatory agents can cause shedding of this glycocalyx,
enhancing binding. This exciting finding opens up a new
area of research in the field of leukocyte adhesion. Other
areas that need more work include those in which the system
malfunctions. This is the case in autoimmune diseases such
as arthritis where leukocytes adhere to and damage normal
tissue. Similarly, overzealous leukocytes are implicated in
atherosclerosis in larger arteries, where adhesion is not nor-
mally expected. On the other hand, leukocyte infiltration in
tumors is generally lower than needed to control tumor
growth. The challenge, then, is to determine how the adhe-
sion machinery is breaking down in these pathologies in
order to devise new strategies for treatment.

Glossary

Erythrocyte: Red blood cell; any of the hemoglobin-containing cells
that carry oxygen to the tissues and are responsible for the red color of 
vertebrate blood—called also erythrocyte, red blood corpuscle, red cell, red
corpuscle.

Leukocyte: White blood cell; any of the blood cells that are colorless,
lack hemoglobin, contain a nucleus, and include the lymphocytes, mono-
cytes, neutrophils, eosinophils, and basophils.
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other hand, catalyze the metabolism of AA to unstable
hydroperoxy intermediates that subsequently form the LTs,
hydroxyeicosatetraenoic acid, and lipoxins (LXs). AA
metabolism by the cytochrome P450 monooxygenase sys-
tem gives rise to the less characterized EETs.

Eicosanoids have generated enormous interest mainly
because of their ubiquity and pleiotropy of biological activ-
ities, which affect not only pharmacology but also physio-
logical and pathophysiological events. For instance, it is the
inhibition of prostaglandin formation that accounts, at least
in part, for the pharmacological mode of action of non-
steroidal anti-inflammatory drugs, one of the most widely
used families of drugs for the treatment of inflammatory
mediated diseases, pain, and control of vascular tone. The
use of these drugs and careful analysis of their effects have
shed light on previously unappreciated pathophysiological
pathways that operate during inflammation.

Prostaglandins

Metabolism

Prostaglandins are oxygenated polyunsaturated 20-
carbon fatty acids containing a cyclopentane ring.
Prostaglandins are designated by the letters A–J depending
the nature and position of substituents on the cyclopentane
ring and the presence and position of double bonds within the
ring, and by a numerical subscript, which indicates the num-
ber of double bonds in the alkyl side chains [1]. For instance,
metabolism of eicosatrienoic acid (C20:3 n-6) by COX gives
rise to prostaglandins of the 1-series; those of the 2 series are
from eicosatetraenoic acid (C20:4 n-6); and the 3 series are

Eicosanoids are low-molecular-weight lipid molecules
rapidly generated during normal cell hemostasis or, more
often, after cell activation and in conditions of stress. The
fact that their generation is rapid indicates their important
function in promoting immediate alterations in cell plastic-
ity, thus allowing rapid adaptation to new environments. In
more specific terms, eicosanoids are produced following
activation of cells that play a central role in modulating
microvascular responses (endothelial cells, macrophages
and other myeloid cells, fibroblasts, and so on), thereby hav-
ing a marked impact on a series of microvascular events that
characterize several experimental and clinical cardio-
vascular inflammatory conditions. In this review we will
document the various effects eicosanoids have on the
microvasculature in terms of cell trafficking, vascular tone,
and edema formation.

Arachidonic Acid Metabolism

Arachidonic acid (AA) is a 20-carbon polyunsaturated
lipid, with four double bonds, contained in the plasma
membrane of virtually all cells. Upon cell activation, AA
is released from the phospholipid pool to be metabolized 
by cyclooxygenase (COX), lipoxygenase (LOX), or
cytochrome P450, thus giving rise to families of eicosanoids
called the prostaglandins (PGs), leukotrienes (LTs), and
epoxyeicosatrienoic acids (EETs), respectively (see Figure
1). PG biosynthesis arises following the metabolism of AA
by COX enzymes to PGH2, which may be further metabo-
lized by downstream synthases to both PGs and thrombox-
ane, collectively referred to as the prostanoids. LOXs, on the

Copyright © 2006, Elsevier Science (USA).
795 All rights reserved.
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from eicosapentaenoic acid (C20:5 n-6). The synthesis of
prostanoids and thromboxane occurs wholly within cells fol-
lowing the release of AA from membrane phospholipids by
phospholipase A2 (PLA2; of which several isoforms exist)
(Figure 1). The hydrolyzed AA is then oxidized to PGG2,
which is then rapidly reduced to PGH2 by either COX-1 or
COX-2 isoform. These two isoforms are distinctly expressed
in different tissues as well as in relation to the activation
(inflammation) status. The endoperoxide PGH2 then serves
as a substrate for a series of downstream synthases including
PGE2 synthase, PGD2 synthase, prostacyclin (or PGI2) syn-
thase, PGF2a synthase, and thromboxane (Tx) A2 synthase,

giving rise to PGE2, PGD2, PGI2, PGF2a, and TxA2, respec-
tively (Figure 1). The unique profile of potently bioactive
prostanoids released by a particular cell presumably depends
upon the expression/enzyme activity and/or functional cou-
pling of these downstream synthases to either COX isoform.
PGG2 and PGH2 are relatively short-lived endoperoxide
intermediates possessing a dioxygen bridge between C-9 and
C-11 on the ring (Figure 1). PGI2 has an oxygen bridge
between C-6 and C-9 and is broken down to the stable
metabolite, 6-keto-PGF1a. Likewise, as TxA2 has an unstable
bicyclic oxane–oxetane ring structure, it is also rapidly con-
verted to a stable oxane derivative, TXB2.
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Figure 1 The arachidonic acid cascade. In resting cells arachidonic acid (AA) is esterified to membrane phospholipids. 
However, upon cell activation and the subsequent action of phospholipase A2, AA can be liberated from the sn-2 position of the
glycerol backbone. There are several types of PLA2 including cytosolic PLA2 (c PLA2), calcium-independent PLA2 (i PLA2), 
and several isoforms of secretory PLA2 (s PLA2). AA is then oxidized to PGG2, which is then rapidly reduced to PGH2 by 
either cyclooxygenase (COX) isoform. PGH2 acts then as a substrate for several other synthases leading to the synthesis of specific
prostanoids (see main text for more details).
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Biological Properties of Prostaglandins

THROMBOSIS

Platelet COX converts AA to TxA2, along with compara-
tively smaller amounts of PGE2 and PGF2a. TxA2 has a half-
life of about 30 seconds and breaks down to inactive TxB2.
TxA2 constricts large blood vessels, has variable vasocon-
strictor activity in the microcirculation, and is a potent stim-
ulus for platelet aggregation. PGI2, on the other hand, is the
main AA metabolite of endothelial cell lining the larger
arteries and veins, but is also formed by the endothelial cells
of the microvessels. Prostacyclin (PGI2) is a vasodilator and
a potent inhibitor of platelet aggregation. It also exerts other
potential protective effects on the endothelium by promot-
ing the outflow of free cholesterol from endothelial cells,
inhibiting the release of growth factors from endothelial
cells, platelets, and macrophages, and reducing the release
of free radicals from leukocytes [2].

A number of thrombotic diseases have been associated
with an imbalance in the prostacyclin–thromboxane system.
Platelets from patients with arterial thrombosis, deep vein
thrombosis, or recurrent venous thrombosis produce more
prostaglandin endoperoxides and TxA2 than normal
platelets. Also, platelets from rabbits made atherosclerotic
by a high-fat diet or from patients who have survived
myocardial infarction are abnormally sensitive to aggregat-
ing agents and upon stimulation produce higher amounts 
of TxA2 than controls. In general terms, it seems that in 
diseases where there is a tendency for thrombosis to
develop, TxA2 production is elevated whereas PGI2 produc-
tion maybe either maintained or reduced. The opposite is
found in some diseases associated with increased bleeding
tendency [3, 4].

VASCULAR DYNAMICS

Prostaglandins of the E-series along with PGI2 potently
dilate arterioles in the microcirculation (Figure 2). On the
other hand, prostaglandins of the A, D, and F series only
produce negligible changes in vascular permeability in
guinea-pig or rabbit skin even when given at high doses.
Thus, in general, it is considered that prostaglandins do not
contribute significantly to edema formation by a direct
effect on blood vessel permeability; rather, it is believed that
vasodilator prostaglandins synergize with other inflamma-
tory mediators to cause inflammatory edema. For instance,
the effects of bradykinin or histamine on plasma exudation
in guinea-pig skin or edema in the rat paw are potentiated by
low doses of E-series prostaglandins. Moreover, PGE2
causes a dose-dependent increase in blood flow with little or
no plasma exudation in the rabbit skin, but when mixed with
bradykinin or histamine causes a marked increase in plasma
exudation [5, 6].

PAIN

Like their effects on the vasculature, none of the COX
products cause pain directly, but some eicosanoids potenti-
ate the pain-causing effects of histamine and bradykinin.

This finding has led to the suggestion that prostaglandins
can sensitize the afferent pain nerve endings, leading to the
hyperalgesia characteristic of inflammation.

CELL RECRUITMENT

Another critical component of the inflammatory response
is the recruitment of inflammatory cells. However, it is gen-
erally accepted that the COX pathway is not involved in the
recruitment of these inflammatory leukocytes. In fact, it is
likely that PGE2 or PGI2 attenuates leukocyte migration by
inhibiting leukocyte motility and preventing adherence to
vascular endothelial cells [7].

Leukotrienes

Metabolism

In a similar manner to the generation of the
prostaglandins, AA can also be metabolized entirely within
the cell by 5-, 12-, or 15-LOX to the potently bioactive LTs.
Although 12-LOX was the first LOX to be identified in
human platelets, it was the discovery of leukocyte 5-LOX
that attracted most attention as it was recognized that this
enzyme was responsible for the generation of both the slow-
reacting substances of anaphylaxis (LTC4 or LTC4, LTD4,
and LTE4; potent mediators of allergic responses) and LTB4,
a powerful PMN chemoattractant [8]. The first step in all the
LOX pathways is the formation of the hydroperoxide of the
parent straight-chain C-20 polyunsaturated fatty acid.
Hydroperoxides derived from AA are termed hydroperoxye-
icosatetraenoic acids (HPETEs) and are converted to
hydroxyeicosatetraenoic acids (HETEs). Leukotrienes are
conjugated trienes produced by the action of 5-LOX.
Leukotrienes of the 4-series (LTA4, LTB4) are derived from
AA, whereas the 3-series is derived from eicosatrienoic acid
and the 5-series from eicosapentaenoic acid. LTA4 is an
unstable 5,6-epoxy intermediate in the formation of LTB4.
LTC4 is also formed from LTA4 by the action of g-glutamyl-
S-transferase. LTD4 is formed from LTC4 by the action of g-
glutamyl transpeptidase that removes glutamic acid, and
further removal of glycine by cysteinyl glycinase gives rise
to LTE4. LTF4 can arise from LTE4 by reincorporation of
glutamic acid. Besides COX and the LOX pathways of AA
metabolism, the cytochrome P450 superfamily of drug-
metabolizing enzymes also generates epoxyeicosatrienoic
acid (EETs) from AA. More recently, b-naphthoflavone-
stimulated cytochrome P-450 in porcine coronary artery
endothelial cells not only synthesized EETs, but was also
shown to generate endothelium-derived hyperpolarizing
factor, a critical factor in mediating vascular dilation. This
discovery was particularly important, as substantial
endothelium-dependent dilation to various stimuli was
known to occur even after inhibition of both nitric oxide
synthase and COX. Another family of eicosanoids derived
from the concerted action of LOX–LOX or COX–LOX
interaction are the LXs, which will be discussed in greater
detail later.
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Biological Properties of LTs

VASCULAR TONE

For the most part, products of the LOX pathway of AA
metabolism contribute little to the changes in vascular tone.
Moreover, the vascular effects that have been reported differ
depending on the particular metabolite [8–10]. For instance,
hydroperoxides of AA cause erythema in human skin and
LTC4 and LTD4 are vasoconstrictors in guinea pig and rat,
whereas LTB4 has no effect on blood flow in the rabbit or
hamster cheek pouch model. However, it is possible that LTs
influence vascular permeability, though this may be species
dependent. LTC4 and LTD4 increase vascular permeability
in human, guinea pig, and rat skin and are about 1,000 times
more potent than histamine in inducing macromolecular

leakage from postcapillary venules. In contrast, they have
little or no activity in rabbit skin and unlike PGE2 do not
potentiate bradykinin-mediated edema formation. LTB4, on
the other hand, is a weak inducer of plasma exudation in
rabbit skin but synergizes with vasodilator prostaglandins to
cause enhanced plasma exudation.

CELL RECRUITMENT

Despite its disparate and perhaps modest effects on the
vasculature, LTB4 is one of the most potent endogenous
chemotactic factors known. Once added to white blood
cells, LTB4 induces chemotaxis, cell aggregation, and
release of lysosomal enzymes. In vivo, LTB4 induces leuko-
cyte accumulation in rabbit and human skin as well as in the

Figure 2 Eicosanoids and the microcirculation. Schematic representation of a given microcirculation show-
ing the arterial section followed by the bed of capillaries prior to end into the venular side. Eicosanoids have
been reported to produce several effects on distinct sections of the vascular tree with a great degree of species
and tissue specificity (see main text for more details). In general terms, prostaglandin E2 (PGE2) is the major
vasoactive eicosanoid able to increase blood flow, thereby facilitating the process of plasma protein extravasa-
tion, as based upon the two-mediator theory. Direct effect on the capillaries is produced by peptidoleukotrienes,
including LTC4 and LTD4, that act on the endothelial cells to directly promote changes in vascular permeabil-
ity. The effect of LTB4 is less clear in the sense that, in line with several other chemoattractants, it can cause
increases in vascular permeability indirectly, by promoting white blood cell adhesion. This latter point is par-
ticularly true at the level of the postcapillary venule, whereby LTB4 is the most potent eicosanoid in producing
leukocyte recruitment. Lipoxin A4 (LXA4) and some prostaglandins (including prostacyclin or PGI2) are potent
inhibitors of leukocyte recruitment, thereby producing tonic inhibition (as in the case of the antiadhesive actions
of prostacyclin), or are predominantly involved during the resolution phase of inflammation (as is the case for
LXA4).
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anterior chamber of the rabbit eye. LTB4 superfusion over
the hamster cheek pouch microvascular bed leads to leuko-
cyte adhesion and emigration (diapedesis), whereas LTC4
and LTD4 are inactive. The potent effects of LTB4 on the
recruitment of circulating leukocytes to the site of inflam-
mation contributes to the increase of vascular permeability
it produces, as mentioned in the previous subsection.

INFLAMMATORY PAIN

There are conflicting opinions regarding the contribution
of LTs to inflammatory pain, and this may depend on the
model system investigated. For instance, LTB4 and LTC4
antagonize bradykinin-induced hyperalgesia in the rabbit
ear. Similarly, at high doses, LTB4, LTC4, and LTD4 antago-
nize intradental nerve excitability. However, using the rat
paw withdrawal model, LTB4 induces hyperalgesia in a
manner that is dependent on circulating polymorphonuclear
cells and activation of the 15-LOX pathway.

Lipoxins

Metabolism

In contrast to the synthesis of prostaglandins and LTs that
follows more canonical pathways in a single cell type, the
release of the LXs results from transcellular and cell–cell
interaction-mediated biochemical events. In humans, the
generation of LXs is the result of LOX–LOX or COX–LOX
interactions [11]. There are now three defined routes for
their generation. In eosinophils, monocytes, or epithelial
cells, the first biosynthetic step involves the insertion of O2
to the OH group on carbon 15 of AA by 15-LOX, yielding
hydroperoxyeicosatetraenoic acids. Following their release
from these cell sources and entry into either polymorphonu-
clear cells or monocytes, a 5,6-epoxytetraene is generated
by the 5-LOX, which is then hydrolyzed within these recip-
ient cells by either LXA4 hydrolase or LXB4 hydrolase to
bioactive LXA4 and LXB4, respectively.

The second route of LX biosynthesis results from the
generation of LTA4 by the leukocyte 5-LOX, its release, and
its subsequent uptake by platelets that contain a 12-LOX to
generate LXA4 and LXB4.

The third route for LX generation results from the acety-
lation of COX-2 by acetylsalicylic acid in endothelial cells
and other cell types. This results in the synthesis of (15R)-
hydroxyeicosatetraenoic acid (15-R-HETE), which is rap-
idly metabolized in a transcellular manner by adherent
leukocyte, vascular endothelial, or epithelial 5-LOX to 15-
epiLXA4 or 15-epiLXB4.

Within seconds or minutes from their synthesis, LXs are
converted to inactive metabolites, characterized by dehydro-
genation at the C-15 position. Once formed these intermedi-
ate LXs are no longer further metabolized by PMN but are
rapidly inactivated, as a result of dehydrogenation, to inac-
tive oxo-LXs by monocytes.

Having detailed the three potential biosynthetic path-
ways, it is natural to ask how, in practice, are LXs formed?

The three major pathways just described can operate inde-
pendently or simultaneously within the vasculature. For
instance, GM-CSF-primed neutrophils recruited to the
inflammatory site can interact with platelets. After platelets
adhere to the neutrophil surface, active leukocyte-generated
LTA4 is released and transformed by platelet 12-LOX to
generate LXs. Within the vasculature, the aspirin-triggered
LX pathway can also be initiated when activated endothelial
cells interact with adherent neutrophils to generate 15-epi-
LXs. Leukocytes interacting with epithelial cell surfaces, as
in the case of respiratory, renal, or gastrointestinal inflam-
mation, can also generate LXs through bidirectional routes,
in which (15S)-HETE and (15R)-HETE are released by
epithelial cells and converted to LXs by neutrophils. The
other component of this bidirectional interaction can involve
neutrophil-released LTA4, which is converted by 15-LOX 
in epithelial cells, in particular tracheal epithelial cells, to
generate LXs.

Biological Properties of LXs

VASCULAR TONE

LXs exert a range of biological effects [12]. LXA4 and
LXB4 promote vasorelaxation and relax aorta and pul-
monary arteries. LXA4 also reverses precontraction of the
pulmonary artery induced by PGF2a and the potent vaso-
constrictor mediator endothelin-1. The mechanisms of
LXA4- and LXB4-induced vasodilation involve endothe-
lium-dependent vasorelaxation as well as prostaglandin-
dependent and -independent pathways. In endothelial cells,
LXs can stimulate the synthesis of PGI2 and nitric oxide,
both of which produce vasodilation.

CELL RECRUITMENT

In terms of cell trafficking, LXs inhibit neutrophil and
eosinophil chemotaxis in the nanomolar range. LXA4
inhibits neutrophil transmigration across endothelial and
epithelial cells in vitro, whereas in vivo it blocks leukocyte
diapedesis from postcapillary venules; the end point would
be inhibition of white blood cell entry into inflamed tissues
as seen in animal models of vascular inflammation. Because
of the very short half-lives of the LXs, a range of stable bio-
logically active analogs have been designed and tested for
their anti-inflammatory effects in experimental animal mod-
els. The LXA4 analog 16-phenoxy-LXA4 and the stable
analog of the aspirin-triggered epi-LXs, 15-epi-16-phenoxy-
LXA4, markedly reduced LTB4-induced ear swelling in the
mouse. In this assay, the LX analogs were as effective as
dexamethasone in preventing both leukocyte infiltration and
changes in vascular permeability (edema).

Interestingly, unlike neutrophils and eosinophils, LXs 
are potent chemoattractants from monocytes. LXA4 and
LXB4 stimulate monocyte chemotaxis and adherence to
endothelial monolayers, and these effects may be related 
to the recruitment of monocytes to sites of wound injury.
However, such LX-recruited monocytes do not generate
superoxide anions or degranulate in the presence of LXs. In
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fact, they exhibit a greater capacity to phagocytose effete
and apoptotic leukocytes, leading to resolution of acute
inflammation.

Glossary

Arachidonic acid: Polyunsaturated fatty acid, with 20 carbon atoms,
liberated from the phospholipid membrane by the action of phospholipases.

Eicosanoids: This term refers to all products derived from arachidonic
acid metabolism.

Nonsteroidal anti-inflammatory drugs: Also referred to as aspirin-
like drugs, these therapeutic agents are effective because they block the cat-
alytic action of COX, thereby blocking prostanoid generation.

Prostanoids: This term refers to all products derived from COX activ-
ity, and thus to prostaglandins and thromboxanes.
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Oxidants and Vascular
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NAD(P)H oxidases (containing specific nox subunits) that
resemble the oxidase initially identified in phagocytic cells,
which is now called nox-2. Vascular smooth muscle and
endothelium appears to contain the nox-1, nox-2 and nox-4
forms of these nox oxidases. The nox oxidases appear to be
composed of membrane bound nox and p22phox subunits
possessing an electron transport system that transfers 
electrons from cytosolic NADPH and/or NADH to molecu-
lar oxygen through a flavin site and a b558-type cytochrome.
Electron transfer resulting in the generation of ROS by the
nox oxidases appears to be controlled by stimulation of 
the binding of one or more cytosolic protein subunits 
that include or resemble rac-1, p47phox and p67phox. All
cells seem to generate ROS under unstimulated conditions,
and it appears that nox-containing systems are an important
contributor to the basal levels of ROS production in vascu-
lar cells. Stimuli including stretch and shear and the activa-
tion of receptors linked to cell growth (e.g., angiotensin II)
are thought to increase nox activity through cytosolic sub-
unit binding triggered by mechanisms including phosphory-
lation by protein kinase C or other signaling processes.
Some growth factors also appear to increase oxidase activ-
ity through promoting the expression of the nox and
p22phox subunits. The nox enzymes that are present in vas-
cular cells appear to have important roles in intracellular
signaling events that control vascular function and cellular
growth.

Endothelium contains multiple additional oxidant-
generating enzyme systems, including cytochrome P450,
NO synthase (NOS), cyclooxygenase (COX), and xanthine
oxidase (XO). Recent evidence suggests that H2O2 is an
important endothelium-derived relaxing factor, and receptor
stimulation of its generation by cytochrome P450 and other
oxidases appears to be a source of its generation. Although

Importance of Oxidant Signaling Mechanisms 
in the Microcirculation

It is rapidly becoming recognized that the formation of
reactive oxygen species (ROS), reactive nitric oxide (NO)-
derived species (RNS), and their interaction with cellular
regulatory systems are fundamental components of signal-
ing systems that contribute to the control of physiological
and pathophysiological aspects of microvascular function in
processes such as the activation of certain receptors and cel-
lular systems which sense changes in oxygen tension, flow,
and pressure. Oxidase enzymes are the primary source of
generation of ROS as a result of their ability to transfer elec-
trons to molecular oxygen, forming species including super-
oxide anion (O2

•-) and hydrogen peroxide (H2O2), as a result
of the oxygen accepting one or two electrons, respectively.
Although the levels of these ROS are kept extremely low by
metabolizing enzymes including superoxide dismutases,
peroxidases, and catalase, and antioxidants that also control
the actions of RNS, each individual ROS and RNS has con-
centration-dependent mechanisms through which it interacts
with intracellular and intercellular signaling systems that
control processes within each cell type in the microcircula-
tion (e.g., endothelium and vascular smooth muscle).

Sources of Oxidant Species

There are multiple oxidase enzymes that generate ROS,
and each enzyme appears to have specific mechanisms that
regulate ROS production and specific cellular localization
sites. Evidence is rapidly emerging that one of the most
important types of oxidases in physiological processes are

Copyright © 2006, Elsevier Science (USA).
801 All rights reserved.
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the major product of the NOS reaction is NO, this system
has NADPH oxidase activity that is suppressed by the avail-
ability of the reduced form of its cofactor tetrahydro-
biopterin, and by the availability of L-arginine for NO
biosynthesis. When NOS is making both NO and O2

•-, the
reaction between these molecules generates peroxynitrite
(ONOO-), which is a reactive species that generates other
RNS (including nitrogen dioxide), which oxidizes tetrahy-
drobiopterin and causes thiol oxidation, nitrosation and
nitration, and tyrosine nitration, whereas, when the genera-
tion of O2

•- is the primary product of NOS, this system
appears to become a major source of vasoactive endothe-
lium-derived H2O2 generation. Vascular disease processes
are known to promote oxidant production from NOS, COX,
and XO. The generation of O2

•- from COX seems to be asso-
ciated with the availability high levels of arachidonic acid
and high rates of prostaglandin generation by this enzyme.
Generation of both O2

•- and H2O2 by XO appears to require
conversion of this enzyme to an oxidase from its dehydro-
genase form by a combination of thiol oxidation and/or pro-
teolysis, and the availability of its substrates hypoxanthine
and xanthine. Prolonged hypoxia and reoxygenation gener-
ally stimulates XO activation and the accumulation of its
substrates from the degradation of tissue ATP. Thus, while
endothelium is a source of vasoactive levels of H2O2, this
cell type can also become a major source of vascular oxidant
production during pathophysiological processes.

Mitochondria of vascular cells also appear to have an
important role in controlling oxidant generation either
through producing O2

•- or as a result of their role in control-
ling the redox status of cytosolic NAD(H), and perhaps
NADP(H). The NADH dehydrogenase and coenzyme Q
sites in the electron transport chain appear to be sites where
electrons can be transferred to molecular oxygen, and
processes associated with the development of apoptosis

seem to markedly increase mitochondrial oxidant genera-
tion. Mitochondria appear to contribute to the sensing of
physiological PO2 levels through poorly understood redox
processes that seem to be linked to the generation of ROS.

Mechanisms of Interactions of Oxidant 
Species with Vascular Signaling Systems

Each oxidant species has unique ways, shown in Figure
1, of interacting with the signaling systems listed in Table I
as a result of its chemical and metabolic properties.

The major ROS that is generated by cellular oxidases
appears to be O2

•-, which is a negatively charged free radical
at physiological pH, with very selective chemical reaction
properties. The levels of SOD in the cytosol (SOD-1) and
mitochondria (SOD-2) appear to function in a manner that
maintains intracellular O2

•- concentrations in the picomolar

Figure 1 Scheme showing oxidases that generate ROS, and potential
ways in which ROS interact with vascular signaling systems.

Table I Oxidant Species and Some of Their Interaction with 
Signaling Systems.

Species Interaction Regulatory action

O2
•- NO Inhibits actions of NO

Fe Releases iron bound to proteins as Fe2+

SOD Converts O2
•- to H2O2

H2O2 Cyclooxygenase Stimulates prostaglandin production
Glutathione peroxidase Converts GSH to GSSG
Catalase Stimulates sGC and cGMP production
Fe2+ Generates reactive “.OH” species

NO Heme binding Stimulates sGC and cGMP production
Reversibly inhibits mitochondrial respiration

O2
•- Generates peroxynitrite (ONOO)

ONOO- (RNS) Thiols (RSH) Oxidation and nitrosation
Mitochondria (Fe-S) Irreversible inhibition of respiration
Tyrosine Nitration, inactivation of PGI2 synthase

Thiol Oxidation or Nitrosation (RSSG, RSSR, Opens potassium channels
RSOH, RSNOx) Activates tyrosine phosphorylation

Altered Ca2+ reuptake mechanisms
Inhibits calcium influx
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range. These low levels of O2
•- appear to keep it from

directly interacting with most signaling systems. Because 
of the extremely rapid rate of reaction of NO with O2

•-,
increases in O2

•- are observed to readily attenuate physiolog-
ical actions of NO [e.g., stimulation of soluble guanylate
cyclase (sGC) and inhibition of tissue mitochondrial respi-
ration] and can form ONOO- in amounts that interact with
signaling systems when high levels of NO are present. Vas-
cular smooth muscle secrete an extracellular form of SOD
(SOD-3), which appears to protect NO from O2

•- as it dif-
fuses through the vessel wall. Elevated levels of O2

•- are also
known to damage iron–sulfur centers, associated with the
inhibition of mitochondrial respiration, and release of iron.
A major role for O2

•- and SOD in signaling appears to be the
generation of H2O2.

Hydrogen peroxide has a vast array of interactions with
signaling systems, and its basal levels in cells are thought to
be in the low nanomolar range. The signaling mechanisms
most sensitive to the actions of H2O2 appear to be linked 
to its metabolism by heme peroxidases, catalase, and glu-
tathione (GSH) peroxidase, and these systems participate 
in the generation of prostaglandins, cGMP, and oxidized
glutathione (GSSG), respectively. The local concentration
of GSSG and proteins present that have thiol groups (RSH)
that can be S-thiolated (RS-SG) or oxidized to disulfides
(RSSR) are key processes that link ROS to cellular signal-
ing systems. Some of the cellular proteins and systems
known to be regulated by thiol redox that potentially influ-
ence microvascular function are included in Table I. When
ferrous iron (Fe2+) is released, it promotes the formation of
very reactive or hydroxyl radical (“•OH”)-like species from
H2O2, which cause cellular injury.

Evidence is emerging that RNS have important regula-
tory functions through interactions with signaling systems.
These species readily modify proteins with reactive thiol
groups (see Table I) by nitrosating (RS-NO), nitrating (RS-
NO2), or oxidizing (RS-SG, RSSR, RSOH, RSOx) them in a
manner similar to H2O2 (or elevated levels of other ROS).
Protein tyrosine groups, iron–sulfur centers, and unsaturated
fatty acids are also readily modified by RNS (and ROS).
Some well-documented actions of ONOO- that potentially
influence microvascular regulation include the inactivation
of prostaglandin I2 synthase by nitration of a key active-site
tyrosine, and inactivation of tissue mitochondrial respiration
by damaging key iron–sulfur centers. Thiols linked to zinc
binding sites are also very sensitive to oxidative processes
that release zinc and promote cellular signaling. While O2

•-

and peroxide have the potential for interactions with the pro-
tein thiols and other sites modified by RNS, there seems to
be a need for an enhancement of the reactivity of the thiol
site (e.g., by acidification) or ROS by cofactors such as iron
for the observance of selective signaling-type regulation.
Thus, although both peroxide metabolism and RNS cause
the oxidation of GSH to GSSG, the chemical reactive 
properties that RNS possess enable them to have multiple
additional regulatory and pathophysiological interactions,
especially at activated thiol and metal-binding sites.

Tyrosine phosphorylation, potassium channel opening,
and certain systems that control intracellular Ca2+ and phos-
pholipid metabolism appear to be cellular regulatory sys-
tems having components that seem to be directly regulated
by ROS, RNS, or changes in the redox status of cytosolic
NADH, NADPH, and/or GSH. Tyrosine phosphatases have
activated thiols (RSH) at their catalytic sites that appear to
be readily modified or oxidized by ROS and RNS, resulting
in inhibition of the tyrosine-phosphate hydrolyzing activity
of these enzymes. Some tyrosine kinases appear to autoacti-
vate when the status of their phosphorylated tyrosine groups
changes. Tyrosine phosphorylation appears to control multi-
ple processes often associated with vascular contraction,
gene expression, and cell growth through changes in the
activities of systems including protein kinases B and C,
growth factor receptor signaling, and mitogen-activated pro-
tein (MAP) kinases. Potassium channels often open when
they undergo oxidation, and the thiol groups they contain
may be key sites for redox regulation. Plasma membrane
Ca2+ channels (e.g., L-type channels) and the sarcoplas-
mic–endoplasmic reticulum Ca2+–ATP pump or SERCA
also appear to readily show inhibition of Ca2+ influx and
alterations in Ca2+ reuptake, respectively, when these sys-
tems are modified by thiol oxidation. Many of these oxidant-
regulated signaling systems seem to function in a
coordinated manner to control phospholipid signaling,
including the release of arachidonic acid, which is used for
the biosynthesis of prostaglandins. The hyperpolarization-
mediated relaxation induced by opening K+ channels acti-
vated by H2O2 has resulted in it being considered as an
endothelium-derived hyperpolarizing factor. Overall, the
subcellular localization of both ROS generation and redox
changes observed may have fundamental roles in control-
ling which oxidant-regulated signaling mechanisms are 
activated, and which physiological or pathophysiological
responses are observed.

Physiological Importance of Vascular
Oxidant Signaling

PO2 Sensing

The sensing of changes in oxygen tension potentially
originates in many circumstances from the PO2-dependence
of the substrate requirements for oxygen utilization by oxi-
dases that generate ROS or by oxidative enzymes that use
oxygen for the formation of reactive enzyme intermediates
involved in the generation of vasoactive mediators including
prostaglandins, NO, and cytochrome P450. There is sub-
stantial evidence that many of these systems are key
processes through which changes in PO2 regulate vascular
function. It appears that ROS (e.g., H2O2) originating from
the basal activity of nox-type oxidases and mitochondria are
mediators of PO2-linked signaling systems that may func-
tion through the redox regulation of K+ and Ca2+ channels,
and cGMP production by sGC.
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Sensing of Physical Forces

Stretch and shear forces in the vessel wall have been
demonstrated to promote activation of nox-type oxidases.
The stretch component of increased blood pressure activates
myogenic contractions through the generation of ROS and
signaling systems potentially activated either directly or
indirectly by ROS including protein kinase C and MAP
kinases which appear to contribute to stretch-induced vas-
cular contractile and growth-related adaptive remodeling
responses. High levels of shear and stretch increase super-
oxide in endothelium, resulting in an attenuation of NO-
mediated dilator responses.

Hormone and Growth Factor Receptor Function

Many receptors that possess growth-promoting actions in
vascular tissue cause activation of nox-type oxidases and the
stimulation of redox-linked signaling systems such as MAP
kinases. Although many of the signaling events activated
through growth-promoting receptors do not appear to be
redox-mediated, ROS seem to have an important modulat-
ing role in controlling the growth response. Excessive gen-
eration of ROS will activate apoptosis-related signaling and
processes associated with cell death as mitochondrial func-
tion deteriorates.

Roles of Oxidant Signaling Mechanisms in
Microvascular Function

The fundamental roles ROS and RNS play in cellular 
signaling processes provide these reactive species with a
wealth of roles in the control of microvascular function. A
combination of the local balance between the activities of
NO- and O2

•--generating systems and ROS- and RNS-
scavenging systems, localized redox perturbations caused
by these species, the function of other non-ROS signaling
systems, and energy metabolism-related balances originat-
ing from the delivery of O2 and the work-related metabolic
needs of the tissue are likely to all function together as an
integrated interactive system that controls the expression
and importance of each individual cellular signaling mecha-
nism involving ROS and RNS in the microcirculation. 
Signaling systems sensitive to regulation by low levels of
ROS seem to have important coordinated roles in the 
acute vasoactive and more chronic adaptive physiological
responses to changes in PO2, flow, and pressure. Aging and
multiple vascular disease processes including hypertension,
atherosclerosis, diabetes, heart failure, and ischemia activate
increased ROS and RNS production in the vessel wall
through multiple mechanisms, resulting in impaired
endothelium-derived NO mediated relaxation and a sup-
pression of the antithrombotic and anti-inflammatory
actions of NO, increased expression of adhesion proteins,
and endothelial cell permeability. Thus, at elevated levels of

ROS and RNS, signaling mechanisms controlled by these
species appear to actively participate in promoting the pro-
gression of microvascular disease processes.

Glossary

Oxidant signaling mechanisms: Processes involved in controlling the
generation of reactive O2 species and their interactions with specific sys-
tems that regulate cellular function.

Reactive O2 species: Low-molecular-weight oxygen-containing bio-
logical molecules resulting from electrons being transferred to O2, which
are generally quite unstable and reactive with other specific cellular 
molecules or protein functional groups.

Redox signaling: Processes involved in the control of low-molecular-
weight biological molecules and protein functional groups that exist in var-
ious oxidized and reduced forms having a role in regulating specific
systems that control cellular function.
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Arterioles

These vessels, which consist largely of vascular smooth
muscle, regulate organ blood flow through alterations in
vascular resistance (via changes in vessel diameter). In 
arterioles, oxidative stress results in a diminished response
to endothelium-dependent vasodilators. This alteration pro-
motes arteriolar vasoconstriction and decreased organ blood
flow, which may exacerbate tissue injury. Impaired arterio-
lar dilation is primarily due to oxidant-induced endothelial
dysfunction rather than compromised vascular smooth mus-
cle function. In conditions associated with oxidative stress,
administration of antioxidants has been shown to preserve
arteriolar responsiveness to endothelium-dependent dilators.
In addition, oxidative stress may promote generation of
vasoactive factors that promote constriction of arteriolar
smooth muscle.

Capillaries

Oxidative stress has been shown to increase fluid filtra-
tion across capillaries as well as to decrease the number of
perfused capillaries. Evidence indicates that the higher rate
of filtration under these conditions is primarily due to
increased capillary permeability rather than elevated capil-
lary hydrostatic pressure. The reduction in capillary perfu-
sion after oxidative stress has been attributed to several
factors, including capillary plugging by activated leukocytes
as well as compression of capillaries due to increased inter-
stitial pressure resulting from edema.

Venules

Oxidative stress promotes increased leukocyte–
endothelial cell adhesive interactions, leukocyte emigration

Oxidative stress to the vascular endothelium is now 
recognized to play a significant role in the pathogenesis 
of many vascular diseases, including ischemia/reperfusion
(I/R), athlerosclerosis, diabetes, and systemic hypoxia.
Reactive oxygen species (ROS) are normally produced in all
cells during aerobic metabolism. Although ROS are highly
reactive, multiple defenses exist within cells to prevent
ROS-induced dysfunction. However, these defenses may 
be overwhelmed in conditions that markedly increase 
oxidant generation. When such a state of oxidative stress
develops, a host of microvascular inflammatory responses
may be initiated, resulting in impaired microvascular func-
tion and potentially contributing to the progression of car-
diovascular disease. This article will examine the effects of
reactive oxygen species (ROS) on the microcirculation,
pathways capable of generating ROS, and endogenous
defenses against oxidative stress. Finally, evidence will be
presented regarding the role of ROS in the pathogenesis of
microvascular inflammation resulting from I/R and systemic
hypoxia.

Microvascular Responses to Oxidative Stress

Endothelial cells form a single cell layer on the inner sur-
face of all vessels of the cardiovascular system. These cells
play a critical role in physiological regulation of the micro-
circulation as well as in the pathogenesis of microvascular
inflammation. It is now recognized that endothelial dys-
function resulting from oxidative stress is an underlying
cause of many vascular diseases. In addition, oxidant-
induced endothelial dysfunction can impair microvascular
function in several ways (Figure 1).

Copyright © 2006, Elsevier Science (USA).
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to the perivascular space, and increased vascular permeabil-
ity within postcapillary venules. These inflammatory
responses result from oxidant-induced endothelial dysfunc-
tion within these vessels. Venular endothelial cells have a
particularly high capacity to generate oxidants compared to
endothelial cells of arterioles or capillaries. Furthermore,
release of oxidants from adherent leukocytes can markedly
increase the oxidative stress to venular endothelium. Oxi-
dants have been shown to play an initiating role in the 
development of these inflammatory responses in a variety of
conditions. For example, antioxidants attenuate leukocyte
adherence and the increase in vascular permeability follow-
ing I/R.

Sources of ROS

Xanthine Oxidase

Xanthine dehydrogenase is a cytosolic enzyme that cat-
alyzes the formation of xanthine from hypoxanthine. Acti-
vation of proteases may convert this enzyme to xanthine
oxidase (XO). Under normal conditions, little XO exists
within cells. This enzyme uses molecular oxygen as an elec-
tron acceptor (instead of NAD+ as in the case of xanthine
dehydrogenase), which results in production of superoxide.
A central role for XO in I/R-induced microvascular inflam-
mation has been supported by the observation that XO
inhibitors attenuate both venular ROS levels and leukocyte
adherence after I/R.

Nitric Oxide Synthase

In some conditions, ROS may be produced by nitric
oxide synthase (NOS). This enzyme catalyzes the oxidation
of L-arginine to L-citrulline, which results in the production
of NO. This reaction requires several cofactors, including
NADH and tetrahydrobiopterin (BH4). Limited availability
of these cofactors can result in generation of O2

•- and H2O2
via uncoupling of NOS. For example, BH4 levels are insuf-

ficient for optimal NOS activity in hypercholesterolemia
and in some forms of hypertension, resulting in O2

•-

production by this enzyme. Administration of BH4 to 
spontaneously hypertensive rats decreased systemic blood
pressure, an effect attributed to generalized arteriolar
vasodilation resulting from reduced O2

•- production by NOS.

NADPH Oxidase

This enzyme was first identified as that responsible for
superoxide generation during the respiratory burst of acti-
vated neutrophils. Because this pathway is capable of 
producing large amounts of ROS to kill bacteria, adherence
of leukocytes to the endothelium as well as emigration 
of leukocytes to the perivascular space can significantly
enhance oxidative stress within the microcirculation. Recent
evidence has demonstrated that this enzyme is localized in
other cells as well, including endothelial cells, mast cells,
platelets, and vascular smooth muscle cells. In these cells,
NADPH oxidase generates much lower amounts of O2

•- than
does the neutrophilic enzyme, and likely plays a role in sig-
nal transduction rather than bactericidal actions.

Mitochodrial Electron Transport

Approximately 5 percent of molecular oxygen is con-
verted to superoxide during electron transport within 
mitochondria under normal conditions. A growing body of
evidence has shown that superoxide generation increases
above this basal rate when O2 levels are reduced. Using 
fluorescent dyes to detect oxidants, a reduction in PO2
was demonstrated to rapidly increase ROS formation 
within endothelial cells in vitro. Evidence implicates
ubisemiquinone, a free radical associated with complex III
of the electron transport chain, as the major site of hypoxia-
induced superoxide production. The significance of this
finding is the demonstration of a pathway capable of
increasing O2

•- production when O2 levels are reduced;
superoxide formation by this route is inversely proportional
to O2 levels. In contrast, in the pathways discussed previ-

Figure 1 Oxidative stress promotes microvascular inflammation in several ways, including (1) increased adhesion mol-
ecule expression that promotes leukocyte–endothelial cell adhesive interactions; (2) local generation of lipid inflammatory
mediators, such as platelet activating factor and leukotriene B4; (3) decreased production of anti-inflammatory mediators,
such as prostacyclin; (4) formation of proinflammatory chemokines and cytokines; and (5) inactivation of nitric oxide by
superoxide radical.
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ously, the rate of ROS generation is directly proportional to
the available O2.

Endogenous Defenses against ROS

Superoxide Dismutase

This enzyme catalyzes the dismutation of superoxide to
hydrogen peroxide (H2O2):

O2
•- + 2H+ Æ̈ H2O2 + O2

Several isozymes of SOD exist: (1) Cu/Zn-SOD, a
cytosolic form; (2) Mn-SOD, which is localized within
mitochondria; and (3) extracellular SOD (ecSOD). The last
is released from cells and binds to sulfated polysaccharides
along the cell surface. As a result, ecSOD plays a particu-
larly important role in defense against ROS released from
leukocytes adherent to the vascular endothelium. Although
conflicting results have been reported regarding the ability
of exogenous SOD to attenuate microvascular inflamma-
tion, these results have been attributed to rapid plasma 
clearance of the enzyme or a limited ability of this protein 
to reach intracellular sites of ROS generation. However, the
fact that inhibition of endogenous SOD augments micro-
vascular oxidative stress in various conditions clearly
demonstrates the importance of this enzyme as a defense
against ROS.

Catalase

As shown earlier, dismutation of superoxide results in
formation of H2O2. This lipophilic oxidant can be disposed
of by catalase, a cytosolic enzyme that degrades H2O2 to
water according to the following reaction:

2H2O2 Æ̈ 2H2O + O2

Catalase was recognized to be an important endogenous
antioxidant based on the following observations: Exogenous
administration of catalase reduces oxidative stress as well as
the degree of microvascular inflammation in various set-
tings, whereas inhibition of endogenous catalase augments
both of these responses.

Glutathione

In addition to catalase, H2O2 can also be degraded via
glutathione peroxidase. This cytosolic enzyme utilizes
reduced glutathione (GSH) as a proton donor to degrade
H2O2 to oxidized glutathione (GSSG) and water:

2GSH + H2O2 Æ̈ GSSG + 2H2O

Another cytosolic enzyme, GSH reductase, converts
GSSG back to its reduced form. This recycling of glu-
tathione plays an important role in microvascular defenses
against oxidative stress as interventions that reduce cellular
GSH augment both ROS levels and the extent of micro-
vascular inflammation.

Nitric Oxide

Under normal conditions, the rate of NO synthesis within
endothelial cells is greater than that of O2

•-. NO avidly inter-
acts with O2

•- at a rate approximately threefold higher than
dismutation of O2

•- by SOD. The difference between these
reaction rates has led to the proposal that the most important
physiological role of NO is its antioxidant action. According
to this view, inactivation of O2

•- by NO maintains low oxi-
dant levels within cells under normal conditions. However,
a marked increase in the rate of O2

•- generation would result
in NO depletion, and therefore oxidative stress.

A growing body of evidence indicates that it is the bal-
ance between the cellular levels of oxidants and NO that
plays a key role in the development of microvascular
inflammation. Interventions that decrease NO or increase
ROS levels (i.e., nitric oxide synthase inhibitors, inhibition
of endogenous antioxidants) cause arteriolar vasoconstric-
tion, leukocyte–endothelial cell adhesive interactions, and
increased vascular permeability. Conversely, administration
of exogenous NO or antioxidants (which increase NO or
decrease oxidant levels) enhances endothelium-dependent
arteriolar vasodilation and attenuates leukocyte adhesion
and increases in vascular permeability in various conditions.

Nonenzymatic Antioxidants

Ascorbic acid, vitamin E, lipoic acid, uric acid, bilirubin,
and b-carotene are among a group of endogenous free radi-
cal scavengers. The antioxidant action of these compounds
is due to their ability to donate an electron to an oxidant
species, thereby inactivating it. Because transition metals
such as iron and copper can react with O2

•- to form the
highly reactive hydroxyl radical (OH•), another group of
compounds that act as metal chelators also contribute to
antioxidant defenses. These compounds include ferritin,
ceruloplasmin, and transferrin.

Ischemia/Reperfusion-Induced 
Microvascular Inflammation

I/R Promotes Oxidative Stress and 
Microvascular Inflammation

The microvascular alterations associated with I/R include
the following: (1) impaired endothelium-dependent vasodi-
lation in arterioles, (2) increased capillary permeability as
well as a decrease in the number of perfused capillaries, and
(3) enhanced leukocyte trafficking in postcapillary venules
and increased venular permeability. Considerable evidence
supports the involvement of ROS in the pathogenesis of
these microvascular alterations. During reperfusion after
prolonged ischemia, the reintroduction of oxygen to tissues
increases oxidant formation in endothelial cells of all vascu-
lar segments, but particularly so in venules. Throughout the
ischemic period, XO activity progressively increases within
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endothelial cells. When tissue O2 levels increase during
reperfusion, marked increases in oxidant generation occur
via XO. The resulting oxidant stress at the onset of reperfu-
sion causes rapid microvascular alterations through several
actions, including local generation of lipid inflammatory
mediators (i.e., platelet activating factor, leukotriene B4) as
well as mobilization of preformed P-selectin to the endothe-
lial surface (which promotes leukocyte rolling). In addition,
ROS also activate genes leading to upregulation of other
adhesion molecules, which serves to prolong the microvas-
cular inflammatory responses to I/R.

Superoxide/NO Balance and I/R-Induced
Microvascular Dysfunction

Granger and colleagues have provided compelling evi-
dence implicating changes in the balance between superox-
ide and NO levels as a critical determinant of microvascular
alterations after I/R. According to this view, under normal
conditions, NO production exceeds ROS generation such
that NO can effectively scavenge superoxide, yet NO levels

remain sufficient to maintain the endothelium in an anti-
inflammatory state (Figure 2, upper panel). When super-
oxide generation increases markedly upon reperfusion, the
balance shifts in favor of ROS: NO levels are no longer able
to effectively scavenge superoxide, resulting in a progres-
sive decrease in NO levels and corresponding increase in
ROS. This shift initiates a proinflammatory state within the
microcirculation, leading to the microvascular dysfunction
associated with I/R (Figure 2, lower panel). In support of this
view, interventions which reduce ROS levels or increase NO
levels (i.e., XO inhibitors, antioxidants, NO donors) attenu-
ate the severity of microvascular dysfunction after I/R.

Microvascular Responses to Systemic Hypoxia

ROS Are Generated during Hypoxia

Several studies have shown that hypoxia alone, in the
absence of ischemia, can result in the generation of ROS.
For example, graded reductions in O2 lead to progressive
increases in ROS levels within endothelial cells and vascu-

Figure 2 (Upper panel) Under normal conditions, low oxidant levels and high NO levels create an anti-inflammatory
state within the microcirculation, as evidenced by (1) arteriolar vasodilation in response to endothelium-dependent agents,
(2) inhibition of adhesive interactions of leukocytes within postcapillary venules, and (3) normal vascular permeability in
capillaries and postcapillary venules. (Lower panel) When the balance between ROS and NO is shifted toward the former,
the resulting oxidative stress promotes microvascular inflammation, as evidenced by (1) a loss of endothelium-dependent
arteriolar vasodilation that reduces organ blood flow, (2) expression of adhesion molecules that promotes leukocyte 
recruitment into tissues, and (3) increased vascular permeability due to a loss of vascular integrity within capillaries and
postcapillary venules.
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oxidant generation as well as the mechanisms underlying
microvascular inflammatory responses associated with
oxidative stress.
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lar smooth muscle cells, as well as other cell types. In addi-
tion, hypoxia reduces the levels of several antioxidants in
cultured endothelial cells as well as in the liver in vivo,
effects attributed to oxidative stress. In vivo studies have
shown that ROS generation within mesenteric venules
increases rapidly during systemic hypoxia when tissue O2
levels are reduced, as well as decreased oxidant production
upon a return to normoxia when tissue O2 levels are restored
to normal. The pattern of ROS generation in hypoxia is
clearly distinct from that observed in I/R. With regard to I/R,
microvascular ROS levels increase upon reperfusion when
tissue O2 levels are elevated, whereas little oxidant genera-
tion occurs during the ischemic period.

NO Levels Are Reduced during Hypoxia

Recent studies have shown that hypoxia decreases NO
formation in endothelial cells in vitro and in an isolated lung
preparation, suggesting a potential role for NO depletion 
in the microvascular inflammatory response to systemic
hypoxia. NO depletion during hypoxia could result from
increased inactivation of NO as a result of elevated super-
oxide generation, or, alternatively, from decreased O2 avail-
ability since O2 is a substrate for NO formation.

Antioxidants and NO Donors Attenuate 
Hypoxia-Induced Microvascular Inflammation

A central role for ROS in hypoxia-induced microvascular
inflammation is supported by the observation that antioxi-
dants prevent both the hypoxia-induced increases in venular
ROS levels and in leukocyte adherence to postcapillary
venules. Antioxidants also attenuated the increases in leuko-
cyte emigration as well as in vascular permeability during
systemic hypoxia. Interventions designed to increase tissue
NO levels (NO donors or the NO precursor, L-arginine)
markedly reduced leukocyte–endothelial cell adhesive inter-
actions, leukocyte emigration, and the increase in vascular
permeability during systemic hypoxia.

Summary

Oxidative stress is now recognized as playing a critical
role in the initiation and progression of microvascular dys-
function associated with various cardiovascular diseases,
including ischemia–reperfusion, hypercholesterolemia, ath-
erosclerosis, diabetes, and systemic hypoxia. Considerable
progress has been made in identifying the cellular sites of
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characteristic of each disease and often allows subsetting
with prognostic implications. Both autoreactive T cells and
autoantibodies can damage tissues, though the extent to
which autoantibodies are markers of disease extent rather
than pathogenic remains debatable.

Anti-endothelial Cell Autoantibodies (AECAs)

Over the past 20 years it has become apparent that
AECAs are present in a significant proportion of patients
with a wide variety of autoimmune diseases that include a
vascular pathology. In addition, AECAs have been detected
in patients with advanced atherosclerosis, and antibodies
that target donor endothelium have been implicated in the
process of chronic rejection of transplanted tissues and
organs. One of the first suggestions that AECAs are
involved in microvascular pathology was made by Shingu
and Hurd in 1981, who reported that immunoglobulins (Ig)
from the sera of some patients with the autoimmune disease
systemic lupus erythematosus (SLE), but not Ig from
healthy controls, bound selectively to cultured endothelial
cells. The patients whose Ig bound to endothelium were
those who had clinical evidence of inflammatory damage 
to blood vessels (vasculitis), indicating a possible causal
relationship.

Since then, AECAs, mainly IgG or IgM, have been
detected in patients with many different diseases where
damage to blood vessels is occurring, ranging from primary
systemic vasculitic diseases (such as Wegener’s granulo-
matosis and microscopic polyangiitis) and connective tissue
diseases (notably systemic sclerosis, also known as sclero-
derma) to thrombotic disorders (such as hemolytic uremic
syndrome and anti-phospholipid syndrome) and multiple
sclerosis. AECAs are usually detected by their ability to
bind to cultured human endothelial cells, and although 
estimates vary it seems likely that between a third and two

Patients with a variety of diseases involving damage to
small and large blood vessels, unlike healthy controls, have
circulating antibodies that bind to endothelial cells. These
autoantibodies constitute a marker of the extent of disease
activity and increasingly have been implicated as contribut-
ing to the pathogenesis of several of these diseases.

Autoimmune Diseases and Autoantibodies

Autoimmune diseases are those in which clinical prob-
lems are due to dysregulation of the patient’s immune 
system in the absence of ongoing infection, and they are
characterized by the presence of autoantibodies, that is, anti-
bodies that react with self-antigens. Autoimmune diseases
arise in susceptible individuals due to variations in the abil-
ity of T and/or B lymphocytes to be activated or to undergo
apoptosis—this variation presumably usually being 
genetically determined, and often involving inappropriate
expression of cytokines—coupled with exposure to an envi-
ronmental trigger, often unknown in individual cases but
including microbial antigens and drugs.

Two processes are considered to be important in the gen-
eration of autoantibodies: molecular mimicry and epitope
spreading. The former implies that the initial antibody for-
mation is directed at epitopes of foreign antigens that are
sufficiently similar to epitopes of self-antigens that they
cross-react with them. The latter is well documented, though
not fully understood, and describes how the repertoire of
epitopes recognized increases with time to encompass a
wider variety of self-antigens, probably due to B cell pro-
cessing of the initial antigenic complexes leading to 
presentation of previously cryptic peptides to T cells. The
identified self-antigens recognized in autoimmune diseases
are commonly intracellular, often intranuclear, proteins, per-
haps exposed during apoptosis. In the systemic autoimmune
diseases the pattern of autoantibodies found is highly 
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thirds of patients with a systemic vasculitic disease, SLE, or
scleroderma have detectable AECAs.

As noted earlier, patients with systemic autoimmune 
diseases have autoantibodies to a wide variety of target 
proteins, with particular signature autoantibodies defining
clinical subsets of the diseases and often being valuable 
in prognosis. AECAs are in general distinct from these 
signature autoantibodies. The endothelial cell specificity of
AECAs is less rigorously defined; it is clear that AECAs do
not recognize target antigens on blood cells, but it is less
certain that they cannot additionally recognize antigens
present in some other cell types or in the extracellular
matrix. However, since they are found in the context of vas-
cular damage, it is reasonable to assume that AECAs either
contribute to causing the damage or at the least arise as a
consequence of the damage and thus serve as markers of the
extent of vascular pathology.

The main difficulty with research in this field has been
the lack of characterization of the target antigens recognized
by AECAs. In part, this stems from the fact that AECAs 
are clearly heterogeneous between different diseases and
between individuals with a particular disease, and exhibit
multiple specificities within individuals. Several investiga-
tors have tried to identify target proteins by immunoblotting
with purified AECAs, and they have usually found multiple
bands on gels and have not molecularly identified any band
unequivocally. When IgG AECAs from a series of patients
with SLE were used to compete with radiolabeled AECAs
from one individual for binding to endothelial cells, some
did block and others did not, indicating that binding speci-
ficities for the AECAs from different patients are only par-
tially shared. More recent attempts to define the target
antigens have used methods such as phage display libraries
of endothelial proteins, with some success. For example,
Frampton and colleagues showed in 2000 that AECAs from
patients with active SLE included Ig that recognized an
endothelial cell–selective antigen (plasminogen activator
inhibitor type 1).

Potential Pathogenic Roles for AECAs

The spectrum of autoantibodies present in patients with
autoimmune diseases provides diagnostic utility and must
also in principle provide information about the mechanisms
underlying the disease process. In several instances, it is
also certain that these autoantibodies play a causal role in
pathogenesis (e.g., myasthenia gravis, autoimmune thyroid
disease). A pathogenic role for AECAs is less certain, and it
may well be that in some diseases AECAs arise as the con-
sequence of vascular damage, which exposes epitopes not
usually visible to the immune system, and thus they are sim-
ply markers of the extent of vascular pathology. However,
there is good evidence that other autoantibodies in systemic
vasculitic diseases are pathogenic—notably anti-neutrophil
cytoplasmic antibodies (ANCAs)—and increasing evidence

that AECAs have effects that are consistent with a role in
pathogenesis in the diseases where they are detected.

A pathogenic role for AECAs was first demonstrated in
patients with Kawasaki disease, an acute childhood auto-
immune vasculitis almost certainly triggered by infection. If
not recognized and promptly treated, these children suffer
from blood vessel damage that can lead to fatal aneurysm
formation. In the mid-1980s Leung and colleagues discov-
ered that sera from patients during the active phase of
Kawasaki disease contained Ig that in the presence of com-
plement were selectively cytotoxic to cultured endothelial
cells that had been pretreated with proinflammatory
cytokines. There is now extensive knowledge of the wide
range of changes in endothelial cell functions induced by
cytokines such as interleukin-1 (IL-1), tumor necrosis fac-
tor, and interferon-g during the acute inflammatory
response, notably including the upregulation of a series of
cell surface molecules involved in leukocyte adhesion. Thus
it is likely that the AECAs in Kawasaki disease (where the
patients have raised circulating levels of these cytokines)
recognize one or more newly expressed endothelial cell sur-
face antigens and contribute directly to the vascular damage.
More recent work, using a cell binding assay rather than a
cell killing assay, supported this hypothesis by showing that
sera from patients with Kawasaki disease contain AECAs
that bind to unstimulated endothelial cells in culture, but
AECA binding is significantly increased after treatment of
the endothelial cells with proinflammatory cytokines.

AECAs detected in other systemic autoimmune vas-
culitic diseases or in scleroderma are not usually cytotoxic
to cultured endothelium, whether in the presence of comple-
ment or in that of leukocytes. As in Kawasaki disease, how-
ever, AECAs from patients with Wegener’s granulomatosis
bind more strongly to cytokine-pretreated endothelial cells.
In addition, there is increasing experimental evidence that
these AECAs may be pathogenic, by themselves altering
endothelial cell phenotype in a proinflammatory or pro-
thrombotic manner similar to the effects caused by defined
proinflammatory cytokines. Early indications included the
demonstration that Ig from SLE patients can either directly
induce or enhance the ability of tumor necrosis factor to
induce the expression of the procoagulant tissue factor on
endothelial cells in culture. More recently, a series of stud-
ies has demonstrated that pretreatment of cultured endothe-
lial cells with AECAs from patients with SLE, systemic
vasculitis, or scleroderma causes the subsequent upregula-
tion of leukocyte adhesion molecules including E-selectin
and VCAM on the endothelial cell surface, comparable to
the effects of pretreating with IL-1 or bacterial endotoxin
(see Figure 1). Indeed, Carvalho and coworkers were able to
show that the majority of this effect was due to the induction
by AECAs of endogenous IL-1 synthesis in the endothelial
cells, which then acts in an autocrine or paracrine fashion to
induce adhesion molecule expression.

As noted previously, the target antigens recognized by
AECAs are not well described. However, in SLE one of the
signature autoantibodies in a subset of patients recognizes
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b2-glycoprotein-I. These autoantibodies are associated with
increased prothrombotic risk. Since they can bind to
endothelial cell surface b2-glycoprotein-I, they are likely to
contribute to the procoagulant effects of AECAs in SLE
noted earlier, and purified anti-b2-glycoprotein-I antibodies
have, like other AECAs, been found to enhance adhesion
molecule expression on endothelium.

Finally, it is worth pointing out that AECAs unrelated to
differences between graft and host major histocompatibility
(MHC) antigens have been implicated in both acute and
chronic graft rejection. As in autoimmune vasculitic dis-
eases, the target antigens recognized by AECAs seem to be
variable between patients and are poorly identified. Careful
research, particularly by Pober and colleagues, has shown
that endothelial cells, unlike other tissue cells, are effective
at presenting antigens to and stimulating resting memory T
cells, though unlike professional antigen-presenting cells
such as dendritic cells they do not promote the full differen-
tiation of T cells into cytokine-secreting effector cells. Thus,
although resident dendritic cells are undoubtedly important
in the process of rejection, graft endothelial cells are also
likely to be involved.

Conclusions

AECAs contribute to the pathogenesis of vascular dam-
age in autoimmune microvascular diseases, though the
mechanisms involved and the target antigens recognized by
AECAs are in general poorly defined. Future research on

AECAs will improve our understanding of the pathogenesis
of autoimmune vasculitic diseases, will shed further light on
their contribution to organ rejection, and may indicate novel
avenues for therapy.

Glossary

AECAs (anti-endothelial cell antibodies): Autoantibodies frequently
detected in patients with small or large blood vessel diseases. Bind to
endothelium but have poorly characterized antigenic specificity.

ANCAs (anti-neutrophil cytoplasmic antibodies): Autoantibodies to
defined neutrophil secretory granule proteins, with proven pathogenic role
in small-vessel vasculitic diseases.

Cytokines: Secreted proteins with receptor-mediated pro- or anti-
inflammatory effects on target cells.

Vasculitis: Inflammatory disease characterized by leukocyte infiltra-
tion of the walls of small or large blood vessels and consequent vascular
damage.
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cells of the central nervous system). Class 2 molecules con-
sist of two transmembrane polypeptides. They are repre-
sented by alpha (a) chain and beta (b) chain. The a and b
chains are encoded by clusters of loci in the region of chro-
mosome 6 designated HLA-D. In contrast to MHC class 1
molecules, MHC class 2 molecules are not as widely
expressed in the body. However, cells at the site of inflam-
mation strongly express MHC class 2 molecules and pro-
vide a powerful stimulus to the immune system. The core
function of MHC molecules is to “present” antigenic pep-
tides to the T cells of the immune system. The peptides—
usually about nine amino acids long—are bound by
noncovalent forces in the a groove at the surface of the
MHC molecule.

Alloantigen Recognition

Transplanted organs express donor MHC molecules,
resulting in two pathways of antigen recognition (allorecog-
nition) by T cells: direct and indirect. Allorecognition refers
to T cell recognition of genetically encoded polymorphisms
between members of the same species. The primary targets
of the immune response to allogeneic tissues are MHC mol-
ecules on donor cells. Direct and indirect pathways of T-cell
allorecognition are mediated by different antigen-presenting
cells (APCs), and their cellular mechanisms are distinct. 
The direct pathway consists of recipient T cells recognizing
intact donor MHC molecules expressed on donor cells.
Allorecognition via the indirect pathway requires that recip-
ient APCs process the donor-MHC antigens before present-
ing them to recipient T cells. The direct pathway is more
closely associated with acute allograft rejection, and the
indirect pathway with chronic rejection. Transplantation of
a vascular organ induces MHC sensitization by direct 

Approximately 6 million people in the United States
have some degree of impaired kidney function, and more
than 400,000 individuals suffer from end-stage renal disease
(ESRD). Renal transplantation is the treatment of choice 
for ESRD, with approximately 14,000 kidney transplants
performed in the United States and 50,000 worldwide each
year. Except in the case of identical twins, the foreign graft
antigens will activate the humoral and cellular arms of the
immune response, which will in turn lead to allograft rejec-
tion. The events leading to allograft rejection are a conse-
quence of the donor antigen recognition by the recipient’s T
cells. This is based on the recipient’s recognition of foreign
peptides associated with the major histocompatibility com-
plex (MHC) class 1 and 2 molecules on the cell surface of
transplanted organs and the graft-derived peptides bound 
to self MHC. The transplantation immune response com-
prises virtually all aspects of immune function.

Basic Immunobiology of Kidney Allograft Rejection

Donor’s MHC Molecules as a Main Target of
Recipient Immune System

Histocompatibility molecules are encoded by an array of
genes on chromosome 6 and now completely sequenced. A
consortium of laboratories has determined the sequence of
3,673,800 nucleotides on chromosome 6 that encode the
genes of the MHC [1]. MHC class 1 molecules consist of a
transmembrane protein that is noncovalently attached to a
molecule of b-2 microglobulin and a short peptide. MHC
class 1 molecules are encoded by three loci: HLA-A, HLA-
B, and HLA-C. They are expressed at the surface of almost
all the cells of the body (except for red blood cells and the

Copyright © 2006, Elsevier Science (USA).
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stimulation of circulating host immune cells that encounter
donor MHC antigens on allograft cell surfaces.

T-Cell Activation

T-cell activation is essential for allograft rejection. T-cell
activation is associated with nuclear translocation of specific
transcription factors that regulate expression of genes criti-
cal for T-cell function. NF-kB plays the central role in this
process. The activation of T cells is a key start mechanism
of immune response and requires two distinct, but synergis-
tic, signals. The first signal is provided by a specific antigen
and is delivered via the T-cell receptor. The second signal
(costimulatory signal) is not antigen specific. Indeed, many
T-cell molecules may serve as receptors for costimulation.
The most well characterized costimulatory molecule is
CD28, which has two ligands (B7-1 [CD80] and B7-2
[CD86]) that are expressed primarily on APCs. Another
molecule, CTLA-4, is similar to CD28 and is also expressed
on T cells. Although CTLA-4 binds B7-1 and B7-2, it trans-
mits an inhibitory signal that serves to terminate the immune
response.

Cellular and Humoral Mechanisms of 
Allograft Rejection

One or more attacks of acute cellular (Figure 1) or
humoral (antibody-mediated) rejection (Figure 2) usually
occur in almost half of the kidney transplant recipients
despite active immunosuppressive strategies. Until recently,
most studies on the mechanisms of renal allograft rejection
have focused on the central role of T cells and of other cel-
lular mechanisms of tissue injury. It has been established
that CD4 T cells are crucial in initiating most acute rejection
episodes, and that alloactivated CD4 T cells, cytotoxic CD8
T cells, monocytes/macrophages, and NK (natural killer)
cells play a major role in cell-mediated mechanisms that
eventually result in allograft destruction. Perforin and

granzyme B are two proteins that are present in the cyto-
plasmic granules of cytotoxic T cells and NK, cells which
are an integral part of the effector mechanisms of cell-
mediated allograft rejection. In recent years, it has also
become increasingly appreciated that detection of anti-MHC
donor specific antibodies (DSA) de novo after transplanta-
tion is associated with rejection due to antibody-mediated
effector mechanisms of tissue injury. The identification of
the complement fragment C4d as a specific marker for
humoral rejection in peritubular capillaries (PTCs) of renal
allograft biopsies has helped to define and characterize these
syndromes.

Cytokines and Cell Adhesion Molecules in 
Transplant Immunity

Cytokines are any of numerous low-molecular-weight
proteins that regulate the intensity and duration of the
immune response by exerting a variety of effects on lym-
phocytes and other immune cells. A diversity of cytokines,
each with many functions, is involved in an immune
response. While IL-12 facilitates differentiation towards 
the Th1 phenotype and IL-4 towards the Th2 phenotype,
other cytokines such as INF-8 and IL-2 secreted by the 
Th1 cells promote cell-mediated immune responses, and 
IL-4, IL-6, and IL-7 released by Th2 cells are important in
B cell maturation. IL-2 and IFN-g play crucial roles in graft
rejection. They are important for recruitment, activation,
and proliferation of various leukocytes, for the induction 
or upregulation of cell adhesion molecules and MHC 
molecules, and for mediating communication between
leukocytes and parenchymal cells. Therefore, IL-2 has been
studied as a potential target for suppression of graft rejec-
tion. The complexity of the cytokine network, particularly
the plethora of cytokines and their overlapping functions, is
a major obstacle in achieving this objective.

Cell adhesion molecules, particularly intercellular adhe-
sion molecule-1 (ICAM-1) and vascular cell adhesion 

Figure 1 Acute cellular rejection. Lymphocytes (L) infiltrate beneath
endothelium (E) with edema of intima (I) and subintimal layers (B). 
(H ¥ E, original magnification 100¥.) (see color insert)

Figure 2 Acute humoral rejection. Fibrinoid necrosis (N) of the thick-
ened arterial wall surrounded by polymorphonuclear and lymphoid cell
infiltrates (L). (H ¥ E, original magnification 400¥.) (see color insert)
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molecule-1 (VCAM-1), are also key regulatory molecules in
immune responses. They are important in migration and
localization of leukocytes into tissues as well as in a variety
of cell-to-cell interactions that include signaling between
cells and even cell-mediated cytotoxicity. The expression of
these molecules, which occurs in a sequential fashion, is
important for orchestrating the various steps in graft rejec-
tion, though the actual sequence of events and their under-
lying mechanism is not yet clear. A brief summary of the
role of some cytokines involved in allograft rejection is
given in Table I.

Microvasculature and Renal Transplant Rejection

Endothelium of the allograft vasculature is the interface
between an allograft and the recipient’s immune system. In
this boundary position, endothelial cells may play important
roles in the afferent and efferent phases of allograft rejec-
tion. The expression by endothelial cells of granule mem-
brane protein-140 (GMP-140/P-selectin) and endothelial
leukocyte adhesion molecule-1 (ELAM-1/E-Selectin)
increases tissue factor activity, augments secretion of plas-
minogen activator inhibitor, and decreases thrombomodulin,
contributing to hyperacute rejection. Similarly, endothelial
cells may actively participate in acute cellular rejection and
in the development of transplant-associated arteriopathy as
a result of induction of antigen-presenting function (i.e.,
MHC class 2 expression), upregulation of adhesion mole-
cules for lymphocytes and monocytes, and release of
platelet-derived growth factors. Therefore, endothelial cell

functions, which are important for normal inflammatory
responses and vessel behavior, may be pathogenic in the
allograft [2].

Microvascular Injury in Hyperacute and Accelerated
Kidney Transplant Rejection

Hyperacute rejection occurs within minutes to hours after
the vascular clamps to the transplanted organ are released.
This dramatic event is caused by preexisting cytotoxic, anti-
HLA class 1 (IgG) or anti-ABO blood group antibodies
(IgM) in the recipient. The antibodies bind to the endothe-
lial surface of the arterioles on the graft, activate comple-
ment, and lead to severe microvascular injury including
thrombosis and obliteration of the graft vasculature. The
endothelial cells are stimulated to secrete von Willebrand
factor (vWF), which mediates platelet adhesion and aggre-
gation. Complement activation initiates coagulation cascade
and the generation of multiple inflammatory mediators.
Eventually, transplanted tissue suffers irreversible ischemic
damage. Hyperacute rejection is mediated by antibodies
against alloantigens that have appeared in response to previ-
ous exposure to these antigens through blood transfusion,
prior transplantation, or multiple pregnancies. Pathologic
findings show fibrin thrombus formation, margination of
neutrophils, and ultimately fibrinoid necrosis of the vessel
walls. The transplant may become flaccid or cyanotic and
hard and may rupture.

Accelerated acute rejection taking place within 1 to 4
days after transplantation occurs when the recipient has
been sensitized by prior interaction with graft antigen, gen-

Table I The Role of Some Cytokines and Chemoattractive Molecules in
Renal Transplant Rejection.

Cytokine Function in allograft rejection

IL-1 Causes neointimal formation and pathogenesis of chronic rejection

IL-2 Enhances all types of allograft rejection

IL-4 Promotes a delay in vasculopathy in the graft

IL-5 Mediates transplant vasculopathy

IL-10 Prevents ischemia–reperfusion injury and decreases acute rejection

IL-15 Activates allospecific CD8 T cells during acute rejection

IL-16 Plays an activation role rather than an inhibition of anti-graft reaction

IL-17 Stimulates early alloimmune responses

IL-18 Plays the activation role in acute rejection

IFN-g Promotes acute rejection of kidney allografts

TNF-a Participates in pathogenesis of acute and chronic rejection

TGF-b1 Expression is linked with chronic vasculopathy

VEGF Influences adhesion and migration of leukocytes across the endothelium

MCP-1 Associated with premature kidney graft failure

ICAM-1 and VCAM-1 Early leukocyte and lymphocyte recruitment in the microvasculature of rejecting
allograft, costimulation T cell activation

PDGF Mediates mesenchymal cell proliferation in chronic rejection

M-CSF Promotes macrophage recruitment and proliferation
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erally by prior transplantations but also by transfusions, and
is thought to represent an immunologic memory response to
prior sensitization. This type of rejection may represent a
combination of cellular and antibody-mediated injury, but
the cellular infiltration may not be as intensive as with acute
rejection.

Renal Microvasculature and Acute 
Transplant Rejection

Acute renal graft rejection is able to activate human
endothelial cells leading to upregulation of mRNAs coding
for VCAM-1 and ICAM-1 and plays a direct role in the
pathogenesis of acute rejection [3]. Endothelial deposition
of the complement split product C4d is an established
marker of antibody-mediated acute renal allograft rejection.
Cells of the monocyte/macrophage system have active 
contribution to acute allograft destruction. Monocytes are
recovered from both the central and the marginal blood pool
by perfusing either the recipient’s circulation or the allograft
vasculature. During allograft rejection MHC class 2 mole-
cules, CD161 (NKR-P1A), CD62L, and CD8, are upregu-
lated, while CD4 and CD43 are down-modulated. Activated
monocytes participate in the kidney allograft destruction 
by directly damaging endothelial cells and by promoting
intravascular coagulation.

Recruitment of leukocytes during immune responses
requires the coordinate expression of adhesion molecules in
concert with chemokines and their receptors. The Duffy
antigen receptor for chemokines (DARC) binds multiple
chemokines and is expressed on postcapillary venules in 
the normal kidney. The chemokine receptor CCR5, which
shares the ligand regulated upon activation, normal T-cell
expressed and secreted (RANTES) with DARC, is
expressed by infiltrating T cells in the renal interstitium.
DARC is involved in the attraction of CCR5-positive cells.
Therefore, the increased number of DARC-positive venules
in areas of interstitial injury and the co-localization with
CCR5-positive infiltrating leukocytes indicate a role for
endothelial DARC expression during leukocyte adhesion
and interstitial infiltration [4]. Histopathology of the allo-
grafts reveals edema and interstitial cellular infiltration as
well as tubulitis, and necrosis and hemorrhage in severe
cases. Destruction PTCs and tubules accompanied by dis-
ruption of basement membrane (BM) occurred with capil-
laritis or tubulitis in areas with a severe cellular infiltrate.
Glomerular changes notably included swelling of the tufts
due to hypercellularity, which is consistent with transplant
glomerulitis. The intrarenal arteries exhibit intimal or in
severe cases transmural mononuclear cell inflammation with
or without fibrinoid necrosis of vessel wall (the latter often
with antibody mediated rejection) [5].

Microvasculopathy during Chronic Kidney
Transplant Rejection

Chronic rejection is associated with the development of
interstitial fibrosis and PTC, endothelial cell, and tubular

epithelial cell death associated with CD3+ cell infiltration
(Figure 3). During the development of chronic rejection,
capillaritis of PTCs and tubulitis are maintained by persist-
ent T-cell infiltration, and the remaining PTCs and tubules
exhibit progressive atrophy with thickening and/or lamina-
tion of BM. Then identifiable PTCs and tubules are lost in
areas of interstitial fibrosis. Proliferating myofibroblasts
accumulate around PTCs and tubules and in interstitium,
and there is widespread interstitial fibrosis. The contribution
of alloantibody-dependent immune reactions to chronic
rejection is being increasingly appreciated.

Influence of Ischemic Reperfusion Injury on Renal
Graft Function and Kidney Microvasculature

All allografts undergo some degree of ischemic reper-
fusion injury (IRI) during transplantation. IRI causes 
renal vascular endothelial damage and plays an important
role in kidney transplant pathophysiology. IRI induces 
allograft endothelial cell swelling, alters endothelial
cell–cell connection, and alters endothelial cell–basement
membrane attachment. Functional consequences of these
morphological changes include altered vascular reactivity,
increased leukocyte adherence and extravasation, altered
coagulation due to loss of normal endothelial function
and/or barrier, and increased interstitial edema. Increased
levels of gene transcripts involved in cellular adhesion,
chemotaxis, apoptosis, and monocyte recruitment and 
activation dominate the immediate postreperfusion state. 
T cells are a fundamental link between IRI injury and
alloimmunity. This phenomenon is highlighted by data
demonstrating that T-cell depletion can improve the course
of experimental renal IRI [6]. Damage during IRI predis-
poses to acute and chronic rejection.

Figure 3 Chronic rejection. Lymphocyte (L) infiltration and fibrosis of
intima (F). There is perivascular sclerosis and edema (S). Endothelial cells
are swollen and some are pyknotic (E) (Mallory, original magnification
400¥). (see color insert)
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Microvascular Injury Caused by 
Immunosuppressive Therapy

Calcineurin inhibitors such as cyclosporine A (CyA) and
tacrolimus (FK506) drastically enhance the survival of
organ transplants and recipients. But they themselves can
affect endothelial function in renal transplant patients, as
administration of these immunosuppressants is correlated
with a high incidence of transplant arteriolopathy. The
endothelium-dependent and -independent vasodilation of
the patients on FK506 is better preserved than in patients on
CsA therapy. Vascular endothelial cells naturally express a
death factor, Fas ligand, that inhibits detrimental leukocyte
infiltration. It has been shown that CyA and FK506 down-
regulate Fas ligand expression on endothelial cells with
accompanying decrease in the cytotoxicity toward Fas-
bearing cells. These data suggest a mechanism by which
immunosuppressive treatment contributes to atherogenesis
[7]. Development of thrombotic microangiopathy has been
associated with CyA and FK506 toxicity.

Glossary

Allograft: A transplant of an organ or tissue that is donated either by a
genetically matched relative of the patient or by an unrelated (but geneti-
cally similar) donor.

Cytokines: Nonantibody proteins secreted by inflammatory leuko-
cytes, and some nonleukocytic cells, that act as intercellular mediators.
They differ from classical hormones in that they are produced by a number
of tissue or cell types rather than by specialized glands. They generally act
locally in a paracrine or autocrine rather than endocrine manner.

Endothelium: The layer of epithelial cells that lines the cavities of the
heart and of the blood and lymph vessels, originating from the mesoderm.

Lymphokines: Soluble protein factors generated by activated lympho-
cytes that affect other cells, primarily those involved in cellular immunity.

Rejection: Any immune process leading to the destruction or detach-
ment of a graft or other specified structure.
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reflected by increased blood lactate concentrations, oliguria,
coagulation abnormalities, and altered mental state.

Pathogenesis

Sepsis and Systemic Inflammatory Response

During sepsis and systemic inflammatory response the
endothelium is modulated by a number of different mecha-
nisms [3]. Usually, components of the bacterial wall (e.g.,
lipopolysaccharide [LPS]) activate pattern recognition
receptors on the surface of the endothelium. Activation of
endothelial cells results from the release and activation 
of inflammatory mediators such as cytokines, activation of
neutrophils, reactive oxygen species (ROS), histamine,
bradykinin, platelet-activating factor, serine proteases, com-
plement, coagulation, fibrinolysis, and/or changes in oxy-
genation or blood flow. Changes occur through direct toxic
damage to the endothelial barrier, or through functional
alterations involving the cytoskeleton. The mediators can
interact with the microvascular endothelium, eliciting a
series of intracellular signaling reactions that compromise
the barrier structure and enhance transendothelial flux of
fluid and macromolecules. In response to this interaction 
the microvascular endothelial cells may undergo structural
changes (e.g., vacuolization, cytoplasmic swelling) as well
as functional changes, such as increased cell adhesion 
and leukocyte trafficking and increased microvascular 
permeability.

Microvascular Permeability and Edema

Increased microvascular leakage and edema are the 
main characteristics of inflammation-induced organ injury.

Introduction

Despite major advances in critical care and surgery, the
incidence of sepsis and the number of sepsis-related deaths
are high and increasing. A recent epidemiology survey of
severe sepsis in the United States reported 751,000 cases per
year, with a mortality of 28.6 percent [1]. Sepsis is associ-
ated with prolonged stay both in the intensive care unit and
in the hospital. Over the first year following an episode of
sepsis, mortality remains high and an increased sepsis-
associated risk of dying may persist for up to 5 years after
hospitalization. Additionally, the long-term quality of life of
sepsis survivors is reduced compared to age- and sex-
matched controls. The economic burden associated with
sepsis has recently been estimated at US$17 billion (€16.8
billion) each year in the United States alone [1].

Inflammatory cascading reactions that occur in sepsis
induce increased microvascular permeability and microvas-
cular leakage resulting in interstitial fluid accumulation, loss
of protein, and tissue edema [2]. In this situation hypoalbu-
minemia frequently occurs as a result of transcapillary loss
and impaired hepatic synthesis of albumin leading to
reduced intravascular colloid osmotic pressure, which, in
turn, compromises the ability to preserve intravascular vol-
ume. Consequently, sepsis and septic shock are character-
ized by a relative as well as an absolute intravascular
volume deficit. The absolute volume deficit is caused by
fever, increased perspiration and increased insensible loss,
vomiting, diarrhea, and volume loss by drains or sequestra-
tion. The relative volume deficit is due to vasodilatation,
venous pooling, and alterations in the endothelial barrier.
The functional disturbances during sepsis-induced micro-
vascular leak are associated with impaired tissue perfusion
and organ oxygenation causing organ dysfunction, which is

Copyright © 2006, Elsevier Science (USA).
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Because of the increased microvascular permeability, the
transcapillary loss of macromolecules leads to intravascular
fluid loss, lower intravascular colloid osmotic pressure, and
hypovolemia. Several phases of endothelial barrier dysfunc-
tion contributing to an increased microvascular permeability
can be identified. In sepsis, inflammatory mediators and
altered balance of vasodilators (i.e., nitric oxide [NO] and
prostacyclin) and vasoconstrictors (i.e., endothelin, throm-
boxane A2, and platelet activating factor) induce loss of
junctional integrity, a process that involves actin–myosin
interaction. Subsequently, the interaction of leukocytes
amplifies leakage by the leukocyte-derived mediators.

The physiological concept is based on Starling’s hypoth-
esis about filtration and reabsorption of water in capillaries
and the formation of lymph [4]. Starling’s hypothesis was
that the difference in concentration of plasma proteins
between the plasma and tissue is the main determinant of
oncotic pressure, which opposes hydrostatic filtration. Thus,
the driving force for fluid filtration rate across the vessel
wall is determined by four pressures: the hydraulic and col-
loid osmotic pressures in the vessel and in the tissue space:

JV/A = LP[Pc - Pi - s(pc - pi)]

Here, JV/A is the fluid filtration flux across the capillary wall
per unit area; LP is the hydraulic permeability of the capil-
lary wall; s is the oncotic reflection coefficient; and Pc, Pi,
pc, pi are global values for the hydrostatic and colloid
osmotic pressures in the capillary and interstitial compart-
ments. Thus, edema formation in any tissue may be the
result of increased hydrostatic driving pressures, or altered
integrity of the microvascular membrane. Starling’s equa-
tion has been applied across the entire transendothelial 
barrier. However, there is growing recognition that the
application of the Starling equation is much subtler than has
been previously realized.

Whereas specialized pathways between and through
endothelial cells enable water and small solutes such as ions,
lactate, urea, and glucose to pass, the passage of macromol-
ecules (i.e., proteins) is restricted [5]. Transvascular macro-
molecular transport involves convective (i.e., by large
pores) and diffusive (i.e., paracellular transport through
intercellular junctional pathways or via small pores) forces
[5]. Inflammatory mediators can interact with the microvas-
cular endothelium, eliciting a series of intracellular signal-
ing reactions that compromise the barrier structure, and
allowing transendothelial flux of fluid and macromolecules.
It has been suggested that endothelial hyperpermeability is
related to alterations of the cellular cytoskeleton. Regulation
of paracellular transport is associated with actin-based sys-
tems linking cells by cadherins, proteins that are crucial for
tight junction formation. Activation of cell contraction and
disturbance of junctional organization subsequently result in
the induction of interendothelial gaps followed by enhanced
paracellular endothelial permeability. Major initiators of this
process are polymorphonuclear leukocyte–derived oxygen
metabolites, pore-forming bacterial exotoxins, and endoge-
nous proinflammatory mediators. Furthermore vascular cel-

lular adhesion molecule-1 (VCAM-1), upregulated during
sepsis, induces an increase of permeability by modulating
cadherin function through the production of ROC. The
transport of solutes across the microvascular walls depends
mainly on mechanical pressure or shear stress forces,
plasma and interstitial protein concentration, wall thickness,
and perivascular barriers to albumin diffusion, but intrinsic
properties of the endothelium such as the presence of sur-
face binding proteins, the charge of subendothelial matrix
proteins, and the surface charge are important as well.

At a later stage, the entire microvasculature undergoes
dramatic remodeling initiated by angiogenic factors. Not
only do these angiogenic growth factors affect the integrity
of the cell junctions by induction of endothelial migration;
some of them, in particular vascular endothelial growth fac-
tor (VEGF), directly induce a hyperpermeable status of the
vasculature. VEGF has been shown to induce transendothe-
lial pathways by formation of so-called vesiculo-vacuolar
organelles, which are interconnected chains of vesicles
forming a kind of a pore through endothelial cells [6].

Assessment of Sepsis-Induced Microvascular 
Leak Syndrome

EXPERIMENTAL

Plasma and lung lymphatic flow and protein concentra-
tion can be used to measure microvascular permeability.
Using this approach increased microvascular permeability
caused by Pseudomonas bacteremia could be demonstrated
in sheep lungs. Measurement of wet weight to dry ratios 
is another frequently used method for experimental 
assessment of pulmonary edema. Furthermore, radioactive
tracers can be used to measure increased microvascular 
permeability accurately. In sheep pulmonary transvascular
protein flux was measured using 113mIn-labeled transferrin
and 99mTc-labeled erythrocytes using a gamma camera.
After the initial evaluation of a sepsis-induced increased
microvascular permeability in the pulmonary circulation,
histological and ultrastructural changes in nonpulmonary
organs during early hyperdynamic sepsis were demon-
strated. Increased microvascular permeability could be
shown in the lung and abdomen using a dual radionuclide
method (99mTc and 131I serum albumin) in septic pigs. A tis-
sue/organ dependent and insult-dependent alteration in
radioiodine-labeled albumin flux was demonstrated in septic
rats. Following an abdominal bacteremia or endotoxic chal-
lenge, microvascular permeability increased mainly in the
liver, heart, colon, and kidneys. There were also regional
time-dependent differences in permeability. As a measure of
systemic increase of sepsis-induced microvascular perme-
ability to albumin the albumin escape rate (51Cr-tagged ery-
throcytes and 125I albumin) is well established in rodents
and pigs. Another measurement of microvascular perme-
ability is based on monitoring (video images) the leakage 
of fluorescein (FITC)-labeled albumin and rhodamine 
dye from the pulmonary capillaries into the alveoli. This lat-
ter method was used to evaluate pulmonary microvascular
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changes during sepsis or to assess the modulation of coro-
nary venular permeability to albumin by different flow rates.

Clinical

Unfortunately, to date there are no standardized criteria
for the clinical diagnosis of increased microvascular perme-
ability, because the assessment of fluid distribution and fluid
balance in septic patients is very difficult. Clearly, early
diagnosis of increased microvascular permeability would be
valuable, because it would allow early and specified treat-
ment as well as the evaluation of the efficacy of therapeutic
efforts. It is important to distinguish between increased
microvascular permeability and other hypo-oncotic condi-
tions leading to fluid retention, that is, caused by renal or
hepatic failure. Proposed criteria for clinical assessment of
the microvascular leak syndrome so far either are nonspe-
cific or have limited bedside applicability: Microvascular
leak was defined as noncardiogenic generalized edema and
hemodynamic instability or more than 3 percent increase of
body weight within 24 hours, combined with generalized
edema. In this context, it is worth noting that calculated fluid
balances are not predictive for actual weight changes in crit-
ically ill patients. A dual-radionuclide method using 67Ga
transferrin and 99mTc-labeled erythrocytes was used to
measure pulmonary edema. This is certainly an interesting
approach, but the required sophisticated technique is not
widely available. The transcapillary escape rate of 125I-
labeled albumin was suggested as a surrogate measurement
of microvascular leak syndrome. This method is limited by
the fact that the recirculation of radiolabeled albumin from
the tissues via the lymphatic system cannot be quantified.
Moreover, the clinical applicability of radioactive tracers is
limited due to radioactive contamination and dye accumula-
tion. The disadvantages, especially in repeated measure-
ments, are obvious.

Increased extravascular lung water has been suggested as
a morphological correlate of pulmonary edema and can be
used for analysis of pulmonary microvascular leakage. Cur-
rently available systems measure extravascular lung water by
a double-indicator (indocyanin green and heat) or a single-
indicator thermodilution (heat) technique. The accuracy of
both thermodilution techniques was demonstrated gravimet-
rically. In animals, the sensitivity was 81 percent, the 
specificity was 97 percent. The coefficient of variation for
repeated measurements of extravascular lung water was 8 to
9 percent in human beings and 6 to 7 percent in animals,
respectively. The limitations of the thermal-dye method
include overestimation of extravascular lung water at normal
levels of water content and perfusion dependence. Severe
alterations of lung perfusion may lead to an underestimation
of the water content using the thermal dye dilution method.
When significant proportions of pulmonary tissue are
excluded from the pulmonary circulation, the indicators do
not reach the nonperfused areas and, therefore, both intravas-
cular and extravascular fluid pools can go undetected.

A modification of venous congestion plethysmography
allows noninvasive assessment of the filtration capacity as a
measure of microvascular permeability and isovolumetric
venous pressure, a value that is related to the balance of 
filtration forces across the microvasculature. Using this
method an increased microvascular permeability was
demonstrated in septic shock patients. This technique
requires a sedated or a cooperative patient, because move-
ments cause artifacts. Furthermore, if the isovolumetric
venous pressure is high and the diastolic blood pressure is
low (as in some septic patients) the measurement of the fil-
tration capacity is not accurate because fluid filtration is
only observed at high cuff pressures that are close to the
diastolic arterial pressure. In nonseptic blunt trauma patients
renal albumin excretion can be used as a surrogate for
microvascular leakage. However, this approach is not rec-
ommendable in septic patients because of the frequent
occurrence of renal dysfunction/failure. Our own group has
recently suggested a set of noninvasive diagnostic determi-
nants for the microvascular leak syndrome [7]. Initially reli-
ability of a noninvasive measurement of extracellular fluid
volume using bioelectrical impedance analysis compared
with inulin was assessed. On that basis measurement of an
increased extracellular fluid volume using bioelectrical
impedance analysis combined with the response of colloid
osmotic pressure to albumin infusion in septic shock
patients was demonstrated as a noninvasive method for the
diagnosis of sepsis-induced microvascular leak syndrome
applicable at the bedside.

Drug Therapy

Fluids

Sepsis is associated with a profound intravascular fluid
deficit due to microvascular leak syndrome. In this clinical
situation, fluid therapy is essential for restoration and main-
tenance of an adequate intravascular volume in order to
improve tissue perfusion and nutritive microcirculatory
flow. Circulatory stability following fluid resuscitation in
the septic patient is usually achieved at the expense of tissue
edema formation that may significantly influence vital organ
function. The risk of edema has been used to discredit 
each type of fluid. Because crystalloid fluid distributes 
primarily in the interstitial space, edema is an expected 
feature of crystalloid fluid resuscitation. However, edema 
is also a risk with colloid fluid resuscitation, especially in
the presence of increased microvascular permeability, as
colloids do not remain in the intravascular compartment 
and the leakage of macromolecules might result in an
increase of interstitial oncotic pressure and the expansion of
the interstitial compartment. On the other hand, the advo-
cates of colloid therapy in sepsis argue that by maintenance
of an increased colloid osmotic pressure, fluid is retained in
the intravascular space, even in the presence of increased
permeability.
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Until today, there has been no definitive answer to this
question. In four meta-analyses comparing the effects of
crystalloids and colloids on patient outcome, either no clear
difference between crystalloids and colloids, or a slight ben-
efit related to crystalloids, has been found. In view of the
clinical relevance and the fact that this has been an ongoing
discussion for decades, there is a striking lack of contempo-
rary studies including sufficient numbers of patients aiming
at the investigation of the optimal fluid strategy. One reason
is the lack of appropriate clinical study end points for fluid
resuscitation. Although mortality is an obvious end point,
fluid therapy is only one factor within a very complex situ-
ation, which may influence the outcome. Considering these
problems it is not surprising that there are more data from
animal models available in comparison to clinical studies.

In a hyperdynamic porcine septic shock small-volume
model, hypertonic saline–dextran or 6 percent dextran 60
was superior in restoring intravascular volume at constant
plasma COP in comparison to Ringers’ lactate, resulting in
higher cardiac output and intestinal blood flow. In septic
hamsters hypertonic saline attenuated plasma volume loss
with or without dextran. A relationship could be confirmed
between reduced colloid osmotic pressure and intestinal
hypoxia and development of edema. In an in vivo model,
using cat skeletal muscle, synthetic colloids such as HES,
gelatin, and dextran had no direct effect on albumin
microvascular permeability. A particular HES solution
called pentafraction, containing a selected category of
medium-weight molecules, might reduce microvascular
leakage by a direct sealing effect. This hypothesis, which
implies that appropriately sized HES molecules might act as
plugs and seal or even restore microvascular integrity at
capillary–endothelial junctions, is mainly based on labora-
tory investigations using ischemia–reperfusion models. In
septic pigs less pentafraction in comparison to pentastarch
was required to prevent hemoconcentration. Pentafraction
was associated with less hepatic and pulmonary structural
damage. In septic sheep pentafraction diminished tissue
injury, but did not show an advantage in comparison to pen-
tastarch. However, very few investigators used accurate
methods such as radionuclide tracers in order to evaluate the
interaction between fluid therapy and microvascular leak
syndrome in sepsis. In endotoxemic rodents, plasma volume
decreased after infusion of a crystalloid solution and
increased after the administration of gelatin. Interestingly,
no difference in the degree of microvascular leakage
between septic rats treated with normal saline or gelatin
could be demonstrated. In septic sheep similar amounts of
crystalloid or colloid solutions were required to maintain
plasma volume. Despite similar circulatory response and
increased organ blood flows, colloid infusion for 48 hours
preserved microvascular integrity and cellular structures in
the left ventricle and gastrocnemius muscle. In accordance
there are more data indicating beneficial effects of colloid
solutions in sepsis under well-defined experimental condi-
tions. Recently, our group demonstrated, in a porcine model
of septic shock with concomitant microvascular leak syn-

drome, that it is possible to maintain plasma volume by the
artificial colloids modified fluid gelatin 4 percent and 8 per-
cent (MFG4%, MFG8%), and 6 percent HES 200/0.5, but
not with Ringer’s solution despite increased microvascular
permeability [8].

Theoretically, in the presence of a microvascular leak—
which allows the escape of albumin—one would have
expected the escape of the smaller gelatin molecules, as well
as the escape of HES 200/0.5, which contains a substantial
fraction of molecules smaller than albumin. Some experi-
mental work suggest that the presence of surface binding
proteins, the charge of subendothelial matrix proteins, and
the surface charge are important. The loss of negative
endothelial charge in sepsis due to an increased protein
extravasation was demonstrated in a hyperdynamic septic
rats. Although this may have contributed to the retention of
colloids, the explanation seems to be speculative at the
moment and further studies are needed to elucidate the exact
mechanism involved in the intravascular retention of col-
loids in microvascular leak syndrome.

Septic patients receiving albumin 5 percent had an
expansion of the extracellular volume twice the infused 
volume compared to those receiving normal saline. This
suggests that infusing excessive amount of colloid can 
cause interstitial fluid overload. Indeed, in rats expansion of
plasma volume with colloids enhanced transport of plasma
protein from the vascular to the interstitial compartment
because of dissipative transport of albumin [9].

In the porcine septic shock model just mentioned, ani-
mals receiving Ringer’s solution demonstrated impaired
systemic oxygenation compared to the colloid solutions [8].
The underlying mechanism may be that Ringer’s solution
increases tissue edema compared to hyperoncotic colloid
solutions. One effect of such an edema would be to retard
oxygen uptake by increasing distances from the blood ves-
sel to the mitochondria. Furthermore, in the colloid groups
HES-infused animals showed a significantly higher cardiac
output, systemic oxygen delivery, and lower oxygen extrac-
tion ratio compared to those receiving MFG4% and
MFG8%. Recent experimental work suggested that HES
improves rheology by decreasing blood viscosity. Addition-
ally, HES may improve rheology by removing plasma 
proteins from the endothelial glycocalix. Impaired systemic
hemodynamics in the MFG4 and MFG8% groups might
indicate an influence on rheology and impaired tissue oxy-
genation due to an increase in plasma viscosity in porcine
sepsis. In septic patients, there were differences in hemody-
namics after receiving albumin 5 percent or HES 10 percent
260/0.5. The administration of HES 10 percent 200/0.5
compared to lactated Ringer’s solution improved cardiac
index and oxygen transport variables in septic patients,
which could not be achieved by the lactated Ringer’s solu-
tion. In septic patients HES 10 percent 200/0.5 preserved
splanchnic perfusion assessed by pHi measurements for
more than 5 days, whereas the pHi decreased in patients
receiving albumin 20 percent, indicating deteriorated
splanchnic perfusion. The administration of HES 10 percent
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200/0.5 compared to 20 percent albumin in sepsis resulted in
a lower plasma concentration of adhesion molecules. These
results suggesting effects of specific fluid therapy on the
immune function during inflammation. In vitro HES, com-
pared to albumin, inhibited lipopolysaccharide-stimulated
vWF release but not endothelial E-selectin and neutrophil
CD11bCD18 expression in a dose-dependent manner, thus
suggesting an inhibition of endothelial cell activation by
HES. Hence, there is some evidence that HES solutions may
have some beneficial effect on the inflammatory process,
which might in turn explain beneficial effects on systemic
hemodynamics and oxygenation.

Anti-inflammatory Agents

Despite identification of several targets for pharmacolog-
ical manipulations, at present there are no clinically effec-
tive specific therapies available to counteract sepsis-induced
microvascular leak. In vitro and experimental data suggest
that anti-inflammatory drugs may have the potential to
attenuate or even to prevent microvascular leak. A variety of
drugs interfering with the proinflammatory response includ-
ing blockade of TNF-a, blockade platelet activating factor,
or b-adrenergic-agent have been shown to effectively atten-
uate endothelial cell dysfunction in animal models of
inflammation, but they generally failed when tested in large
trials in septic patients. Recently, more specific targets have
been identified [6]. First, the blockade of endothelial recep-
tor is a potential target. Antihistamines and endothelin
antagonists, as well as blockers of adhesion molecules and
integrin CD11/CD18, are currently under clinical investiga-
tion. Furthermore, the administration of angiopoietin-1 has
been shown to counteract VEGF and inflammatory-induced
microvascular leak.

Modulation of signal transduction has been identified as
another promising target to modulate endothelial function.
The elevation of cytoplasmic calcium ion concentration of
the endothelial cell is central for the induction of the
endothelial hyperpermeability. The role of several protein
kinases in changing intracellular calcium ion concentration
and regulating endothelial permeability has been recognized
as well. Another therapeutic strategy could be the enforce-
ment of the barrier function by inhibiting the decrease in
cAMP. Suitable agents include b-adrenergic-agents or phos-
phodiesterase inhibitors. As complement activation con-
tributes significantly to the inflammatory reaction in sepsis,
inhibition of complement activation has become a target for
pharmacological research [10]. Endogenous soluble com-
plement inhibitors, such as C1 esterase inhibitor, recombi-
nant complement receptor 1, or blocking C5a have been
developed to attenuate complement cascade reaction. An
example of a successful application of the principle of com-
plement inhibition in treatment of microvascular leak is the
clinical use of C1 esterase inhibitor concentrate purified
from human plasma. C1 esterase inhibitor concentrate is 
primarily indicated for the treatment of angioedema, but
experimental and clinical evidence suggest that complement

inhibition might also be an effective tool in the treatment of
sepsis-induced microvascular leak.

Conclusion

Sepsis is associated with a marked intravascular fluid
deficit caused by vasodilatation, venous pooling, and
increased microvascular leak. The most striking clinical fea-
ture is fluid imbalance and the associated hemodynamic
instability despite extensive fluid therapy. So far, the treat-
ment options are fairly unspecific. It seems to be most
important to guarantee adequate volume replacement in 
septic patients aiming at restoration and maintenance of
intravascular volume in order to improve organ perfusion
and nutritive microcirculatory flow. The type of fluid used is
apparently less important. Despite new information, the cur-
rent understanding of the complex, dynamic pathophysiol-
ogy of sepsis-induced microvascular leak is still incomplete.
Therefore, at present, neither standardized criteria for
assessment of sepsis-induced microvascular leak, nor any
specific therapeutic interventions are available. Promising
agents for the treatment of microvascular leak have been
developed in animal models. It remains to be seen whether
they can be incorporated clinically.

Glossary

Edema: Excessive amount of watery fluid accumulated in the intercel-
lular spaces, most commonly present in subcutaneous tissue.

Microvasculature leakage: Leakage of intravascular fluids into 
the extravascular space. This syndrome is observed in patients who 
demonstrate a state of generalized leaky capillaries following shock syn-
dromes, low-flow states, ischemia–reperfusion injuries, toxemias, or poi-
soning. It can lead to generalized edema and multiple organ failure.

Multiple organ failure: Progressive condition usually characterized
by combined failure of several organs such as the lungs, liver, and kidney,
along with some clotting mechanisms.

Sepsis: Presence of pathogenic microorganisms or their toxins in tis-
sues or in the blood.

Septic shock: Infection-induced hypotension not reversed with fluid
resuscitation and associated with organ dysfunction or hypoperfusion
abnormalities.

Severe sepsis: Infection-induced organ dysfunction or hypoperfusion
abnormalities.
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Because of these unique circulation systems, the lung easily
becomes a target organ for systemic inflammation. Endo-
toxins or bacteria stimulate pulmonary endothelial cells to
express adhesion molecules such as P-and E-selectin and
intercellular adhesion molecule-1 (ICAM-1). Since the neu-
trophils are also activated to express those ligands such as 
P-selectin glycoprotein ligand-1 (PSGL-1), CD11b/ CD18,
or L-selectin, activated neutrophils accumulate in the lung.
Activated neutrophils starts rolling and sticking on the sur-
faces of endothelial cells. While the neutrophils are rolling,
they release neutrophil elastase and reactive oxygen species
(ROS). Those inflammatory mediators injure the endothelial
cells and the vascular permeability increases. The changes
in pulmonary microvascular permeability may result in
interstitial edema as well as alveolar flooding, leading to
serious problems with gas exchange.

There is another mechanism of neutrophil accumulation
to the lung: the adhesion molecule–independent accumula-
tion. When the neutrophils are activated by cytokines or
platelet activating factor, intracellular calcium levels
markedly increase via G protein–coupled receptors, serine/
threonine kinase, Akt, and phosphatidylinositol 3-kinases
(PI3), which results in F-actin activation. As a consequence,
cell deformability decreases significantly. Since the diame-
ter of the neutrophil (approximately 12 m) is greater than 
that of the pulmonary capillary, the stiffened neutrophils 
are stopped in the pulmonary microcirculation. This is an
adhesion molecule–independent white cell accumulation in
the lung, and it also causes lung injury because of perfusion
disturbances.

Selectins may play a role in this process of neutrophil
activation as well as cellular adhesion. We have reported
that some activated neutrophils escape from the lung into
aortic blood following acute lung injury induced by smoke

Introduction

Acute lung injury (ALI) is observed in various serious
conditions such as sepsis, multiple trauma, pneumonia, and
smoke inhalation. ALI is defined as a PaO2 (partial arterial
oxygen pressure)/FiO2 (fractional concentration of inspired
oxygen) ratio of less than 300. The decrease in PaO2/FiO2
ratio is observed because of the alveolar wall thickness 
(pulmonary edema) and ventilation–perfusion mismatching.
The microvascular responses involve the major part of the
pathophysiology [1]. In this review, we focus on the various
factors that play a role in the microvascular responses asso-
ciated with ALI.

Pulmonary Circulation Is Unique

There are several points that show the unique character of
pulmonary circulation:

All the blood in the body passes via the pulmonary artery to
the pulmonary capillary bed

The chest cavity is usually at a negative pressure
The pulmonary capillary is very small (smaller than ery-

throcytes: diameter is less than 8 m
The pulmonary circulation is at a lower pressure than sys-

temic circulation (normal mean pulmonary artery pres-
sure is 9 to 16mmHg)

The alveolar macrophage stimulates pulmonary endothelial
cells

The pulmonary endothelial cells are easily activated because
of endotoxin or bacterial stimulation from the airways

Pulmonary vascular blood is provided from two sources: the
pulmonary artery and bronchial arteries, a branch of the
systemic arterial system

Copyright © 2006, Elsevier Science (USA).
835 All rights reserved.
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inhalation. Activation of these cells was prevented by treat-
ment with an antibody to L-selectin.

Activation of Akt/PI3 also inhibits neutrophil apoptosis
by increasing transcription of the anti-apoptotic proteins
Mcl-1 and Bcl-2, and also inhibiting caspase-9, a cell death
protein. Without apoptosis the life of the neutrophils is pro-
longed, thus increasing the duration of the inflammatory
process.

In terms of bronchial circulation, the adherence process
may play a more important role since these systemic capil-
laries are larger and there is a better defined venular area.
During the passage of neutrophils through this systemic cir-
cuit, they may become activated and the cells then pass on
into bronchial venous drainage to lodge in the pulmonary
microvasculature.

Nitric Oxide and Superoxide Play a Role

Nitric oxide (NO) is formed from three known isoforms
of nitric oxide synthase (NOS). Endothelial NOS (eNOS) is
constitutively expressed in endothelial cells and produces
basic amounts of NO, which regulates microcirculation 
by dilating vascular smooth muscle cells and preventing
platelet aggregation. NO also prevents neutrophil and
macrophage activation and inhibits cytokine production.
Neuronal NOS (nNOS) is another constitutive NOS in brain
and nerve endings and is also reported to be present in neu-
trophils. We have determined that the administration of an
inhibitor of nNOS would reduce the acute lung injury noted
with ALI induced both by a combination of pneumonia and
smoke inhalation. Similar beneficial effect was observed in
ALI induced and by 40 percent burns combined with smoke
inhalation. There is also an inducible NOS (iNOS) in
macrophages, monocytes, lung epithelial cells, and so on.
iNOS is expressed as a result of cytokine or endotoxin stim-
ulation. New evidence also suggests that iNOS may be
induced directly or indirectly by poly(ADP-ribose) poly-
merase (PARP). This latter enzyme is formed as a result of
oxidative damage to DNA. PARP is present after injury.
When iNOS is induced during acute lung injury, enormous
amounts of NO are formed. This NO has been shown to
form reactive nitrogen species (RNS) that result in leakage
of the pulmonary microcirculation, since activated neutro-
phils release reactive oxygen species that can also combine
with NO to contribute to the microvascular injury.

Normally the microcirculation to nonventilated lung is
vasoconstricted, a process called hypoxic pulmonary vaso-
constriction (HPV). Excess NO formed in acute lung injury
abolishes HPV consequently; some of the blood going
through the lung is not oxygenated. Thus with acute lung
injury arterial blood is poorly saturated with oxygen.
Administration of NOS inhibitors has been shown to restore
HPV and arterial oxygen saturation.

RNS, especially peroxynitrite, injures DNA and induces
single-strand breaks. As a consequence, PARP is activated.
The activation of PARP has been shown in various ALI

models. PARP inhibition has been shown to reduce pul-
monary transvascular fluid flux and bronchial blood flow
after injury by bacteria or burn/smoke [2]. PARP has been
shown to play a role in activation of nuclear regulatory fac-
tors, NOS, and IL-8. A multicenter clinical trial using PARP
inhibitors in ALI began in early 2004.

Neutrophil Elastase Injures Pulmonary 
Endothelial Cells

A protease called neutrophil elastase exists in the neu-
trophil granule. This protease effectively digests foreign
bodies that come into the neutrophils by phagocytosis. In
acute lung injury, activated neutrophils leak some elastase
into the microcirculation. Under normal conditions, released
neutrophil elastase in the blood is immediately inactivated
by a1-antitrypsin (or a1 protease inhibitor). However, a1-
antitrypsin is easily inactivated by both ROS and RNS; thus
neutrophil elastase can damage the microvasculature, con-
tributing to edema formation (Figure 1). Recently, the spe-
cific neutrophil elastase inhibitor ONO-5046 was shown to
be effective in acute lung injury and is now on the market
for clinical use in several countries.

What Factors Increase the Pulmonary 
Transvascular Fluid Flux?

Pulmonary vascular permeability is regulated by several
factors. Starling’s equation tells us what is involved:

Q = K[(Pc - Pi) - s(pc - pi)]

where Q is the net flux of fluid out of the microvasculature,
K is the filtration coefficient (an index of microvascular 
permeability to small molecules), Pc and Pi are the hydro-
static pressures in the capillary and interstitial spaces,
respectively, pc and pi are the corresponding colloid osmotic
pressures, and s is the reflection coefficient; an index of the
microvascular permeability to protein. The reflection coeffi-
cient is reduced when endothelial cells are injured and the
permeability increases. The reflection coefficient is reduced
and the pulmonary microvascular pressure is increased with
ALI [3].

As we mentioned earlier, the blood flow to the lung is
supplied by the pulmonary and bronchial arteries. In the
normal condition, the bronchial arterial blood flow is
approximately 1 percent of cardiac output. However, in 
the pathologic condition, it increases tenfold to fifteenfold.
The marked reduction in bronchial vascular resistance
results in an increase in microvascular pressure (Pc) and air-
way edema formation [3]. Some of the edema formed also
leaks into the airway lumen. The airway fluid formed has a
high protein content, suggesting that the bronchial microvas-
culature has also become leaky to colloid. In our ovine ALI
model with burn and smoke inhalation injury, the increase in
bronchial blood flow was significantly inhibited by specific
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iNOS and nNOS inhibitors, suggesting that the bronchial
blood flow is regulated by both iNOS and nNOS [4, 5].

Airway Obstruction Plays Role in ALI

In addition to the transudate formed as a result of the
leaky bronchial microvasculature, there is also a marked
secretion from the airway mucous glands. The airway secre-
tions contain mucins and blood coagulation factors such as
fibrinogen. Broncho-pulmonary epithelial cells and alveolar
macrophages express tissue factor when they are activated,
which contributes to fibrin clots (Figure 1).

There are several reasons that the airway cast formation
should be avoided. First of all, airway obstruction causes
ventilation–perfusion mismatching. As a consequence of
airway obstruction, some parts of the lung are ventilated but
some are not. The blood flow to the nonventilated part will
be a shunt flow. Second, if the patients are under mechani-
cal ventilation, the tidal volume of air goes only into the
ventilated part of lung. When the ventilator is volume con-
trolled, it causes a significant increase in airway pressure.
From our experience, histological investigation showed less
than 10 percent obstruction in noninjured sheep bronchi or
bronchioles, but after smoke inhalation with burn injury or
smoke inhalation with pneumonia, the obstructed area sig-
nificantly increased to 30 to 40 percent of the area [6]. The
sheep with elevation in airway pressure showed marked
increases in mRNA for the chemokine IL-8 in the pul-
monary microcirculatory area, along with evidence of neu-
trophil infiltration. In order to prevent barotrauma to the
lung, we put the animals with ALI on a CO2 removal device,

which allows a reduction in tidal volume and ventilatory
pressures. Those animals showed significantly lower 
expression of IL-8, suggesting that the overextension of 
the airways is involved in chemokine induction and further
inflammatory reactions. Perhaps this was the result of
reduced cast formation. On the other hand, more than 90
percent of the bronchial venous drainage flows directly into
the pulmonary microvasculature. Leukocytes activated in
the airway as well as other materials such as ROS, RNS, or
proteases would be directly transported to the pulmonary
microvasculature.

Another strategy to reduce airway cast formation is to
prevent an increase in bronchial blood flow. As described
earlier, the bronchial blood flow increases tenfold to fifteen-
fold after injury; the increase of blood flow causes the
increase in vascular permeability, which results in cast for-
mation. Ablation of the bronchial circulation is reported to
prevent the ovine model of ALI [7], suggesting that the
blood flow through bronchial artery plays a role in the
pathophysiology. Since upregulation of nitric oxide causes
an increase in blood flow, the inhibition of NOS is effective
to prevent cast formation. From our study in sheep, both the
inhibition of iNOS and that of nNOS was effective in reduc-
ing cast formation [4, 5]. However, these NOS inhibitors did
not completely block cast formation. We have not investi-
gated the effect of dual inhibition of iNOS and nNOS. The
effect might be additive. This hypothesis should be con-
firmed. There is much debate over whether or not mice have
a blood supply from the bronchial artery, but still we do not
have the exact answer. Thus gene-modified mice such as
iNOS and/or nNOS knockout are not suitable for this type of
study.

Figure 1 Under normal conditions (left), microvascular blood flow is regulated by endothelial cells. Sev-
eral anticoagulant mechanisms as well as PGI2 and NO production are involved in regulating microvascular 
circulation. When the endothelial cells are activated by inflammatory cytokines or endotoxin (right), adhesion
molecules are expressed and neutrophils accumulate in the lung. Also, the activated neutrophil-induced
endothelial injury causes an increase in vascular permeability, which results in edema formation. Exudates in
the airways make clots and cause ventilation–perfusion mismatching. (see color insert)
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Neutrophils and Pulmonary Endothelial Cells Are
Targets to Treat ALI

Activated neutrophils are obviously playing role in the
lung microvascular pathophysiology. The removal of 
neutrophils by filtration, by anti-neutrophil antibody, or by
chemical agents such as nitrogen mustard is beneficial for
the experimental ALI. Antiadhesion molecule antibodies are
also beneficial [8]. We have reported that the inhibition of L-
selectin attenuated ovine ALI [9], but anti-P-selectin anti-
body did not. Since P-selectin is induced at very early time
points and decreases soon after the peak expression, the
inhibition of P-selectin could not be effective. In rat or
mouse models, there are several papers showing the benefi-
cial effects of E-selectin or ICAM-1 inhibition. However, in
clinical trials in sepsis, none of these antiadhesion molecule
studies were shown to be effective. The reason for this is not
known. Perhaps the adhesion molecule–independent accu-
mulation of neutrophils, such as increased cell stiffness,
may be involving in sepsis-related ALI.

To inhibit neutrophil activation, there are several potent
agents. Cepharanthine, an alkaloid extracted from an herbal
plant, inhibits neutrophil activation and has been shown
effective in ALI models in rats and sheep. It inhibits neu-
trophil elastase release and oxygen radical production.
Intracellular cyclic AMP (cAMP) is known to inhibit neu-
trophil activation. The increase in neutrophil cAMP level
inhibits F-actin activation, which results in the attenuation
of deformability. Also, it inhibits neutrophil elastase release
and superoxide production. Since cAMP is metabolized 
into 5’AMP by phosphodiesterase (PDE), PDE inhibitors
increase the intracellular cAMP levels. Caffeine or amino-
phylline are well-known PDE inhibitors and are effective in
asthma attack because increased cAMP levels in bronchial
smooth muscle cells attenuate the bronchial constriction and
spasm. In addition to that, those PDE inhibitors may have a
beneficial effect through their anti-inflammatory properties.
The increase in cAMP levels in the microvascular endothe-
lial cells attenuates the vascular leakage, so there is a pos-
sibility that PDE inhibitors also inhibit cast formation.
Adenosine administration shows similar effects in various
animal models, but again, we need to confirm this efficacy
in clinical trials.

Endothelial Cell Injury Induces 
Microcirculation Disturbances

On the surface of endothelial cells, there are three kinds
of anticoagulant systems (Figure 1). First, a heparin-like
substance, glycosaminoglycan (GAG), covers the endo-
thelial cell surface. GAG is a receptor for antithrombin 
and promotes its antithrombotic property. Thrombin and
antithrombin both have an affinity for GAG and the
inhibitory reaction is accelerated by GAG. In ALI, inflam-
matory mediators such as neutrophil elastase cleave GAG

and the endothelial GAG content decreases severely. Sec-
ond, thrombomodulin is another anticoagulant protein on
the endothelial cells. When thrombin is formed in the blood
circulation, it binds to thrombomodulin. Once thrombin
binds to thrombomodulin, its procoagulant potential is 
converted into anticoagulant and it activates a physiologic
anticoagulant called protein C. Activated protein C inhibits
the active forms of coagulation factors V and VIII so 
that thrombomodulin–thrombin complexes inhibit further
thrombus formation. In the case of ALI, cytokines such as
TNF or IL-1 activate endothelial cells and downregulate the
thrombomodulin expression (Figure 1). Neutrophil elastase
also damages thrombomodulin. Third, prostaglandin I2
(PGI2) and NO are produced from the endothelial cells and
regulate platelet aggregation and vascular smooth muscle
cell contraction (Figure 1). NO, which regulates proper vas-
cular tone, is mainly produced by eNOS. In ALI or severe
inflammatory diseases, endothelial production of PGI2 and
the activity of eNOS decrease. In addition to these losses 
of anticoagulant potential in endothelial cells, cytokine-
activated endothelial cells express tissue factor, which 
stimulates the coagulation cascade. Taken together, micro-
thrombi are easily formed in the pulmonary microcircula-
tion and interrupt smooth blood flow.

Conclusion

Recent progress in molecular biology and various gene-
modified animals shows numerous interesting results. How-
ever, we need to be careful about the anatomical differences
in those small animals. In addition, animal models should
mimic the clinical situation so that the obtained results are
useful in the future clinical trials. In fact, various com-
pounds targeting the microvascular response in ALI have
been investigated in both animals and humans. Several clin-
ical trials also begin in the near future.
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endothelial lining is thought to be the first step in the cas-
cade of events involved in ischemia–reperfusion injury 
and graft rejection, the microcirculation of the transplanted
organs represents the central target in post-transplant graft
failure [2]. In the development of microcirculatory dysfunc-
tion, a variety of parameters affect the manifestation of
ischemia–reperfusion injury, including organ donor condi-
tions, donor organ quality, organ preservation and storage,
the technical surgical procedure, and, finally, reperfusion-
associated inflammation (Figure 1).

Donor Organ Conditions

The quality of post-transplantation microvascular perfu-
sion depends on both the general condition of the organ
donor and the individual condition of the donor organ.
Steatosis and fibrosis of the donor organ alter the quality of
microcirculation under normal conditions but in particular
after an ischemia–reperfusion insult, including not only
warm ischemia but also cold ischemia, preservation, and
transplantation. After transplantation, steatotic livers show
narrow and irregular sinusoids, associated with altered per-
fusion and blood cell adhesions to endothelial cells. In those
fatty livers the increased leukocyte accumulation and adhe-
sion within the microvasculature is associated with a more
pronounced generation of oxygen radicals as well as with 
a reduction of mitochondrial membrane potential, resulting
in marked hepatocellular disintegration. As a consequence,
the transplantation of steatotic livers is associated with an
increased rate of primary dysfunction or nonfunction of 
the grafts, which, in clinical practice, requires emergency
retransplantation.

Introduction

Although widespread interest in tissue engineering for
organ replacement has forced major developments during
the past few years, the most successful clinical approach 
to counteract whole organ failure still remains allograft
transplantation. Refinements of surgical techniques but in
particular the increasing knowledge of the pathophysiology
and immunology of graft destruction have additionally
improved both early engraftment and long-term outcome in
transplantation medicine, including kidney, pancreas, and
liver grafting. Of interest, the transplantation procedure is
able to substantially restore quality of life of these patients.

Nonetheless, the shortage of donor organs together with
the increasing numbers of patients with need for a transplant
turned transplant surgeons toward the use of organs of criti-
cal quality. Those organs, however, are more susceptible 
to developing graft failure and, thus, require additional
improvements of organ procurement and post-transplant
treatment.

The majority of primary and delayed loss of graft 
function in clinical transplantation is caused by cold 
preservation–reperfusion-mediated graft injury and 
rejection-associated immunologic tissue destruction.
Whereas reperfusion injury is considered to be a nonspe-
cific, granulocyte-mediated inflammatory process, rejection
is considered a highly specific, alloantigen-triggered dis-
ease. Although these two events may differ distinctly in
nature, recent studies indicate a linkage in that postischemic
reperfusion injury sensitizes whole-organ transplants for the
development of graft rejection [1].

Because the interaction of inflammatory and immuno-
competent blood cells with the grafts’ microvascular

Copyright © 2006, Elsevier Science (USA).
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Organ Donor Conditions

Besides donor organ dysfunction, brain death of the
organ donor per se induces arterial hypotension, which 
is associated with liver sinusoidal perfusion failure and
leukocyte–endothelial cell interaction as well as hepatocel-
lular disintegration and dysfunction, as indicated by hepato-
cyte vacuolization and decreased bile production. The
microcirculatory failure, the inflammatory response, and the
hepatocellular dysfunction seem not to be due to the arterial
hypotension, because a comparable extent of hypotension
without brain death does not affect hepatic microcirculation
and function, and induction of normotension during brain
death is not capable of preventing deterioration of the
microcirculation and hepatocellular injury.

With the growing disparity between the number of
patients awaiting organ transplantation and the limited 
supply of cadaveric organs, there is renewed interest in the
use of organs retrieved from nonheart-beating donors. 
However, it should be taken into account that the addition 
of a warm ischemic period to the cold preservation period
may dramatically aggravate the post-transplant ischemia–
reperfusion injury, including the deterioration of the 
microcirculation. In both kidneys and livers from non-
heart-beating donors microvascular perfusion with 
histidine–tryptophan–ketoglutarate (HTK) solution has
been shown to be slightly deteriorated after 30 minutes and
markedly deteriorated after 60 minutes of cardiac arrest.
Perfusion solutions with higher viscosity than that of HTK,

as represented by the University of Wisconsin solution,
show even more pronounced microvascular perfusion
deficits in both kidneys and livers. The microcirculatory
preservation quality of those organs from nonheart-beating
donors may be improved by dual perfusion (in livers) and
increasing the perfusion pressure, by pretreatment of the
donor with heparin and phentolamine, or by a warm preflush
of the organs with streptokinase [3]. In addition to an appro-
priate equilibration of the microvasculature with preserva-
tion solution, the oxygenation of nonheart-beating donor
organs during cold storage may be a promising approach to
avoid parenchymal cell injury and to improve post-trans-
plant organ function. This is achieved by retrograde venous
oxygen persufflation. In fact, in long-term preserved livers
harvested from nonheart-beating donors mitochondrial
redox state and thus ATP content were found to be signifi-
cantly improved when pure oxygen was applied with a per-
sufflation pressure of 9mmHg or 18mmHg.

Donor Organ Conditioning

Preservation of organ grafts may induce hyperinflamma-
tion after transplantation. In rat livers, 24 hours of storage 
in cold Euro-Collins solution has been shown to double
Kupffer cell activation and phagocytosis. Accordingly,
blockade of Kupffer cell function of organ donors by methyl
palmitate is not only effective in reducing Kupffer cell acti-
vation, but also in improving post-transplant survival. In

steatosis
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brain death
nonheart-beating donors
donor age
systemic disease

preservation solution
storage time
storage temperature
rinse solution

organ manipulation
vascular clamping time
reperfusion mode
flush/rinse procedure

Kupffer cell/macrophage activation
proinflammatory mediator release
endothelin-nitric oxide dysbalance
adhesion molecule upregulation
leukocyte-endothelial cell interaction
platelet-endothelial cell interaction

donor organ conditions

organ donor conditions

organ preservation procedure

surgical transplant procedure

post-transplant inflammation

post-transplant final outcome

Figure 1 Factors influencing microcirculatory reperfusion injury after whole-organ cold
storage and transplantation.
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line with these results, organ donor pretreatment with
epoprostenol, the anti-inflammatory prostaglandin-I2,
results in amelioration of post-transplant sinusoidal perfu-
sion failure and microvascular leukocyte adherence, which
is associated with an overall improvement of parenchymal
graft function. The efficacy of anti-inflammatory condition-
ing of the organ donor has recently been confirmed in an
experimental model of porcine liver transplantation, demon-
strating a reduction of ischemia–reperfusion injury by elim-
ination of Kupffer cell function through gadolinium chloride
donor pretreatment. Gadolinium chloride given to donor 
livers can reduce post-transplant AST-levels, improve
hepatic macro- and microcirculation, and increase survival.
Although those studies showed that blockade of Kupffer
cells is not associated with the risk of increased infection,
but, in contrast, improved hepatic endotoxin clearance, the
approach to attenuate post-transplant reperfusion injury by
targeting Kupffer cell function of the organ donor has not
yet been introduced in clinical practice yet.

Other donor conditioning programs, such as induction of
heat shock proteins, short-term immunosuppression by
mycophenolate mophetil, or pretreatment with interleukin-
10, prostacyclin, and pentoxifylline, have also been shown
to attenuate post-transplant reperfusion injury. However, the
role of the microcirculation in this protection has not been
analyzed yet. Again, those programs have also not been
introduced to patients until now.

The only donor organ conditioning program that is
presently being tested in clinical practice is the ischemic
preconditioning procedure. Ischemic preconditioning refers
to a phenomenon in which brief episodes of vascular occlu-
sion render a tissue resistant to the deleterious effects of 
subsequent prolonged ischemia. Recent experimental and
clinical studies have demonstrated that ischemic precondi-
tioning is able to protect from injury after both warm and
cold ischemia–reperfusion by improving the microvascular
perfusion and reducing leukocyte- and platelet–endothelial
cell interaction in the transplanted organs. The mechanisms
of action of ischemic preconditioning are not fully under-
stood yet; however, it seems to involve the action of adeno-
sine, nitric oxide, and heat shock proteins, including
downregulation of nuclear factor kappa B and inhibition of
caspase activation [4].

Organ Preservation Procedures

Organ preservation is a major determinant for post-
transplant reperfusion injury, including preservation time,
temperature, and solution. Experiments with liver, pancreas,
and intestinal transplantation have demonstrated that 
the cold ischemia time determines post-transplant 
microcirculatory derangements, inasmuch as an increase of
duration of preservation is associated with aggravation 
of both microvascular perfusion failure (no-reflow) and
leukocytic response (reflow-paradox). In clinical practice, 
a temperature of 4°C for preservation is chosen because of

the practicability of cooling the organ with ice and is based
on the idea that the temperature should be as low as possi-
ble to achieve the utmost protection. However, recent exper-
imental studies have demonstrated that for a 90-minute
ischemia period, preservation at 15°C and 26°C is as effec-
tive as cooling to 4°C in preventing postischemic micro-
circulatory failure, leukocytic inflammatory response, and
hepatocellular disintegration. The protection achieved with
only moderate cooling is probably the result of attenuation
of intratissue reactive oxygen species production, associated
with a reduced adenosine monophosphate hydrolysis during
the ischemic time period. In fact, there is some evidence that
a mild hypothermia of about 20°C may protect the grafts’
microvascular endothelium even more efficiently than a
storage temperature of 4°C.

Daily clinical practice has revealed that post-transplant
graft function is strongly dependent on the preservation
solution used for organ cold storage. Today, University of
Wisconsin (UW) solution and HTK solution are the most
applied introduced preservation solutions in parenchymal
organ transplantation, including the liver, the kidney, and the
pancreas. Although it has not been finally clarified which
ingredients within the solutions are protective to prevent 
the manifestation of post-transplant microcirculatory dys-
function, there is evidence that preservation solutions 
that contain antioxidative compounds, such as UW or HTK
solution, are more effective in reducing microvascular cold
ischemia–reperfusion injury when compared with others
lacking antioxidative components, such as Euro-Collins
solution. The efficacy of UW and HTK solution to improve
post-transplant microvascular perfusion after cold storage
may, however, be due not only to their antioxidative action,
but also to the solution-associated capacity to inhibit cell
swelling, as shown directly by electron microscopy, and,
indirectly, by the prevention of cold ischemia–reperfusion-
induced sinusoidal diameter reduction.

Surgical Transplant Procedures

Surgical manipulation during organ harvest, that is,
touching, retracting and moving of the organ, induces
marked deterioration of the microcirculation, resulting in
tissue hypoxia, parenchymal cell death, and, finally, a
decrease of transplant survival [5]. The manipulation-
induced microcirculatory derangements seem to involve
Kupffer cell activation and oxygen free radical release,
because inactivation or deletion of Kupffer cells can signif-
icantly reduce microcirculatory disturbances and parenchy-
mal tissue hypoxia, thereby improving recipient survival. In
experimental liver transplantation, it has been further
demonstrated that the innervation of the organ also con-
tributes to the manipulation-induced deterioration of the
microcirculation, and that denervation before organ harvest-
ing prevents circulatory deterioration and primary nonfunc-
tion of the transplant.
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The manifestation of post-transplant microcirculatory
dysfunction depends additionally on the surgical procedure
applied, in particular in liver transplants. Although it was
found that the portal vein clamping time does not strongly
determine the quality of graft microcirculation after trans-
plantation, deterioration of hepatic arterial or portal venous
inflow during reperfusion is well known to dramatically
alter the function of the transplanted organ. A morphometric
analysis in experimental rat liver transplantation revealed
that liver samples from rats that underwent hepatic artery
reconstruction had preserved lobular architecture and esti-
mated bile duct and connective tissue volumes, whereas
liver samples from rats that did not undergo hepatic artery
reconstruction showed bile duct proliferation and an
increase in connective tissue volume associated with a
decrease in hepatocyte volume. In vivo experiments have
further confirmed the importance of the hepatic dual blood
supply, inasmuch as reconstruction of the hepatic artery with
restitution of hepatic arterial blood flow has been shown to
significantly reduce reperfusion-associated microcirculatory
perfusion failure compared to liver grafts in which solely the
portal vein was anastomosed. In addition, the simultaneous
onset of hepatic arterial and portal venous blood flow after
the transplantation procedure compared to the “classical”
delayed onset of hepatic arterial reperfusion is considered
effective in reducing microvascular perfusion failure, leuko-
cyte adhesion, and Kupffer cell activation, which finally
results in an improved primary graft function. These results
have been confirmed in that in nonarterialized liver trans-
plants a persistence of impaired hepatic microcirculation
could be detected, which is associated with hepatocellular
and endothelial cell swelling as well as bile duct injury.
Apart from this, the prevention of intestinal congestion 
by insertion of a porto-jugular shunt during the surgical
transplantation procedure also significantly reduces post-
transplant reperfusion injury, including sinusoidal perfu-
sion failure and microvascular leukocyte accumulation and
adhesion.

In clinical practice, the preservation solution is flushed
out by a rinse solution just prior to reperfusion of the trans-
plant. Thus, the compounds of the preservation solution are
removed before they can act during early reperfusion.
Therefore, a rinse solution was designed to counteract early
manifestation of reperfusion injury. This solution, named
Carolina rinse, is composed of a variety of components
potentially capable of counteracting post-transplant organ
injury, including nicardipine, hydroxyethyl starch, fructose,
glucose, and insulin, as well as adenosine and the three
antioxidants desferrioxamine, glutathione, and allopurinol
[6]. The first in vivo studies clearly indicated that this solu-
tion is a superior alternative to Ringer’s solution to protect
liver grafts from reperfusion injury. Further studies then
could demonstrate that Carolina rinse prevents cold
ischemia–reperfusion-induced endothelial cell killing and
detachment, and improves the quality of early microvascu-
lar reperfusion. The effectiveness of the rinse solution may
additionally be increased by prewarming the solution before
infusion into the donor organ. As demonstrated in rat liver

and intestine, prewarming of either Carolina rinse or
Ringer’s lactate indeed reduces post-transplant no-reflow,
ameliorates microvascular leukocyte adhesion, improves
lymphatic capillary perfusion, and prevents graft failure.

Transplant Reperfusion-Associated Inflammation

Reperfusion-associated microcirculatory dysfunction
involves the activation of distinct humoral, cellular, and
molecular systems. In contrast to warm ischemia–
reperfusion, after cold ischemia (preservation) and trans-
plantation (reperfusion) the nonparenchymal cell popula-
tion, including the microvascular endothelial cells, has to 
be considered as a major target for the manifestation of
injury and thus graft failure [7]. Nonetheless, the nature of 
the microcirculatory dysfunction is similar when compared
with that observed after warm ischemia. In vivo studies 
with orthotopic rat liver transplantation showed both 
sinusoidal no-reflow- (perfusion failure) and reflow-
paradox-associated events (leukocyte and platelet accumu-
lation and adherence) as determinants in the development 
of primary graft dysfunction. Leukocyte–endothelial 
cell interaction seems to be mediated classically by involve-
ment of P-selectin in leukocyte rolling and Mac-1 and
ICAM-1 in leukocyte firm adhesion, because blockade of
selectins, b2-integrins, and ICAM-1 has been shown effec-
tive in reducing post-transplant leukocyte adhesion. In 
parallel, platelet recruitment within the microvasculature
seems to strongly involve P-selectin, because mice lacking
P-selectin showed a reduction of platelet–endothelial cell
interaction and improvement of survival after warm
ischemia–reperfusion. Accordingly, the application of a 
soluble P-selectin glycoprotein ligand in a cold ischemia–
reperfusion kidney transplantation model has been proven
able to protect against blood flow perturbations and
parenchymal injury.

A large number of recent experimental studies brought
evidence that an imbalance of the nitric oxide–endothelin
system contributes to the manifestation of both no-reflow
and reflow-paradox in post-transplant reperfusion injury.
Endothelin-1 seems to be the “bad guy” in this scenario.
This view is supported by the fact that endothelin-1 and big-
endothelin concentrations are elevated in liver graft tissue
during cold storage and reperfusion, and that the cold 
storage–induced endothelin-1 release is associated with an
increase in portal pressure at the time of reperfusion. In par-
allel, a considerable number of studies could demonstrate
that the blockade of the endothelin A receptor results in an
attenuation of post-transplant microcirculatory perfusion
failure and leukocyte adhesion in liver, pancreas, and small
intestine [8]. In line with this, inhibition of nitric oxide by
using the nitric oxide synthase inhibitor L-NAME aggra-
vates hepatic microcirculatory ischemia–reperfusion injury,
while nitric oxide donors, such as L-arginine or FK409,
improve post-transplant microcirculation and reduce leuko-
cyte adhesion and microvascular permeability in pancreas
and small-bowel transplants.
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Apart from the imbalance of the nitric oxide–endothelin
system, a considerable number of other inflammatory medi-
ators contribute to the intravascular leukocyte accumulation
in cold ischemia reperfusion, including oxygen radicals,
nuclear factor kappa B-related cytokines, complement,
phospholipase A2, leukotrienes, thromboxane, and platelet-
activating factor. Kupffer cells have to be considered as the
source of these inflammatory mediators. In fact, there is sub-
stantial evidence from liver transplantation experiments that
cold ischemia–reperfusion markedly activates Kupffer cells
and that this activation is associated with depressed hepato-
cellular function post-transplantation. As a consequence,
blockade or elimination of Kupffer cells by methyl palmi-
tate or liposome-encapsulated dichloromethylene diphos-
phonate attenuates sinusoidal endothelial cell damage and
improves post-transplant survival. Whether oxygen radicals
produced after onset of reperfusion trigger the activation of
Kupffer cells is not yet clear. Treatment with the antioxidant
N-acetylcysteine did not affect Kupffer cell phagocytotic
activity, although it reduced the leukocytic response after
liver transplantation. In contrast, UW solution and in partic-
ular Carolina rinse, both containing a whole armamentarium
of antioxidants, have been shown to be effective in reducing
Kupffer cell activation. In addition, the source of postis-
chemic radical production is still a matter of controversy.
Whereas some studies with cold ischemia–reperfusion indi-
cate that hepatocytes may serve as a major site of reactive
oxygen species generation, triggered through Kupffer cell–
independent mechanisms, others have shown that microcir-
culatory failure after rat liver transplantation is related to
Kupffer cell–derived oxidant stress.

Little is known as to whether pericytes and hepatic stel-
late cells are also involved in mediating microcirculatory
dysfunction after cold preservation and transplantation.
Stellate cells regulate sinusoidal vascular tone via endothe-
lin and nitric oxide action. In conditions associated with
ischemia–reperfusion an imbalance toward endothelin may
result in sinusoidal narrowing and thus microvascular perfu-
sion failure. Accordingly, a recent study has demonstrated in
warm ischemia–reperfusion as well as after orthotopic liver
transplantation that the inhibition of stellate cell contraction
by a rock inhibitor can prevent postischemic hepatic micro-
circulatory disruption and, by this means, can improve post-
transplant survival.

Conclusions and Clinical Perspectives

A considerable number of experimental studies have
demonstrated that the microcirculation represents a primary
target in the manifestation of transplantation-associated
graft dysfunction. Accordingly, analysis of the microcircula-
tion in transplantation surgery has been introduced into clin-
ical practice during the last few years. This should aid in
both achieving early diagnosis of injury and monitoring the
appropriateness of therapy, which should target the compro-
mised organ donor and donor organ conditions, the organ
preservation procedure, the surgical transplant procedure,
and the reperfusion-associated post-transplantation inflam-
mation (Figure 2). The techniques introduced in clinics 
for the analysis of the microcirculation of organ transplants
are laser Doppler flowmetry, polarographic oximetry, 
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storage time reduction
ideal storage temperature (not known yet)
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prewarmed rinse procedure
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Figure 2 Targets and potential novel treatment strategies to attenuate microcirculatory reperfu-
sion injury after whole-organ cold storage and transplantation.
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thermodiffusion analysis [9], near-infrared spectrometry,
and orthogonal polarization spectral (OPS) imaging [10].
The use of these techniques may further open the door for a
more detailed understanding of the mechanisms of micro-
circulatory dysfunction in transplant patients, which may
help in developing novel therapeutic strategies to ameliorate
reperfusion injury, and, thus, improve outcome in transplan-
tation surgery.

Glossary

Inflammation: Reaction of the body to defend the tissue invasion 
of micro-organisms and foreign materials by activation of the pro-
inflammatory mediator cascade and recruitment of immunocompetent
cells, in particular polymorphonuclear leukocytes.

Microcirculation: The microcirculation is the blood flow through the
finest vascular structures in the body, including terminal arterioles, nutritive
capillaries and draining venules, which guarantees the oxygen supply to the
tissue and the drainage of accumulated toxic substances.

Organ transplantation: Organ transplantation represents the transfer
of functional tissue from a donor to a recipient, which may be done
between species as a xenograft or within the species as an allograft.

Reperfusion injury: Although indispensably needed after complete
arrest of blood flow, reperfusion exerts additional damage to tissue, termed
reperfusion injury, involving both prolongation of hypoxia and induction of
hyperinflammation.
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risk for vascular disease and related clinical events in indi-
viduals with periodontal disease. In these studies the risk
was independent of other known risk factors, including
smoking, diabetes, and the blood lipid profile [1].

Multiple pathogenic mechanisms likely underlie these
observations, including, at least in part, direct infection of
the vasculature by oral pathogenic bacteria, and/or general-
ized inflammation secondary to lipopolysaccharide or other
bacterial products that engage host defense mechanisms.
Indeed, more recent evidence has indicated that patients
with severe periodontal disease have increased serum levels
of CRP, IL-1, and IL-6, hyperfibrinogenemia, and moderate
leukocytosis compared to unaffected controls [2].

The findings above have been extended, as a relationship
between periodontal disease, tooth loss, and subclinical
vascular disease (carotid intima-media thickening or carotid
plaque presence) has also been recently reported [3, 4]. In
the Oral Infections and Vascular Disease Epidemiology
Study (INVEST), the investigators identified that tooth loss,
a measure of cumulative periodontal disease, was associated
with the prevalence of carotid artery plaque. Among sub-
jects with no to nine missing teeth, 46 percent displayed
carotid artery plaque, whereas individuals with 10 or more
missing teeth displayed a prevalence of carotid plaque of 

Atherosclerosis is a chronic disease of the vasculature in
which structural lesions in the form of atherosclerotic
plaques may progress to highly unstable lesions susceptible
to rupture, clinically manifested as events such as heart
attacks and strokes. Hyperlipidemia is classically implicated
as the key risk factor leading to generation of fatty streaks,
followed often by progression to more complex and unsta-
ble plaques. A variety of inflammatory, metabolic, infec-
tious, and hemodynamic states accelerate the development
and progression of atherosclerosis. In this review, we will
focus on the role of oral—particularly periodontal—infec-
tion in modulation of local and systemic inflammation,
linked epidemiologically and experimentally to acceleration
of vascular dysfunction and atherosclerosis. Underlying
mechanisms and the role of modifying conditions such as
diabetes will be discussed.

Periodontal Disease, Vascular Inflammation 
and Dysfunction

Periodontal diseases are chronic infections affecting the
supporting structures of teeth. Several cross-sectional, case-
control, and longitudinal studies have reported an increased

Copyright © 2006, Elsevier Science (USA).
851 All rights reserved.
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60 percent. These statistically significant findings suggested
that measures of subclinical atherosclerosis paralleled the
severity of periodontal disease in these subjects.

Although periodontal infection is not a cause of athero-
sclerosis, it may act as a potent modifier of disease, syner-
gizing with classical risk factors such as hyperlipidemia,
diabetes, or elevated blood pressure. However, some pub-
lished evidence is not supportive and data from a random-
ized controlled clinical trial evaluating the effect of
periodontal therapy on the risk for vascular disease are not
available to date.

The state of microvascular function has been suggested
to correlate with frank macrovascular disease. Thus, assess-
ment of flow-mediated dilation may provide a window into
vascular inflammation and atherosclerosis. These correla-
tions have been found in subjects with periodontal disease
as well; subjects with advanced periodontal disease dis-
played significantly lower flow-mediated dilation of the
brachial artery on ultrasonography compared with age-
matched control subjects. These considerations have led to
the suggested use of flow-mediated dilation as a surrogate
marker for the presence/extent of atherosclerosis. However,
the link between such surrogates and definitive clinical
events such as myocardial infarctions/death and the
response to therapeutic intervention is not yet fully clarified,
and conflicting evidence exists.

The development of suitable animal models provides a
way to assess these concepts experimentally and dissect the
pathways by which periodontal infections are linked to vas-
cular inflammation and atherosclerosis.

A Murine Model of Accelerated Atherosclerosis in
Mice Infected with a Periodontal Pathogen

Toward that end, our laboratory employed mice deficient
in apolipoprotein E (apo E null). In these animals, sponta-
neous atherosclerosis develops on a normal chow diet
driven primarily by hypercholesterolemia. We, and others,
have shown that induction of superimposed stresses, such 
as hyperglycemia or hyperhomocysteinemia, accelerates
atherosclerosis in this model. To test the premise that 
oral infection may accelerate vascular inflammation and
macrovascular disease, male apo E null mice were inocu-
lated with the human periodontal pathogen Porphyromonas
gingivalis, strain 381, by oral gavage and oral/anal topical
application, beginning at age 6 weeks. Control animals
received vehicle (phosphate buffered saline; PBS). In paral-
lel with accelerated alveolar bone loss in infected mice ver-
sus those animals receiving PBS, P. gingivalis-infected mice
displayed a significant 40 percent increase in atherosclerotic
lesion area at the aortic root versus vehicle at age 17 weeks
(Figure 1). Although the majority of lesions in both groups
of animals were limited to fatty streaks, it is possible that
upon longer evaluation periods, acceleration of lesion area
and progression of fatty streaks to more unstable plaques
would occur.

The key question to address is: what are the mechanisms
underlying these observations? We postulated that direct
invasion of the vasculature by pathogenic bacteria
accounted, at least in part, for these findings. Consistent
with this premise, PCR on DNA prepared from aortic tissue
at age 17 weeks (8 weeks after infection) revealed tran-
scripts encoding P. gingivalis in two of nine infected mice;
in contrast, none of the PBS-treated mice demonstrated 
transcripts for P. gingivalis in the aorta. Direct evidence 
for enhanced vascular inflammation was obtained by 
assessment of proinflammatory/prothrombotic markers 
in the vasculature. By Western blotting, levels of vascular
cell adhesion molecule-1 (VCAM-1) and tissue factor anti-
gen were significantly increased in infected versus nonin-
fected aortic lysates. In parallel, levels of matrix
metalloproteinase-2 antigen and activity were increased in
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Figure 1 Oral infection with P. gingivalis accelerates early atheroscle-
rosis in apoE-null mice. Representative photographs of the proximal aorta
demonstrate increased atherosclerosis in a P. gingivalis-infected (b) versus
a noninfected (a) apo E-null mouse at 17 weeks of age. Scale bar, 1 mm.
Oil red O staining of cryosections at the aortic sinus from control mice
revealed few small fatty streaks (c), whereas atherosclerotic lesions were
greater in number and size in infected animals (d), scale bar 50 mm. Quan-
titation of atherosclerotic lesion area at the aortic sinus (e) revealed that
mean lesion area was significantly increased in infected versus noninfected
mice (12,753 ± 1,128 versus 9,080 ± 951 mm2, n = 25/group, p = 0.008).
Republished with permission of Arteriosclerosis Thrombosis and Vascular
Biology from: Lalla, E., et al. (2003). Oral infection with a periodontal
pathogen accelerates early atherosclerosis in apolipoprotein E-null mice.
Arterioscler. Thromb. Vasc. Biol. 23(8), 1405–1411. (see color insert)
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aortas retrieved from P. gingivalis-infected mice versus con-
trols. These findings suggested that either by direct invasion
of the vessel wall, or by exposure to inflammation-evoking
bacterial products, or both, the vasculature of infected mice
expressed increased inflammatory molecule profile and
activity.

Strongly suggestive of activation of the systemic host
response by infection with P. gingivalis was the finding that
statistically significant increases in levels of plasma IL-6, an
acute phase reactant, were evident in P. gingivalis-infected
mice versus PBS-treated controls (Figure 2a). A significant
correlation between the levels of IL-6 and extent of 
atherosclerotic lesion area was observed in these animals
(Figure 2b; r = 0.37, p = 0.007). Further, a trend in plasma
levels of another acute phase reactant, serum amyloid A,
was observed in infected versus noninfected apo E null mice
at age 17 weeks.

Critical to the premise that oral infection accelerated ath-
erosclerosis was the observation that infection with P. gingi-
valis did not modify established risk factors for atherogenesis

in this model. Thus, levels and profile of total plasma 
cholesterol and triglyceride did not differ between infected
and noninfected mice. Similarly, no differences in glucose,
insulin, or creatinine were observed between the two groups.

Where do we go from here? The next series of studies
must examine the contribution of each cellular component
implicated in atherogenesis and progression of atherosclero-
sis to the acceleration of vascular disease triggered by infec-
tion with P. gingivalis. Specifically, the impact of circulating
monocytes and lymphocytes in diverse processes such as
engulfment/phagocytosis of bacteria and antigen presenta-
tion/processing must be studied. Resident cells of the vessel
wall must also be examined, such as endothelial cells and
smooth muscle cells. Interestingly, it is also possible that
platelets interface with bacterial pathogens such as P. gingi-
valis to provide a hospitable environment for vascular acti-
vation, perhaps by increasing expression of chemokines
such as MCP-1. In addition, the potential impact of distinct
oral pathogens on atherosclerosis should be addressed
experimentally.

The importance of such endeavors cannot be overstated.
Only by a thorough understanding of the molecular and bio-
chemical pathways by which bacterial infection activates
signaling pathways linked to cellular migration/activation
can logical therapeutic targets be identified. In this context,
recent studies have shown that immunization against P. 
gingivalis may reduce acceleration of atherosclerosis in a
murine model [5].

Other Systemic Diseases and Acceleration of
Microvascular Dysfunction and Atherosclerosis

A common systemic disease linked to acceleration of
vascular pathology and exaggerated periodontal disease is
diabetes. Diabetes is a heterogeneous group of disorders
affecting millions of people in the United States. World-
wide, the incidence of diabetes is burgeoning. Multiple
sequelae of this disorder lead to a wide range of complica-
tions in target tissues such as the retina, kidney, peripheral
nerves, and micro- and macrovasculature. Multiple epi-
demiologic studies have definitively linked the incidence
and severity of atherosclerosis to diabetes.

A key defining feature of diabetes is the presence of
microvascular dysfunction. Earlier studies showed that
enhanced vascular permeability, as measured by tissue–
blood isotope ratios in human diabetic subjects, was 
associated with increased risk of cardiovascular events.
Flow-mediated dilation is abnormal in both types 1 and 2
diabetes and often has been found to be reflective of diffuse
atherosclerosis. In addition to heightened vascular inflam-
mation, enhanced oxidant stress in diabetes has been
ascribed a central role in the development of vascular
pathology in diabetes. Increased generation of reactive oxy-
gen species may lead to excessive generation of superoxide;
in certain settings such as diabetes, this may lead to
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Figure 2 Oral infection and the systemic host response. (a) Box-and-
whisker plot. At sacrifice, levels of plasma IL-6 by ELISA were signifi-
cantly increased in infected apo E-null mice versus controls. Horizontal
lines represent median values (noninfected: 7.3 pg/mL versus infected: 
10 pg/mL). Top and bottom of each box mark the first and third quartile of
the values and lines extending from the end of each box mark the minimum
and maximum for the group. Nonparametric analysis, p = 0.04, n =
25/group. (b) Pearson’s correlation analysis revealed a statistically signifi-
cant positive correlation between levels of plasma IL-6 and extent of 
atherosclerotic lesion area (r = 0.37, p = 0.007; n = 50). Republished with
permission of Arteriosclerosis Thrombosis and Vascular Biology from:
Lalla, E., et al. (2003). Oral infection with a periodontal pathogen acceler-
ates early atherosclerosis in apolipoprotein E-null mice. Arterioscler.
Thromb. Vasc. Biol. 23(8), 1405–1411.



854 PART III Pathology

enhanced generation of peroxynitrite and concomitant tissue
injury. In this context, flow-mediated dilation has suggested
that treatment of type 1 diabetic subjects with vitamin E
resulted in enhanced vascular function by this measure.
How such improvement relates to long-term improvement
in atherosclerosis and the risk of coronary/cerebral events 
is not well delineated, especially since clinical trials of
antioxidant use have failed to provide objective evidence of
improved survival or decreased morbid events.

What is the link to oral pathology? Epidemiologic stud-
ies have strongly suggested that diabetes increases the
prevalence and severity of periodontitis. Our laboratory
developed a murine model with which to test these concepts.
Oral/anal inoculation with P. gingivalis of mice rendered
diabetic with streptozotocin enhanced alveolar bone loss in
hyperglycemic animals, in parallel with increased expres-
sion of inflammatory and gelatinolytic mediators in the 
gingival tissue. Multiple pathogenic mechanisms underlie
diabetes-accelerated periodontal disease, including the
chronic accumulation of advanced glycation end products
(AGEs), the products of nonenzymatic glycation/oxidation
of proteins/lipids that may form in settings of hyper-
glycemia, oxidant stress, and inflammation. AGEs engage 
a central receptor in the vasculature, receptor for AGE
(RAGE). Our previous studies have shown that pharmaco-
logical blockade of this receptor, using the extracellular 
soluble form of RAGE, suppresses accelerated alveolar
bone loss in streptozotocin-induced diabetic mice infected
with P. gingivalis compared to vehicle-treated infected
mice. In parallel, gingival levels of inflammatory mediators
such as IL-6 and TNF-a were significantly reduced by
RAGE blockade.

These considerations underscore the concept that RAGE
is a central mechanism amplifying the inflammatory
response. RAGE is expressed in a wide array of cell types,
thereby potentially implicating this receptor in a broad range
of immune/inflammatory disorders. In this context, we and
others have shown that in addition to AGEs, proinflamma-
tory S100/calgranulins are signal transduction ligands of
RAGE. S100/calgranulins trigger activation of MAP kinases
and activation of NF-kB via RAGE. In atherosclerotic
lesions, AGEs and S100/calgranulins accumulate to
enhanced degrees. When tested in rodent models of vascu-
lar dysfunction in diabetes, we demonstrated that pharmaco-
logical blockade of RAGE was associated with decreased
tissue blood isotope ratio in diabetic rats. In apo E-null mice
rendered diabetic with streptozotocin, blockade of RAGE
attenuated early acceleration and late progression of athero-
sclerosis [6, 7].

“Closing the Loop” on RAGE, Periodontal Disease,
and Vascular Inflammation

These data highlight the concept that a key common
denominator in infected periodontium and diabetic blood
vessels is enhanced inflammation. Our findings on the role

of RAGE blockade in attenuating inflammation and tissue
injury in both settings place RAGE at the center of a cascade
of systemic/local inflammatory conditions that may acceler-
ate microvascular dysfunction. We thus propose that peri-
odontal disease presents a sufficient stimulus to augment
both local and systemic vascular activation—processes that,
if left unchecked, may predispose to acceleration of athero-
sclerosis. In the setting of diabetes, however, inflammation
in local and vascular tissues is further fueled, at least in part
via ligation of RAGE, by accumulation of AGEs, proin-
flammatory molecules such as S100/calgranulins, and oxi-
dant species.

Taken together, these considerations underscore the
premise that control of the exaggerated inflammatory
response in bacterial infection of the periodontium and in
the diabetic vessel wall may provide therapeutic benefit in
vascular disease and atherosclerosis.

Glossary

Advanced glycation end products: Products of nonenzymatic glyca-
tion and oxidation of proteins and lipids; these species may be formed by
such stimuli as hyperglycemia, inflammation, and oxidant stress.

Flow-mediated dilation: Measure of endothelial function and the
bioavailability/activity of nitric oxide; flow-mediated dilation is gen-
erally measured by assessment of blood flow in the brachial artery by 
ultrasonography.

Periodontium: The tissues that invest and support the teeth including
the gingiva, cementum (covering the roots), alveolar bone, and periodontal
ligament (the ligament that attaches the tooth to the bone).
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VEGF has been found to stimulate angiogenesis and has
an important role in the development of embryonic blood
vessels. This has been confirmed by findings that the inacti-
vation of a VEGF gene in mice can lead to impairment 
of angiogenesis and vasculogenesis. While angiogenesis 
is regulated by many cytokines and growth factors such 
as transforming growth factor-a (TGF-a), transforming
growth factor-b (TGF-b), hepatocyte growth factor, tumor
necrosis factor-a (TNF-a), prostaglandin E2 (PGE2), angio-
genin, and interleukin-8 (IL-8), VEGF is considered to be
among its most potent inducers.

Periodontal disease is an infection of highly vascularized
supporting tissues of the teeth usually leading to loss of
bone and periodontal ligament. Persistent granulation and
aberrant angiogenesis in gingiva have often been observed
in periodontal disease, and these phenomena may contribute
significantly to its pathogenesis. There is probably an asso-
ciation of VEGF with the pathogenesis of periodontal dis-
ease, particularly disorder in infected gingiva, which is
accompanied by heavy neovascularization. Furthermore, in
the recovery phase of inflamed periodontal tissue, sufficient
supply of blood and angiogenesis is required. Therefore,
VEGF might be useful for the cure of that tissue.

VEGF Family

Several members of the VEGF family have been
described during the past few years, including VEGF-A,
PlGF, VEGF-B, VEGF-C, VEGF-D, and VEGF-E. VEGF-

Definition

Vascular Endothelial Growth Factor (VEGF) is consid-
ered to be a potent inducer of vascular permeability and
angiogenesis and has an effect on a variety of physiological
and pathological processes including embryogenesis,
wound healing, tumor growth, ocular neovascular disease,
myocardial ischemia, and chronic inflammatory diseases,
such as rheumatoid arthritis and periodontal disease. During
the progression of periodontal disease inflamed tissue
enhances the expression of inflammatory mediators, which
in their turn promote angiogenesis, possibly due to the role
of VEGF. Since the increases of vascular permeability and
angiogenesis are characteristic features of wound healing,
VEGF has been suggested to have a role in the wound-heal-
ing process.

Introduction

Vascular endothelial growth factor is a glycoprotein,
which shares homology with platelet-derived growth factor
and placenta growth factor (PlGF). It is a macromolecule
that has recently attracted attention as a potent inducer of
vascular permeability and angiogenesis. VEGF has also
been known as vascular permeability factor. Other possible,
but less-studied, roles include lymphangiogenesis, hypoten-
sive effects in vivo, and stimulation of tissue factor produc-
tion and monocyte chemotaxis.

Copyright © 2006, Elsevier Science (USA).
857 All rights reserved.
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A is the original human VEGF and has multiple roles in the
human body. All members of the family share the ability to
enhance endothelial cell proliferation but are thought to
have different roles in vascularization; VEGF-B is related 
to vascularization of skeletal muscle, and PlGF to that of the
placenta. VEGF-E is the viral homolog of VEGF. In addi-
tion, VEGF-B and VEGF-D are associated with bone and
tooth development, VEGF-C with lymphangiogenesis, and
VEGF-A, VEGF-B, and VEGF-C have a role in tumor
angiogenesis.

Alternative splicing from a single gene containing eight
exons gives rise to at least five different isoforms of VEGF-
A, containing 121, 145, 165, 189, and 206 amino acid
residues. The isoforms are differentiated by the presence of
peptides encoded by exons 6 and 7 of the VEGF gene.
VEGF206 and VEGF189 contain both exons 6 and 7 (but dif-
fer in the number of amino acids), VEGF165 contains exon 7
only, VEGF145 contains exon 6 only, and VEGF121 lacks
both exons. The best studied VEGF isoforms are VEGF121,
VEGF165, and VEGF189, because of their abundance and the
fact that they are usually produced simultaneously by
VEGF-producing cells. VEGF145 and VEGF206 are rarer and
less studied forms.

The VEGF isoforms differ in their heparin binding affini-
ties. VEGF121 does not bind to heparin, whereas both
VEGF165 and VEGF189 do, because of the presence of exons
6 and 7. The binding abilities of VEGF189 are higher, which
has been explained by the presence of both exons.

VEGF Receptors

VEGF receptors have been classified in three groups;
VEGFR-1 (flt-1), VEGFR-2 (KDR/flk-1), and VEGFR-3
(flt-4) (see Figure 1). VEGFR-1 and VEGFR-2 are predom-
inantly expressed on vascular endothelial cells. VEGFR-3 
is expressed on vascular and lymphatic endothelial cells
during embryogenesis, but at later stages is expressed 
only on lymphatic endothelium. The receptors possess intra-
cellular domains containing ligand-stimulatable tyrosine
kinase, a single hydrophobic transmembrane-spanning
membrane, and extracellular domains comprising seven
immunoglobulin-like loops. Extracellular domains of
VEGFR-3 contain a disulfide bridge, whereas VEGFR-1
and VEGFR-2 do not, which may explain their different
binding abilities.

VEGF-A reveals high-affinity binding to both VEGFR-1
and VEGFR-2. VEGF-B and PlGF bind with high affinity to
VEGFR-1 only, whereas VEGF-E binds to VEGFR-2 only.
VEGF-C and VEGF-D bind to VEGFR-2 and VEGFR-3.

In addition, some types of VEGF bind to co-receptors;
PlGF binds to neuropilin-1, and VEGF165 to neuropilin-1
and neuropilin-2. The association of VEGF165 with 
neuropilin-1 has been reported to increase the affinity of
VEGF165 with VEGFR-2 about tenfold, resulting in
VEGF165 being the strongest signal transducer among the
VEGF subtypes.

VEGFR-1
(flt-1)

VEGFR-2
(KDR/flk-1)

VEGFR-3
(flt-4)

Neuroplilin-1 Neuroplilin-2

VEGF-A
VEGF-B
PlGF-1
PlGF-2

VEGF-A
VEGF-C
VEGF-D

VEGF-C
VEGF-D

VEGF 165

PlGF-2 VEGF 165

Split
tyrosine
Kinase
Domain

ss

Figure 1 Family of VEGF receptors. The diagram illustrates the interaction of VEGF with the
family of VEGF receptors, VEGFR-1 (flt-1), VEGFR-2 (KDR/flk-1), and VEGFR-3 (flt-4). The 
receptors possess intracellular domains containing ligand-stimulatable tyrosine kinase, a single
hydrophobic transmembrane-spanning membrane, and extracellular domains comprising seven
immunoglobulin-like loops. Extracellular domains of VEGFR-3 contain a disulfide bridge, whereas
VEGFR-1 and VEGFR-2 do not. VEGF-A binds to both VEGFR-1 and VEGFR-2. VEGF-B and PlGF
bind with high affinity to VEGFR-1 only, whereas VEGF-E binds to VEGFR-2 only. VEGF-C and
VEGF-D bind to VEGFR-2 and VEGFR-3. Neuropilin is a co-receptor for some types of VEGF: PlGF
binds with neuropilin-1, and VEGF165 with neuropilin-1 and neuropilin-2. (G. Neufeld et al. FASEB
J. 1999)
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Synthesis and Regulation of VEGF

VEGF is produced by various cells, such as hepatocytes,
tumor cells, smooth-muscle cells, osteoblasts, and pericytes
around vascular endothelium, keratinocytes, and human
dental pulp cells. It has been reported that VEGF is pro-
duced in response to various components of pathogenic bac-
teria in periodontal tissues within vascular endothelial cells,
plasma cells, and macrophages and in junctional, sulcular,
and gingival epithelium. VEGF is also detectable in human
gingival fibroblasts and human periodontal ligament 
fibroblasts.

Several mechanisms are known to have a role in the reg-
ulation of VEGF gene expression. Hypoxia is the main
stimulus for increased VEGF expression both in vitro and in
vivo. VEGF mRNA expression has also been shown to be
upregulated by some types of cytokines and growth factors.
Thus IL-6 significantly induces VEGF in several cell lines.
In fibroblastic and epithelial cells VEGF can be upregulated
in response to TGF-a. In vascular smooth muscle cells basic
fibroblast growth factor induces the expression of VEGF.
Other types of cytokines upregulating VEGF expression
include IL-1b, PGE2, and TGF-a.

In addition, alterations in cellular regulatory pathways
may result in VEGF upregulation. For example, VEGF
mRNA is upregulated during the myogenic differentiation
of C2C12 cells and during the conversion of 3T3
preadipocytes into adipocytes. Specific transformation is
another event that can result in VEGF gene expression
induction. This could include oncogenic mutations of ras,
mutation of the murine p53 tumor suppressor gene, and
overexpression of v-raf.

Role in Disease Processes

VEGF has an effect on a variety of physiological and
pathological biological processes including embryogenesis,
normal growth and differentiation, wound healing, tumor
growth, ocular neovascular disease, myocardial ischemia,
and chronic inflammatory diseases such as rheumatoid
arthritis and periodontal disease.

VEGF mRNA is significantly upregulated in the majority
of human tumors such as lung carcinomas, thyroid carcino-
mas, breast carcinomas, gastrointestinal tract tumors, uri-
nary tract tumors, female reproductive tract tumors, germ
cell tumors, angiosarcoma, and some intracranial tumors.
Postoperative surgeries have indicated that the relapse-free
survival rate of patients with VEGF-rich tumors is signifi-
cantly lower than that of VEGF-poor tumors. Patients with
VEGF-positive tumors have a worse prognosis than those
with VEGF-negative tumors.

Diabetes mellitus or occlusion of central retinal vein can
be associated with intraocular neovascularization. The new
blood vessels may lead to vitreous hemorrhage, retinal
detachment, neovascular glaucoma, and eventual blindness.
VEGF is a possible candidate for a mediator of intraocular

neovascularization. Increases in VEGF levels in the aqueous
and vitreous of eyes with proliferative retinopathy have
been observed. VEGF is also involved in the pathogenesis
of rheumatoid arthritis (RA). The RA synovium is charac-
terized by the formation of pannus, an extensively vascular-
ized tissue that invades and destroys the articular cartilage.

Role in Periodontal Disease

During the progression of periodontal disease, the peri-
odontal vasculature is profoundly affected and there is 
evidence that inflamed tissue enhances the expression of
inflammatory mediators, which in their turn may promote
angiogenesis. It has been found that there are greater
amounts of VEGF in gingival crevicular fluid collected from
clinically diseased sites than in fluid from healthy sites.
VEGF production in gingival fibroblasts and periodontal
ligament fibroblasts may enhance vascular permeability and
the accumulation of inflammatory cells, which is similar to
the inflammatory phase of periodontal disease. Therefore,
VEGF may be associated with the etiology of periodontal
disease, particularly specific to the gingiva, which is charac-
terized by swelling, edema, gingival exudation, and heavy
neovascularization.

Porphyromonas gingivalis and Actinobacillus actino-
mycetemcomitans are major etiologic agents of periodontal
disease. They contain a number of cell surface bioactive
components such as fimbriae, extracellular vesicles,
lipopolysaccharide, and outer membrane protein. These
components induce numerous inflammatory mediators, such
as prostaglandins, IL-8, and TNF-a, from human peripheral
mononuclear cells and fibroblasts in periodontal tissue and
are involved in the progression of periodontal disease.
Recent research shows that gingival fibroblasts and peri-
odontal ligament fibroblasts express VEGF in response to
periodontopathic bacteria.

The possibility that VEGF is produced by gingival
fibroblast and periodontal ligament fibroblasts has important
implications for the study of periodontal disease and its pro-
gression, as well as the healing process that follows peri-
odontal treatment.

Therapeutic Applications

VEGF is known to be expressed by some types of tumor
cells. VEGF production stimulates the growth of endothelial
cells in the tumor and thus enhances its further growth. Con-
sequently it has been shown that the suppression of VEGF
formation could suppress the tumor growth through con-
taining endothelial cells development. Different approaches
to suppressing tumor angiogenesis include the use of neu-
tralizing antibodies to VEGF and the development of drugs
that inhibit VEGF receptor kinase activity.

The promotion of new vessel growth by the agent could
be useful in the treatment of disorders characterized by 
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inadequate tissue perfusion and might give an alternative to 
surgical reconstruction procedures. Chronic limb ischemia,
one of the diseases caused by obstructive atherosclerosis
affecting the superficial femoral artery, is related to a high
rate of morbidity and mortality and is limited to surgical
revascularization procedures. The development of collateral
vessels has been observed after a single intra-arterial admin-
istration of rhVEGF165 in rabbits with chronic hind limb
ischemia. There is a possibility that the recombinant VEGF
or gene therapy with VEGF genes may be used to promote
endothelial growth and collateral vessel formation, as well
as to prevent occlusive artery and ischemic heart and limb
disease.

VEGF also has an effect on periodontal healing. There
are several kinds of cells related to the healing process of
periodontal disease, such as periodontal ligament fibroblasts
and osteoblasts. Periodontal ligament fibroblast originates in
part from the ectomesenchyme of the cranial neural crest,
and this developmental origin may give these cells special-
ized properties. In particular, pluripotential mesenchymal
stem cells can differentiate into mineralized tissue-forming
cells such as osteoblasts. VEGF induces periodontal liga-
ment fibroblast to express osteogenic markers such as 
c-fos, osteopontin, and osteocalcin and stimulate bone 
formation by turning into osteoblast-like cells.

One of the early events of periodontal tissue healing and
regeneration is angiogenesis, in which neovascularization
prompts delivery of inflammatory cells and fibroblasts to the
wound site. Angiogenesis, the mechanism responsible for
the development of blood vessels, is an essential step in the
process of healing, in particular for periodontal tissue heal-
ing and bone healing. Numerous studies have demonstrated
the critical role of angiogenesis for successful osteogenesis
during endochondral ossification and bone repair. It has
been reported that VEGF is important for the regulation of
bone remodeling by recruiting endothelial cells and osteo-
clasts and by stimulating osteoblast differentiation. VEGF
has not only an angiogenic but also an osteogenic function
by the direct stimulation of the osteoblasts through the
enhanced expression of a potent osteogenic factor.

Future Perspectives

Research has established the important role VEGF plays
in the development of the embryonic vascular system, in
angiogenesis, and in maintaining or augmenting endothelial
functions in the adult vasculature. Both positive and nega-
tive regulation of endothelial cells by VEGF can be critical
for the maintenance of the vascular system.

Future research needs to concentrate on the mechanisms
through which VEGF induces its effects. Research has to
clarify the effect of VEGF on gene expression, the interac-
tions between different signaling pathways in the regulation
of endothelial cells, and their integration within the cell.
Firmly establishing the functions of VEGF could help
advance research on the use of VEGF for endothelial and

periodontal regeneration. Identifying VEGF inhibitors
inducing apoptosis of endothelial cells could be crucial for
advances in the treatment of angiogenesis-dependent dis-
eases such as cancer and rheumatoid arthritis.

Glossary

Angiogenesis: The formation of capillaries from preexisting vessels.
Growth factors: A diverse group of polypeptides that play important

roles in regulation and development of a variety of organs.
Periodontal disease: Inflammation of highly vascularized supporting

tissues of the teeth usually leading to loss of bone and periodontal ligament.
Vasculogenesis: The development of blood islands in primary vascu-

lar plexus, which is further developed and processed to form the mature
vascular system.
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in trachea, esophagus, stomach, pancreas, and kidneys in
smokers, depending on the length and severity of the smok-
ing habit. Subsequent investigations have shown fibrous
thickening in coronary and intramyocardial arterioles in
smokers and in beagle dogs trained to smoke. Another organ
that has been subject to intensive interest in this context is
the placenta: Attempting to explain the reduced birth weight
of children born to smoking mothers and the increased 
perinatal morbidity and mortality associated with mater-
nal smoking, several authors have studied the placentas 
of smoking versus nonsmoking mothers. Smoking-related
findings included a significantly reduced surface area of the
fetal microvasculature, degeneration of villous capillary
endothelial cells, subendothelial edema formation, and—
eventually—increased syncytiotrophoblastic necrosis in
placentas of smoking mothers. More recently, Lova and co-
workers have demonstrated microvascular remodeling in the
labial mucosa of smokers, revealing increased numbers of
dystrophic capillary loops, exhibiting smaller calibers,
increased tortuosity, and increased frequencies of microa-
neurysms [2].

Functional Aspects of Cigarette Smoke–Induced
Microvascular Dysfunction

In terms of functional effects of the cigarette smoke
impaired microvasculature, the accessibility of the skin
microcirculation to noninvasive diagnostic techniques 
(i.e., plethysmography, nailfold microscopy, laser Doppler
fluxmetry) has resulted in an abundant literature on the
effect of cigarette smoking on skin perfusion in humans and
experimental animals. These studies have found that base-
line blood flow in the skin of smokers is reduced either per-
manently and/or after smoking one or more cigarettes. Also,

Cigarette smoke contains large amounts of carcinogenic
and cocarcinogenic substances that explain the increased
burden of malignant tumors in smokers, particularly in the
lungs, the upper gastrointestinal system, and the urinary
bladder. Nonneoplastic diseases associated with cigarette
smoking include chronic bronchitis and pulmonary emphy-
sema, gastrointestinal ulcers, and a significantly increased
risk of cardiovascular diseases, ranging from peripheral
artery disease to myocardial infarction and cerebrovascular
incidences. Although the exact pathophysiological link
between cigarette smoking and cardiopulmonary disease
progression remains incompletely understood, it has been
recognized that a key role is played by effects on diverse
aspects of the microcirculation both in terms of morpholog-
ical (i.e., vessel wall injury, capillary loss) and functional
aspects. The latter concerns predominantly changes in tissue
perfusion and its regulatory mechanisms (i.e., reactive
hyperemia, sequestration of blood cells in the microcircula-
tion). The mechanisms of action of cigarette smoking on 
the microcirculation include compromised endothelium-
dependent vasorelaxation, platelet aggregation, endothelial
cell dysfunction, the activation of circulating leukocytes,
and eventually the aggregation and adhesion of leukocytes
and/or platelets to the microvascular endothelium. In the fol-
lowing, an effort is made to review the existing knowledge
on microcirculatory dysfunction(s) induced by cigarette
smoking. For references, the reader is referred to a recent
review on this subject [1].

Morphological Aspects of Cigarette Smoke–Induced
Microvascular Dysfunction

Histomorphological studies have demonstrated thicken-
ing of the walls of pulmonary arterioles, as well as arterioles

Copyright © 2006, Elsevier Science (USA).
863 All rights reserved.



864 PART III Pathology

reactive hyperemia is compromised in the skin of neonatal
infants born to smoking mothers and in the skin of adult
smokers—in terms of both peak blood flow and recovery
time. The study by Asano and Branemark is of particular
interest to microcirculation researchers because of its unique
experimental approach: These authors implanted titanium
observation chambers into the upper arm skin of human
volunteers and recorded by intravital microscopy the micro-
circulatory flow velocity during cigarette smoke exposure
[3]. Similar results have later been reproduced using intrav-
ital microscopy on the nailfold capillary bed, the labial
mucosa, and the retina of smoking human subjects. Intra-
vital microscopic studies have found that chronic exposure
of rats and pigs to tobacco smoke or to oral nicotine signif-
icantly reduces red blood cell velocity and blood flow
through capillaries of the mesentery, the intervertebral disc,
and the testis. The situation has been found more complex
for cigarette smoke effects on the cerebrovascular micro-
circulation. Whereas several studies have demonstrated
reductions in cerebral blood flow in chronic smokers, 
acute cigarette smoke exposure has resulted in contradictory
results in both animals and humans, with some authors
reporting increases and some decreases in cerebral blood
flow.

Cellular Targets of Cigarette Smoke–Induced
Microvascular Dysfunction

Endothelial Cells

In the mechanistic insight into cigarette smoke–induced
microcirculatory dysfunction, the endothelium appears to
play a central role and has thus been called the cornerstone
of smoking pathophysiology. Direct toxic effects of ciga-
rette smoking on endothelial cells have been demonstrated
in rat aortas by electron microscopy, by the demonstration of
anuclear endothelial cell carcasses in the circulating blood
of smokers, and by the demonstration of reduced prostacy-
clin production by cigarette smoke–exposed endothelial
cells. Since the endothelium is involved in the regulation of
vasomotor tone, intensive research endeavors have focused
on the impact of cigarette smoking on endothelial function.
Coronary angiographic studies have shown a significant
vasoconstriction after cigarette smoking, and an increase in
coronary resistance despite an increase in oxygen demand.
In line with these observations, several animal experiments
and clinical studies have demonstrated a significant reduc-
tion of reactive hyperemia in otherwise healthy smokers.
Indeed, the attenuation of endothelium-dependent vasodila-
tion was inversely correlated with the number of pack years
smoked by the subjects rather than with blood cotinine lev-
els. Similar findings have been demonstrated in veins and
large-caliber arteries. A plausible explanation for these find-
ings has been derived from studies on porcine coronary
artery rings, where cigarette smoke extracts inactivate
endothelium-derived nitric oxide (NO) through reactive

oxygen–dependent mechanisms and where NO inactivation
prevented subsequent acetylcholine-induced vasodilation. A
similar reduction of basal NO activity has later been re-
ported in coronary and brachial arteries of chronic smokers,
and recent evidence suggests that cigarette smoke extract
decreases the inducible form of NO synthase in an endothe-
lial cell culture and that NO synthase is reduced in saphe-
nous vein grafts explanted from chronic smokers. Several
experimental and clinical observations have focused on the
oxidative stress hypothesis, suggesting that reactive oxygen
species either contained in cigarette smoke or released from
smoke-activated neutrophils may contribute the endothelial
dysfunction.

Intravital microscopy on the hamster cheek pouch model
found that topical superfusion with cigarette smoke extract
attenuates acetylcholine-induced dilation of resistance arte-
rioles and that application of superoxide dismutase effec-
tively restored endothelium-dependent arteriolar dilation
after nicotine superfusion, suggesting a key role of reactive
oxygen species in the induction of endothelial dysfunction.
Similar results have been obtained with aqueous extracts of
smokeless tobacco and the studies were later extended to the
effect of cigarette smoke extract and/or nicotine on other
important cellular vasodilator pathways, including adeny-
late cyclase and ATP-sensitive potassium channels.

Platelets

For more than 25 years it has been known that cigarette
smoking induces platelet aggregation (closely linked to the
serum levels of nicotine) and increases urinary excretion of
thromboxane. At the same time, smoker’s platelets (i)
exhibit a significantly increased surface density of receptors
for thromboxane and serotonin, (ii) produce increased
amounts of eicosanoids, and (iii) show reduced formation of
nitric oxide. Of interest, an essential role seems to be played
by the lipid profile of the patients, since the most pro-
nounced abnormalities in platelet aggregation have been
described in hypercholesterolemic smokers rather than in
normocholesterolemic smokers. Platelet aggregation in the
bloodstream is an ubiquitous phenomenon that is not con-
fined to either large-caliber conductance vessels or the
microcirculation. In intravital microscopic studies from our
laboratory, we found that exposure of hamsters to the smoke
of one cigarette induced the rapid formation in the blood-
stream of platelet/leukocyte aggregates and scanning elec-
tron microscopic studies demonstrated the dendritic nature
of activated platelets involved in these aggregates. Platelet
aggregates were also seen on the endothelial surface of the
aorta studied en face in smoke-exposed hamsters [4]. In col-
laboration with Tom McIntyre and his coworkers at the 
University of Utah at Salt Lake City, we were able to
demonstrate in the blood of smoke-exposed hamster the for-
mation of platelet-activating factor–like lipids. In a series of
ex vivo experiments, we could demonstrate that these PAF-
like lipids were responsible for the induction of platelet
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aggregates in the hamster bloodstream [5]. Pharmacological
blockade of the PAF receptor (through injection of
WEB2170) or inhibition of the formation of PAF-like lipids
(through the administration of the water-soluble antioxidant
vitamin C) effectively prevented platelet aggregation after
cigarette smoke challenge in the hamsters, emphasizing the
relevance of these smoke–induced lipid mediators in the
intact organism. Since similar lipids have been described to
occur in human smokers, it is likely that similar pathomech-
anisms are operative during the induction of platelet activa-
tion in human smokers.

Leukocytes

The organism undergoes an inflammatory-type response
with every cigarette smoked. This is caused either by com-
bustion products, reactive oxygen species, and other com-
pounds that are inhaled with the cigarette smoke, or by
reactive oxygen species and inflammatory mediators
released from the organism in response to cigarette smoking
(particularly from phagocytic cells that are sequestered in
the pulmonary microcirculation in response to cigarette
smoke). This is most obviously reflected in an activation of
white blood cells. Although leukocyte adhesion and emigra-
tion are involved in host defense and phagocytosis and thus
serve a beneficial role during a well-contained inflammatory
response, leukocytes may also turn against the host and con-
tribute to tissue damage, characterized by the breakdown of
capillary perfusion, the loss of endothelial integrity, and the
extravasation of fluid and macromolecules into the intersti-
tial space [6]. A feature common to the pathomechanisms of
most cigarette smoke–associated diseases (such as athero-
sclerosis, chronic bronchitis, pulmonary emphysema, and
periodontitis) is the activation and adhesion of circulating
leukocytes to micro- and macrovascular endothelium, fol-
lowed by acute or chronic leukocyte-mediated tissue dam-
age. Peripheral blood monocytes isolated from habitual
smokers demonstrate significantly increased adherence to
cultured endothelial cells, positively correlated with the
duration of the smoking habit. Likewise, exposure of
peripheral blood mononuclear cells to cigarette smoke con-
densate in vitro increased cell surface expression of adhe-
sion molecules CD11b and subsequent adhesion to cultured
bovine and human endothelial cells through a protein kinase
C–dependent mechanism. Direct chemotactic effects of cig-
arette smoke for leukocytes have been described, as well as
enhanced generation of leukocyte chemotaxins or cochemo-
taxins including leukotrienes, complement, and Gc globulin.
Also, cigarette smoke stimulates the generation of oxida-
tively modified low-density lipoproteins that exert powerful
chemotactic and adhesion-promoting effects on. With the
demonstration of all these proinflammatory changes in
leukocytes, it is not surprising that leukocytes have been
found sequestered in different organs, particularly in the
pulmonary and tracheal microcirculation, but also in pan-
creatic microvessels of cigarette smoke–exposed experi-
mental animals. Likewise, leukocyte recruitment was found

in the pulmonary microcirculation of cigarette smoke–
exposed experimental animals and habitual smokers. 
An alternative explanation for the enhanced sequestration 
of neutrophils in the pulmonary microcirculation has been
proposed by Drost and coworkers, who demonstrated sig-
nificantly reduced deformability of peripheral blood neu-
trophils from habitual smokers and of neutrophils exposed
to cigarette smoke in vitro [7]. Cigarette smoke condensate
induces functional changes in endothelial cells, leading to
the increased expression of adhesion molecules for leuko-
cyte–endothelial cell interaction. Increased levels of soluble
intercellular adhesion molecule-1 (ICAM-1) have recently
been found in the serum of habitual smokers. Through the
inhibition of nitric oxide generation and/or its inactivation
through radical-dependent mechanisms, cigarette smoking
might also contribute to the stimulation of leukocyte and
platelet interaction with endothelial cells. Along the same
lines, the well-recognized inhibition of prostacyclin genera-
tion by cigarette smoking could predispose to increased
leukocyte and platelet adhesion. In a recent study, Sikora
and her colleagues have demonstrated in an elegant experi-
mental approach using intravital microscopy on transplanted
lung tissue in the dorsal skinfold chamber model in nude
mice that nicotine-induced inflammation of the airways
involves selectin- and MAP kinase-dependent rolling and
adhesion of leukocytes [8].

In an effort to further characterize the mechanism of cig-
arette smoke–induced leukocyte adhesion to the microvas-
cular endothelium, we have exposed hamsters to the smoke
generated by one cigarette and could demonstrate rolling
and subsequent adhesion of fluorescently labeled leukocytes
to the endothelium of microvascular and macrovascular
endothelium [4]. Cigarette smoke–induced leukocyte 
adhesion was significantly blunted in animals in which
leukotriene generation was blocked pharmacologically by
an inhibitor of 5-lipoxygenase, suggesting a mediator role of
leukotrienes in this event. Likewise, administration of
superoxide dismutase almost entirely prevented cigarette
smoke–induced leukocyte adhesion. Of particular interest
was the observation not only that leukocyte adhesion was
confined to the venular segment of the microcirculation, but
that leukocytes were found to adhere to the endothelium in
arterioles, as well as on the aortic endothelium. In both
microvascular segments, as well as the aortic endothelium,
leukocytes tended not to interact with the endothelium as
single cells, but mostly in the form of aggregates of two or
more cells, loosely held together by activated platelets.
Indeed, any intervention that prevented the formation of
these aggregates also prevented the interaction of leukocytes
in the arteriolar branch of the microcirculation. In analogy to
the experiments described earlier in the section on platelets,
we found that PAF-like lipids elicited the interaction of
leukocytes with endothelial cells in vitro in the intact ham-
ster organism: Pharmacological blockade of the PAF re-
ceptor (through injection of WEB2170) or inhibition of 
the formation of PAF-like lipids (through the administration
of the water-soluble antioxidant vitamin C) effectively 
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prevented leukocyte adhesion to venular or arteriolar
endothelium in cigarette smoke-exposed hamsters [5].

Beside the stimulation of leukocyte adhesion to endothe-
lial cells, several authors have demonstrated a breakdown of
endothelial barrier function in response to cigarette smoke
and/or nicotine. Ultrastructural studies have demonstrated
modifications in intercellular cleft morphology, the opening
of interendothelial junctions, and the formation of suben-
dothelial edema in response to cigarette smoke. Likewise, a
compromised endothelial barrier function of microvessels in
the oral mucosa has been found in response to smokeless
tobacco exposure. Similar observations have been made by
intravital microscopy in the hamster cheek pouch and in the
gastric microcirculation in rats. The latter findings are of
particular importance because they provide an adequate
pathophysiological explanation for the clinical observation
of delayed gastric ulcer healing and increased frequency of
ulcer recurrence in smokers. Indeed, laser Doppler flowmet-
ric studies in heavy smokers have demonstrated signifi-
cantly reduced mucosal blood flow in the gastric antral
region, and the reduced mucosal perfusion was associated
with reduced basal bicarbonate secretion.

Consequences of Cigarette Smoke–Induced
Microvascular Dysfunction

Most smoke-related diseases point toward effects on the
microcirculation. For one, the development of pulmonary
emphysema occurs at the microcirculatory level of the deli-
cate alveolar membranes, presumably due to a dysbalance
between aggressive factors such as tissue degrading media-
tors and reactive oxygen species released from smoke-
activated neutrophils (i.e., elastase, hydrolytic enzymes) and
protective factors such as a-1 antiprotease, which are inac-
tivated by cigarette smoke. Also, the association of cigarette
smoking and chronic inflammatory conditions such as peri-
odontal disease is a largely microcirculatory phenomenon
that involves phagocyte dysfunction and other pathomech-
anisms. Another important problem related to cigarette
smoking–induced microcirculatory dysfunction is of major
concern to plastic surgeons. There is an impressive literature
on the adverse effects of cigarette smoking on the outcome
after surgical interventions, such as (i) a significantly higher
incidence of skin necrosis after face lifts, (ii) reduced via-
bility of transplanted skin flaps, (iii) increased graft failure
after microvascular toe or finger replantation, (iv) deleteri-
ous effects on bone grafting for fracture stabilization, and
(v) an increased incidence of anastomotic dehiscence after
colonic resection. The authors even suggested that surgeons
should have a lower threshold for using a proximal diver-
sion in smokers in order to lessen mortality and morbidity
after colonic surgery. The fact that smoking has been linked
to erectile dysfunction may appear of secondary impor-
tance—at least to those who are not affected by this micro-
circulatory dysfunction.

Prevention of Cigarette Smoke–Induced
Microvascular Dysfunction

Based on the knowledge that we have gained of the path-
omechanism of cigarette smoke–induced microvascular
dysfunction, we must acknowledge that while some effects
may be due to nicotine, many other effects are due to the
reactive oxygen species that are either introduced into the
organism by the smoke per se, or else released from acti-
vated neutrophils, primarily in the lungs of smokers—in
response to cigarette smoke inhalation. Based on our initial
finding that cigarette smoke–induced microcirculatory dys-
function was effectively counteracted by superoxide dismu-
tase, we tried to inhibit the generation of reactive oxygen
species in the organism of a smoke-exposed animal with the
antioxidants vitamin C (which acts as water-soluble anti-
oxidant to prevent the initiation of lipid peroxidation) 
or vitamin E (which is lipid-soluble and acts as a chain-
breaking antioxidant). When the animals were then exposed
to cigarette smoke, we found that microcirculatory dysfunc-
tion was almost entirely prevented in vitamin C–treated ani-
mals, whereas no such inhibitory effect was seen with
vitamin E [4]. In further studies we could demonstrate that
vitamin C acted by preventing the formation of platelet acti-
vating factor–like lipids in the hamster blood and that these
lipids accounted for most of the microcirculatory dysfunc-
tion secondary to cigarette smoke exposure [5]. In the past
few years, our studies on the inhibitory action of vitamin C
have been reproduced and translated into the human situa-
tion: Several authors have independently demonstrated 
that oral or parenteral application of vitamin C to human
subjects restores cigarette smoke–induced endothelial
dependent vasoregulatory dysfunction in the calf, the fore-
arm, and the nailfold microcirculation. It remains to be seen
whether these interventions will eventually reduce cigarette
smoke–associated pathology.

Glossary

Cigarette smoke: Cigarette smoke can be divided into two phases,
gas-phase smoke and tar (which gets trapped in filter pores). Tar contains
high concentrations of radicals, which are sufficiently stable to be
detectable by electron spin resonance. Many of the components of cigarette
tar are water soluble; hence, aqueous extracts of cigarette tar reduce oxy-
gen to form activated oxygen species that can cause biological damage. In
contrast, the radicals in the gas phase are very short-lived, yet entertain a
remarkable steady state, yielding high concentrations even in “aged”
smoke. Many of these radicals enter the lungs of smokers and avidly inter-
act with biological matter, as becomes manifest in the rapid inactivation of
a-1 proteinase inhibitor—a key mechanism of cigarette smoke–induced
emphysema formation.

PAF-like lipids: Platelet-activating factor (PAF) is a potent proinflam-
matory phospholipid with diverse pathological and physiological effects.
This bioactive phospholipid mediates processes as diverse as wound heal-
ing, inflammation, ischemia–reperfusion injury, angiogenesis, and repro-
duction. As first described by a team of researchers at the University of
Utah, the unregulated production of structural analogs of PAF by non-
specific oxidative reactions has expanded the superfamily of signaling 
molecules to include “PAF-like” lipids whose mode of action is identical 
to that of authentic PAF. Inappropriate activation of this signaling pathway
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species that enter the bloodstream through the cigarette smoke and
hence prevents their action in the microcirculation (see Ref. [5]).

5. Lehr, H. A., Weyrich, A. S., Jurek, A., Saetzler, R. K., Arfors, K. E.,
Zimmermann, G. A., Prescott, S. M., McIntyre, T. M. (1997). Vitamin C
blocks antiinflammatory platelet-activating factor like lipids created by
cigarette smoking. J. Clin. Invest. 99, 2358–2364. Based on the land-
mark observation of PAF-like lipids (PAF-LL) by the group of Tom
McIntyre and coworkers that are generated by the attack of reactive
oxygen species on phospholipids, Lehr and coworkers went on to study
whether the inhibitory effects on vitamin C in their smoking hamster
model was linked to the formation of PAF-LL in the bloodstream and
their inhibition by vitamin C. The two groups teamed up to demonstrate
that indeed cigarette smoke exposure generates in the bloodstream of
smoke-exposed hamsters the formation of a factor that elicits leukocyte
adhesion and leukocyte–platelet aggregation through a mechanism that
is both dependent on the PAF receptor and inhibited by vitamin C. The
demonstration that the smoke induced adhesive action was blocked by
PAF receptors in vitro and in vivo alike suggests that indeed PAF-LL are
formed in an intact animal organism in response to free radical attack.

6. Lehr, H. A., and Arfors, K. E. (1994). Mechanisms of tissue damage by
leukocytes. Curr. Opin. Hematol. 1, 92–99.

7. Drost, E. M., Selby, C., Bridgeman, M. M., and MacNee, W. (1993).
Decreased leukocyte deformability after acute cigarette smoking in
humans. Am. Rev. Respir. Dis. 148, 1277–1283.

8. Sikora et al. (2003).

Capsule Biography

Dr. Hans-Anton Lehr has been involved for almost 15 years in micro-
circulation research, predominantly by intravital fluorescence microscopy
using the dorsal skinfold chamber model in hamsters and mice. His studies
have focused on questions of ischemia–reperfusion injury, atherogenesis,
cigarette smoke–induced microcirculatory dysfunction, and, lately, tumor
angiogenesis. Dr. Lehr is a diagnostic pathologist currently acting as Pro-
fessor of Pathology at the University of Mainz Medical Center, Germany.

is associated with many diseases in which inflammation is thought to be
one of the underlying features.

Vitamin C: Vitamin C is a water-soluble vitamin that is necessary for
normal growth and development. It is required in the synthesis of collagen
in connective tissue, neurotransmitters, steroid hormones, carnitine, and the
conversion of cholesterol to bile acids, and it enhances iron bioavailability.
Vitamin C plays a paramount role as an antioxidant and free radical scav-
enger and helps protect the body against the aggressive action of reactive
oxygen species.
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microvasculature and of the blood may be functionally mod-
ified by direct exposure to components of cigarette smoke.
In remote organs, dissolved components of the smoke, mod-
ified plasma constituents, or substances released from the
pulmonary cells may be responsible for changes in the local
functions of microvascular endothelium. However, it is also
possible that leukocytes exposed to products from CS in the
blood not only cause local problems in the lungs, but are
themselves carried to other sites and affect the microvascu-
lature there. In principle, this could occur if the rheological
properties (either mechanical or adhesive) of leukocytes are
modified, so that microvascular transit is impaired.

Rheological Properties of Leukocytes Potentially
Sensitive to Cigarette Smoking

MECHANICAL RESISTANCE TO DEFORMATION

In general, resistance of both red and white blood cells 
to deformation depends on the cell geometry (volume and
surface-area-to-volume ratio) and on the separate viscoelas-
tic properties of the membrane and of the cytoplasmic struc-
tures. Cells must have an excess of membrane surface area

Introduction

This article discusses how exposure to cigarette smoke 
or substances derived from it may change the properties of
leukocytes, or other cells of the vasculature, in such a way
that circulation of leukocytes is modified. These changes are
thought to contribute to smoking-related pathology, espe-
cially in the lungs. Although emphasis is placed on 
modifications affecting the microcirculation, the processes
discussed may also influence arterial disease.

Cigarette Smoking and Microvascular Pathology

Cigarette smoking is recognized as an etiological factor
in arterial diseases, possibly through the ability of compo-
nents of the smoke to cause damage to the vessel wall and
to modify functions of the vascular endothelial cells. The
ability of cigarette smoke (CS) to promote the inflammatory
response causing atheroma of large arteries is also manifest
in the link between cigarette smoking and microvascular
pathology, in organs such as the lungs, kidney, retina, and
gastrointestinal tract. In the lungs, cells of the pulmonary

Copyright © 2006, Elsevier Science (USA).
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over the minimum required to enclose the cell volume; 
otherwise they cannot adapt their shape without expansion
of surface area or decrease in volume. Neither change is
possible on the time scales of microvessel transit. Leuko-
cytes have a large excess surface area in the form of
microvilli and surface folds. The limiting factor in their rate
of passive deformation arises from resistance elements in
their cytoplasm, especially the cytoskeleton, which is rich in
polymerized actin filaments (F-actin). The nucleus is also
relatively rigid, but this appears to be a more important ele-
ment in mononuclear cells than in polymorphonuclear gran-
ulocytes. The internal structures of leukocytes make them
much more resistant to deformation than red cells, which
lack a nucleus and true cytoskeleton.

In general, passage of leukocytes through capillaries is
achieved by passive deformation under the action of the
local blood pressure gradient. The leukocytes enter small
capillaries much more slowly than red blood cells and may
cause intermittent temporary occlusions of capillaries or
hold up trains of following red cells [1]. In the case of the
pulmonary microcirculation, all of the blood leukocytes
pass through repeated capillary segments at relatively low
pressure. The average pulmonary capillary diameter is 5 mm,

compared to the average diameter of a polymorphonuclear
granulocyte of about 8 mm. Thus a proportion of neutrophils
(the most numerous granulocytes) are delayed in transit in
the pulmonary capillary bed (illustrated in Figure 1), which
provides a noncirculating or slowly circulating pool of neu-
trophils that can be mobilized in times of stress.

The slow transit through microvessels may be hindered 
if local pressure gradients are decreased (e.g., in shock), 
or if the leukocytes, especially neutrophilic granulocytes,
become “activated” by chemical stimuli that increase their
rigidity [1]. On neutrophil activation, a rapid increase in F-
actin content followed by rearrangement of F-actin into
pseudopodia is associated with greatly increased rigidity.
Shape changes induced by activation are illustrated in Fig-
ure 1. In this connection, one must be clear about the differ-
ence between passive resistance to deformation, and active
deformation required for migration. Structural changes in
the cytoskeleton allow leukocytes to change shape actively
and move slowly over and through endothelial cell mono-
layers (see the following subsection). These changes will
typically occur in response to chemotactic agents such as
chemokines or bacterial products. The structural changes,
however, actually make the cell more rigid in the sense that

Figure 1 Morphology of the pulmonary microcirculation and of resting and stimulated neutrophils. 
(A) Scanning electron micrograph of alveoli, showing walls lined with many capillary segments. (B) Cross
section of alveoli and interstitium, showing capillaries and (arrow) a neutrophil (with segmented nucleus)
in transit. (C, D, E) Scanning electron micrographs of neutrophils resting (unstimulated), exposed to ciga-
rette smoke, or treated with bacterial peptide (fMLP), respectively. (see color insert)
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larger external forces will be required to make them flow
through a narrow capillary, on a much faster time scale.
Thus active cytoskeletal rearrangements are appropriate for
leukocyte migration out of vessels, but impair passive flow
of cells through capillary lumens.

LEUKOCYTE ADHESION AND MIGRATION

In addition to mechanical resistance to deformation, tran-
sit of leukocytes depends on any tendency to adhere to the
endothelium lining microvessels. Adhesion and migration
into tissue typically occur in the postcapillary venules, as
part of the protective inflammatory response to infection and
trauma. However, uncontrolled adhesion has the potential to
occlude microvessels and to cause damage to the vessel wall
and surrounding tissue. In the pulmonary microcirculation,
adhesion and migration of leukocytes, particularly neutro-
phils, tends to occur in the pulmonary capillaries rather than
in venules [2].

The process whereby leukocytes move from the blood-
stream into inflamed tissue is shown schematically in Figure
2 and can be divided into distinct steps [2]. In the case of
neutrophils, flowing cells are captured through fast-forming
bonds between selectin receptors (E- and P-selectin on

endothelial cells and L-selectin on neutrophils) and protein-
borne carbohydrate ligands. These bonds support a rolling
form of adhesion, slowing the neutrophils down. Neu-
trophils can then interact with chemotactic agents such as
platelet-activating factor (PAF) and the CXC-chemokine
interleukin-8 (IL-8) presented on the surface of endothelial
cells. Engagement of these agents by specific receptors
causes activation of the neutrophil b2-integrins (CD11a/
CD18, CD11b/CD18). The integrins immobilize the neu-
trophils by binding to intercellular adhesion molecule-1
(ICAM-1) and, in the case of CD11b/CD18, possibly other
structural proteins. The neutrophils next spread and migrate
first over and then through the endothelial surface, in a few
minutes. Migration requires polymerization of cytoskeletal
actin, and cyclical regulation of integrin binding. Lympho-
cytes and monocytes follow a similar sequence. They have
the added ability to use their a4b1-integrin to bind vascular
cell adhesion molecules-1 (VCAM-1) to support capture
and immobilization, and they utilize a largely separate group
of CC- and CXC-chemokines.

The foregoing paradigm has largely been developed 
with reference to leukocyte recruitment to endothelium in
postcapillary venules of the systemic circulation during
inflammation. In the lungs, inflammatory recruitment in
microvessels supplying the large airways appears to con-
form to this pattern, but adhesion in the pulmonary circula-
tion may follow a different pathway (see Figure 2 for
comparison of pathways). Here, capillaries are the main
sites of leukocyte adhesion, and because the cells travel
slowly through these segments, the requirement for selectin-
mediated adhesion is reduced. Thus, chemokines can acti-
vate the slow-flowing cells that can go directly to stable
integrin-mediated adhesion and then migration. In all cases,
endothelial cells control the stages of recruitment, through
their own response to inflammatory mediators and
cytokines, such as tumor necrosis factor-a. (TNF) and inter-
leukin-1 (IL-1). These agents regulate endothelial expres-
sion of the selectins, chemotactic agents, or integrin ligands
that are required in the different regions.

Effects of Cigarette Smoking on Behavior of
Leukocytes in the Microcirculation

In assessing the effects of cigarette smoke on leukocyte
rheology and passage through the microcirculation, one
must consider potential modifications in their mechanical
and adhesive properties, and also possible effects on the
endothelial cells that can promote adhesion. In general,
studies of the effects of cigarette smoke or its constituents
on leukocyte behavior fall into one of the following cate-
gories: (i) studies in which humans or animals are acutely
exposed to cigarette smoke and observations are made on
changes in circulatory behavior in vivo; (ii) studies in which
blood is withdrawn from human cigarette smokers or non-
smokers (with or without additional acute smoking), and

Figure 2 Comparison of the steps involved in traffic of neutrophils
from the blood into tissue in (A) postcapillary venules and (B) the pul-
monary microcirculation. In postcapillary venules, rapidly moving leuko-
cytes are marginated by centrally flowing red blood cells, and initial
attachment is supported by selectin receptors on the endothelium. An unsta-
ble rolling form of adhesion is established, which is converted to stable
adhesion in response to a chemotactic agent such as interleukin-8. This sta-
ble, integrin-mediated adhesion also supports movement over and through
the endothelial monolayer, into tissue. In the pulmonary capillaries, neu-
trophils must deform to enter and are in close contact with the endothelium.
Selectin-mediated adhesion appears redundant for these slow-moving cells,
and stable adhesion occurs if integrins become activated, again by local
chemotactic agents. Then the cells will migrate not only into the interstitial
space, but also, potentially, across alveolar epithelium into the airspace.
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properties of leukocytes are tested ex vivo; (iii) studies in
which blood or isolated leukocytes from humans are
exposed to cigarette smoke or components of cigarette
smoke in vitro; (iv) occasional studies in which endothelial
cells are cultured and exposed to cigarette smoke or compo-
nents of cigarette smoke in vitro, and ability to bind leuko-
cytes is tested. The direct in vivo observations will be
described first, before considering the more reductive analy-
ses related to cell mechanics and adhesion that may explain
the phenomena seen in vivo and predict behavior in the
microcirculation.

In Vivo Studies of Effects of Cigarette Smoke on
Leukocyte Behavior in Humans

It is possible to extract leukocytes (usually neutrophils)
from blood, to radiolabel them, and then to reinject them, in
order to examine their fate in the circulation. Such an
approach can be used to locate sites of inflammation where
cells accumulate, but can also be used to study the kinetics
of passage of leukocytes through the human lung. It has
been shown, for instance, that a large pool of neutrophils is
usually moving more slowly through the lung than the bulk
of red blood cells, so that about 50 percent of all circulating
neutrophils are located there at any time [2]. This is believed
to arise from the restricted rate of passage of the neutrophils
through the many capillary segments in the pulmonary cir-
culation. Of particular interest here are studies made in
1989, which showed that when humans smoked a cigarette
there was an immediate sequestration of neutrophils in the
lungs that took longer than usual to wash out of the lungs
[3]. Linked studies indicated that in vitro measurements of
the resistance to flow of neutrophils through capillary-sized
pores correlated, on a person-by-person basis, with the num-
ber of cells sequestered in the pulmonary circulation. Such
changes have been associated with evidence of systemic
oxidative stress [4]. The implication is that upon cigarette
smoking, neutrophils are exposed to agents in smoke (such
as oxidants) that delay their passage through the lungs, pos-
sibly by causing an increase in their rigidity. However, from
these studies, it cannot be ruled out that passage through the
microcirculation is also impaired through changes in neu-
trophil or endothelial adhesive properties. Indeed, acute cig-
arette smoking has been associated with increased migration
of neutrophils into the lung airspaces.

In Vivo Studies of Effects of Cigarette Smoke in
Experimental Animals

Direct visual observations of the systemic microcircula-
tion have been made before and after exposure to cigarette
smoke in animals, and larger vessels have been removed and
examined [5]. In these studies, inhalation of cigarette smoke
was associated with an increase in rolling and stationary
adhesion of leukocytes in arterioles and venules within 

minutes. Postmortem examination also revealed deposition
of leukocytes in large arteries, typically associated with 
deposition of platelets. In general, induction of rolling adhe-
sion requires no change in the properties of leukocytes, but
a stimulus to endothelial cells is needed to express selectins
on their surface. This can occur within minutes after stimu-
lation with agonists, such as thrombin and histamine, within
approximately hours of cytokine stimulation, and after an
intermediate period upon stimulation by oxidants such as
oxidized LDL.

Transformation to stationary adhesion requires either 
that the endothelial cells generate and present chemotactic
agents, or that the leukocytes are directly activated by solu-
ble agents. It is also worth noting that activated platelets
attached to the vessel wall can support capture, rolling, and,
under some conditions, immobilization of flowing leuko-
cytes. It is instructive that oxidative mechanisms were
strongly implicated in the response to CS because treatment
with superoxide dismutase or the water-soluble antioxidant
vitamin C reduced the adhesive response to smoke inhala-
tion. Thus, dramatic changes in leukocyte–vessel wall inter-
actions occurred in tissues remote from the lungs in animals
inhaling cigarette smoke, and it is possible that these arose
from responses in leukocytes, endothelial cells, and/or
platelets.

Exposure to cigarette smoke also leads to sequestration
of neutrophils in the pulmonary microcirculation in animals.
This sequestration has been linked to changes in expression
of adhesion molecules suggesting local activation, and also
to release of immature and less deformable neutrophils from
the bone marrow [6].

Effects of Cigarette Smoke on Leukocytes: 
Changes in Resistance to Flow

Detailed analysis has been made of the changes in resist-
ance to flow of isolated neutrophils upon exposure to com-
ponents of CS transferred across a gas–liquid interface (e.g.,
Ref. 7). Summarizing a number of studies (involving the
authors and coworkers), there was a marked increase in the
resistance of suspensions of neutrophils to flow through fil-
ters with 5-mm pores soon after exposure to CS. Changes in
cell shape occurred in many cells on the same time scale,
with marked formation of blebs (see Figure 1). Studies of
mechanical properties of individual cells indicated that these
distorted cells had the greatest increase in flow resistance.
Although the morphological changes were not reminiscent
of those induced by chemotactic agents, they were associ-
ated with formation of polymerized F-actin, which also
occurs and leads to rigidification with these agents. The
changes in cell mechanics were also linked to oxidative
processes, since antioxidants were protective against the
smoke-induced deterioration in flow properties. These stud-
ies imply that substances transferred from cigarette smoke
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into the blood may directly cause changes in the structure,
shape, and rigidity of neutrophils, apparently through a form
of oxidative damage. This response might occur specifically
as neutrophils transit the lung but might also be dissemi-
nated in a dilute form throughout the vasculature, so that
microvascular impairment might be systemic as well as
local. Systemic oxidative stress has been linked with ciga-
rette smoking [4].

Effects of Cigarette Smoke on Leukocyte Adhesion

Direct Effects on Leukocytes

The effects of cigarette smoke directly on adhesive
behavior of leukocytes (as opposed to effects via endothelial
cells or platelets) are not so clear. In the case of monocytes,
in vitro exposure to condensate derived from cigarette
smoke caused upregulation of b2-integrin expression and
activation of integrin function over tens of minutes, so 
that adhesion to endothelial cells was enhanced [8]. Ex 
vivo studies of monocytes from smokers have also indicated
that there is an upregulation of b2-integrin expression and
adhesiveness associated with cigarette smoking [9]. How-
ever, early studies of neutrophils indicated that adhesion of
these cells to various surfaces, supported by b2-integrin
receptors, was inhibited if the cells had been treated with CS
[10]. Neutrophil spreading was also impaired. In vitro expo-
sure, or ex vivo studies after cigarette smoking, did not
show changes in level of b2-integrin expression by neu-
trophils. All of these studies were in static systems where
selectin-mediated capture was not tested. In our own unpub-
lished observation, we found that in a flow system, neu-
trophils that had been exposed to water-soluble components
of CS could adhere effectively to P-selectin. Interestingly,
soluble components of CS could cause transformation of
rolling to stationary adhesion (suggesting integrin activa-
tion), but this stabilization of adhesion lasted only a few
minutes.

In summary, exposure to components of CS may be able
to activate integrins of either monocytes or neutrophils and
upregulate surface expression of integrins in the former.
Time courses may differ, in that changes in neutrophils
appear to reverse rapidly so that there is no stable enhance-
ment of adhesion, whereas monocytes exposed to CS appear
to retain increased integrin expression and adhesiveness.
Morphological changes may also hinder stable attachment
of neutrophils. Uncertainty arises when comparing the in
vitro data for the different types of leukocytes, because
monocytes have typically been exposed to condensate 
from CS, whereas neutrophils have been exposed to nonpar-
ticulate components that exchange into an aqueous phase.
The responsiveness of neutrophils and monocytes to ciga-
rette smoke is also manifest in changes in other forms of
functional response, which may be linked to adhesion or cir-
culation. For instance, monocytes and neutrophils exposed

to elements of CS or derived from cigarette smokers show
increased secretion of cytokines and granule enzymes that
might promote inflammation, although ability of neutrophils
to release oxidants may be impaired rather than enhanced by
exposure to CS.

Effects on Endothelial Cells or Platelets

Adhesion of leukocytes may also be promoted if
endothelial cells become activated to present adhesion
receptors of the selectin family, and this attachment will 
be stabilized if chemokines or modified lipids such as PAF
are presented. Condensate of CS has been shown to in-
crease endothelial expression of ICAM-1, VCAM-1, and E-
selectin over a period of approximately hours [10]. This,
along with the direct effects noted earlier, increased adhe-
sion of monocytes. Plasma levels of soluble ICAM-1 are
also elevated in smokers, presumably as a result of shedding
from “activated” endothelial cells. We recently investigated
effects of water-soluble components of CS partitioned 
into flowing culture medium, perfused over endothelial 
cells downstream in an in vitro vascular model [11]. We
found that over a period of about 60 to 150 minutes EC
responded by upregulating expression of P- and E-selectin
and becoming able to efficiently capture flowing neu-
trophils. Some of these neutrophils became stationarily
attached, implying that the EC also generated activators, as
neutrophils were not themselves exposed to CS. Thus direct-
contact models using CS condensate, and perfusion models
of effects of soluble mediators, indicate that endothelial
cells will take on a “proinflammatory” or proadhesive 
phenotype as a result of cigarette smoking. The different
models may be relevant to effects that might occur in the
lungs themselves and in tissue remote from lungs, respec-
tively. The response of the endothelial cells develops over
hours and might become chronic in a regular cigarette
smoker. This contrasts with the rapid responses of leuko-
cytes, which might exacerbate the underlying “mild”
inflammation sporadically.

In addition to endothelial cells, it is increasingly recog-
nized that in pathological conditions at least, platelets may
act as promoters of leukocyte attachment to the vessel wall.
The platelets themselves may bind to intact endothelium in
ischemic or atherosclerotic vessels, or to exposed collagen
in damaged vessels, and capture flowing leukocytes through
presentation of P-selectin. As noted earlier, circumstantial
evidence indicates that platelets may promote leukocyte
adhesion in arteries of animals inhaling CS, but we are not
aware of any studies clarifying the steps by which this might
occur. It is known, however, that cigarette smoking can
modify the adhesive properties of platelets and their release
of vasoactive compounds. The ability of cigarette smoke to
cause platelets to bind in the microcirculation and then
cause thrombotic or inflammatory responses appears worthy
of further investigation.
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Conclusions

Table I summarizes changes in leukocyte rheology, and
consequent changes in their circulation, that are caused 
by cigarette smoke. Direct exposure to water soluble com-
ponents of CS cause neutrophils to become rigid, but 
the pattern of shape change and F-action formation does not
closely resemble that seen with classical chemotactic agents
such as formyl peptides. Monocytes show upregulation of
integrins and signs of increased adhesion when exposed to
CS condensate. Both types of cells show some signs of acti-
vation when taken from smokers. The cells harvested from
the blood may have experienced direct effects of CS, but
may also be responding indirectly to CD through agents
released into the circulation from the lungs. In endothelial
cells, direct contact with condensate and perfusion of solu-
ble agents from smoke both upregulate adhesion molecules,
and in the latter case neutrophil-activating agent(s) are also
produced. In all cases, oxidizing components of CS or oxi-
dized components of plasma exposed to CS may play
causative roles in cellular responses.

Changes in rigidity or in integrin adhesion might hold 
up leukocytes in the lung or in microvasculature of other
organs if changes are maintained over minutes when 
cells are released from the lungs. Local changes in endothe-
lial adhesiveness may contribute to holdup of leukocytes 
in the lungs, although selectin receptors at least do not
appear to be important in that organ. In remote tissue,
endothelial activation by transmitted CS components could
initiate an inflammatory response or add impetus to other
inflammatory agonists. Whereas mechanical changes are
only likely to affect circulation in microvessels, adhesive
responses are likely to be relevant to arterial as well as
small-vessel disease.

Glossary

F-actin: Filamentous or polymerized actin forming relatively rigid
structures within cells (cytoskeleton), in dynamic equilibrium with cyto-
plasmic pool of monomeric globular G-actin.

Leukocyte migration: Process whereby leukocytes move from blood
into tissue, by first adhering to the vascular endothelium and then migrat-
ing actively through it.

Oxidants: Reactive forms of oxygen and their derivatives (e.g., found
in cigarette smoke) that can oxidize and modify cellular structures (i.e.,
cause oxidative damage).

Rheology: Field of physics dealing with deformation and flow of
materials. Applied here to physical properties of leukocytes controlling
their circulation.
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In terms of incidence, the agents producing immune-
inflammatory responses (hypersensitivities) are more 
common than those responsible for irritant reactions or
fibrogenesis.

The immune toxins can be classified on the basis of the
hypersensitivity mechanism (Table II). Immediate hypersen-
sitivity is associated with IgE-mediated mast cell activation,
resulting in the accumulation of eosinophils and Th2 lym-
phocytes in the airways. Immune-complex mediated hyper-
sensitivity is related to the immune-complex deposition due
to excessive antibody production or deficient clearance. T-
cell mediated hypersensitivity is elicited by T cells secreting
cytokines that activate macrophages.

Additionally, some substances are able to elicit lung
injury involving different cells from those of the immune
system such as fibroblasts (silicosis and asbestosis). The last
substances to be mentioned are those able to enter the body
by the lung but causing their effects in different organs 
(carbon monoxide).

Irritant Reactions

Respiratory tract irritants may damage different lung dis-
tricts on the basis of their hydro-solubility. Therefore, highly
soluble gases—such as ammonia, aldehyde gases, hydrogen
chloride, and other acids—are dissolved in watery mucus of

Introduction

The lung is a vulnerable target for volatile substances
because of its large alveolar surface area, estimated to be
about 100 square meters, leading to exposure to large air
volumes. Indeed, humans inhale a volume of about 0.5 liters
per breath or 8.640 liters per day. Moreover, it is estimated
that the cardiac output is about 7.0L/day. This flow traverses
a rich pulmonary capillary bed that provides ease of absorp-
tion and transport of inhaled toxic materials throughout the
body. Thus volatile agents can directly act in the lung and/or
in some remote target organ.

The effects of air pollution on health have been recog-
nized from long time. In the past, the majority of air pollu-
tion was derived from domestic and industrial burning of
fossil fuels. The introduction of legislation to reduce the use
of such fuels has changed the composition of air pollutants.
At present, fossil fuel–associated pollutants have been
replaced by a steady increase in traffic-associated pollutants
such as finer, respirable particulates, oxides of nitrogen
(NOx), ozone (O3), and volatile organic compounds.

Usually, all inhaled toxins are associated with environ-
mental exposure. This is largely related to an occupation.
The toxins may be responsible for causing chronic inflam-
mation, granulomatous lung diseases, immunosuppression
leading to a heightened incidence of respiratory infections,
as well as cancer (Table I) [1].

Copyright © 2006, Elsevier Science (USA).
877 All rights reserved.
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the nose, throat, and trachea and have their primary effects
there. They can provoke acute painful irritation with sneez-
ing, cough, sore throat, and acute bronchitis. Asphyxiation is
possible due to laryngeal spasm and bronchoconstriction.
Generally, it is easy to detect the presence of these agents in
the environment by their odor and the discomfort evoked.

Gases with lower water solubility—such as phosgene,
nitrogen dioxide, chlorine, and isocyanates—evade the first
line of defense in the upper airways and have their primary
effect on the lower respiratory tract. Their irritative actions
appear hours or days after the exposure and may evoke
severe inflammatory responses. In most cases it is quite 
difficult to detect the presence of these gases in the 
environment.

In addition to their chemical proprieties, the toxicity of
irritant agents is related to the intensity of exposure. There-
fore, air concentration and duration of exposure can be com-
bined into a cumulative exposure value (concentration x
time). These are important parameters to be evaluated in

cases of intoxication. Indeed, any irritant gas, at sufficiently
high concentration, may be a factor in producing pulmonary
edema. The following examples of irritant gases are not
exhaustive. We list only the most common irritant agents
and their mechanisms of action.

Phosgene

Phosgene gas (carbonyl chloride; carbon oxychloride;
chloroformyl chloride) is a toxic inhalant that directly dam-
ages the lungs. Although phosgene has not been deployed in
warfare since the Geneva Protocol prohibited chemical
agent use in 1925, its continued application in common
industrial processes, such as dye or plastic manufacturing,
makes it an ongoing potential industrial hazard. Phosgene
exposure also can occur in fires associated with organochlo-
rine compounds (e.g., vinyl chloride), the use of carbon
tetrachloride fire extinguishers, and during arc welding 
procedures.

Table I Toxin Classification Based on Site of Action in the Lungs.

Upper airways and bronchi Terminal bronchioli, alveoli Systemic absorption (with only slight or
no pulmonary toxicity)

Chlorine Nitrogen dioxide Toluene

Ammonia Nitrogen oxide Xylene

Aldehydes of lower Phosgene Carbon dioxide
molecular weight Ozone Carbon monoxide
(formaldehyde,

Dusts from hemp, flax, Hydrogen cyanideacetaldehyde)
and cotton processing PropaneAcrolein

Carbon tetrachlorideSulfur dioxide

Hydrogen chloride

Hydrogen fluoride

Acetic acid

Table II Examples of Agents Causing Immune-Toxic Reactions.

Immunologic mechanism Tissue reaction Example

Immediate hypersensitivity Bronchial edema, plugging Low molecular weight
IgE-mediated Nickel

Isocyanates
Aldehydes (formaldehyde, acetaldehyde)

High molecular weight
Detergent enzymes
House dust mite
Pollens
Molds
Latex

Immune-complex-mediated Interstitial infiltrate, granuloma Farmer’s lung
hypersensitivity

T-cell mediated hypersensitivity Noncaseating granuloma Berylliosis

Local immunosuppression Higher incidence of infections Benzo[a]pyrene
Phosgene
Nitrogen dioxide
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Phosgene gas has the appearance of a white cloud and the
characteristic odor of newly mown hay. Odor alone is insuf-
ficient for the detection of phosgene, since toxic exposures
may occur at concentrations below the olfactory threshold.
Phosgene is one of the most volatile chemical warfare
agents, its density is greater than air, and it tends to accu-
mulate in low areas.

Phosgene exerts a direct effect on the respiratory tract,
causing extensive cellular damage to the alveolar–capillary
membrane. Phosgene reacts with intraalveolar water to form
hydrochloric acid. When hydrochloric acid itself is aspirated
experimentally there is activation of the alternative pathway
of complement leading to deposition of the membrane
attack complex and cell injury. It is appealing to believe that
phosgene injury follows the same mechanism.

The clinical effects of phosgene are dose dependent. At
low concentrations, victims may complain only of a mild
cough, dyspnea, and chest tightness. At moderate concentra-
tions, they may also complain of tearing. At high concentra-
tions, victims develop noncardiogenic pulmonary edema
within 2 to 6 hours of exposure, producing a clinical picture
similar to the acute respiratory distress syndrome (ARDS).
Laryngospasm also occurs at higher concentrations, which
in turn may cause sudden death. Physical exertion within 
72 hours of exposure can trigger dyspnea and pulmonary
edema in otherwise asymptomatic patients. Toxic manifes-
tations often are clinically silent at rest, because patients are
able to compensate for pulmonary damage in the absence of
stress. Death from phosgene inhalation often is caused by
latent noncardiogenic pulmonary edema.

Nitrogen Dioxide (·NO2) and 
Reactive Nitrogen Species (RNS)

The lung can be exposed to a variety of reactive nitrogen
intermediates through the inhalation of environmental oxi-
dants and those produced during inflammation. Reactive
nitrogen species (RNS) include nitrogen dioxide (·NO2), and
peroxynitrite (ONOO-). Classically known as a major com-
ponent of both indoor and outdoor air pollution, ·NO2 is a
toxic free radical gas. The gas is formed primarily from
burning fuel in motor vehicles, electric power plants, and
other industrial, commercial, and residential sources that
burn fuel. ·NO2 can also be formed during inflammation 
by the decomposition of ONOO- or through peroxidase-
catalyzed reactions. Since nitrogen dioxide is a traffic-
related pollutant, emissions are generally highest in urban
rather than rural areas.

Although ·NO2 found in outdoor air is a significant
source of exposure, the concentration present in indoor air
often exceeds that from the outside. Indoor sources of ·NO2
include kerosene heaters, gas cooking stoves, gas-powered
ice scrapers used in hockey rinks, and tobacco smoke. Nitro-
gen oxides are an important precursor to the formation of
ground-level ozone and acid rain and may affect both ter-
restrial and aquatic systems.

Because of their reactive nature, RNS may play an
important role in disease pathology. Depending on the dose
and the duration of administration, ·NO2 has been docu-
mented to cause pulmonary injury in both animal and
human studies.

The main site of ·NO2 deposition and injury is at the dis-
tal conducting airways at the level of the terminal bronchi-
oles. Injury to the lung epithelial cells following exposure to
·NO2 is characterized by airway denudation followed by
compensatory proliferation. Loss of epithelial cells due to
injury causes the proliferation of alveolar type II cells, Clara
cells, and/or other bronchiolar cells, which repopulate the
injured areas of airway epithelium. The persistent injury and
repair process may contribute to airway remodeling, includ-
ing the development of fibrosis. Furthermore, inhaled ·NO2
can exacerbate asthma and is associated with an increased
susceptibility to respiratory infections.

Ozone

Ozone (O3) is a secondary pollutant formed in the tro-
posphere through a series of sunlight-driven reactions of
atmospheric oxygen with volatile organic compounds and
nitrogen oxides, which are produced through combustion.
Levels of ozone tend to be higher during hot summer days
and in cities with large amounts of traffic and with tempera-
ture inversions1 (Los Angeles, Mexico City), but may also
be very high in workplaces such as welding plants and paper
mills. Ozone is virtually insoluble in water and, therefore, it
may be deposited anywhere along the airway, but as it is
highly reactive it is thought that very little of the inspired
ozone reaches the alveolar epithelium. The majority of the
effects of ozone are mediated by a cascade of secondary
products derived from free radicals that cause cellular dam-
age when antioxidant defenses have been overwhelmed.
Experimental exposure of humans to high concentrations of
ozone causes irritation and cough, with decrements in forced
vital capacity and forced expiratory volume at first second
(FEV1). In healthy subjects ozone induces neutrophilic
inflammation of the airway mucosa accompanied by
increased levels of inflammatory mediators and proteins in
bronchoalveolar lavage (BAL). Albumin, IgG, and a1-
antitrypsin are increased in the epithelial lining fluid, indi-
cating increased vascular permeability. Exposure to ozone
also induces release of the neutrophil chemoattractant IL-8,
as well as GM-CSF, and increases expression of the
endothelial adhesion molecule ICAM-1, suggesting a likely
mechanism for neutrophil recruitment. Some studies have
reported recruitment of eosinophils and mast cells after
ozone exposure. In vitro, cultured human epithelial cells
exposed to ozone release increased amounts of lipid media-
tors PGE2, LTC4, LTD4, and LTE4. Fibronectin and the
proinflammatory cytokines IL-6 and IL-8 are also released

1 Temperature inversions are defined as a layer of air with negative lapse
rate or simply as a region within the troposphere where temperature
increases with height.
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by epithelial cells in response to ozone exposure. Other in
vitro studies carried out using human epithelial cells have
shown that both NFkB and AP-1, which regulate the IL-8
gene, increase in response to ozone exposure in respiratory
epithelial cells.

Immunologic Reactions

The exposure of lung to proteic molecules or molecules
that can be carried by endogenous proteins (aptens) may
elicit an activation of the immune system (hypersensitivity).
The immune response to inhaled antigens is potentially a
two-edged sword that may either protect (for example,
against infections) or, via a hypersensitivity reaction, harm
the host (Table III).

Immediate Hypersensitivity and Asthma

Immediate hypersensitivity is an allergic reaction
induced by a specific antigen (allergen), provoked by reex-
posure to the same antigen, and is mediated by specific IgE
antibodies in genetically susceptible individuals (atopics).
In the most extreme systemic form of the reaction, called
anaphylaxis, mast cell- and/or basophil-derived mediators
can restrict airways leading to asphyxiation and producing
potential fatal cardiovascular collapse.

IgE antibodies are cytophilic and bind on the surface of
circulating basophils and on mast cells in various tissues.

These cells constitutively express high-affinity surface
receptors for the Fc component of IgE (FceRI). Binding and
cross-linking of the allergen to surface-receptor bound IgE
triggers the immediate release from cytoplasmic granules of
mast cells and basophils of preformed (primary) vasoactive
mediators of immediate hypersensitivity and also initiates
de novo synthesis and release of other (secondary) media-
tors of hypersensitivity. These last-mentioned mediators are
mostly responsible for the late phase reaction characterized
by an inflammatory infiltrate of eosinophils, basophils, neu-
trophils, and lymphocytes, ensuing 4 to 6 hours after mast
cell and basophil degranulation.

Allergies may be thought of as Th2-dependent disease
because Th2 cells produce IL-4, which is required for IgE
production, and IL-5, which stimulates eosinophilic inflam-
mation, a characteristic of many allergic diseases. This reac-
tion differs from delayed-type hypersensitivity, which is
mediated by CD4+ Th1 and CD8+ T cells and macrophages
with no central role of antibodies.

The inhaled allergens (aeroallergens) are usually proteins
associated with biogenic particles sized 2 to 60 mm (Table
IV). Such a size allows them to be easily carried, suspended
in the atmosphere. The most common and practical classifi-
cation of the aeroallergens is based on their source. It is pos-
sible to distinguish aeroallergens spontaneously derived
from sources in nature and aeroallergens generated through
domestic or occupational practices.

The natural resource–related aeroallergens (outdoor
allergens) show a seasonal fluctuation of their environ-

Table III Immunological Mechanisms of Tissue Injury and Inflammation.

Hypersensitivity reaction Immediate hypersensitivity Immune-complex-mediated T-cell mediated hypersensitivity
IgE-mediated (anaphylaxis) hypersensitivity (delayed hypersensitivity)

Time elapsed Seconds to minutes Hours to days 2–3 days

Specific immune agent IgE IgG, IgM T-cell reactant

Chemical mediators of Vasoactive products of mast cells/ Complement and Fc receptor (cytolytic, Lymphokines and monokines
tissue injury and basophils (histamine, arachidonate chemotactic, vasoactive components)
inflammation derivatives)

Cell pathology and Accumulation of neutrophils and Accumulation of neutrophils, Lymphocytes and macrophages;
pathophysiology eosinophils. Smooth muscle macrophages. Release of lytic granulomas

contraction lysosomal enzymes

Clinical examples Anaphylaxis Atopic disorders Extrinsic allergic alveolitis, serum Berylliosis, tuberculosis
(allergic rhinitis, hay fever, sickness
bronchial asthma)

Table IV Characteristics of Aeroallergens.

Natural resource-related (outdoor aeroallergens) Human activity-related (indoor and occupational aeroallergens)

Patterns of prevalence Regionally with flora and fauna Determined by domestic and occupational practice

Period of prevalence Usually seasonal Often perennial or prolonged

Avoidance Difficult or unfeasible Usually simple and effective

Microscopic appearance Often recognizable distinctive units Often amorphous or nondiagnostic

Examples Pollens, fungus spores of Alternaria House dust, animal allergens, vegetable dusts, fungus spores of Penicillium
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mental concentration related to the local flora and fauna.
Despite aerobiological techniques that are generally able 
to detect their presence in the atmosphere, it is quite difficult
to avoid exposure to them. Classical examples of this group 
of aeroallergens are pollens (Table V) and fungus spores 
of Alternaria species. On the other hand, the indoor aeroal-
lergen concentrations show fewer fluctuations and preven-
tive exposure strategies are usually effective. In this group
are included house dust mites, animal skin allergens, and
spores of Penicillium species (Table IV). All aeroallergens
listed in Tables IV and V are potentially able to provoke
asthma.

Asthma is an inflammatory disease caused by repeated
immediate hypersensitivity reactions in the lung leading to 
a variable degree of airflow obstruction, bronchial hyper-
responsiveness, and airway inflammation.

Although the fraction of patients suffering from allergic
asthma is increasing for various and still unknown reasons,
there is a subpopulation of asthmatic patients with no per-

sonal or family history of allergy, with negative skin tests,
and with normal serum levels of IgE. These patients are said
to have idiosyncratic asthma.

For many patients, the allergic asthma has its roots in
infancy, and both genetic factors (atopy) and environmental
factors (viruses, allergens, and occupational exposures) con-
tribute to its inception and evolution.

The avoidance of allergens—when it is possible—should
be the first recommendation in the treatment of allergic
asthma. The diagnosis of asthma should be clearly estab-
lished and the baseline severity of the disease classified to
help establish the recommended course of pharmacological
therapy (Tables VI and VII). An early diagnosis and treat-
ment can reduce the decline in lung function and airway
remodeling. Remodeling entails thickening of the airway
walls, with increases in submucosal tissue, the adventitia,
and smooth muscle. These features differ in asthma and
chronic obstructive pulmonary diseases, in allergic and non-
allergic asthma, and with the severity of asthma. The precise

Table V Pollen Allergens from Various Sources for Which the Entire Coding Sequences 
Have Been Cloned.

Common name Scientific name Pollen allergen

Weeds Short ragweed Ambrosia artemisiifolia Amb a 1, Amb a 2, Amb a 5, Amb a 6
Western ragweed Ambrosia psilostachya Amb p 5
Giant ragweed Ambrosia trifida Amb t 5

Parietaria judaica Par j 1, Par j 2

Grasses Bermuda grass Cynodon dactylon Cyn d 1, Cyn d 7, Cyn d 12
Orchard grass Dactylis glomerata Dac g 2, Dac g 3
Velvet grass Holcus lanatus Hol l 1, Hol l 5
Perennial ryegrass Lolium perenne Lol p 1, Lol p 2, Lol p 3, Lol p 5

Lolium italicum Lol i 1
Canary grass Phalaris aquatica Pha a 1, Pha a 5
Timothy grass Phleum pretense Phl p 1, Phl p 2, Phl p 5, Phl p 6, Phl p 7, Phl p 11, Phl p 13
Kentucky blue grass Poa pratensis Poa p 2, Poa p 9
Johnson grass Sorghum halepence Sor h 1
Wheat Triticum aestivum Tri a 2
Maize Zea mays Zea m 1, Zea m 11
Barley Hordeum vulgare Hor v 9
Rice Oryza sativa Ory s 1

Trees Alder Alnus glutinosa Aln g 1, Aln g 4
White birch Betula verrucosa Bet v 1, Bet v 2, Bet v 3, Bet v 4, Bet v 5
Hornbeam Carpinus betulus Car b 1
Japanese cypress Chamaecyparis obtuse Cha o 1, Cha o 2
Hazel Corylus avellana Cor a 1
Japanese cedar Cryptomeria japonica Cry j 1, Cry j 2

Cupressus arizonica Cup a 1
Cupressus sempervirens Cup s 1
Juniperus ashei Jun a 1, Jun a 2, Jun a 3
Juniperus oxycedrus Jun o 2
Juniperus oxycedrus Jun o 2

Eastern red cedar Juniperus virginiana Jun v 1, Jun v 3
Privet Ligustrum vulgare Lig v 1
Lilac Syringea vulgaris Syr v 1
Annual dog’s mercury Mercurialis annua Mer a 1
Olive Olea europea Ole e 1, Ole e 2, Ole e 3, Ole e 6, Ole e 8
Turnip Brassica rapa Bra r 1, Bra r 2

Field crops Oilseed rape Brassica napus Bra n 1, Bra n 2
Sunflower Helianthus annuus Hel a 2
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mechanisms underlying the remodeling process are under
intense study.

The diagnosis of asthma is established by demonstrating
reversible airway obstruction. Reversibility is traditionally
defined as a 15 to 20 percent or greater increase in FEV1
after b-adrenergic agonist administration. When the spirom-
etry results are normal at presentation, the diagnosis can be
made by showing heightened airway responsiveness to chal-
lenge with methacoline.

In the past decade, the treatment of asthma has empha-
sized long-term suppression of airway inflammation plus
relief of symptoms with quick-acting bronchodilators (pri-
marily aerosolized b-agonists). Inhaled corticosteroids are
the most effective agents available for the symptomatic con-
trol of asthma and improvement in pulmonary function, but
their potential side effects when used in escalating doses
have led to the use of adjunctive therapies. Concomitant
treatments with long-acting b-agonists, theophylline, and
leukotriene antagonists have all been shown to help control
asthma while minimizing the doses of inhaled corticos-
teroids that are needed.

Nevertheless, whether used alone or in combination with
other therapies, corticosteroids do not consistently abrogate

airway inflammation in patients with asthma. For this 
reason, other approaches that modulate IgE-associated
immunologically mediated inflammatory responses are in
use or under development. Allergen immunotherapy can be
effective in many, but not all, patients [3]. Immunotherapy
can be administered by subcutaneous injection, topically to
the nasal mucosa, or sublingually. When given by injection,
exceptionally severe, potentially fatal, anaphylactic reac-
tions have been reported, and hence it is best if a specialist
prescribes immunotherapy.

DNA vaccines and other molecular methods of down-
regulating antigen-specific Th2-mediated responses are 
currently being studied. Agents directed at diminishing 
the production of IgE through effects on interleukin-4 or on
IgE itself have also been evaluated. One such compound is
a soluble recombinant interleukin-4 receptor that can be
delivered in nebulized form.

Another compound, a recombinant humanized mono-
clonal antibody that forms complexes with free IgE
(rhuMAB-E25, or omalizumab), blocks the interaction of
IgE with mast cells and basophils. Several clinical studies
have been performed in adults and children with moderate-
to-severe allergic asthma to evaluate the efficacy and safety

Table VI Classification of Asthma Severity [2].

Classification Step Days with symptoms Nights with symptoms For adults and children aged > 5 years who can use
a spirometer or peak flow meter

FEV1 or PEF % predicted PEF variability (%)
of normal

Severe Persistent 4 Continual Frequent £ 60 > 30

Moderate Persistent 3 Daily > 1/week > 60 – < 80 > 30

Mild persistent 2 > 2/week, but < 1 time/day > 2/month ≥ 80 20–30

Mild intermittent 1 £ 2/week < 2/month ≥ 80 < 20

Table VII Medications Used in Different Levels of Asthma Severity [4].

Classification Step Daily medication Quick relief medication

Severe persistent 4 High-dose inhaled steroids (ICS) and long-acting inhaled Short-acting inhaled b2-agonist, as needed;
b2-agonist oral steroids may be required
If needed, add oral steroids!

Moderate persistent 3 Low-to-medium-dose ICS and long-acting b2-agonist Short-acting inhaled b2-agonist, as needed;
(preferred) oral steroids may be required

or
Medium-dose ICS (another preferred option for children

aged < 5 years)
or
Low-to-medium-dose ICS and either leukotriene modifier

or theophylline

Mild persistent 2 Low-dose inhaled steroids (preferred) Short-acting inhaled b2-agonist, as needed;
or oral steroids may be required
Cromolyn, leukotriene modifier, or (except for children

aged < 5 years) nedocromil or sustained release
theophylline to serum concentration of 5–15 mg/mL

Mild intermittent 1 No daily medicine needed Short-acting inhaled b2-agonist, as needed;
oral steroids may be required
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of this agent. Treatment with omalizumab was well tolerated
and showed clinical benefit in terms of a reduction in the fre-
quency and number of asthma exacerbation episodes and
lower usage of corticosteroids and other medications to con-
trol disease, along with improved quality of life.

The efficacy of these therapies emphasizes the important
contribution of allergic inflammatory mechanisms in the
pathophysiology of asthma in many patients [5].

Immune-Complex-Mediated Hypersensitivity and
Extrinsic Allergic Alveolitis (EAA)

When large amounts of antigen enter the bloodstream
and bind to antibody, circulating immune complexes are
noted. If antigen is in excess, small complexes form;
because these are not easily cleared by the phagocytic cells,
they can cause complement activation and tissue damage.

Hypersensitivity pneumonitis (HP), also called extrinsic
allergic alveolitis (EAA), is a complex syndrome of varying
intensity, clinical presentation, and natural history, rather
than a single uniform disease. It can progress to disabling or
even fatal end-stage lung disease. The only truly effective
treatment is early recognition and control of exposure.
Although patients produce antibody exuberantly, the
immunopathogenesis involves also cellular immunity—
notably, CD8+ cytotoxic lymphocytes, multinucleate giant-
cell granulomas, and ultimately interstitial fibrosis. Many
causative agents have been recognized in occupational dusts
or mists, but most current new cases arise from residential
exposure to pet birds (pigeons and parakeets), contaminated
humidifiers, and indoor molds. Pathologically, acute HP
is characterized by poorly formed noncaseating interstitial
granulomas and mononuclear cell infiltration in a peri-
bronchial distribution with prominent giant cells.

The subacute, or intermittent, form produces more well-
formed noncaseating granulomas. There is bronchiolitis
with or without organizing pneumonia, and interstitial fibro-
sis. Chronic forms reveal the additional findings of chronic
interstitial inflammation and alveolar destruction (honey-
combing) associated with dense fibrosis. Cholesterol clefts
or asteroid bodies are present within or outside granulomas.

Most patients have circulating immunoglobulin G (IgG)
antibodies that are specific for the offending antigen. The
antibody will react with a specific antigen to form a precip-
itate. Surprisingly, approximately 50 percent of asympto-
matic people exposed to the sensitizing antigen also will
develop these precipitating antibodies.

The late onset of symptoms, about 4 to 8 hours after anti-
gen inhalation, suggests that the disease mechanism may
resemble an Arthus-type skin reaction following intradermal
skin tests that has the same kinetics. An antibody-dependent
inflammatory process has been suggested for both. The
Arthus skin histology demonstrates deposition of immune
complexes and complement with an influx of neutrophils,
similar to lung histology of biopsies taken during the acute
phase. Generally biopsies are taken from patients with more
long-standing lung disease and show a lymphocytic infil-

trate, with minimal evidence for immune complexes or 
complement. Therefore the pathogenesis of EAA is thought
to be a hypersensitivity reaction against inhaled antigens
with involvement of both humoral and cellular immune
responses.

The symptoms and physical findings are nonspecific.
Serum IgG contains high titers of specific antibody to the
offending antigen. Pulmonary function tests show restrictive
and diffusion defects with hypoxemia, especially after exer-
cise. Occasionally, small-airway disease causes obstruction.
Radiographic changes vary according to the stage of the 
disease and are best evaluated by means of high-resolution
computed tomography. In typical cases, the history of a
known exposure and the presence of a characteristic inter-
stitial lung infiltrate with serologic confirmation of IgG anti-
body to the offending antigen suffice for diagnosis. In more
obscure cases, observation of changes after a natural envi-
ronmental exposure, along with BAL and lung biopsy, might
be indicated.

Early response to the antigen is characterized by an
increase in neutrophils in the alveoli and small airways 
followed by an influx of mononuclear cells. These 
cells release proteolytic enzymes, prostaglandins, and
leukotrienes. In addition the production and release of inter-
leukins, cytokines, growth factors, and various other media-
tors from T lymphocytes and macrophages play an
important role in HP pathogenesis.

Most syndromes are occupation-related and symptom
prevalence can be up to 16 percent of exposed subjects, with
significant morbidity. In addition to its clinical and eco-
nomic importance, the disease has considerable research
potential as a model of inflammatory lung disease in which
the populations at risk can be identified, the relevant anti-
gens purified, and the immunological and clinical conse-
quences of antigen exposure monitored. Many of the
pathological characteristics of HP overlap with other lung
diseases and may therefore provide a means to identify com-
mon mechanisms of pathogenesis.

Prevalence varies by region, climate, and farming prac-
tices. Most patients recover completely after the inciting
exposure ceases. The sources of antigen causing HP are
diverse even though the clinical presentation of the different
allergens is similar. This suggests that although the antigen
is specific for each syndrome, the subsequent hypersensitiv-
ity pathway reactions are common. For this simple reason it
could be argued that there can be no disease-specific anti-
gen. There are however, some nonspecific agents common
to the alveolitis-associated antigens. These are generally
derived from organic material, or from organisms growing
on organic waste. The agents are about one micron in diam-
eter, which is the correct aerodynamic size to reach and
deposit soluble antigen in the alveoli, where the disease
process is most evident. These particles generally have adju-
vant activity.

On the basis of the antigens we can distinguish several
syndromes. Farmer’s lung, first described by Campbell in
1932, is a hypersensitivity pneumonitis caused by the
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inhalation of thermophilic actinomycetes that grow in
moldy hay or straw (Saccharopolyspora rectivirgula,
Micropolyspora faeni, and Aspergillus umbrosis). Bird
fancier’s (breeder’s) lung is caused by inhaling transuded
serum and secretory proteins on feather dust (bloom) and in
bird droppings. There is also described a humidifier fever
caused by antigens dispersed by contaminated water from
recirculating air-conditioning systems that harbor the proto-
zoan Naegleria gruberi. Isocyanate alveolitis is an example
of occupational exposure to a bioactive inorganic molecule
that can cause HP [6].

T-Cell-Mediated Reaction or Delayed-Type
Hypersensitivity (DTH) and Berylliosis

The delayed-type hypersensitivity reactions develop
when antigen activates sensitized CD4+ T cells of the Th1
subset and CD8+ cells, both of which secrete cytokines that
activate macrophages and induce inflammation. Berylliosis
is a classic example of T-cell-mediated immune lung injury.

Beryllium (Be) is a lightweight metal with excellent ther-
mal and electrical conductivity. Initially used in the manu-
facture of fluorescent lamps, beryllium is now widely used
in the ceramics, nuclear weapons, computer, and aerospace
industries. It is also a common component of many house-
hold appliances. Inhalation of beryllium has been associated
with two pulmonary syndromes, which are an acute chemi-
cal pneumonitis and a granulomatous lung disease known as
chronic beryllium disease (CBD), or berylliosis.

In the acute beryllium disease, the metal acts as a direct
chemical irritant causing a nonspecific inflammatory reac-
tion (acute chemical pneumonitis). Because of strict regula-
tion of acceptable exposure levels, acute berylliosis rarely
occurs.

CBD continues to be observed in industries where beryl-
lium is manufactured and processed and where workers 
are exposed to beryllium fumes or dust. Its clinical and
histopathological features are similar to those of other gran-
ulomatous diseases such as sarcoidosis.

The histopathologic findings in this disease are primarily
diffuse alveolar damage. Although CBD may affect multiple
organs, the lung usually is most severely involved. Exer-
tional dyspnea is the most common presenting complaint,
followed by cough and chest pain; less common symptoms
include weakness, weight loss, fevers, and arthralgias. The
diagnosis of CBD may be suggested by a history of sig-
nificant exposure to beryllium, consistent radiographic 
findings, and abnormal pulmonary function tests. Confident
diagnosis, however, requires demonstration of granulomas
in tissue, immunologic evidence that granuloma formation
is caused by beryllium hypersensitivity, and a proliferative
response of lymphocytes obtained by bronchoalveolar
lavage to beryllium. This last test, known as the bron-
choalveolar lymphocyte transformation test, is highly 
accurate and can diagnose CBD before onset of clinical
symptoms or pulmonary function abnormalities. Most
beryllium is excreted in the urine, and the pulmonary 

half-life ranges from several weeks to 6 months. Relatively
insoluble chemical forms of beryllium may be retained for
years.

The key to the pathogenesis of CBD is a delayed-type
hypersensitivity reaction in which beryllium most likely
functions as a hapten and acts as a class II restricted antigen,
stimulating local proliferation and accumulation in the lung
of beryllium-specific T cells. Following inhalation of beryl-
lium, large numbers of CD4+ lymphocytes accumulate in
the lungs. These helper T cells demonstrate a marked pro-
liferative response as a result of exposure to beryllium.
Beryllium not only has antigen-specific effects but also acts
in a nonspecific inflammatory manner to promote the cellu-
lar events leading to granuloma formation. It may induce
changes in lung permeability and the production of proin-
flammatory cytokines and growth factors that lead to granu-
loma formation and maintenance. As the disease progresses,
the granulomas become organized and eventually form
small, fibrous nodules; progressive impairment of pul-
monary function occurs [7].

Fibrogenic Reactions

Fibrotic processes affecting the lung and other tissues are
characterized by stimulation of fibroblast proliferation and
connective tissue deposition. Conventional therapy, consist-
ing of glucocorticoids or cytotoxic agents, is usually inef-
fective in blocking progression of disease.

Pneumoconiosis (Silicosis)

Pneumoconiosis is the general term for lung disease
caused by inhalation of mineral dust. Thus, silicosis is a
fibronodular lung disease caused by inhalation of dust 
containing crystalline silica (a-quartz or silicon dioxide),
which is distributed widely, or its polymorphs (tridymite or
cristobalite), which are distributed less widely. Workers with
potential for exposure are miners, sandblasters, foundry
workers, tunnel drillers, quarry workers, stone carvers,
ceramic workers, and silica flour production workers.

Although silicosis has been recognized for many cen-
turies, its prevalence increased markedly with the introduc-
tion of mechanized mining. In recent decades the high
prevalence has declined in developed countries because of
effective industrial hygiene measures. The disease is caused
by small particles (< 1mm) deposited distally in the respira-
tory bronchioles, alveolar ducts, and alveoli. The surface of
these particles generates silicon-based radicals that lead to
the production of hydroxyl and other oxygen radicals as
well as hydrogen peroxide. These oxygen free radicals dam-
age cell membranes by lipid peroxidation and inactivate
essential cell proteins.

Alveolar macrophages ingest the silica particles, become
activated, and release cytokines, including tumor necrosis
factor, interleukin-1, and leukotriene B4, as well as chemo-
tactic factors that recruit other inflammatory cells. The 
ensuing inflammation damages resident cells and the 
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extracellular matrix. Transforming growth factor–a induces
proliferation of type 2 pneumocytes and stimulates synthe-
sis of other cytokines (e.g., platelet-derived growth factor,
insulin-like growth factor) and activates fibroblasts to pro-
liferate and produce collagen; fibrosis results. Silica parti-
cles outlive the alveolar macrophages that ingest them,
thereby continuing the cycle of injury.

Exposure to silica can lead to one of three disease pat-
terns: (1) chronic simple silicosis, which usually follows
more than 10 years of exposure to respirable dust with less
than 30 percent quartz; (2) subacute or accelerated silicosis,
which generally follows shorter, heavier exposures (i.e., 2 to
5 years); and (3) acute silicosis, which is often seen follow-
ing intense exposure to fine dust of high silica content over
a several-month period.

There are few symptoms and signs attending chronic
simple silicosis. The diagnosis is usually made by chest
radiographs, which reveal small round opacities (less than
10mm in diameter) in both lungs, with a predilection for the
upper lung zones. If an adequate occupational history is
obtained from the patient along with a thorough review of
the chest radiographs, the diagnosis of silicosis should not
present any great difficulty. Pulmonary function tests in
patients with simple silicosis usually are normal, but a mild
obstructive impairment is occasionally found because of
chronic dust-induced bronchitis. With complicated silicosis
involving progressive fibrosis (nodules more than 10mm in
diameter), increasing dyspnea is noted, initially with exer-
tion and progressing to dyspnea at rest. Complicated chronic
silicosis is associated with reduced lung volumes, decreased
diffusing capacity, and hypoxemia with exercise.

There is an increased incidence of mycobacterial disease,
both typical and atypical, in silicosis. Fungal diseases (espe-
cially cryptococcosis, blastomycosis, and coccidioidomyco-
sis) are also seen with greater frequency. The mechanism by
which immune–inflammatory responses to inhaled silica
lead to the increased incidence of mycobacterial and fungal
infections is not clearly understood.

No treatment for silicosis is known, so management is
directed toward the prevention of progression and compli-
cations. Continued exposure should be avoided and surveil-
lance for tuberculosis should be instituted. In tuberculin
skin-test positive (more than 10mm induration) silicotic
workers, treatment of latent tuberculosis infection with iso-
niazid for 9 months is recommended. In acute silicosis, ther-
apeutic whole-lung lavage has been employed to physically
remove silica from the alveoli.

The prognosis for patients with chronic silicosis is good,
especially if they are removed from exposure. Mortality
remains high, however, in those who develop progressive
massive fibrosis (PMF) [8].

Asbestosis

Pulmonary fibrosis caused by asbestos inhalation is
called asbestosis. Asbestos is the name for the fibrous forms
of a group of mineral silicates including chrysolite, amosite,
anthophyllite, and crocidolite. The word asbestos is derived

from Greek and means “inextinguishable,” and asbestos is a
group of naturally occurring, heat-resistant fibrous silicates.
Asbestosis is another example of a pneumoconiosis caused
by inhalation and deposition of mineral dust.

Major occupational exposures occurred with asbestos
mining and milling, manufacture or installation of insulation
for ships or buildings, manufacture of friction materials for
brake linings and clutch facings, asbestos cement manufac-
ture, asbestos textile manufacture, and asbestos-containing
spray products for decorative, acoustical, and fireproofing
purposes.

Asbestosis refers to the diffuse interstitial pulmonary
fibrosis caused by inhalation of asbestos fibers. Many fac-
tors are believed to play a role in disease initiation and pro-
gression, including the type and size of fiber, the intensity
and duration of exposure, history of cigarette smoking, 
and individual susceptibility. A dose–response relationship
exists such that asbestosis is more common in workers with
a higher exposure level. Once asbestosis has begun, it may
progress irrespective of removal from continued exposure.
Finally, there is a considerable latency period (at least 10
years) between exposure and development of clinically
apparent disease.

The diagnosis of asbestosis is made by a thorough expo-
sure history, clinical examination, appropriate imaging 
studies and pulmonary function testing. The symptoms of
asbestosis are indistinguishable from any other gradually
progressive interstitial pulmonary fibrosing disorder, with
progressive dyspnea and nonproductive cough being the
most prominent. Bibasilar crackles with a “Velcro” quality
can be auscultated over the posterolateral chest in the mid 
to late phase of inspiration. The crackles of asbestosis are
unaffected by coughing.

Imaging studies that are helpful in the evaluation of
asbestos-exposed patients are the chest radiograph and high-
resolution CT scanning. The chest radiograph shows small,
irregular or linear opacities distributed throughout the lung
fields but more prominent in the lower zones, a pattern sim-
ilar to many other forms of interstitial lung disease. The
most useful radiographic finding is the presence of bilateral
pleural thickening, which does not commonly occur with
other diseases causing interstitial pulmonary fibrosis.
Diaphragmatic or pericardial calcification is almost a
pathognomonic sign of asbestos exposure. High-resolution
CT scanning is the most sensitive imaging method for
detecting early asbestosis.

Depending on the severity of disease, pulmonary func-
tion testing will show varying degrees of restrictive 
impairment. Because asbestosis begins as a peribronchiolar
process, reduced flow rates at low lung volumes, indicative
of small airways obstruction, may be seen.

There is no known treatment for asbestosis. Workers 
with the disease should be removed from further exposure,
because the risk that parenchymal scarring will progress
appears to increase with cumulative asbestos exposure. Any
other factors that may contribute to respiratory disease
should be reduced or eliminated. This is especially true of
cigarette smoking because there is some evidence that 
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it may contribute to the initiation and progression of
asbestosis.

Lung cancer, either squamous cell carcinoma or adeno-
carcinoma, is the most frequent cancer associated with
asbestos exposure. Epidemiological studies describe a sig-
nificant multiplicative effect that leads to a far greater risk of
lung cancer in persons who are cigarette smokers and have
asbestos exposure than would be expected from the additive
risk of each factor. Mesotheliomas, both pleural and peri-
toneal, are also associated with asbestos exposure. These
tumors do not appear associated with smoking.

The substitution of other fibrous materials for asbestos
and the institution of strict environmental controls where it
is still present have led to a dramatic reduction of occupa-
tional exposures to asbestos. Medical surveillance of cur-
rently exposed workers in the United States is required by
OSHA regulation [9].

Particle Problem and Its Multiple Mechanisms

Finally, there are the air fine particles often monitored in
many countries as PM10 (less than 10 m in aerodynamic
diameter). These consist of a mixture of particle compo-
nents, including traffic- and combustion-derived carbon-
centered ultrafine particles (less than 100nm in diameter),
secondary particles (nitrates and sulfates, wind-blown dust
of geological origin, potentially containing endotoxin), and
biological particles (e.g., spores, pollens) with their associ-
ated allergens.

Because of the complex nature of PM10, many studies
have used model components or surrogates such as ultrafine
carbon black, solutions of metals, or direct treatment with
endotoxins.

There is epidemiological evidence of an association of
PM10 levels with cardiovascular and respiratory mortality
and morbidity. The precise mechanisms underlying the car-
diovascular effects of PM10 remain uncertain. Current atten-
tion is particularly focused on ultrafine particles (diameter
larger than 0.05 to 0.10mm), which are highly reactive and
are present in large numbers in the urban environment.
Ultrafine particles can penetrate the epithelium and vascular
walls and enter the bloodstream and, in animal models, have
been reported to produce alterations in blood coagulability
and increased rates of cardiovascular disorders, as well as
increased carcinogenicity and potentiation of autoimmune
disorders.

Some other epidemiological studies have reported that
patients with asthma are adversely affected by PM pollution.
As with the cardiovascular effects, there seems to be no
threshold below which PM effects disappear.

There is also a considerable support for the importance of
metals in the proinflammatory effects of PM10. Transition
metals are known to redox-cycle by Fenton chemistry, gen-
erating hydroxyl radicals capable of inducing oxidative
stress and damage within biological systems.

Further studies in humans will no doubt help to elucidate
the relevant mechanisms of air fine particles, and experi-
mental use of defined mixtures will allow investigation of
their potential additive or synergistic properties [10].

Abbreviation

BAL: Bronchoalveolar lavage
FEV1: Forced expiratory volume at first second
HP: Hypersensitivity
PEF: Peak expiratory flow
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with complications such as pre-eclampsia and intrauterine
growth restriction (IUGR). Total body water (intracellular
and extracellular) also increases significantly during normal
pregnancy, accounting for 60 to 70 percent of the weight
gain after the first 20 weeks of pregnancy. The expansion 
in plasma volume is part of the generalized increase in all
compartments of total body water and results from fluid
retention rather than a shift within the extracellular fluid
compartments.

Mechanisms for Plasma Volume Changes in 
Normal Pregnancy

The precise mechanism(s) for plasma volume expansion
during pregnancy remain unexplained. Although 950mmol
of sodium is accumulated and distributed between the prod-
ucts of conception and maternal extracellular volumes in
pregnancy, neither changes in the maternal renal handling of
sodium nor changes in sodium intake during normal preg-
nancy correlate with changes in plasma volume. Other sug-
gested mechanisms for the increased plasma volume include
increased levels of antinatriuretic factors, such as mineralo-
corticoids (aldosterone and deoxycorticosterone), and ele-
vated natriuretic factors, such as oxytocin, prostacyclin, and
melanocyte stimulating hormone (MSH). Increased proges-
terone levels may contribute to antinatriuresis by increasing
deoxycorticosterone production via 21-hydroxylation.

Three theories, comprising vascular “underfill,” “normal-
fill,” and “overfill,” have also been postulated to explain
these observations. The “underfill” theory proposes that the
hypervolemia of normal pregnancy is a suboptimal response

Introduction

Profound maternal cardiovascular changes occur during
pregnancy in response to altered nutritional requirements,
added thermoregulatory needs and changes in the hormonal
environment. Since the essential functions of the cardio-
vascular system occur at the level of the microcirculation,
changes in microvascular parameters, such as vascular
remodeling in response to altered local demand, are likely 
to occur in normal pregnancy. Pathophysiological changes
are also likely to occur at the microvascular level in pre-
eclampsia. The primary objective of this chapter is to 
consider how changes in the forces that govern both
microvascular exchange and the microvascular endothelial
barrier contribute to the pathophysiology of the multisystem
disorder of pre-eclampsia. In the first part of the chapter, the
cardiovascular changes in normal pregnancy that influence
forces governing transvascular fluid movement and their
effects on microvascular exchange are discussed. Since
changes in microvascular permeability are likely to affect
plasma volume, a brief discussion of volume homeostasis in
pregnancy is included. Primary source references have been
provided.

Volume Homeostasis in Normal Pregnancy

During normal pregnancy, blood volume increases by 40
percent, and this increase correlates positively with infant
birth weight. The expansion starts in the first trimester,
reaches a peak at about 30 weeks gestation, and remains ele-
vated to term. Low maternal blood volume is associated

Copyright © 2006, Elsevier Science (USA).
889 All rights reserved.
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to the generalized vasodilatation of pregnancy. Evidence 
in support of this theory includes activation of the
renin–angiotensin system and data that adrenectomy and/or
sodium restriction are tolerated less well by pregnant rats
than by nonpregnant controls. These observations are sup-
ported by serial hemodynamic studies of both baboons and
women in early pregnancy. The normal-fill theory proposes
a continual resetting of volume sensing mechanisms as
pregnancy advances, so that the increases in volume are
sensed as normal. This theory is supported by evidence that
sodium and water excretion by the proximal nephron is
unaltered and in pregnancy, urine dilution appears to be nor-
mal during fluid overload. Furthermore, the sodium excre-
tory responses to saline infusion are similar in the normal
pregnant and nonpregnant states. The “overfill” theory, on
the other hand, considers the plasma volume expansion as
an epiphenomenon, secondary to factors such as the marked
increased in circulating mineralocorticoids. This explana-
tion is supported by the absolute increases in extracellular
water volumes, high levels of circulating natriuretic factors,
and/or inhibitors of the membrane pump increases in renal
hemodynamics and also by increased sodium excretion in
response to saline infusions.

Transcapillary Forces and Microvascular
Permeability in Normal Pregnancy

Edema is one of the features of normal pregnancy, affect-
ing up to 80 percent of all pregnant women. Whereas edema
formation could result from a disturbance of the Starling
forces that govern fluid exchange between vascular and
interstitial spaces, the lymphatic drainage, or changes in per-
meability of the microvascular endothelial barrier itself, the
precise mechanisms contributing to edema formation during
normal pregnancy remain unexplained. The higher inci-
dence of peripheral and pulmonary edema is suggestive that
microvascular permeability is increased in normal preg-
nancy. Venous occlusion plethysmography studies support
this concept, as do disappearance studies using Evan’s Blue
(a nontoxic dye that is firmly bound to plasma albumin). The
edema of pregnancy appears to be due to increases in all
extracellular fluid compartments, since the ratio of intravas-
cular to interstitial compartment remains unchanged.

Transcapillary Colloid Osmotic Gradient in 
Normal Pregnancy

In normal pregnancy, plasma albumin concentration
decreases from nonpregnant values to about 10g/L by 30
weeks of gestation, and then decreases more slowly toward
term. The reduced plasma albumin concentration (resulting
in a fall in plasma oncotic pressure) would be expected to
result in a loss of fluid from the intravascular to the intersti-
tial compartment. Such a change would be expected to result
in a fall in plasma volume, a rise in interstitial fluid volume

and a reduction in the interstitial oncotic pressure. In fact,
plasma volume increases during normal pregnancy and
interstitial fluid volume remains fairly constant until late
pregnancy, when edema usually becomes clinically evident.
Examination of transcapillary fluid balance during normal
pregnancy has shown evidence of a fall in plasma colloid
osmotic pressure from 23.2mmHg during the first trimester
to 21.2mmHg in the third trimester (a gradient of 2mmHg).
In these studies however, the interstitial oncotic pressure has
been shown to fall even more (4 to 5mmHg). The trans-
capillary colloid osmotic pressure difference was therefore
increased in spite of reduced plasma oncotic pressure. Thus,
it would seem that the reduced interstitial oncotic pressure
maintains the normal transcapillary oncotic pressure gradi-
ent, thus preserving the circulating blood volume and pro-
tecting against edema. Although the mechanism(s) for the
fall in interstitial oncotic pressure during normal pregnancy
remain unexplained, it could be due to upregulation of lym-
phatic flow stimulated by increased capillary pressure or
increased rate of transcapillary fluid flux. Increased lymph
flow removes filtered proteins from the interstitium, thereby
restoring a normal plasma/interstitial fluid protein concen-
tration gradient.

Plasma oncotic pressure has been shown to fall from 
22mmHg at the onset of labor to a nadir of 16mmHg at 6
hours after delivery. This is irrespective of the mode of
delivery or method of analgesia, although it does appear to
be exacerbated by use of excessive amounts of intravenous
crystalloids during labor and delivery. The value of plasma
oncotic pressure at the time of delivery is close to values at
which noncardiogenic pulmonary edema occurs, which is
13 to 16mmHg.

Hydrostatic Pressure Gradient in Normal Pregnancy

Capillary hydrostatic pressure, calculated from Starling’s
equation using values of plasma oncotic pressure, interstitial
oncotic pressure (wick method), and interstitial fluid hydro-
static pressure (wick-in needle technique), increases by
about 30 percent between the first and third trimesters. How-
ever, in these studies, no significant difference in interstitial
hydrostatic pressure was observed. According to Starling’s
equation, the combined effects of increased hydrostatic and
oncotic pressure gradients would increase net fluid filtration
into the interstitial compartment, thereby reducing intravas-
cular volume. In fact, plasma volume actually increases dur-
ing pregnancy, while the interstitial fluid volume remains
constant, until late pregnancy when edema is usually
observed.

The pulmonary vascular resistance, as well as the sys-
temic vascular resistance, also falls during normal preg-
nancy. Pulmonary wedge pressure is slightly reduced from
nonpregnant values, in spite of an increased cardiac output.
Pulsed Doppler pulmonary blood velocities have been used
to calculate pulmonary artery pressure. The results indicated
that pulmonary pressure falls from 2.8 resistance units
before pregnancy to 2.7 resistance units at 8 weeks of gesta-
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tion. It then remains unchanged for the rest of the pregnancy,
returning to nonpregnant values by 6 months after delivery.

Given the fact that plasma oncotic pressure at the time of
delivery falls close to values at which noncardiogenic pul-
monary edema occurs (i.e., 13 to 16mmHg), it is perhaps
surprising that the modern management of labor, with lib-
eral use of crystalloid intravenous fluids, does not result in
pulmonary edema more frequently.

Microvascular Permeability in Pre-eclampsia

Pre-eclampsia is a multisystem disorder of the second
half of pregnancy, characterized by hypertension and pro-
teinuria. Although the primary pathology remains unex-
plained, it appears that abnormal implantation and placental
ischemia may be the basis of the disease. The mechanisms
by which reduced placental perfusion translates into pro-
found alterations of maternal physiology are still unclear.
There is functional, morphological, and biochemical evi-
dence that generalized endothelial dysfunction underlies the
clinical manifestations of the disease. Clinical features of
the disease, such as edema, proteinuria, and reduced plasma
volume, suggest that increased microvascular permeability
may play a role in the pathophysiology and the resulting
complications of the disease. For example, plasma volume,
which is less than normal in pre-eclampsia, correlates posi-
tively with birth weight and inversely with disease severity.
Edema affecting organs such as the brain, eyes, and lungs
increases the morbidity and mortality associated with the
disease. The risk of pulmonary edema is significantly
greater in pre-eclampsia compared to normal pregnancy and
is a major cause of death from the disease.

The reduced plasma volume seen in pre-eclampsia is due
to an altered distribution of total extracellular fluid volume
(ECFV). Although total ECFV remains unaltered in preg-
nancies complicated by the disease, redistribution of plasma
volume into the interstitial space as a result of increased
microvascular permeability occurs, as evidenced by the
reduction in the ratio of intravascular to interstitial fluid vol-
umes. Studies of Evans Blue dye disappearance have shown
increased microvascular permeability to proteins in preg-
nancies complicated by pre-eclampsia. The albumin-bound
Evans Blue dye disappears faster from the intravascular
compartment of women with pre-eclampsia compared to
normal pregnant controls. Moreover, the change correlates
significantly with the degree of proteinuria and with the
level of edema. Since the dye is firmly bound to albumin, the
increased permeability implies a reduction in the value of
the osmotic reflection coefficient (s), thereby reducing the
effective oncotic pressure generated by the plasma proteins.

However, it should be noted that the results of different
ways of examining this phenomenon do not give consistent
results. For example, although increased microvascular 
permeability in pre-eclampsia is observed using the Evans
Blue dye redistribution technique (confirmed by various
investigators), other workers failed to demonstrate any 

correlation between permeability measured with different
methodologies and the degree of proteinuria. Furthermore,
there is a poor correlation between plasma volume and
microvascular permeability. These results suggest that other
components of the Starling equation that govern the move-
ment of fluid across the microvascular interface may also
play a role in the observed plasma volume reduction in pre-
eclampsia. It should be noted that the oncotic pressure meas-
ured in vitro, where the value of (s) for the examining
membrane is 1.0, might differ from the effective (in vivo)
oncotic pressure at the microvascular interface, which is
influenced by pathophysiological and physicochemical
changes at the endothelial interface.

Oncotic Pressure Gradient in Pre-eclampsia

It has been shown that compared to normal pregnancy,
plasma albumin concentration and oncotic pressures are
reduced by 6 percent and 27 percent in moderate and severe
pre-eclampsia, respectively. In moderate pre-eclampsia the
reduction in plasma oncotic pressure is compensated for by
a similar reduction in interstitial oncotic pressure, so that
oncotic pressure gradient and therefore plasma volume
remain unchanged. The reduction in interstitial fluid oncotic
pressure may be due interstitial protein washout, attributable
to increased lymphatic protein transport and/or dilution of
preexisting interstitial protein by the increased microvascu-
lar filtration of protein-poor fluid. In contrast, in severe 
pre-eclampsia, the interstitial oncotic pressure increases so
that the transcapillary oncotic pressure gradient falls. This
increase in interstitial oncotic pressure could be due to
reduced capillary pressure (secondary to raised precapillary
resistance, for instance), increased microvascular perme-
ability to plasma proteins, or reduced lymphatic flow. It has
been noted that interstitial oncotic pressure appears to cor-
relate with the degree of hypertension and the level of 
proteinuria, as well as with peripheral edema, suggesting
that increased microvascular permeability to proteins 
may be a major contributor to the increase. This may explain
the reduced plasma volume and hemoconcentration often
observed in severe pre-eclampsia.

Hydrostatic Pressure Gradient in Pre-eclampsia

Interstitial hydrostatic pressure increases in pre-
eclampsia, and this may be due to raised interstitial fluid
volume as a result of increased microvascular filtration,
which is not adequately compensated by increased lymph
flow. However, the reported increase in hydrostatic pressure
is small and may be attributable to high interstitial tissue
compliance. Capillary hydrostatic pressure calculated from
other components of the Starling equation increases by 30
percent between the first and third trimester in normal preg-
nancy, but decreases by 40 percent during the same period
in pre-eclampsia. Since capillary pressure is dependent on
the values of pre- and postcapillary resistance, the low val-
ues may be due to increased precapillary tone from the 
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generalized vasospasm in pregnancies complicated by the
disease. However, intravascular pressures at the microvas-
cular interface may be influenced by postcapillary patho-
physiological changes.

Endothelial Barrier Function in Pre-eclampsia

Although changes in the oncotic and hydrostatic pressure
gradients do occur in pre-eclampsia compared to normal
pregnancy, they do not appear adequately to explain the
increased fluid flux observed in pregnancies complicated by
the disease. Whereas increased microvascular filtration
capacity resulting from the generalized endothelial dys-
function of pre-eclampsia may account for the enhanced
microvascular permeability, the precise local mechanism(s)
remain unexplained. Such mechanisms may include 
redistribution of endothelial junctional proteins, as well 
as the effects of circulating permeability factor(s), several 
of which are elevated in pregnancies complicated by the
condition.

Endothelial Junctional Proteins in Pre-eclampsia

There is evidence that the endothelial cell dysfunction
known to occur in pre-eclampsia results in redistribution of
the endothelial cell junctional proteins: VE-cadherin and
occludin. VE-cadherin is an endothelium-specific cadherin
that regulates junction organization in endothelial cells and
is selectively expressed in all types of endothelial cells. 
It plays an important role in the organization of lateral
endothelial junctions, and its expression is required for 
the maintenance of normal endothelial barrier function.
Occludin is a transmembrane glycoprotein that is found in
tight junctions and has a dual role in terms of barrier func-
tion. Tight junctions create the primary barriers to solute dif-
fusion through paracellular pathways. They also serve as a
barrier between apicolateral and basolateral plasma mem-
brane domains, maintaining cell polarity. VE-cadherin and
occluding junctional protein organizations and the perme-
ability of endothelial cell monolayers isolated from human
umbilical vein endothelial cells (HUVECs) from both nor-
mal pregnant and pre-eclamptic pregnancies have been
compared using electron microscopy.

In pre-eclampsia, junctional proteins are disorganized,
and in addition, the permeability of the endothelial mono-
layer is significantly increased. Furthermore, significant 
correlation has been observed between the monolayer 
permeability and junctional protein redistribution. Although
the data provided an insight into the molecular basis for
increased microvascular permeability, the HUVEC samples
used in this study were of fetal origin and may differ func-
tionally from maternal endothelial cells. Thus, although
interesting, the observations may not reflect maternal
endothelial barrier function.

Circulating Permeability Factors in Pre-eclampsia

The altered junctional protein expression associated 
with increased microvascular permeability appears to be a

consequence of some pathophysiological events that affect
endothelial function rather than an inherent endothelial cell
defect. Although the main reason for this is given as the
reversibility of the adverse changes, it should be remem-
bered that endothelial cells have a slow but significant rate
of turnover, so that the “recovery” might reflect cell replace-
ment. Pathological features of pre-eclampsia such as oxida-
tive stress, neutrophil activation, and the release of
inflammatory cytokines could be responsible for initiating
the endothelial barrier dysfunction associated with pregnan-
cies complicated by the disease.

There is evidence that sera from women with pre-
eclampsia rather that normal pregnancy increase the perme-
ability of HUVEC monolayers. This suggests that there may
be a factor or factors present in the maternal circulation that
are responsible for the increased microvascular permeability
in pregnancies complicated by the disease. Maternal circu-
lating factors that are elevated in pre-eclampsia and may
affect microvascular permeability include vascular endothe-
lial growth factor (VEGF), angiopoietins, leptin, proinflam-
matory cytokines such as tumor necrosis factor-a (TNF-a),
and, more recently, neurokinin B. The possible mecha-
nism(s) of action of these circulating factors on microvascu-
lar permeability are discussed next.

VEGF AND ANGIOPOIETIN-1
VEGF is a 43- to 46-kDa glycoprotein that serves as a

key factor in the maintenance of a confluent, normally func-
tioning vascular endothelium. Physiological levels of VEGF
in the serum are pivotal for maintaining vascular endothelial
cell homeostasis. VEGF is one of the most potent micro-
vascular permeability inducing agents known. Circulating
levels are elevated in pre-eclampsia, and this appears to 
be related to tissue hypoxia associated with the disease.
Angiopoietins are vascular endothelial cell-specific growth
factors that play an important role, principally during the
last stages of the angiogenesis occurring after the induction
of new capillaries by VEGF. There is evidence that over-
expression of angiopoietin-1 (Ang-1) results in nonleaky
vessels by inhibiting the effects of VEGF. Although com-
bined overexpression of VEGF and Ang-1 has been shown
to have an additive effect on new vessel formation, 
this combination results in leak-resistant vessels typical of
Ang-1. Furthermore, Ang-1 suppresses VEGF-induced
expression of cell adhesion.

Although the role of VEGF in microvascular permeabil-
ity in the nonpregnant state is well established, its role in
microvascular permeability in pregnancies complicated by
pre-eclampsia remains to be established. Using scanning
electron microscopy, it has been shown that incubation of
subcutaneous arteries from women with pre-eclampsia with
VEGF increases vascular permeability with disorganization
of the vascular endothelium and development of intercellu-
lar gaps. In the same study, Ang-1 was shown to reverse the
VEGF-induced increase in permeability as well as the
development of gap junctions. These observations certainly
support the notion that Ang-1 can act as antipermeability
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factor. However, in a clinical study using venous occlusion
plethysmography to measure microvascular filtration capac-
ity as an index of permeability, no correlation was observed
between microvascular permeability and plasma concentra-
tions of VEGF. It is therefore possible that the effect of
increased VEGF on vascular permeability is suppressed by
the presence of other circulating factor(s), such as Ang-1, in
pregnancies complicated by pre-eclampsia.

TUMOR NECROSIS FACTOR-a (TNF-a)
TNF-a is a proinflammatory cytokine and is associated

with increased microvascular permeability, for example in
sepsis. It appears to do this in studies of nonpregnant women
by increasing the permeability coefficient (Lp) of venular
endothelial cells. Plasma levels of TNF-a are significantly
increased in pre-eclampsia and may play a role in the patho-
physiology of the disease. TNF-a released by the ischemic
placenta may provide the link between abnormal placenta-
tion and maternal endothelial dysfunction. It has also been
postulated that the effects of TNF-a may be mediated by
oxidative stress. Thus, it would appear that upregulation of
TNF-a in pre-eclampsia might provide a mechanism for the
increased microvascular permeability seen in this disease.
There is indeed evidence of a positive correlation between
plasma TNF-a concentrations and microvascular permeabil-
ity in pre-eclamptic patients, although not in pregnant 
controls.

LEPTIN

Leptin, a protein product of the obesity gene, plays an
important role in regulation of body weight in the nonpreg-
nant state through its receptors in the satiety center of the
hypothalamus. Endothelial cells also express leptin recep-
tors. Their activation induces angiogenesis and increases
microvascular permeability. It has been suggested that the
increased circulating leptin found during pregnancy is of
placental origin. Although the functions of leptin in the pla-
centa are not known, in addition to its angiogenic effect it
has been suggested that may help to increase the exchange
of small molecules between the maternal circulation and 
the fetus by enhancing convective mechanisms and by the
induction and maintenance of increased vascular permeabil-
ity. Placental expression and circulating levels of leptin are
significantly increased in pregnancies complicated by pre-
eclampsia. Structurally, leptin has been shown to resemble
class I cytokines. Moreover, it may regulate placental
cytokine production during pregnancy itself.

NEUROKININ B
Neurokinin B is a decapeptide of the tachykinin family, a

group of neuropeptides that include substance P, a well-
established proinflammatory neuropeptide and a potent
mediator of increased microvascular permeability. There is
evidence that neurokinin B is a potent stimulator of plasma
extravasation through two distinct pathways: via activation
of NK1 receptors, and via a neurokinin-independent path-
way. The human placenta expresses neurokinin B, and

plasma concentrations are significantly elevated in pregnan-
cies complicated by pre-eclampsia. It has been suggested
that elevated levels may explain edema formation in pre-
eclampsia in a manner similar to its effect in causing plasma
extravasation in animal studies. Although neurokinin B may
provide the candidate permeability factor in pre-eclampsia,
edema is not specific to pre-eclampsia and occurs in up to 80
percent of pregnant women.

Future Research

Microvascular endothelial cells form the semipermeable
wall of capillaries and venules that are essential for regulat-
ing blood–tissue exchange. Although clinical studies sug-
gest that increased transvascular flux of fluid and proteins 
in pre-eclampsia might be due to endothelial barrier failure
in pre-eclampsia, the molecular mechanisms underlying 
the pathological regulation of microvascular endothelium
remain to be investigated. Transendothelial movement of
fluid and solutes is a dynamic process regulated by a com-
plex interaction between signaling molecules and structural
elements comprising the cell cytoskeleton, cell–cell adher-
ence, and cell matrix attachment. Further work is required to
unravel the intracellular signaling pathways that mediate
increased permeability and the molecular events that alter
the endothelial barrier structure. There is convincing evi-
dence that pre-eclampsia is an exaggerated inflammatory
state, and, as indicated earlier in the chapter, clinical studies
have shown a significant correlation between microvascular
permeability and levels of TNF-a. Further research is
required to investigate the specific intracellular pathways by
which inflammatory mediators increase microvascular per-
meability, particularly the roles of phospholipase C, cyto-
solic calcium, protein kinase C, nitric oxide synthase, and
guanylate cyclase. More work is also required on how the
permeability-inducing signals result in the formation of
intercellular gaps through disorganization of junctional pro-
teins and focal adhesion phosphorylation and redistribution,
if we are to fully understand the mechanism of enhanced
microvascular permeability in pre-eclampsia.

Summary

Microvascular permeability is increased in pre-eclampsia
and may well play an important role in the pathophysiology
of the disease. Abnormal transvascular flux of fluid and pro-
teins resulting in tissue edema and dysfunction accounts for
some of the clinical manifestations and complications of the
disease. Although changes in oncotic pressure gradient
resulting from a failure of the interstitial edema preventing
mechanisms may contribute to the tissue edema in pre-
eclampsia, it is likely that loss of endothelial barrier function
due to generalized endothelial dysfunction plays a role in
the significantly increased transvascular fluid flux. It is
apparent that factor(s) present in the maternal circulation,
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such as cytokines and growth factors, as well as oxidants
released from activated neutrophils, may play a role in the
loss of endothelial barrier function in pregnancies com-
plicated by the disease. However, the mechanism(s) of
increased microvascular permeability remain unexplained.

Glossary

Filtration capacity: An index of microvascular permeability; reflects
the product of the area available for fluid filtration and the permeability per
unit surface area.

Osmotic reflection coefficient (s): An index of the microvascular per-
meability to plasma proteins. s =1.0 means the microvascular surface inter-
face is wholly impermeable to the plasma protein under consideration, a
situation rarely encountered in vivo. Values less than 1 imply less complete
rejection of the solute

Pre-eclampsia: A hypertensive disorder of pregnancy diagnosed as
hypertension (BP of 140/90 or higher) and proteinuria (24 hours urine pro-
tein of 0.3 g/L or higher) occurring for the first time after 20 weeks gesta-
tion, and reversal of both after delivery.
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ings, topical and systemic antibiotics, moist environment,
surgical revascularization, nutritional supplementation, skin
grafts, tissue flaps, and tissue engineering products. These
options have allowed many wounds to heal without the need
to resort to amputations or radical reconstructions. Yet many
chronic wounds persist, especially among diabetics, in areas
of prior irradiation, as well as in areas under constant pres-
sure or venous congestion.

In the past two decades, the mechanisms of normal
wound healing have slowly been elucidated. The purpose of
this chapter is to review our current understanding of wound
healing biology and to provide a basis for devising new
treatments, especially those involving the application of
growth factors to poorly healing wounds.

Wound Healing Cascade

The creation of an acute wound initiates an overlapping
sequence of events involving specific cells, chemokines, 
and cytokines directed at limiting the initial damage and
restoring tissue integrity. The four classical phases of this
process are coagulation, inflammation, proliferation, and
maturation [1].

In the coagulation phase, traumatically exposed collagen
IV and V initiate the coagulation cascade, which begins with
platelet aggregation and plugging. Within seconds to min-
utes, the formation of a fibrin scaffold traps red blood 
cells and provides a lattice framework for endothelial cells,

Introduction

The healing of chronic wounds is a major health prob-
lem. Through studying the normal healing of acute wounds
and the use of impaired wound healing models such as the
genetically diabetic mouse, we have dissected the cell types
and growth factors that are involved in this complex and
collaborative process. This review discusses the classical
phases of wound healing and the signals important for cell
recruitment and proliferation, epithelialization, and angio-
genesis. The complexity of this process is highlighted by
numerous clinical trials performed to translate these growth
factors into clinical use but only one currently approved
drug recombinant human platelet derived growth factor-bb.
There is a desperate need for therapies that are both effica-
cious and cost-effective.

Unlike amphibians, humans lack tissue regenerative abil-
ities and generally respond to injury through scarring and
contraction. Some exceptions, such as regeneration of liver
tissue after partial hepatectomy, suggest that the capacity for
regeneration exists. The skin also has the potential for repair
and regeneration. In fact, wounds in the second trimester not
only heal in utero with minimal scarring, but also achieve
the strength of unwounded skin. Yet, in adults, chronic non-
healing wounds are becoming a major problem, one made
worse by our growing elderly population and a dramatic rise
in the incidence of diabetes.

A wide variety of treatments for chronic wounds exist.
These include surgical and enzymatic debridements, dress-

Copyright © 2006, Elsevier Science (USA).
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inflammatory cells, and fibroblasts to operate during wound
healing.

This is followed by the inflammatory phase when acti-
vated platelets and endothelial cells release mediators that
increase vascular permeability and recruit inflammatory
cells such as neutrophils and, subsequently, macrophages
and fibroblasts. The resulting inflammatory infiltrate clears
the wound of contaminating debris and bacteria. Over the
following 2 to 3 days, neutrophils are replaced by macro-
phages and mononuclear phagocytic cells. Aside from their
phagocytic abilities, macrophages provide more than 30 
different growth factors and cytokines that stimulate angio-
genesis and extracellular matrix production.

The proliferative phase of wound healing is characterized
by the replacement of the provisional fibrin matrix, estab-
lished during the initial clot formation, with collagen and
proteoglycans. Activated monocytes and platelets synthe-
size platelet-derived growth factor (PDGF) and trans-
forming growth factor-b (TGF-b) to stimulate fibroblast
proliferation and collagen synthesis. Type III collagen 
initially predominates but is gradually replaced by type 
I collagen as the wound matures. Endothelial cells also 
proliferate to form new capillaries to deliver the necessary
oxygen and nutrients for wound repair.

During wound maturation, the final phase of wound heal-
ing, random collagen fibrils are replaced by organized fibrils
with increasing numbers of intermolecular bonds. During
the first 6 weeks, wound strength increases rapidly but then
gradually levels off in an asymptotic fashion. Although
healed wounds never achieve the strength or degree of col-
lagen organization found in normal tissue, they do eventu-
ally reach 70 percent of the strength of nonwounded skin.

Growth Factors in Wound Healing

Cutaneous wound healing is an orchestra of cell division,
cell migration, and the production and degradation of extra-
cellular matrix. For each stage of the process, large number
of growth factors act as triggers, modulators, and termina-
tors. Our basic understanding of wound healing comes 
from pathological descriptions of cellular migration and the
appearance and disappearance of various types of extracel-
lular matrices. More recently, the increasing availability 
of knockout animals and specific protein antagonists has
allowed the elucidation of critical elements in the healing of
cutaneous wounds.

PDGF was the first factor described to have an effect on
wound healing. It induces neutrophil chemotaxis, fibroblast
proliferation, and extracellular matrix production. Released
in large quantities by platelets within the wound, it has been
shown to be absent during the dysfunctional healing of dia-
betic wounds. Preclinical studies using PDGF on wounds
have been mixed, but on average encouraging [2]. PDGF-
treated wounds have shown a consistent increase in granu-
lation tissue formation. Its effects on epithelialization and
wound contraction have, however, been variable and some-

times nonreproducible. In a guinea pig partial thickness skin
wound model, the application of PDGF showed no effects
on either epithelialization or contraction. However, there
was a greater amount of granulation tissue compared to
vehicle alone. Similar results were obtained using a pig full-
thickness skin wound model. Only in rabbit ear and diabetic
mice wound models did PDGF increase the amount of gran-
ulation tissue as well as the extent of epithelialization.
PDGF was found to have a dramatic effect in enhancing
wound closure as well as the amount of fibroblasts and cap-
illaries in the wound. The combination of these studies led
to the testing of PDGF in a series of clinical trials, which
ultimately resulted in its approval by the U.S. Food and
Drug Administration (FDA) for the treatment of chronic
neuropathic ulcers in diabetic patients. In addition to PDGF,
platelets also produce many other growth factors (Table I).
Many of them have also been tested in the context of wound
healing.

Despite the seemingly central role that platelets and their
reservoir of growth factors play in wound healing, the addi-
tion of a neutralizing anti-platelet antibody to mice has sur-
prisingly led to no change in the wound healing rates, but
significantly increased the number of macrophages and T
cells present in the wound [3]. This is just a reminder that
our understanding of wound healing is still rudimentary and
much work still needs to be done.

Wound Reepithelialization

Rapid wound epithelialization, the migration of ker-
atinocytes to seal an open wound, is considered by many to
be a good predictor of successful wound healing. A fully
epithelialized wound is more likely to heal. Keratinocytes
begin this process by invading the provisional clot made of
fibrin and fibronectin. Plasmin is upregulated soon after
wounding, presumably for breaking down the fibrin clot.
Indeed, plasminogen knockout mice demonstrate signifi-
cantly diminished wound reepithelialization [4]. Other
degradation enzymes, such as matrix metalloproteinase
(MMP)-1, -9, and -10, are also upregulated around wound
edges. Analysis of chronic wound fluid revealed high levels

Table I Table of Platelet-Derived Factors
and Their Presumed Role in Wound Healing.

Growth factor Effects

PDGF Neutrophil chemotaxis, fibroblast proliferation,
extracellular matrix production

EGF Keratinocyte proliferation and migration

TGF-b Fibroblast chemotaxis, angiogenesis, extracellular
matrix production

Basic FGF Angiogenesis

Acidic FGF Angiogenesis

PF-4 Antiangiogenic
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of proteolytic activity from MMPs, suggesting that their
overexpression retards wound healing. In normal wound
healing, epithelial cells stretch and divide to cover a
denuded wound surface with a single layer of cells. Once a
single epithelial cell layer has been established, in a process
inhibited through integrin signaling and contact inhibition,
keratinocyte proliferation ceases.

Fibronectin, which binds fibrin, is a potent stimulus of
keratinocyte migration. The a-3, b-1 integrin fibronectin
receptor is upregulated in keratinocytes after wounding,
suggesting that it is important in keratinocyte migration. The
fragment of fibronectin that binds to keratinocytes has been
found in large quantities in wounds and has been shown to
stimulate monocyte and fibroblast chemotaxis through the
dermis [5]. Indeed, it appears that the invasive/migratory
phenotype expressed by epithelial cells and fibroblasts after
wounding may be the result of interactions between this sol-
uble fibronectin fragment and a-3, b-1 integrin signaling.
Topical application to this fragment has been shown to
accelerate wound healing in diabetic obese mice.

Epidermal growth factor (EGF), transforming growth
factor-a, and heparin binding-EGF are all part of the EGF
superfamily and have been considered key regulators of ker-
atinocyte proliferation. All three of these factors are released
in abundance at the site of injury. Application of the first two
to burnt pig skin hastens the reepithelization process. Other
stimulants of epithelialization include keratinocyte growth
factor (KGF), which is upregulated one-hundredfold in 
normal wound margins but significantly less in those of dia-
betic wounds and steroid-treated wounds. Surprisingly,
however, KGF knockout mice do not exhibit delayed reep-
ithelialization. This is thought to be secondary to redun-
dancy since mice with the dominant mutant KGF receptor
demonstrate significantly delayed wound healing. Applica-
tion of exogenous KGF also has rate-enhancing effects with
increased expression of tissue type plasminogen activator
and MMP-10. Furthermore, transplantation of both normal 
and transgenic keratinocytes into full-thickness wounds has
improved wound healing.

Surgeons have long known that a key factor in wound
healing is excellent tissue perfusion. Vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), and
TGF-b are the critical factors involved in wound angiogen-
esis. VEGF is expressed at low levels in normal skin but
highly upregulated in keratinocytes during wound healing.
Angiogenesis appears to be tied to matrix deposition and
granulation tissue formation. Application of a neutralizing
anti-VEGF antibody to a wound is associated with
decreased wound angiogenesis. Conversely, application of
topical VEGF increases wound angiogenesis, granulation
tissue formation, and wound closure rates [6]. Diabetic
wounds are found to have decreased levels of VEGF expres-
sion, but demonstrate very high levels of angiopoetin-2, an
antiangiogenic protein. Although angiopoetin-2 production
in wounds is not unusual during specific phases of wound
healing when vessel growth requires destabilizing preexist-
ing vessels, such high levels are not usually seen. The

impaired angiogenesis observed in diabetic mice is thought
mainly to be due to free radical mediated lipid peroxidation,
dysfunctional keratinocytes, and a resultant decreased endo-
thelial cell VEGF production.

TGF-b is a multipurpose growth factor expressed ubiqui-
tously during wound healing, but its major roles are the
stimulation of endothelial cell migration and matrix deposi-
tion. There are several different TGF-b isoforms, but 
they interestingly all bind to the same receptor. TGF-b1 
is expressed early on in wound healing, whereas TGF-b3 
is expressed late. TGF-b3 has also been shown to decrease
scarring. Despite the expectedly decreased matrix deposi-
tion in TGF-b-receptor 1 deficient animals, increased wound
angiogenesis is observed. This apparent paradox highlights
the apparently contradictory effects of TGF-b in a wound
and in culture. TGF-b inhibits angiogenesis in vitro,
whereas the opposite occurs in vivo.

Wound Healing and the Immune System

Thought initially to be the hallmark of the inflammatory
phase, a large cellular infiltrate is now known not to be ben-
eficial to the rate of wound closure. Neutrophil-depleted
mice demonstrate markedly faster wound closures than their
wild-type counterparts. Also, mice deficient in the tumor
necrosis factor receptor p55 have a reduced leukocyte 
infiltration and improved wound closure. Mice deficient in
TGF-b signaling protein SMAD3 have reduced monocytic
infiltration, reduced matrix, and an increased rate of wound
closure [7]. Similarly, estrogen has shown positive effects
on cutaneous wound healing by downregulating the macro-
phage migration inhibitory factor (MIF) and decreasing
inflammation. MIF knockout animals also have fast wound
closure, decreased inflammatory cell infiltrate, and in-
creased matrix deposition. All these studies indicate that
reduced cellular infiltration is associated with a faster
wound healing phenotype. It is, however, important to deter-
mine whether faster healing is necessarily better healing, as
the hastily healed wound of SMAD3-deficient animals
might lack resilience to breaking forces.

Whereas a large neutrophilic infiltrate adversely affects
wound closure rates, other cell types are also important in
positively or negatively modifying the wound-healing
process. g-d T cells are a subset of the T-cell population.
Unlike the majority of the T-cells, which are of an a-b sub-
type and involved in cellular and humoral immunity, these
cells reside mostly in epithelial tissue. Previously thought to
be unimportant, they are now known to proliferate in
response to injury. When stimulated, they produce FGF-7
and KGF-2 (FGF-10). Animals deficient in g-d T-cells
exhibit delayed wound closure, which can be rescued with
the application of either g-d T cells or KGF [8]. Thus, this T-
cell subtype and its products serve to enhance wound clo-
sure. The results of similar studies in T-cell deficient nude
mice are less clear. Wound strength was increased in the first
2 weeks post injury, but decreased below that of wild-type
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Table II Summary of All Clinical Trials Pertaining to the Use of Growth Factors in Wound Healing.

Druga Year Type No. Outcome

For chronic diabetic neuropathic ulcers
PDGF-bb — III 250 No difference between good ulcer care alone and 100 mg/g PDGF

PDGF-bb — III 172 Worse healing in PDGF group in comparison to good ulcer care alone

PDGF-bb — III 382 Improved healing only in high-dose 100 mg/g group

PDGF-bb 1996 III 118 Improved healing in PDGF 30 mg/g group

FGF 1995 II 17 No difference

For chronic nonhealing venous ulcers
rhKGF-2 2001 II 94 More patients achieve 75% wound closure in KGF-2 treated group

Epithelial cultures 2002 I 11 7 patients healed, 4 did not

PR 2000 II 86 No difference after biweekly prescription for 9 months

PR 1999 II 15 No significant difference

GM-CSF 1999 I 38 Complete healing seen in 90.4% of patients without recurrence

GM-CSF 1999 II 60 Improvement of number of animals with complete healing by 13 weeks

EGF 1992 II 35 Improvement in rate of complete healing

For chronic pressure ulcers
TGF-b3 2001 II 270 High dose (2.5 mg/cm2) TGF-b3 healed faster on fourth visit but no difference at

the end

GM-CSF and/or FGF 2000 II — FGF alone achieved the fast rate of wound closure

PDGF-bb 1999 II 124 Significant increase in wounds achieving > 90% healing

PDGF-bb 1994 II 41 Effective in decreasing wound area after 28 days

PDGF-bb 1992 I/II 20 Significant improvement in closure

For miscellaneous wounds
PDGF-bb 2002 II 21 Abdominal wound separation Decreased in time to complete healing

GM-CSF 2002 I 5 Chronic leg ulcers Appears effective

GH 2002 II 24 Donor site healing in burned No improvement in donor site healing time
adults

Bovine basic 2000 II 1024 Burn wounds, donor sites, Treatment arm (bFGF) improved wound 
FGF and chronic dermal ulcers closure with superficial second best

PDGF-bb 2001 Ia 7 4-mm full-thickness punch Daily PDGF treatment significantly 
biopsy improved closure rate

PDGF-bb 2000 I 134 Chronic lower extremity 57.5% achieved complete healing in 20 
diabetic ulcers weeks with 21% recurrence

GM-CSF 1998 I 29 Chronic refractory wounds One third healed completely in 6 weeks and
another 11 decreased in size by 50%

GM-CSF 1998 Ia 10 5-mm punch wound Did not show improvement in healing time

GM-CSF 1997 II 16 Chronic leg ulcers Nonsignificant difference

EGF 1995 Ia 17 Bilateral split-thickness skin No difference
graft donor site

PR 1993 I — Chronic nonhealing wounds Wounds of > 75 weeks old reepithelialized
in 10 weeks posttreatment

PR 1992 II 13 Chronic diabetic foot ulcers Results in much faster healing than control
> 8 weeks

GM-CSF 1992 II 35 Leprosy wounds Rapid filling of treated wounds

PR 1991 II 18 Nonhealing lower extremity No improvement in healing rate
wounds

EGF 1991 II 9 Chronic wounds > 12 m All wounds heal in 34 days

PR 1990 II 32 Chronic nonhealing wounds Significantly more wounds in intervention 
wound achieving epithelialization

EGF 1989 Ia 12 Donor sites Improvement in epithelialization by 1–1.5
days on average

a Abbreviations: PDGF-bb, platelet-derived growth factor-bb; FGF, fibroblast growth factor; rhKGF-2, recombinant human keratinocyte growth factor;
PR, platelet releasates; GM-CSF, granulocyte/macrophage colony stimulating factor; EGF, epidermal growth factor; TGF-b3, transforming growth factor
b3; GH, growth hormone.
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mice after 6 weeks, indicating that T cells can have both a
stimulatory and inhibitory effect.

Clinical Trials in Wound Healing Using 
Growth Factors

Currently, PDGF is the only growth factor approved by
the FDA for clinical use in the treatment of chronic wounds.
This undertaking, however, took pooled data from four
Phase III clinical studies treating neuropathic ulcers in
almost 1,000 diabetic patients [9]. The variability seen in the
four studies underlines the difficulty in performing wound
healing clinical trials. With all the trials taken together,
PDGF gave a modest 10 percent increase in the overall rate
of complete wound healing. Other ulcers that could poten-
tially benefit from its use include chronic pressure ulcers
that showed promise among three Phase II trials totaling 175
patients. However, Phase III studies led to no improvement.

Even though only one growth factor has been approved
clinically for chronic wounds, many studies on growth fac-
tors have been done. A summary of clinical trials performed
categorized by indication is given in Table II. Many drugs
show early promise in Phase I studies but fail to show effi-
cacy in blinded studies performed in multiple institutions.
Alternatively, the improvement in healing is so slight that it
does not achieve clinical or statistical significance. Such
small differences in healing rates would not justify the
expense needed for the production of the drug. Difficulty in
these trials also can be attributed to confounders such as
small size (many trials contain fewer than 20 patients),
patient noncompliance (i.e., pressure sores), and rapid
degradation of the growth factors.

Granulocyte/macrophage-colony stimulating factor
(GM-CSF) is a growth factor that has shown early clinical
promise in the treatment of chronic nonhealing venous
ulcers in numerous phase I and phase II studies. Similarly,
recombinant keratinocyte growth factor (KGF) has shown
success in a Phase II study involving 94 patients with
chronic venous ulcers. In the treated group, more patients
achieved 75 percent wound closure than in the placebo
group. The next few years will tell whether their efficacy
persists in Phase III studies.

Future Directions: Involvement of the 
Nervous System

Whereas significant wound healing research in the past
has focused on the role of circulating humoral growth fac-
tors, evidence now points to the nervous system as being
central in cutaneous healing. It first came from observations
that poorly innervated areas of the body are more resistant
to wound healing. Diabetic patients, with associated periph-
eral neuropathies, suffer from poorly healing extremities.
They are 15 to 20 times more likely to undergo amputations

than their nonneuropathic diabetic counterparts. Although
there could be many contributory factors, impaired healing
in diabetic wounds has been postulated to be a result of 
their reduced levels of substance P, a proinflammatory
cytokine released by nerve endings after wounding to recruit
cells and promote vasodilatation. Because of the diabetic
patients’ increased levels of neutral endopeptidases, sub-
stance P is degraded more rapidly. Indeed, topical applica-
tion of substance P or endopeptidase inhibitors have resulted
in better wound healing. Similarly, mice lacking the low-
affinity NGF receptor p75 demonstrate impaired healing
while the topical application of a nerve growth factor to
their wounds improved healing [10].

Vacuum-Assisted Wound Closure

Although significant progress in wound healing has
focused on the role of growth factors, many studies have
highlighted the success of an emerging modality that applies
subatmospheric pressures to a wound. The VAC (Kinetic
Concepts Inc.) is one such device that utilizes a modified
dressing consisting of a porous sponge with an inlaid suc-
tion tubing that is secured to the wound using an occlusive
dressing [10]. An attached pump maintains a continuous
negatively pressured wound environment while removing
edematous fluid. In addition to decreasing tissue edema and
bacterial load, it has been hypothesized that this device also
applies micromechanical forces to the wound stretching
individual cells, thereby promoting proliferation in the
wound micro-environment. The VAC has been associated
with accelerated development of granulation tissue, early
reepithelialization, and faster healing of both burn and com-
plex wounds. Although many studies are underway to
understand the physiological effects of this device, several
clinical studies have clearly found that this treatment facili-
tates wound healing.

Conclusion

Cutaneous wound healing is a potpourri of humoral and
cellular factors. Although great strides have been made in
the treatment of chronic wounds through the control of
infection as well as nutritional supplementation, this chapter
is clearly incomplete. The next stride will hinge on finding
an optimal combination of growth factors and defining other
factors that lead to effective wound healing such as micro-
mechanical forces. Any newly developed treatment options
have to be both efficacious and cost-effective. Only when
such options are available will the surging tide of poorly
healed chronic wounds ebb.

Glossary

Chronic wounds: Open skin surfaces that fail to close after normal
expected time for wound closure. Common causes include metabolic dis-
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orders such as malnutrition, diabetes, and steroid dependence; or mechani-
cal causes such as pressure, venous congestion, arterial occlusion, and after
radiation or burns.

Micromechanical forces: Tension, surface tension, shear, compres-
sion, and gravity are all examples of micromechanical forces. It is known
that cellular morphology can directly influence cellular function, growth,
and differentiation. Lack of micromechanical forces can result in apoptosis.
Conversely, application of these micromechanical forces to wounds has
been associated with improved cell growth and improved wound healing.

Reepithelialization: The migration of keratinocytes to seal an open
wound, considered by many to be a good predictor of successful wound
healing.
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applies to all forms of surgery, and therefore rapid MV
repair is crucial for the success of surgical procedures.

The infection of wounds or systemic infection (sep-
ticemia) is known to damage the MVs. An example of this
scenario is acute respiratory distress syndrome, in which
endotoxins derived from bacteria precipitate extensive adhe-
sion of leukocytes and platelets to the pulmonary vascular
endothelium. In turn, these cells release a battery of
cytokines and factors that are cytotoxic or apoptotic and that
eventually destroy the endothelium.

Cardiovascular risk factors and metabolic status can
compromise MV repair. For example, diabetes mellitus is
associated with impaired angiogenesis and endothelial
regrowth, as are oxidized lipids and homocysteine.

Angiogenesis

Angiogenesis (the formation of new vessels from resident
capillaries) involves distinct stages: matrix degradation,
migration, proliferation, and organization of endothelial cells
(ECs) into tubes (Figure 1). An increase in vascular 
permeability is one of the earliest steps in the process. ECs
dissociate themselves from surrounding tissue by secreting
enzymes that degrade extracellular matrix (basement mem-
brane). Simultaneously, ECs replicate and align themselves
into “tubules,” a process described as sprouting (Figure 1).
EC proliferation and migration will then continue and the
sprout continues to forge its way through matrix proteins ever
elongating and increasing in lumenal size. This it achieves by
dissolving matrix components. The cells ultimately anasto-
mose to existing vessels, which reestablishes blood flow
through the newly formed vessel and therefore restores 
oxygenation of the compromised tissue. Maturation and 
stabilization of the new vessels occur through the recruitment
of pericytes and vascular smooth muscle cells (VSMC).

Introduction

Microvessels (MVs) control oxygenation of tissues, the
removal of metabolic waste products (including carbon
dioxide), blood pressure, inflammatory responses, perme-
ability to macromolecules, and hemostasis. Since damage to
the MV system can have serious consequences, it is essen-
tial that the repair of the MV system following injury be
rapid and complete. MVs therefore possess the capacity to
rapidly regenerate and reestablish an integrated microcircu-
lation by means of angiogenesis. This process is mediated
principally by the proliferation, migration, and organization
of endothelial cells into new microvessels. Infection or sur-
gery can result in loss of the endothelium without breaching
the MV wall. Thus, endothelial regrowth is another critical
aspect of MV repair. In this chapter, we will consider the dif-
ferent types of injury that MVs can sustain, the exogenous
triggers that promote repair, the role of hypoxia, oxygen ten-
sion, and reactive oxygen species, and the expression of fac-
tors that perpetuate repair.

The Diversity of Microvascular Damage

MV repair (endothelial regrowth and angiogenesis) is a
rapid response to physical trauma that ranges from minor
cuts and abrasions to gunshot wounds and burns elicited by
both fire and chemicals. In this context, MV repair occurs as
a component of “wound healing.”

Surgery also disrupts the integrity of the MV system. For
example, in organ transplantation or vein graft bypass sur-
gery, whole organs or tissues are excised and reimplanted.
Since the microvessels that supply these tissues are severed,
it is implicit that the tissue is no longer supplied with blood
and therefore is deprived of oxygen and nutrients. This

Copyright © 2006, Elsevier Science (USA).
903 All rights reserved.
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Angiogenesis under normal conditions is self-limiting so
that when sufficient vessel formation has occurred to satisfy
the oxygen demands of the tissue, the endothelial cells
become quiescent and the vessels either remain or regress if
they are not needed. Apoptosis plays a central role in regres-
sion or cessation of angiogenesis. Once a microvessel has
formed it becomes stable in that ECs become resistant to
exogenous factors (i.e., quiescent) and survive for years.
Newly formed microvessels, of course, adopt the prerequi-
site properties required for the normal function of any given
tissue.

The mechanisms underlying this process are expanded
upon in the following.

The Cell Cycle and Proliferation

In angiogenesis, ECs undergo division through a highly
controlled and orchestrated process known as the cell cycle.
On binding to their receptors, growth promoters trigger an

alteration of ECs from a quiescent or resting state (G0) into
a replicative phase (G1); G represents “gap.” During this
time window (the G0/G1 phase), extracellular signals are
transmitted through cytoplasmic signal cascades (see later
discussion), which in turn induce nuclear responses that
control progression of the cell through mitosis. Once a cell
has passed a specific point in the G1 phase (after about 11
hours), it is committed to divide and enters the S phase.
Once past this point the cells cycle is irreversible. The S
phase is complete within 8 hours and the cell enters the G2
phase (2 hours). Finally the cell enters the M phase (1 hour)
where cell replication takes place. The whole cell cycle is
therefore complete within 24 hours after initial stimulation
with growth promoters.

The early signal transduction pathways that trigger
VSMC replication can be described as a series of protein
phosphorylations that are mediated both sequentially and
sometimes in parallel by protein kinases (PKs) (Figure 2). A
phosphorylated protein kinase will then activate another PK
through phosphorylation of that PK. It is by this means that

Figure 1 Principal steps in microvascular repair: angiogenesis. (1) Trauma following wounding or surgery
disrupts normal blood flow, elicits the formation of a thrombus and the accumulation of platelet neutrophils,
monocytes, and immune cells, and renders tissue hypoxic. Release substances from these bloods cells and
thrombus components, coupled with hypoxia, trigger the expression of angiogenic factors including VEGF,
angiopoietins, and HIF-1a. (2) Endothelial cells (ECs) take on a migratory and replicative phenotype and detach
from the matrix by secretion of matrix proteases. (3) ECs continue to replicate and migrate simultaneously align-
ing themselves to form tubules (sprouting). (4) The new microvessel (MV) grows in the direction of an oxygen
gradient toward a capillary that carries red blood cells. MVs can release chemotactic substances that promote
pericytes to migrate and associate with the MV. (5) The new MV (bio)anastomoses with an intact neighboring
capillary restoring blood supply to the tissue. The subsequent intrinsic flow imparts longevity to the MVs and
adapts functionally according to the needs of the tissue it supplies. (see color insert)
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the G1 phase triggering replication can be tightly controlled.
The central components of signal transduction in ECs are
(1) receptor linked tyrosine kinases (TKs), (2) phospholi-
pase C (PLC), (3) the Ras-Raf-1 proteins, (4) phosphoinosi-
tide hydrolysis: diacylglycerol and inositol trisphosphate
generation, (5) the MAP kinase system, and (6) calcium

mobilization. How these are interrelated is described in 
Figure 2.

Ultimately, these signal transduction cascades converge
on the nucleus. The ordered sequence of events of the cell
cycle is controlled by protein complexes composed of
cyclin-dependent kinases (CDKs) and their catalytic part-

Figure 2 Proliferative signaling in endothelial cells originating from RTK and G-protein linked receptors
and involving Ca2+ and ERK1/2. Detailed discussion are presented in the text. Abbreviations: PDGFR, platelet-
derived growth factor receptor; EGFR, epidermal growth factor receptor; AngIIR, angiotensin II receptor;
ET1R, endothelin 1 receptor; PLC, phospholipase; PIP2, phosphoinositol bisphosphate; IP3, inositol trisphos-
phate; IP3R, inositol trisphosphate receptor; DAG, diacylgylcerol; PKC, protein kinase C; CAMKII,
calcium/calmodulin dependent kinase II; MEK, mitogen activated/extracellular regulated kinase; ERK, extra-
cellular signal regulated kinase; G, heterotrimeric G-protein; CADTK (also Pyk2), calcium dependent tyrosine
kinase; PMCA, plasma membrane calcium ATPase; SERCA, sarco(endo)plasmic calcium ATPase; bg, bg sub-
units of heterotrimeric G-proteins; ICRAC, putative capacitative entry channel.
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ners, the cyclins. Cyclins bind to CDKs (designated cdc2 for
the cell cycle), which then phosphorylate selected proteins.
The G1-phase specific D cyclins (D1,D2,D3) are key regula-
tors in the transition of cells from quiescence to proliferation
and progression through the G1 phase and the G1/S transi-
tion. Cyclin D mRNAs are induced by growth factors,
including vascular endothelial growth factor (VEGF), and
are suppressed by antiproliferative agents. Induced over-
expression of the D cyclins accelerates cell cycle progres-
sion and shortens the length of the cycle in many cell types.

A principal target for the cyclins in the control of cell
cycle progression is the retinoblastoma (Rb) tumor suppres-
sor gene Rb protein (Rbp), which suppresses mitosis. Phos-
phorylation of Rbp by the cyclin–CDK system negates its
action, allowing replication to progress. Growth factors also
elicit the rapid expression of proto-oncogenes, in particular
c-fos and c-myc, which in turn are associated with the G0/G1
phase of the cell cycle. Another important intracellular

mediator of VSMC proliferation is NFkB, which is classi-
cally activated in tissues subjected to inflammation.

Migration

The migration of ECs requires the cells to “crawl” and
“burrow” through the surrounding tissue matrix. Motility 
is dependent on the intracellular cytoskeleton, which is 
composed principally of actin and myosin. As in VSMCs,
contraction/relaxation is mediated principally by Ca2+

mobilization, phosphorylation of myosin light-chain kinase
(MLCK) and the rho kinases. Motility and migration are
orchestrated by the focal adhesion complexes that link sites
of adhesion with intracellular activity of actin. Components
of a focal adhesion, which are complex dynamic structures,
include the b1 and b3 integrins, vinculin, tensin, talin,
zyxin, a-actinin, and focal adhesion kinase (FAK).

Figure 3 Effect of an external sheath (stent) on neointima formation and vein graft thickening in a pig model.
In these studies, a loose-fitting, that is, nonrestrictive, polyester sheath or stent (upper left panel) was placed
around a saphenous vein into carotid artery interposition graft (upper right panel). After 1 month, the graft was
excised and studied histologically. As can be seen (lower panel), there is a marked increase in graft size and
neointima (NI) formation (the layer between the internal elastic lamina, IEL, and the lumen) compared to the
original ungrafted saphenous vein (inset). The graft fitted with the external stent, however, shows a profound
reduction of graft thickening (small arrow IEL and large arrow external elastic lamina, EEL) and a complete inhi-
bition of neointima formation (see Figure 4 for higher magnification). This stented graft was characterized by
profound microvessel growth (Figure 4). (see color insert)
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In order for motility to take place, migrating ECs need a
fulcrum of attachment, which is achieved through adhesion
of ECs to the matrix proteins via specialized adhesion mol-
ecules: (1) the integrins, including the b1 series and the vit-
ronectin receptor; the integrins consist of heterodimeric
transmembrane proteins with an extracellular domain and 
an intracellular domain that is linked to the cytoskeleton; 
(2) the immunoglobulin superfamily, including intracellu-
lar adhesion molecule (ICAM), vascular cell adhesion 
molecule (VCAM), and platelet endothelial cell adhesion
molecule-1 (PECAM-1); (3) the selectins (e.g., E- and P-
selectin); and (4) the cadherins that form complexes with
catenins, which are components of focal adhesions. The
matrix proteins bound by EC integrins are principally vit-
ronectin, laminin, fibrinogen, collagen, thrombospondin,
von Willebrand factor, and fibronectin.

Matrix and Matrix Metalloproteinases

In order for ECs to migrate, proliferate, and form tubes
within the confines of any tissue, they must first forge a path
through that tissue. This is achieved by the activation and
secretion of matrix metalloproteinases (MMPs) that dissolve
the extracellular matrix (ECM). The ECM comprises colla-
gen, fibronectin, elastin, vitronectin, and proteoglycans.
MMPs include interstitial collagenase (MMP-1), gelatinase
A (MMP-2), stromelysin-1 (MMP-3), matrilysin (MMP-7),
and gelatinase B (MMP-9). MMP activity, in turn, is regu-
lated by tissue inhibitors of MMPs (TIMPs). Other proteases
that have been implicated in mediating angiogenesis include
urokinase-type plasminogen activator (u-PA).

In this context, constituents of the matrix exert a strong
influence on angiogenesis. Collagen and procollagen, for
example, are required physically for migration to occur. Pro-
teoglycans (PGs), too, are axiomatic in mediating the prolif-
eration and migration of ECs. ECs synthesize heparan
sulfate, including the major endothelial extracellular matrix
PG, perlecan, members of the syndecan family of trans-
membrane PGs, and the cell surface-associated PG, 
glypican-1. Vascular endothelial cells also constitu-
tively synthesize and secrete the large aggregating chon-
droitin sulfate PG, versican, and the small leucine-rich 
chondroitin/dermatan sulfate PG, biglycan. In addition, the
expression of another small leucine-rich PG, decorin, is
induced during formation of neovessels both in vitro and in
vivo. Both high-molecular-weight hyaluronate and chon-
droitin sulfate elicit a dose-dependent stimulation of tube
formation. Heparanase promotes angiogenesis. Chondroitin
sulfate is capable of binding fibrinogen/fibrin, thereby medi-
ating endothelial cell migration and invasion into the fibrin
provisional matrix during wound repair. Decorin expression
seems to be of special importance for the survival of
endothelial cells as well as for cord and tube formation.
Heparan sulfate proteoglycans act as docking molecules for
MMP-7 in the basement membrane.

Triggers for Vascular Repair in Wound Healing

The primary triggers for MV repair associated with
wounds and trauma are those derived from blood cells and
thrombi. Immediately after severance of microvessels,
platelets, neutrophils, monocytes, and T cells accumulate at
the sites of injury. Platelets are programmed to recognize
vascular severance and rapidly change shape and adhere to
block the breach in the vessel wall by forming a platelet
plug. They simultaneously release a battery of prothrom-
botic factors to promote thrombus formation to consolidate
the plug, as well as releasing vasoconstrictors (thromboxane
A2 and serotonin) that further restrict blood loss. Compo-
nents of thrombogenesis, such as fibrin, fibrinogen, tissue
factor, and factor Xa, are among the most potent angiogenic
factors known. Other platelet release substances are also
proangiogenic.

Once blood loss has been checked, neutrophils and
monocytes rapidly accumulate in a second wave that has a
twofold purpose: (1) to destroy bacteria and prevent wound
infection and (2) to engender tissue repair including the
reestablishment of the local MVs. Thus, neutrophils and
monocytes release yet another battery of factors that pro-
mote angiogenesis. Monocytes then become resident
macrophages, which again release factors that modulate tis-
sue repair and angiogenesis. Indeed, macrophages are
deemed the principal orchestrators of inflammatory angio-
genesis. Giant cells, which are amalgamations of many
macrophages, are coincidentally associated with microves-
sel proliferation in arteritis.

Hypoxia is a major initiating factor for and indeed the
raison d’être for angiogenesis. Stimulated by the barrage of
triggers mentioned earlier, as well as hypoxia, ECs are acti-
vated and respond by immediately expressing genes that
will result in EC proliferation, migration, and angiogenesis,
principal among which are the hypoxia inducible factors
(HIFs), peptide growth factors, activator protein-1 (AP-1),
early growth response 1 (EGR-1), nuclear factor inter-
leukin-6 (NF-IL6), and nuclear factor kappa B (NFkB). HIF
is an ab heterodimer. HIF-1a and HIF-1b are constitutively
expressed, whereas HIF-1a subunits are inducible by
hypoxia. HIF-1 binds to a consensus region of the gene
termed the hypoxia response element (HRE). HIF-1a is sub-
jected to rapid ubiquination and proteasomal degradation, a
process that is inhibited under normoxic conditions. Apart
from hypoxia, cytokines, peptide growth factors, insulin and
basic fibroblast growth factor (bFGF) all upregulate hypoxic
inhibitory factor 1a (HIF1a) protein expression as well as
HIF-1 DNA binding activity and HIF-1 target gene expres-
sion. Phosphorylation plays an important role in mediating
HIF activity. Intracellular signal transduction systems
include Ras/Raf/MAP kinase and receptor tyrosine kinase,
PI3 kinase, and PTEN Akt kinase pathways. There are a
large number of target genes for HIF-1, which include
VEGF, VEGF receptor FLT-1, PAI1, inducible nitric oxide
synthase (iNOS), and ceruloplasmin.
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Factors Influencing Angiogenesis

Vascular Endothelial Growth Factor

One of the earliest responses to hypoxia/MV repair is the
expression of vascular endothelial growth factor, the tie-1
and tie-2 receptors, and angiopoietin (Ang), which are all
obligatory for angiogenesis. The VEGF family comprises at
least five isoproteins, whose effects are mediated by three
VEGF receptors (VGR), which in turn communicate with
ECs via RTKs. Regulation of the VEGF gene is controlled
by the stabilization of hypoxia. VEGF mRNA levels dra-
matically increase when endothelial cell cultures are
exposed to hypoxia and return to normal when oxygen 
supply is restored. VEGF isoforms vary in their actions. 
For example, VEGF121 and VEGF165 and their receptors
increase and VEGF189 decreases MV lumen size.

Other Peptide Growth Factors

Other peptide growth factors that promote MV repair are
basic fibroblast growth factor (bFGF), platelet-derived
growth factor (PDGF), transforming growth factor b
(TGFb), and insulin-like growth factor (IGF-1). However,
unlike VEGF, these peptides tend not to be specific for ECs
and also promote the proliferation of fibroblasts, VSMCs,
and other cells. One facet of the angiogenic process is that
MMPs liberate these growth factors from tight association
with the matrix. Apart from augmenting angiogenesis
directly, bFGF augments the accumulation of inflammatory
cells and PDGF recruits pericytes and VSMCs around nas-
cent vessel sprouts.

Angiopoietins

Angiopoietins are axiomatic in mediating angiogenesis
and interact at many levels with VEGF. Angiopoietin 1 (Ang
1), a ligand for the endothelial receptor, Tie2, inhibits per-
meability, and overexpressing Ang1 promotes an increase in
lumen diameter. Ang 1 via phosphorylation of Tie 2 is
chemotactic for ECs and induces sprouting and stimulates
EC-pericyte interactions. Angiopoietin 2 (Ang 2) is a natu-
ral antagonist of Ang1 and is involved in detaching VSMCs
and loosening underlying matrix, thereby allowing ECs to
migrate. Ang 2 in concert with VEGF promotes angiogene-
sis, but alone it can be an inhibitor.

Endothelin, Nitric Oxide, Prostacyclin, 
and Other Endothelial Factors

Perhaps not surprisingly, angiogenesis is controlled and
modulated by those factors manufactured by ECs. These
include nitric oxide (NO), endothelin-1 (ET-1), tissue plas-
minogen activator (tPA), thrombospondin, von Willebrand
factor, and prostaglandins.

NO plays an axiomatic role in mediating angiogenesis.
VEGF augments NO release from ECs and NO mediates
VEGF-stimulated EC proliferation. VEGF-stimulated NO
release from simian virus-40 immortalized microvascular
ECs and induced cell migration, whereas the nitric oxide
synthase (NOS) inhibitor L-NAME or antisense oligonu-
cleotides to endothelial NOS (eNOS) suppressed this effect.
In an in vivo model of angiogenesis in the rabbit cornea, NO
potentiated the proangiogenic effect of substance P that was
prevented by the absence of L-arginine, the substrate for NO
formation.

Endothelin-1

ET-1 is a potent mitogen for both ECs and VSMCs but
appears to act more as a promoter of other angiogenic fac-
tors, rather than being a primary stimulator. For example,
when combined with VEGF, ET-1 induces angiogenesis in
subcutaneously implanted matrigel plugs in mice. ET-1 may
induce angiogenesis via the upregulation of VEGF and/or
iNOS. There are conflicting reports as to which receptor
subtype mediates angiogenesis, with both ETA and ETB
receptors having been implicated. There may also be 
considerable species-dependent variations and differences
between different vascular beds.

Prostaglandins, Thromboxanes, and 
Leukotrienes (Eicosanoids)

Thromboxane A2, a major release factor of platelets,
appears to be the most potent in promoting angiogenesis. In
a corneal model, activated human microvascular cells gen-
erate TXA2, and selective cyclooxygenase-2 (COX-2)
antagonists inhibited TXA2 production along with endothe-
lial cell migration and corneal angiogenesis. bFGF and
VEGF increase TXA2 synthesis. The TXA2-mimetic
U46619 stimulates endothelial cell migration, whereas a
TXA2 antagonist (SQ29548) inhibited bFGF- and VEGF-
stimulated endothelial cell migration.

With regard to the prostaglandins (PGs), which are pro-
duced principally by blood vessels, PGE1 and PGE2 pro-
mote angiogenesis in a rat femoral artery model. PGE2
induces expression of VEGF in fibroblasts. Indomethacin 
(a nonselective cyclooxygenase inhibitor) reduces EC
migration.

Lipoxygenase derived 12-S-hydroxyeicosatetraenoic
acid (12-S-HETE) and cytochrome P450 derived 12-R-
HETE (derived principally from leukocytes) are pro-angio-
genic factors. The angiogenic potency of 12-R-HETE is
equal to that of bFGF. VEGF-induced endothelial cell
migration can be partially reversed by adding 12-S-HETE.
Leukotrienes (LTs), in particular LTC4, stimulate endothelial
cell migration and tube formation. In an in vivo chick
chorioallantoic membrane system LTC4 and LTD4 promoted
angiogenesis in a dose-dependent manner that was abol-
ished by selective LT antagonists.
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Reactive Oxygen Species and Angiogenesis

Reactive oxygen species (ROS) play a role in modulating
angiogenesis. Principal among ROS are superoxide (O2

-),
hydrogen peroxide (H2O2), and products of the reactions
between ROS and NO. Potential sources of ROS include
NADPH oxidase, the mitochondrial electron transport
chain, xanthine oxidase, NOS, cyclooxygenase, and lipoxy-
genase. Recent studies have indicated that NADPH oxidase
may be axiomatic in mediating angiogenesis. In keeping
with the wound healing mechanisms described earlier, vir-
tually all the factors that promote angiogenesis also promote
the upregulation of vascular NADPH oxidase, including
cytokines, peptide growth factors, angiotensin II, and TXA2.
Hypoxia itself has also been shown to induce the expression
of NADPH oxidase. It is of interest that copper is both a
potent angiogenic factor as well as a catalyst for the gener-
ation of ROS. The mechanisms involved, however, are still
obscure.

Antiangiogenic Factors

Angiogenesis is under tight negative control and factors
are expressed that limit neovascularization in a wound heal-
ing or hypoxic response. First, oxygenation status is a pow-
erful determinant. Hyperoxia is a potent inhibitor of EC
proliferation, angiogenesis, and the expression of key
growth factors including VEGF. Inhibitors of angiogenesis
include angiostatin, endostatin, interferon-a/b/g, inter-
leukins, platelet factor 4, thrombospondin-1, TIMP, and
TNF-a. Some MMPs also act as inhibitors. MMP-1 and
MMP-3 interfere with integrin binding and MMP-7 and -9
generate angiostatin from plasminogen, thereby inhibiting
EC proliferation. Apoptosis of ECs appears to be a key event
that mediates the cessation of angiogenesis.

Angiogenesis in Vein Grafts: Impact of the 
External Stent

Surgery, ipso facto, elicits MV damage. In turn, the effi-
cacy of revascularization may be axiomatic in determining
the outcome of surgical procedures. One clinical scenario in
which many of these factors come into play is in coronary
artery bypass graft surgery (CABG) using autologous
saphenous vein. CABG involves the removal of the vein
from the patient, which is then implanted by anastomosis
into the aortic arch and then below an atherosclerotic lesion
in the coronary artery, effectively “bypassing” the occlusion
and restoring normal blood flow. However, as many as 50
percent of grafts fail within 10 years because of reocclusion.
CABG disrupts the integrity of the microvascular supply of
the saphenous vein (the vasa vasorum). The vasa vasorum
supplies larger blood vessels with oxygen and nutrients and

removes metabolites and carbon dioxide since large vessels
cannot derive their oxygen and nutrient requirements from
blood flowing through their own lumens. The loss of vasa
vasorum coupled with a rapidly thickening vein graft creates
an imbalance between oxygen supply and demand 
that results in graft hypoxia. Hypoxia promotes VSMC 
proliferation, procoagulant pathways, and the expression 
of adhesion molecules in vascular tissue, all components 
of vein graft thickening and atherogenesis. However, as 
was mentioned earlier, the formation of a neo–vasa vasorum
is designed to counteract the pathological impact of
hypoxia.

The importance of angiogenesis in vein graft disease is
highlighted by the effect of an external cuff or stent on vein
graft morphology and angiogenesis. In the pig, placement 
of a nonrestrictive, highly porous external stent around
implanted saphenous vein grafts markedly inhibits graft
thickening and neointima formation (Figure 3). These
stented vein grafts were characterized by a distinct “neo-
adventitia” and a microvasculature that extended into the
media of the graft. In contrast, the adventitia of unstented
vein grafts was dispersed and poorly organized.

It was noted that within 1 week there was an exudate in
the gap between the stent and the graft that contained com-
ponents of fibrinolysis and leukocytes (Figure 4). At 2
weeks after implantation, this graft–stent interface was com-
pletely filled with a semiopaque “gel” or exudate that was
fibrin-rich. At 1 month this had organized into a well-
defined structure comprising a dense population of fibrob-
lasts and microvessels (or neo–vasa vasorum). It was
proposed, therefore, that the central mechanism underlying
the effect of the external stent was the promotion of angio-
genesis by this exudate. Once angiogenesis has been trig-
gered, other endogenous growth factors come into play in
the process. These adventitial microvessels contain a high
density of B subtypes of the endothelin-1 receptor. This is of
particular interest since ETB receptor agonists have been
reported to promote angiogenesis. There are high levels of
NOS in the endothelium of neoadventitial microvessels of
stented porcine vein graft. Since NO promotes the prolifer-
ation and migration of endothelial cells, it was suggested
that these observations pointed to a role for NO in stent-
induced angiogenesis.

Risk Factors for Impairment of 
Microvascular Repair

Risk factors for vascular disease, which include diabetes
mellitus, hypercholesterolemia, and hyperhomocysteinemia,
all impair angiogenesis. In turn, this can result in impaired
wound healing and complications following surgery. This
has been exemplified in bypass graft surgery in the preced-
ing section. Metabolic and dietary factors, can also influence
the process. For example, vitamin B6 has been shown to
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Figure 4 At a higher magnification of the graft fitted with the polyester external stent (upper left panel), the presence of
a highly developed microvascular system can be seen in the space between the stent and the media. It was suggested that the
stent promotes this microvessel (MV) growth, which in turn provides oxygenation of the vein graft, thereby obviating hypoxia
and graft thickening. The importance of microvessel formation can be seen with another kind of stent made of PTFE (upper
right panel), which clearly does not promote MV formation but also does not prevent graft thickening. It has been suggested
that the principal mechanism underlying this effect is that the stent concentrates an exudate (derived from the anastomotic
wound) in the space between the graft and the stent (lower three panels). This exudate is rich in fibrin and leukocytes, which
promotes the growth of microvessels via the classic wound-healing pathways. (see color insert)

inhibit angiogenesis. Interestingly, vitamin B6 controls the
levels of homocysteine, an amino acid that also inhibits
angiogenesis.

Concluding Remarks

Microvascular repair (angiogenesis) following trauma or
surgery is a complex process that is triggered initially by
hypoxia and inflammation. Angiogenesis is controlled by an
integrated but extremely complex interaction between
exogenous and intracellular factors that ultimately result in
the reestablishment of a fully functioning microvascular
system that services any given organ or tissue. Since an
impairment of this process, particularly after surgery, may
compromise the outcome of the procedure, further under-
standing of microvascular repair may be of great clinical
importance. How metabolic factors and risk factors for vas-
cular disease influence microvascular repair and how this
can be obviated is therefore an area that needs to be
addressed in further research.

Glossary

Angiogenesis: The formation of new microvessels from existing
endothelial cells. The process involves the migration and proliferation of
endothelial cells, which form tubes. These elongate until they reach another
microvessel or capillary with which they connect to restore blood flow.

Endothelial cell: Specialized cells that line all blood vessels. Their
principal functions are the prevention of thrombosis, the control of vascu-
lar tone, and microvessel formation. Endothelial cells possess the capacity
to generate modulators of these functions, which include nitric oxide,
prostacyclin, and peptide growth factors.

Migration: A process by which cells, including endothelial cells,
move from one site to another. Migration is dependent on the intracellular
cytoskeleton, which is formed principally of actin and myosin. Migration is
orchestrated by the focal adhesion complexes that link sites of adhesion
with intracellular actin.

Proliferation: A process by which cells, including endothelial cells,
divide (replicate) and multiply; axiomatic in angiogenesis. Cell replication
is a highly controlled and orchestrated process known as the cell cycle.
Peptide growth factors, including vascular endothelial growth factor, are
key initiators of cell proliferation.
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that will not develop any associated connective tissue 
disease.

However, in more than 90 percent of SSc patients, RP is
frequently the first reported symptom of underlying connec-
tive tissue disease and appears to be a unifying characteris-
tic across a heterogeneous disease spectrum; it is therefore
likely to be of etiological significance. The presence of RP
in SSc patients is associated with irreversible tissue damage,
capillary dilation and dropout, and structural damage to the
digital microvasculature. In SSc, microvascular damage
appears to be a systemic phenomenon, as affected internal
organs also show significantly perturbed blood flow. Ultra-
structurally, endothelial cells (ECs) show evidence of vac-
uolization, nuclear degeneration, loss of cell–cell contacts,
and multilayering of the basement membrane prior to the
onset of fibrosis [2]. Serum and plasma levels of factors con-
sidered to be markers of endothelial activation such as von
Willebrand factor, adhesion molecules, and endothelin-1
(ET-1) are all increased in SSc patients. However, it can be
argued that soluble levels of these factors may reflect 
activation of cell types other than endothelial cells. More
relevant are in situ analyses of SSc skin and other affected
organs that have shown increased expression of adhesion
molecules, endothelin (ET)-1, platelet-derived growth 
factor-B (PDGF-B), and transforming growth factor (TGF)-
b by endothelial cells. A stimulus of early endothelial cell
activation in SSc is likely to be ischemic associated hypoxia,
which is known to have profound effects on endothelial cell
metabolism. Hypoxia has been shown to rapidly induce the
synthesis by cultured endothelial cells of adhesion mole-
cules and key inflammatory cytokines and growth factors.

Anti-endothelial cell autoantibodies (AECAs) may also
be responsible for regulating endothelial cell phenotype in
SSc. AECAs have been detected in the sera of SSc patients

Introduction

Systemic sclerosis (SSc) encompasses a spectrum of
connective tissue disorders of unknown etiology. Whereas
the pathological hallmark of SSc is increased synthesis and
deposition of extracellular matrix within the skin and inter-
nal organs resulting in clinical fibrosis and scarring [1], 
the origins of the disease are believed to lie within the
microvasculature. More than 90 percent of SSc patients ini-
tially present with Raynaud’s phenomenon (RP), a disorder
defined as episodic vasoconstriction of the microvascula-
ture. Although microvascular injury is believed to be one of
the key initiating events in SSc pathophysiology, both the
root cause of the underlying microvascular injury and the
precise cellular and molecular mechanisms by which it
gives rise to fibrosis are unknown. Microvascular pericytes
reside at the interface between the microvasculature and
interstitium and are thus ideally situated to mediate inter-
actions between microvessels and extravascular tissue. 
Furthermore, pericytes have been identified as mesenchy-
mal precursor cells with the ability to transdifferentiate 
into other mesenchymal cell types including collagen-
synthesizing fibroblasts, potentially making them key 
players in the link between microvascular damage and fibro-
sis (Figure 1).

Microvascular Abnormalities in SSc

The prevalence of RP in the general UK population is
estimated to be approximately 14 percent. The majority of
these patients (95 percent) are classified as having primary
RP, a benign though painful condition with no associated
structural damage and abnormalities to the microvessels and

Copyright © 2006, Elsevier Science (USA).
915 All rights reserved.
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with a prevalence of up to 50 percent, suggesting that the
microvasculature maybe the target of an autoimmune
response. Although the antigens to which they bind appear
to be heterogeneous within and between sera, it is known
that AECA can induce pathogenic changes in endothelial
cells in vitro, such as increased leukocyte adhesion, and
secretion of inflammatory cytokines, such as interleukin
(IL)-1. More recently, autoimmune sera from SSc patients
have been shown to cross-react with both the human
cytomegalovirus late protein UL94 and SSc associated
autoantigens, such as fibrillarin and heterogeneous nuclear
ribonucleoprotein. Therefore molecular mimicry of cyto-
megalovirus may trigger an SSc associated autoimmune
response and result in endothelial cell activation and apop-
tosis. Increased endothelial cell apoptosis has been shown to
occur in vivo, prior to the onset of fibrosis in both human
SSc tissue and in the UCD 2000 avian model of SSc, an ani-
mal model of SSc that shows similar vascular abnormalities.

Microvascular Pericytes

Over the past 20 years, the function and role of the
endothelium in SSc has been extensively studied; however,
almost nothing is known about the role of microvascular
pericytes. Developmentally derived from the mesenchyme,
pericytes are located outside the vascular endothelium in

continuous and fenestrated capillaries, venules, and arteri-
oles less than 30 mm in diameter. They envelop the endothe-
lium and are embedded within a basement membrane, which
is synthesized by both endothelial cells and pericytes. 
During blood vessel formation in the developing embryo,
recruitment of pericytes and smooth muscle cells occurs via
the bidirectional release of soluble mediators between
endothelial cells and smooth muscle cell/pericyte precursor
cells. A number of mouse models such as the PDGF-b
receptor, PDGF-BB, and angiopoietin-1 knockout mice
have demonstrated that failure to recruit smooth muscle
cells/pericytes to the nascent vascular compartments during
vasculogenesis results in a dysfunctional vascular network
and embryonic lethality [3]. In the adult, angiogenesis
occurs during certain normal processes such as wound heal-
ing and a number of pathological conditions such as tumors
and rheumatoid arthritis. Studies have shown that disrupting
the relationship between pericytes and endothelial cells
leads to an ablation of angiogenesis. These studies have
highlighted that the physical and molecular interactions
between endothelial cells and pericytes are involved not
only in maintaining normal vascular homeostasis but also
during pathological activation [4] and that phenotypic 
alterations in one cell type will almost certainly result in
phenotypic alterations in the other cell type. Therefore, in
pathological conditions characterized by endothelial cell
activation, the contribution of pericytes will be as critical as
that of endothelial cells.

Figure 1 Fibrosis and scar formation is a multistage process involving complex interactions between numerous participating cell types. Pericytes are
intimately associated with this process. Preceding transmigration of monocytes is an increase in vascular permeability, brought about by a change in the
interactions between endothelial cells and pericytes. Pericytes are also known to produce profibrotic growth factors that can directly modulate fibroblast
function and biosynthetic profile. Finally, pericytes are considered mesenchymal precursor cells and as such can transdifferentiate directly into matrix-
synthesizing myofibroblasts. (see color insert)



CHAPTER 134 The Role of Microvascular Pericytes in Systemic Sclerosis 917

Role of Pericytes in Fibrosis

It is becoming increasingly clear that microvascular per-
icytes contribute to the pathogenesis of fibrosis in a number
of diverse tissues by both direct and indirect mechanisms.
Microvascular pericytes have been proposed as mesenchy-
mal precursor cells, and it has been argued that pericytes
play a direct role in the pathophysiology of fibrosis by their
transdifferentiation into collagen-synthesizing cells. Evi-
dence from morphological studies has shown that during
angiogenesis, pericytes migrate from the microvascular 
wall into the interstitium and acquire a fibroblast-like 
morphology. In hypertrophic scars and SSc skin, collagen-
synthesizing cells are predominantly located adjacent to
microvessels. More recently, studies have shown that in a
number of diverse dermal conditions associated with
increased synthesis of extracellular matrix such as SSc,
wound healing, and excessive dermal scarring, pericytes
have been found to have a common activated phenotype.
Specifically they express PDGF-b receptors and the high-
molecular-weight melanoma-associated antigen (HMW-
MAA), a known activation marker [5, 6]. Concurrent in
vitro studies showed that explanted pericytes with the same
activated phenotype underwent a spontaneous transdifferen-
tiation to collagen-synthesizing fibroblasts. A similar phe-
nomenon has also been identified in the development of
liver fibrosis where liver pericytes or Ito cells are the princi-
pal collagen-producing cells in the fibrotic lesion. Central to
this fibrogenic potential is a phenotypic transdifferentiation
from liver pericyte to an activated myfibroblastic stellate
cell. Like pericytes, myofibroblasts express a-SMA and
share phenotypic traits of both fibroblasts and smooth 
muscle cells. Myofibroblasts were initially described in
wound healing where their principal function is the contrac-
tion of the provisional granulation tissue prior to their
removal by apoptosis. They have subsequently been identi-
fied in a number of different conditions associated with
fibrosis and scarring, and it has been postulated that a fail-
ure in the clearance of myofibroblasts may be important in
distinguishing an acute wound response from a chronic
fibrotic disorder. Therefore, targeted prevention of a pericyte
to myofibroblast transdifferentiation may be of therapeutic
value in fibrosis.

Pericytes can also modulate the activity and function 
of other cells involved in the fibrotic response. In wound
healing and SSc, fibrosis is preceded by an infiltration of
inflammatory mononuclear cells. Recently knockout mouse
models have shown that pericytes play a key role in 
determining transendothelial cell permeability. Furthermore,
liver pericytes are known to express adhesion molecules
during liver injury and modulate the recruitment and migra-
tion of mononuclear cells within the perisinusoidal space of
diseased livers. Pericytes are also able to synthesize a num-
ber of growth factors, notably TGF-b, connective tissue
growth factor, and ET-1, all of which have been established
as potent profibrotic modulators of fibroblast function.

Perhaps a key pathway in the pathological activation of
microvascular pericytes during fibrosis is the PDGF-BB/b
receptor pathway. In normal tissue, PDGF-b receptors are
not constitutively expressed; however, in a number of
diverse fibrotic conditions in skin, lung, and kidney, peri-
cytes have been shown to overexpress PDGF-b receptors.
The PDGF-BB/b receptor axis is a key developmental path-
way, central to the recruitment of pericytes to developing
vessels. Whereas PDGF-BB has been shown to induce both
pericyte proliferation and migration in vitro, its role in vivo
is currently less well understood.

Pericytes as Tissue-Specific 
Mesenchymal Stem Cells

The fibrogenic potential of pericytes is in part dependent
upon their ability to transdifferentiate into other functional
mesenchymal cell types. Over the past few years several
studies have highlighted the pluripotent nature of pericytes.
They have been shown both in vitro and in vivo to differen-
tiate into osteoblasts, adipocytes, chondrocytes, and smooth
muscle cells. Interestingly, pericytes also share a strong 
phenotypic similarity to a population of mesenchymal stem
cells found in the adult bone marrow. The bone marrow is
composed of two distinct cell lineages, the hematopoietic
component and the supporting stroma, each with their own
distinct population of stem cells. Bone marrow–derived
mesenchymal stem cells can be identified by their expres-
sion of STRO-1, a cell surface protein whose function is as
yet unknown. Interestingly, the STRO-1 antigen has also
been shown to be expressed by both endothelial cells and
microvascular pericytes in a number of different tissues.
Furthermore, bone marrow stem cells also commonly
express a-smooth muscle actin (a-SMA) in culture and
have a phenotype more like that of pericytes than smooth
muscle cells. Although a strong phenotypic similarity
between pericytes and bone marrow–derived stem cells
exists, further studies are needed before pericytes can clas-
sified as in situ stem cells.

Concluding Remarks

Pericytes were discovered a century ago, yet their roles
as indispensable partners to endothelial cells and putative
mesenchymal stem cells have only recently been identified.
Although we have acquired a basic understanding of how
endothelial cells and pericytes communicate, the details are
still poorly understood. However, even a basic understand-
ing has dispelled the idea that pericytes are mere support
cells; rather, they are involved in both the normal homeo-
static maintenance of microvessels and most likely in
pathologies associated with microvascular activation and
angiogenesis.
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Glossary

Fibrosis: Thickening and scarring of connective tissue leading to
impaired organ function. Most often a consequence of inflammation or
injury.

Mesenchymal stem cell: A cell that can give rise to a number of dif-
ferent mesenchymal cell lineages.

Vasoconstriction: A reduction in the diameter of blood vessels espe-
cially arterioles and capillaries leading to reduced blood flow to that part.
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from the upper plexus. The arterioles in the papillary dermis
are terminal arterioles and function as part of the resistance
vessels in the skin. The other vessels of the papillary dermis
are capillaries and postcapillary venules. Postcapillary
venules present the majority of vessels and are associated
with a variety of functions—migration of inflammatory cells
from vessels into the tissue and increasing vascular perme-
ability in response to acute inflammation. Postcapillary
venules join larger valve-containing vessels that pass from
the deep dermis into the superficial layer of the adipose tis-
sue. These valves in collecting veins at dermal–fat interface
ensure the forward propulsion of blood [1]. Direct cannula-
tion of human finger nailfold capillaries has demonstrated
that the blood pressure is pulsatile in both arterioles and
venules with systolic pressures fluctuating between 11 and
75mmHg.

Skin blood flow is regulated by the nervous system and
local factors. Several reflex arcs are involved, including cen-
tral reflexes, short reflexes through the spinal cord, and local
reflex arcs within the skin. Sympathetic nervous system tone
usually keeps arteriovenous anastomoses in a constricted
state. Loss of sympathetic tone results in opening of these
shunts and decreases the blood flow through the skin capil-
laries [2]. Spectral analysis of vasomotor waves measured
by laser-Doppler flowmetry in skin demonstrated that the
beat-to-beat rate of the cardiac cycle varies around two
means: 0.1 and 0.25Hz. The 0.1-Hz frequency likely repre-
sents sympathetic activity, as it becomes accentuated with
position change from supine to erect. These postural
responses can be reduced significantly by sympathetic
blockade of the limb space [3].

Laser-Doppler flowmetry involves applying a beam of
laser light to the skin. Blood cells moving within the area

Obesity is associated with hypertension, left ventricular
hypertrophy, atherosclerosis, and cardiovascular morbidity
and mortality. Patients with obesity have an exaggerated
pressor response to mental stress and diminished forearm
and systemic vasodilatation to mental stress. Acute mental
stress also leads to a greater pressor response in hyperten-
sive individuals. Chronic psychosocial stress is associated
with the development of hypertension. An exaggerated
blood pressure elevation to external stressors is associated
with higher subsequent resting diastolic blood pressure 6.5
years later. Like hypertension, obesity is associated with a
greater blood pressure increase to acute and chronic psy-
chosocial stress. The skin microcirculation plays an impor-
tant role in systemic blood pressure regulation. Dilatation of
skin microvessels to mental stress is blunted in obese nor-
motensive subjects, which may account for the increased
propensity of obese individuals to develop hypertension
under conditions of chronic psychosocial stress.

Skin Microvasculature and Techniques for
Measuring Skin Blood Flow

Skin microvasculature is organized as two horizontal
plexuses, with one located 1 to 1.5mm below the skin sur-
face and the other at the dermal–subcutaneous junction. The
lower plexus is formed by perforating vessels from the
underlying muscles and subcutaneous fat. The arterioles and
venules in the fat lobules are identical in size and structure
to those of the lower horizontal plexus. Descending venules
and ascending arterioles connect the two plexuses and are
arranged in pairs and supply the hair bulbs and sweat glands.
The nutritive capillary loops of the dermal papillae arise

Copyright © 2006, Elsevier Science (USA).
921 All rights reserved.
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will alter the wavelength of the light (Doppler shift). The
scattered light is converted to an electronic signal and ana-
lyzed. The greater the number and velocity of moving cells,
the higher the Doppler shift. The laser-Doppler technique
gives an estimation of skin perfusion, which is expressed as
arbitrary units. It does not measure exact skin perfusion in
mL/min/100g of tissue. Nevertheless, the laser-Doppler
technique is useful in measuring changes in skin blood flow
in response to various stimuli and interventions, such as
local administration of vasoactive medications by ion-
tophoresis [4]. The laser-Doppler flowmetry technique 
gathers signals from 1 to 1.5mm below the epidermis; there-
fore, it does not measure blood flow to the structures located
3 to 5mm below the skin surface, such as sweat glands and
hair follicles. However, some researchers have used the
laser-Doppler flux technique to measure adipose tissue
blood flow by introducing the Doppler probe directly into
adipose tissue through a needle.

Iontophoresis and microdialysis are techniques allowing
drug delivery through the skin and could be used for extrac-
tion of substances from the skin and measuring concentra-
tions of these substances. These techniques are described in
detail elsewhere [5]. In addition, intradermal electrode tech-
niques can be used to directly measure nitric oxide in skin.
Nitric oxide is involved in skin vasodilatation in response to
heat and ischemia–reperfusion.

Dynamic capillaroscopy provides the best information
about nutritional status of a circumscribed skin area. This
technique involves using a microscope, television camera,
monitor, and software to analyze the nutritional blood flow.
Several observations can be made with this technique, such
as number and type of capillaries in the nailfold, intercapil-
lary distance, caliber, tortuosity, and capillary blood cell
velocity. Transcapillary diffusion of sodium fluorescein
through the wall of a single capillary can be measured by
this technique to assess capillary permeability.

Skin adipose tissue blood flow can vary greatly if meas-
ured in milliliters per unit of tissue. However, blood flow is
relatively constant if expressed per adipocyte. Adipose tis-
sue blood flow expressed in milliliters per amount of tissue
decreases with increasing adipocyte mass in lipid accumula-
tion [6].

A useful technique of local catheterization involves
insertion of a catheter into a vein draining anterior abdomi-
nal wall, as this adipose depot has separate venous outflow
from muscle. Adipose tissue blood flow in humans is deter-
mined by the clearance of previously injected radiolabeled
molecules. The xenon washout technique involves adminis-
tration of 133Xe into adipose tissue and serial sampling of
venous radioactivity for several hours. Adipose tissue blood
flow is thought to be equivalent to the washout of xenon into
the venous blood.

An additional methodology is a microdialysis technique
that allows measurement of blood flow by introducing
ethanol into human adipose tissue through a dialysis 
probe, and then measuring its escape into the dialysate 
spectrophotometrically.

Importance of Skin Microvasculature and Alterations
of Skin Microcirculation in Obesity

Adipose tissue receives a rich capillary blood supply.
Capillary rarefaction and increased vasoconstrictor response
to local cooling in the human skin has been demonstrated in
individuals with essential hypertension [7, 8]. Alterations in
skeletal muscle microvascular function are paralleled by
alterations in skin microvascular function in hypertensive
humans [9]. Sympathetic control of skin blood flow is
reduced in obesity [10]. Even young children with obesity
have morphologic alterations in skin microvasculature, such
as increased number of tortuous loops in finger nailfold 
capillaries. Obese children have also been shown to have
decreased capillary blood cell velocity after a 1-minute arte-
rial occlusion [11]. These children’s blood flow response to
1-minute arterial occlusion, as measured by laser-Doppler
flowmetry, was not altered. This could represent shunting of
blood from capillaries through arteriovenous anastomoses.
Increased arteriovenous shunting of blood in human skin
has also been demonstrated in diabetes [2]. Obesity precedes
insulin resistance and diabetes, and these early changes in
skin microvascular morphology and reactivity demonstrated
by Chin et al. could be precursors of microvascular changes
leading to the development of skin ulcers with the develop-
ment of diabetes.

Individuals with impaired glucose tolerance have been
shown to have blunted vasodilatory response to local skin
heating. This abnormality was found to be associated with
elevated fasting plasma insulin concentration, but not with
fasting plasma glucose [12]. The mechanisms responsible
for the association between defective skin microvascular
hyperemic response and insulin resistance remain to be elu-
cidated. Body mass index has a significant inverse correla-
tion with endothelium-dependent skin vasodilatation [13].
Normotensive obese subjects exhibit deficient skin micro-
circulatory vasodilatation to mental stress. There is evidence
that subcutaneous adipose tissue blood flow contributes sig-
nificantly to total forearm blood flow. Mental stress causes
an increase in skin sympathetic nerve activity and cutaneous
vasodilatation in the normal range of skin temperatures.
This is consistent with a predominant b-adrenoreceptor-
mediated vasodilatation. Cardiopulmonary baroreceptor
unloading leads to skin vasoconstriction, which demon-
strates that skin microvasculature plays a role in regulation
of systemic vascular resistance and blood pressure.
Recently, our group demonstrated that deficient skin as well
as whole-forearm vasodilatation occurs after mental stress
in obese normotensive subjects (Figure 1). Deficient skin
vasodilatation in conjunction with increased cardiac output
in response to psychosocial stress may account for the
development of hypertension and cardiovascular disease in
obesity.
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Potential Mechanisms Responsible for Deficient Skin
Vasodilatation to Mental Stress in Obesity

Several mechanisms could possibly lead to the observed
impairment in skin vasodilatation to mental stress in obesity.
Skin vasodilatation in response to mental stress in humans
occurs due to both local sympathetic nerve traffic with-
drawal and b2-adrenergic vasodilatation from circulating
epinephrine and norepinephrine. It is possible that circulat-
ing norepinephrine causes vasodilatation by stimulating b-
adrenoreceptors located predominantly on the inner layer of
smooth muscle. Given that nerve terminals are located in the
adventitia of the blood vessels, neurally released norepi-
nephrine causes vasoconstriction by stimulation of a-
adrenoreceptors, located predominantly in the outer layer of
vascular smooth muscle [14]. The sympathetic withdrawal
during mental stress might be attenuated, because it is
known that baroreflex control of muscle sympathetic nerve
activity is impaired in obesity and improves with weight
loss in obese individuals. There is an endothelium-
dependent component of b2-adrenergic vasodilatation in the
human forearm microvasculature. There is also a choliner-
gic system in human endothelium. Endothelium-dependent
forearm vasodilatation to mental stress is associated with
cholinergic stimulation of the vascular endothelium. Obesity
without complications leads to endothelial dysfunction in
forearm resistance vessels, and skin microvasculature con-
stitutes a significant component of the forearm vascular bed.
Forearm vasodilatation to mental stress is endothelium
dependent. Obesity is associated with defective b2-
adrenergic vasodilatation in the human forearm. Obesity-
associated endothelial dysfunction may lead to deficient

skin vasodilatory response to mental stress and, therefore,
may account for the development of hypertension and car-
diovascular disease in obese individuals.

In addition, insulin resistance might play a role in abnor-
mal microcirculatory responses to mental stress in obesity. It
is known that obesity leads to insulin resistance. Many
obese individuals have insulin resistance but normal fasting
glucose values. Skin capillary recruitment and acetyl-
choline-mediated vasodilatation have a strong and positive
correlation with insulin sensitivity. A reduction in skin
microvascular vasodilator response to ischemia and 
acetylcholine is associated with insulin resistance [9]. 
Deficiency of skin microvascular dilatation has also been
associated with higher 24-hour systolic blood pressures 
[9]. Exaggerated blood pressure increase to mental and
physical stress has been observed in normotensive obese
women with insulin resistance and abnormal glucose 
tolerance tests. Endothelial dysfunction appears to con-
tribute to the absence of insulin-induced vasodilatation in
obesity [15].

Adipose tissue has a local renin–angiotensin system.
Angiotensinogen, angiotensin-converting enzyme, and AT1
and AT2 receptors are all present in human adipose tissue.
Angiotensinogen expression in adipose tissue correlates
with waist-to-hip ratio in obese humans. Central fat distri-
bution is associated with increased systemic vascular resist-
ance and hypertension. Increased activity of this local
renin–angiotensin system may impair skin vasodilatation in
obesity. Also, increased levels of proinflammatory cytokines
might play a role, because chronic subclinical inflammation
was shown to be a part of the insulin resistance syndrome.
C-reactive protein has been shown to positively correlate
with measures of obesity, such as body mass index and waist
circumference. Tumor necrosis factor-a and interleukin-6
concentrations are higher in obese individuals. Weight loss
leads to a decrease in the levels of these proinflammatory
cytokines, along with a decrease in adhesion molecules and
improvement in endothelial function.

Elevated free fatty acid secretion by adipose tissue in
obesity may adversely affect skin microvascular function,
because these lipid metabolites have been shown to impair
endothelium-dependent vasodilatation at the microcircula-
tory level [15] and to increase vasoconstrictor responses in
dorsal hand veins [16].

Obese individuals are known to have increased levels of
low-density lipoprotein (LDL) cholesterol and triglycerides
and decreased high-density lipoprotein (HDL) cholesterol.
In healthy women, skin vasodilatation in response to ion-
tophoresis of acetylcholine, isoprenaline, and nitroprus-
side has been shown to be positively correlated to HDL
cholesterol, and negatively correlated to the ratio of total
cholesterol/HDL and triglycerides [4]. Skin postischemic
microcirculatory dilatation is blunted in patients with 
hypertriglyceridemia [17].

Further studies are necessary to evaluate the significance
of all the potential mechanisms just described in relation to
skin microcirculatory impairments in obesity.
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Conclusions

Skin microcirculatory dilatation to mental stress in obese
human subjects is impaired. This may be implicated as a
pathophysiologic mechanism for the known greater pressor
response to chronic psychosocial stress in obesity and con-
tribute to the cardiovascular complications of obesity.

Glossary

Microcirculation: The smallest blood vessels, including arterioles,
capillaries and venules, serving to control peripheral resistance to blood
flow, tissue perfusion, and blood–tissue exchange.

Obesity: Excessive subcutaneous and visceral fat deposition, associ-
ated with insulin resistance, type II diabetes, and cardiovascular disease.

Vasodilatation: Increase in diameter of blood vessel as a result of vas-
cular smooth muscle relaxation, leading to an increase in blood flow
through the vessel.
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pericapillary halo. Halo diameter was significantly in-
creased at the apex only and not at the two capillary limbs.
This finding confirms the visual impression of “apical cap-
ping” after NaF injection as a important sign for micro-
angiopathy due to collagen vascular disease [4].

Other morphological changes observed with the disease
include vascular obliteration and excessive collagen produc-
tion in the pericapillary area [5]. In many patients, these
changes preceded detection of autoantibodies [6].

Reduced Capillary Flow and Pressure

The capillaries of the skin not only undergo morphologi-
cal changes, but also display functional deficits. Both blood
flow velocity and capillary pressure in the nailfold capillar-
ies of SSc patients were significantly lower than in healthy
volunteers [7]. Cold exposure leads to a marked slowing of
blood flow velocity in the capillaries of the patients, in
extreme cases to the point of stasis [8].

These pathological dysfunctions are documented by
means of intravital capillaroscopy combined with a cold
provocation challenge. In contrast to healthy persons,
patients with SSc usually react to cold with prolonged 
stasis. Vasodilators or the application of heat increases blood
cell velocity. Capillaroscopy in combination with a special
video image analysis method allowed us to quantify changes
in blood cell velocity.

In Vivo Proof of Endothelial Dysfunction

Recently endothelial function, a factor in the regulation
of perfusion, was examined in detail in SSc patients and

Circulatory disorders of the extremities in the form of
Raynaud’s phenomenon belong to the earliest clinical man-
ifestations of systemic scleroderma. The patients complain
of cold hands and feet, stiff joints, and loss of mobility in the
extremities. Later cutaneous manifestations of the disease
include edematous swelling in the extremities and, in more
extreme cases, often very painful, refractory acral necroses.

Nutritive Nailfold Capillaries

Characteristic changes in microcirculation can affect
function or morphology. Morphological changes of the 
nailfold capillaries in systemic sclerosis (SSc) have been
studied extensively. The illness is characterized from 
the very onset by cutaneous microangiopathy in the form of
aneurysms, capillary rarefaction and microthromboses, and
the development of megacapillaries [1]. Morphological
changes of nailfold capillaries are detected in more than 90
percent of patients [2].

For quantitative evaluation of human TV nailfold capil-
lary microscopy a new semiautomated image-analyzing sys-
tem called “CapiShape” was presented. The outer limits or
boundaries are recognized by a special image processing
algorithm to describe the shape of capillaries [3].

Enhanced Transcapillary and Interstitial Diffusion

By means of video microscopy after intravenous injec-
tion of sodium fluorescein (NaF) and indocyanin green as
tracers, a more accurate morphological description became
possible, providing measurements of the diameters of the
capillary lumen, red blood cell column, plasma layer, and

Copyright © 2006, Elsevier Science (USA).
925 All rights reserved.
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healthy volunteers by administering intracapillary micro-
injections of vasoactive substances and monitoring 
the resulting endothelium-dependent (acetylcholine) or
endothelium-independent (sodium nitroprusside) vasodi-
latation, increase in vascular diameter, and decrease in blood
flow velocity. The microinjection method used for the 
first time in this study made it possible to establish that
endothelium-independent vasomotion is substantially dis-
turbed in patients with scleroderma [9].

Intimal damage to the blood vessels of SSc patients was
already demonstrated serologically in studies showing ele-
vated levels of anti-bleeding factor, endothelin-1 and ACE
[10–12]. The trigger for the endothelial damage is still
unknown. One potential cause presently under discussion is
a vasculopathy caused by cytomegalovirus or parvovirus
B19 [13]. Recently, it was possible to show that autoanti-
bodies to human cytomegalovirus cause the apoptosis of
endothelial cells in systemic scleroderma patients [14].

Therapeutical Effects to the Microcirculation 
of the Skin

The treatment of cutaneous circulatory problems can
range from general measures such as protecting the hands
from cold, exercise therapy, and lymph drainage to the use
of vasoactive medication such as the prostanoids.

Numerous studies have demonstrated the efficacy of
prostaglandin E1 in the treatment of vasospastic and obliter-
ative vascular diseases [15, 16]. In almost all studies to date
on the use of prostaglandin E1 to treat collagen diseases,
medication was given intravenously. The first clinical stud-
ies on iloprost for secondary Raynaud’s phenomenon were
carried out in Europe. They included open [17], crossover,
placebo-controlled [18], controlled single-blind [19], and
iloprost/nifedipine comparison studies [20]. Watson summa-
rized the European studies in a meta-analysis. Overall, 
iloprost led to a 20 to 30 percent reduction in the number of
Raynaud’s episodes. Iloprost was also more effective than
placebo in the treatment of ischemic ulcerations. In an
American double-blind study on iloprost, of 35 patients with
secondary Raynaud’s phenomenon, seven patients in the ilo-
prost group and four patients in the placebo group had
ischemic lesions. After a treatment period of 10 weeks, six
of the seven patients in the iloprost group experienced com-
plete healing of the lesions on their fingers, whereas the
ulcerations failed to heal in any of the patients of the placebo
group [16]. The transdermal application of prostaglandin E1
ethyl ester was also shown to have a favorable effect on
nutritive blood flow in the capillaries of the skin in systemic
scleroderma patients. The patients experienced clinical ben-
efits: The number of Raynaud’s episodes dropped and the
trophic skin lesions began to heal [21, 22].

Clinical improvement, that is, abating Raynaud’s attacks,
is accompanied by an improvement of nutritive cutaneous
blood flow shown in decreased blood flow stasis times. Thus
the assessment of capillary blood flow in response to cold
challenge has prognostic value.

Glossary

Halo: The bright yellow fluorescence of the pericapillary interstitial
space after intravenous injection of sodium fluorescein.

Stasis: Blood flow stops in the nailfold capillaries, particularly after
cold exposure. It can be observed by means of capillaroscopy.

Systemic scleroderma: A rare, chronic autoimmune disease. The sys-
temic forms can affect any part of the body (skin, blood vessels, and inter-
nal organs). The systemic forms of scleroderma cause fibrosis (scar tissue)
to be formed in the skin and/or internal organs. The function of the diseased
organs is impaired.
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influence of angiogenesis inhibitors over angiogenic stimuli.
The major proangiogenic factor in the skin, vascular
endothelial growth factor (VEGF), occurs in at least four
isoforms of 121, 165, 189, and 201 amino acid residues.
VEGF121 and VEGF165 are the predominant isoforms
found in human skin. VEGF mediates its activity mainly
through interaction with two type III tyrosine kinase recep-
tors, VEGF receptor-1 (flt-1) and VEGF receptor 2 (KDR,
flk-1), which are selectively expressed on the cutaneous
endothelium. VEGF-165 also binds the neuropilin receptors
on endothelial and other cells. VEGF is expressed at low
levels in normal epidermis, whereas keratinocyte VEGF
expression is rapidly upregulated by hypoxia and is also
induced by several growth factors that mediate epidermal
hyperplasia (Figure 1). In psoriasis, healing wounds, and
squamous cell carcinomas, transforming growth factor-a
and other ligands of the epidermal growth factor receptor
are released by suprabasal keratinocytes. In an autocrine
loop, these growth factors induce hyperplasia of the epider-
mis. Simultaneously, they induce VEGF expression and
secretion by keratinocytes, leading to paracrine induction 
of angiogenesis through interaction with VEGF receptors 
on cutaneous microvessels (Figure 1). This mechanism 
links epidermal hyperplasia with increased vascularization,
thereby providing enhanced vascular support to meet the
enhanced nutritional needs of proliferating keratinocytes.
Several other growth factors that stimulate keratinocyte 
proliferation, including keratinocyte growth factor and
hepatocyte growth factor/scatter factor, have recently joined
the group of molecules that induce keratinocyte VEGF
expression.

The biological importance of epidermis-derived VEGF
for cutaneous angiogenesis in vivo has been confirmed in
transgenic mouse models, using the keratin 14 promoter to
selectively target expression of murine VEGF164 to basal
epidermal keratinocytes and to follicular keratinocytes of
the outer root sheath of the hair follicle. VEGF transgenic

Structure and Function of Cutaneous Blood Vessels

The cutaneous blood vessels are involved in the control
of body temperature and provide a conduit for the supply of
nutrients and oxygen to the skin and for the rapid disposal of
metabolic waste products. The vascular system of the skin
consists of a superficial and a deep vascular plexus with
additional vascular networks surrounding sweat glands and
hair follicles [1]. Consistently, blood vessels are found
immediately below the nonvascularized epidermis and sur-
rounding anagen (growth phase) hair follicles. Whereas the
richness of the follicular blood supply depends on the size of
the hair follicles, recent studies suggest that, conversely, the
extent of perifollicular vascularization may directly influ-
ence the size of hair follicles [2].

All cutaneous blood vessels contain a continuous inner
monolayer of flat endothelial cells that are surrounded by a
continuous basement membrane. Smaller vessels contain a
second, sometimes discontinuous layer of pericytes that can
be visualized by staining for alpha-smooth muscle actin and
desmin. The walls of most cutaneous arterioles and larger
venules and veins contain contractile smooth muscle cells
that are surrounded by a basement membrane. Vascular
basement membranes contain collagen type IV, collagen
type XVIII, laminin, fibronectin, and other extracellular
matrix proteins.

Molecular Control of Skin Angiogenesis

Vascular Endothelial Growth Factor

Whereas angiogenesis is a common feature in developing
skin during embryogenesis, blood vessels in healthy adult
skin are quiescent with the exception of the cyclic expansion
of perifollicular vessels during the hair cycle. In normal
skin, vascular quiescence is maintained by the dominant
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mice are characterized by elongated and tortuous dermal
blood vessels that are hyperpermeable for circulating
plasma proteins. VEGF overexpressing mice also show
enhanced rolling and adhesion of peripheral blood mono-
nuclear cells in cutaneous postcapillary venules, suggesting
that VEGF also contributes to the recruitment of leukocytes
to inflamed skin [3].

Placental Growth Factor and 
Other Angiogenic Factors

Placental growth factor (PlGF) is a recently identified
new member of the VEGF family that occurs in at least three
different isoforms of 149 (PlGF-1), 170 (PlGF-2), and 221
(PlGF-3) amino acids. Both PlGF-1 and PlGF-2 are
expressed in human skin. Similar to VEGF, the expression
of PlGF is upregulated in cutaneous squamous cell carcino-
mas, in epidermal keratinocytes at the advancing wound
edge, and in the hyperplastic psoriatic epidermis. In contrast
to VEGF, PlGF does not activate VEGFR-2 (KDR), but
selectively binds to VEGFR-1. In addition, the heparin-
binding isoform PlGF-2, but not PlGF-1, binds to the 
neuropilin receptor. Recent evidence from genetic mouse
models indicates that PlGF and VEGF act in synergy to
induce skin angiogenesis and vascular leakage, and that the
presence of PlGF is essential for distinct VEGF effects to
occur [4]. A number of additional proangiogenic molecules
are upregulated in angiogenic skin conditions, including
interleukin-8, platelet-derived growth factors, and fibroblast
growth factors.

Endogenous Inhibitors of Skin Angiogenesis

Thrombospondin (TSP)-1 and TSP-2 are major endoge-
nous inhibitors of skin angiogenesis and both are expressed
in normal human skin. TSP-1 is expressed by dermal cells
and by epidermal keratinocytes, and it is deposited in the
dermo-epidermal basement membrane zone, contributing to
the barrier that prevents ingrowth of blood vessels into the
dermis. In contrast, TSP-1 expression is downregulated in
squamous cell carcinomas of the skin. Reintroduction of the

TSP-1 gene into squamous cell carcinomas inhibits tumor
growth in mice, associated with inhibition of tumor angio-
genesis and enhanced tumor cell necrosis. The potential
mechanisms by which TSP-1 inhibits skin angiogenesis
include the induction of endothelial cell apoptosis through
specific interactions with the endothelial CD36 receptor, 
the activation of latent TGF-beta, and the inhibition of
matrix metalloproteinase activity. Overexpression of TSP-1
in the skin of transgenic mice results in impaired granulation
tissue formation and wound vascularization [5] in delayed
and reduced skin carcinogenesis, and in diminished photo-
damage induced by chronic ultraviolet-B irradiation of the
skin.

TSP-2 expression during embryonic development and in
adult tissues is spatially and temporally different from TSP-
1. The expression of TSP-2 is downregulated in epithelial
squamous cell carcinoma cells, whereas a strong upregula-
tion of TSP-2 is found in the mesenchymal stroma during
skin carcinogenesis, representing a natural tumor defense
mechanism [6]. Mice that are deficient in TSP-2 show
increased skin vascularization, enhanced and prolonged
inflammatory reactions, and enhanced skin carcinogenesis,
confirming the important role of endogenous TSP-2 in the
control of skin angiogenesis. Accordingly, genetic over-
expression of TSP-2 protects from skin cancer develop-
ment and inhibits the growth of established skin cancers. A
number of additional endogenous inhibitors of angiogenesis
are likely involved in the maintenance of normal vascular
quiescence in the skin, including interferons and fragments
of collagens type IV, XV, and XVIII. Their potential contri-
bution to the antiangiogenic environment in normal skin
remains to be established.

Angiogenesis in Skin Diseases

Epithelial Skin Cancers

Squamous cell carcinoma (SCC), a malignant tumor of
keratinocytes with destructive growth pattern and the capac-
ity to metastasize, arises as a result of exogenous carcino-
gens such as chronic exposure to sunlight, ionizing
radiation, or chemicals. The stroma of SCC is richly vascu-
larized and SCC tumor cells strongly express VEGF.
Whereas the inhibition of VEGFR-2 (flk-1) prevents SCC
growth and invasion, experimental overexpression of VEGF
in highly differentiated SCC cell lines promotes invasive-
ness, tumor growth, and angiogenesis. These experimental
data provide evidence for a critical function of VEGF in
SCC progression, and they indicate that blockade of VEGF
in patients might reduce the malignant progression of SCC.
In contrast, only low levels of VEGF expression have been
detected in basal cell carcinomas of the skin that are also
richly vascularized. Preliminary evidence suggests that
other angiogenic factors such as fibroblast growth factors
and platelet-derived growth factors might play a role in
these tumors.

Figure 1 Molecular regulation of skin angiogenesis by VEGF and
PlGF. BM, Basement membrane.



CHAPTER 137 Angiogenic Diseases of the Skin 931

Malignant Melanoma

The observation that cutaneous melanoma cells acquire
the capacity to actively induce the growth of new blood ves-
sels dates back to the earliest days of tumor angiogenesis
research. The clinical and prognostic significance of tumor
angiogenesis for melanoma progression and metastasis 
has, however, remained controversial. Several studies have
reported an inverse correlation between tumor microvessel
density and disease-free and overall survival of melanoma
patients. Other studies, in contrast, failed to detect any cor-
relation between melanoma vascularization and prognosis.
Thus, the potential prognostic value of tumor vasculariza-
tion in human cutaneous melanomas remains unresolved
[7].

Although VEGF expression is not as prominent in
melanomas as it is in most epithelial cancers and, therefore,
might not represent the major angiogenic activity in these
tumors, the expression of functional VEGF receptors on
human melanoma cells suggests the intriguing possibility
that VEGF might also exert autocrine effects on the tumor
cells themselves. Several other angiogenic factors have also
been implicated in the pathology of human melanomas.
Expression of basic fibroblast growth factor has been
detected in metastatic and primary invasive melanomas,
whereas melanocytes in benign nevi did not express this fac-
tor. Interleukin-8 was found to be absent from normal epi-
dermis and benign melanocytic lesions but was expressed at
high levels in the majority of cutaneous melanomas exam-
ined. Increased expression levels of PlGF, platelet-derived
growth factor (PDGF)-AA and -BB, and angiogenin have
also been found in human melanomas; however, their 
relative contribution to melanoma progression remains at
present unclear.

Psoriasis

Psoriasis is associated with chronic inflammatory skin
lesions that are characterized by epidermal hyperplasia,
impaired epidermal differentiation, and accumulation of 
distinct leukocyte subpopulations. Cutaneous blood vessels
show major abnormalities in psoriatic lesions and are found
to be enlarged, tortuous, and hyperpermeable. In 1994,
VEGF was identified as a major epidermis-derived vessel-
specific growth factor that was strongly upregulated in pso-
riatic skin lesions [8]. Since then, several studies have
demonstrated that VEGF expression is increased in lesional
psoriatic skin, that the serum levels of circulating VEGF
protein are significantly elevated in patients with severe dis-
ease, and that VEGF serum levels were directly correlated
with disease activity. A major role of VEGF in the 
pathogenesis of psoriasis was further corroborated by the
phenotype of transgenic mice with epidermis-specific over-
expression of VEGF. At about 6 months of age, these mice
spontaneously develop chronic inflammatory skin lesions
that histologically closely resemble human psoriasis [9]. It is
of interest that selective targeting of skin vessels via epider-

mal overexpression of an angiogenesis factor was able to
reproduce the complete psoriatic phenotype, including epi-
dermal hyperplasia and altered epidermal differentiation,
upregulation of adhesion molecules, and accumulation of
CD4-positive T-lymphocytes within the dermis and of CD8-
positive cells within the epidermis. Moreover, VEGF trans-
genic mice show the characteristic Koebner phenomenon,
with induction of chronic psoriasis-like lesions by unspe-
cific skin irritation. Additional genetic evidence supports a
role of VEGF in psoriasis. The +405C/C genotype of the
VEGF gene, and the +405C allele, were found significantly
more often in patients with severe psoriasis, and this geno-
type was also significantly more frequent in psoriasis
patients with disease onset between the 20th and 40th years.
Based on previous reports that the +405C allele is associated
with elevated serum levels of VEGF in healthy individuals,
these findings indicate that distinct genetic polymorphisms
might contribute to enhanced VEGF production and to indi-
vidually increased psoriasis susceptibility, and they suggest
that therapeutic blockade of the VEGF/VEGF receptor sys-
tem might represent a novel, pharmacogenomic approach
for the future treatment of psoriasis.

Other Skin Diseases and Antiangiogenic Therapy

Proliferative hemangiomas of infancy represent benign
vascular hyperproliferations and have been found to
respond, at least in part, to treatment with interferon-alpha
[10]. Other vascular lesions that might respond to anti-
angiogenic treatment include kaposiform hemangioendothe-
liomas (Table I). Similarly, teleangiectasias, in particular in
rosacea, appear to represent prime targets for antiangiogenic

Table I Skin Conditions and Diseases
Associated with Angiogenesis.

1. Hair growth and cycling

2. Wound healing

3. Skin neoplasias
— squamous cell carcinoma
— basal cell carcinoma
— malignant melanoma
— malignant cutaneous lymphomas

4. Vascular tumors
— angiosarcoma
— Kaposi’s sarcoma
— infantile hemangiomas
— hemangioendothelioma

5. Inflammatory dermatoses
— psoriasis
— dermatitis (atopic, contact)

6. Bullous diseases
— bullous pemphigoid
— erythema multiforme

7. Other diseases
— viral warts
— rosacea

8. UV irradiation
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therapy. Mutations of the vascular tie-2 receptor have been
associated with vascular malformations, and mutations in
the genes of the low-affinity TGF-b receptor endoglin and of
activin receptor-like kinase have been found to be associ-
ated with the autosomal dominant vascular malformations
of hereditary hemorrhagic telangiectasia type I and II.
Angiogenesis and vascular activation also play a major role
in mediating ultraviolet-B induced skin damage, indicating
the potential use of angiogenesis inhibitors for chemopre-
vention. The challenge and opportunity for dermatology will
be to develop topical angiogenesis inhibitors that will be
able to penetrate the skin but that will not reach potentially
toxic systemic levels.

Glossary

Melanoma: Malignant tumor of melanocytes (pigment cells).
Proliferative hemangioma of infancy: Most frequent benign tumor

of infancy, due to proliferation of vascular endothelial cells.
Psoriasis: Chronic inflammatory skin disease of unknown etiology.
Squamous cell carcinoma: Epithelial skin cancer derived from 

epidermal keratinocytes.
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MMPs), adhesion molecules, and inflammatory cytokines
(ICAM-1 and interleukin-6, IL-6). Such a “molecular
remodeling” provides the metabolic milieu for smooth 
muscle cell (SMC) proliferation, migration, and apoptosis,
as well as for synthesis of extracellular matrix proteins 
(i.e., fibrosis), disruption of basal membrane and elastin, and
increased endothelial permeability.

The concept of endothelial senescence represents a
recent breakthrough for understanding age-related and ath-
erosclerotic vascular diseases and also exhibits great poten-
tial from a diagnostic point of view, for the follow-up of
disease progression/regression, and possibly for therapeutic
interventions [1]. Endothelial senescence can be identified
in cell cultures or in bioptic samples by histochemistry (b-
galactosidase staining) and is characterized by the suppres-
sion of telomerase activity. Telomere length is a marker of
cellular turnover and is inversely associated with age, ather-
osclerotic grade, and pulse pressure [2]. Loss of telomere
function was recently shown to induce endothelial dys-
function in vascular endothelial cells, whereas inhibition of
telomere shortening suppresses the age-associated dysfunc-
tion in these cells [3]. Very recently, endothelial progenitor
cells (PECs) deriving from bone marrow have been identi-
fied in peripheral blood, and it has been proposed that 
circulating PECs normally repair and rejuvenate vascular
endothelium; thus, their exhaustion due to a persisting 
challenge such as atherosclerosis, chronic inflammatory
processes, or aging could hamper vascular repair and facili-
tate progression of vascular disease independent of the
major risk factors [4].

Two key theoretical questions are open, with significant
implications for vascular aging. The first one confronts the
programmatic theory of aging, stating that aging is an inher-
ent genetic process, with the stochastic theory, suggesting
that it represents the result of random environmental dam-
age [5]; the latter relates to the overlap between aging and

Introduction

Aging is one of the major challenges facing developed
societies in the current century. In the United States today
there are 35 million people 65 years of age or older, and
their number will double by the year 2030 [1]. Thus, age-
related problems will increasingly engage all levels of social
organization: individual citizens, health care providers, and
government authorities fixing priorities for funding alloca-
tion are called to tackle different facets of the aging mosaic.
Aging classically reminds us of the Janus myths, with a
favorable side represented by the gain in individual life
expectancy, and a second one with its weight of increased
susceptibility to disease and disability. Widening knowledge
about age-related disease mechanisms and clinical conse-
quences may help improve both quality of life for elder sub-
jects and global community health.

Aging and Cardiovascular Disease

Aging is a major risk factor for congestive heart failure,
stroke, coronary events, and peripheral arterial obstructive
disease. A number of age-associated changes in cardio-
vascular structure and function are implicated in the
increased risk for cardiovascular disease in older persons.
An increased intimal–medial thickness (IMT) and wall stiff-
ness of large arteries, as well as endothelial dysfunction, are
recognized so far as the best established fingerprints of 
vascular aging in apparently otherwise healthy older per-
sons. Recent advances in vascular biology have pointed out
age-associated cellular, enzymatic, and molecular mecha-
nisms that underlie vascular remodeling [1]. The activation
of stress-responsive genes is thought yield elevated levels or
activity of growth factors, such as platelet-derived growth
factor (PDGF), transforming growth factor-b (TGF-b), and
angiotensin II, proteolytic enzymes (metalloproteases,

Copyright © 2006, Elsevier Science (USA).
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atherosclerosis. Age-associated changes in vascular struc-
ture and function and atherosclerosis are intertwined and
interdependent. In fact, the prevalence of risk factors for
atherosclerotic disease such as high blood pressure, obesity,
insulin resistance, and physical inactivity increases with
age, and vascular inflammation, endothelial dysfunction,
and oxidative stress are the common end pathways underly-
ing vascular disease. To date, evidence is mounting that sub-
clinical vascular disease in older persons represents specific
aspects of vascular aging and is not synonymous with low-
grade atherosclerosis [1]. Rather, aging increases suscepti-
bility to atherosclerosis, facilitating an imbalance between
protective and insulting vascular factors for a given athero-
genic load, whereas a different burden from modifiable risk
factors could accelerate or delay the impact of age, resulting
in the well-known possible discrepancy between biological
and chronological age.

The question also arises as to what extent different vas-
cular beds may share similar mechanisms of disease, and
knowledge gained from studying large arteries and cell cul-
tures can be extrapolated to human microvasculature in
vivo. Despite deep differences between regional circulations
depending on the specific organ function, the basic pattern
of response of SMCs and endothelial cells to inflammatory
and oxidative injury seems to be quite uniform throughout
the vascular tree, which allows us to foresee an extension to
peripheral microvasculature of modern discoveries about
vascular senescence.

Functional Anatomy of the Skin Microvasculature

Skin is a complex organ, with a wide surface area of
about 2 square meters, which consists of two layers. The
outer one, the epidermis, is a waterproof layer of keratiniz-
ing stratified squamous epithelium. The inner layer, dermis
or corium, is connective tissue that supports the epidermis
and hosts the microvasculature.

Skin microcirculation guarantees three main functions
[6]: skin tissue nutrition, heat exchange for thermoregula-
tion, and blood flow redistribution during stress. Skin blood
flow spans throughout an extremely wide range (in nonacral
skin, from 1.0mL/min per 100g, needed to meet the rela-
tively low intrinsic tissue metabolic demand, to 8.0mL/min
per 100g, and in acral regions from 0.2 to 50mL/min per
100g). Under extreme thermal stress, skin blood flow can
account for up to 50 percent of total cardiac output. Such a
functional reserve is made possible by a fine control of cuta-
neous vascular resistance, capable of large dynamic changes
in response to local, mechanical, and humoral factors, as
well as to the autonomic nervous signaling. A peculiar
microvascular architecture provides the anatomic substrate
for this functional dynamics.

Microcirculatory bed in human dermis is organized in
four plexuses (Figure 1): deep, intermediate, subsuperficial,
and superficial (the so-called papillary plexus). These ves-
sels tend to be arranged parallel to the skin surface, with the
exception of, first, the capillary loops that are arranged 

perpendicular to the cutaneous surface and, second, the 
arterioles and venules which come from the deep to the
superficial plexus. Skin microvessels have relatively thick
walls that protect them against the shearing stresses to
which the skin is exposed. The greater thickness of their
walls is due to a membrane basement layer in which smooth
muscle cells, pericytes, collagen, and elastin are embedded.
Three to four branching orders of arterioles (from order 0,
corresponding to capillaries, to order 4, assigned to the
largest arterioles, with a diameter of 100 to 150 mm), are
reported in the skin microvascular bed. Arterioles show
spontaneous diameter oscillations, referred to as vasomo-
tion, with a specific range of frequencies that vary accord-
ing to the vessel order, as demonstrated by the work of
Colantuoni, Bertuglia, and others. As shown by Griffith and
others, arteriolar diameter oscillations may modify local
blood flow distribution. In particular, they yield a reduced
resistance in microvascular networks compared with those
with steady conditions, and ensure an intermittent but ade-
quate flow to the tissue in presence of a decreased blood
flow supply [7].

A special feature of cutaneous microvasculature is the
presence of numerous arteriovenous anastomoses (AV),
which are coiled vessels with an average lumen of 35 mm,
connecting arterioles and venules in the acral skin. They are
present mainly in the hands, feet, ears, and nail beds, but
have not been found in the skin of the forearm or the calf.
Their function is to allow the blood flow directly from the

Capillaries

Superficial plexus

Subsuperficial 
plexus

Intermediate 
plexus

Deep plexus

A-V anastomosis

Figure 1 Diagram of vascular anatomy in plantar skin. From Conrad,
M. C. Functional Anatomy of the Circulation of Lower Extremities. Copy-
right © 1971 by Year Book Medical Publishers, Inc., Chicago.
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arterioles to the venules of the deep plexus, bypassing the
high-resistance arterioles and capillaries of the more super-
ficial plexus. Having a dense innervation and a thick layer of
smooth muscle cells in their walls, they play a major role 
in determining the neurally mediated changes in arteriolar
tone and microvascular resistance that occur in response to
thermal stimuli.

Control Mechanisms of the Skin 
Microcirculatory Perfusion

The fine tuning of skin microvascular resistance and
blood flow distribution is obtained through the dynamic
interaction of sympathetic vasoconstriction, pressure-
dependent vasoconstriction, flow-dependent endothelium-
mediated vasodilation, metabolic vasodilation, and
spontaneous myogenic activity [6]. At a given time, not all
skin microvascular units are open and perfused. The func-
tional recruitment of previously inactive units represents a
further mechanism for increasing capillary perfusion during
exercise or passive thermal stress. The different control
mechanisms modulate diameter oscillations of the arteri-
oles, that is, vasomotion, which results, as shown by
Bertuglia and Colantuoni, in blood flow oscillations, the so-
called flowmotion. By power spectral analysis of Laser
Doppler perfusion monitoring signals, a low-frequency
component of flowmotion oscillating at 0.1Hz has been
unequivocally associated to the sympathetic activity [8].
Thus, the well-known age-related increase in basal sympa-
thetic activity and reduced tonic baroreflex sympathoinhibi-
tion may have an impact on skin microcirculatory control
and be revealed by the analysis of variability component on
laser-Doppler recordings.

Skin Microcirculation in the Elderly

Cutaneous Tissue Modifications with Aging

Age-related structural alterations in the skin have been
well documented by histologic and ultrastructural examina-
tion of skin biopsy specimens from younger compared to
older people [9]. The fine, regular epidermal surface pattern
changes to coarser and less regular ridges with aging. Epi-
dermal projections into the dermis are retracted and the 
dermal–epidermal junction is flattened. The dermis becomes
thinner, and there are fewer fibrillar collagen and elastic
fibers in older skin. A progressive reduction with age in the
dermis hyaluronic acid content has been also demonstrated,
which could account for some of the most striking alter-
ations of the aged skin, including decreased turgidity, altered
elasticity, and less support for microvessels. Basic me-
chanisms underlying skin aging can be represented by a
reduced cellular turnover and a prolonged time to recover
after an injury [10]. According to the majority of the experts
in this field, the morphofunctional state of skin, to a large
extent, depends on the state of microcirculation. As the skin

nutrition is provided by the microvessels, an altered micro-
circulatory function is thought to affect the trophic state of
the skin. A number of age-associated functional and struc-
tural alterations are reported in the skin microcirculation and
discussed in the following section (Table I).

Skin Microvascular Remodeling with Aging

With aging, density and size of blood vessels are reduced
and, in particular, dermal papillary loops are significantly
reduced in old skin compared with young skin, as described
by Tenland and others since the early 1980s, and confirmed
later on by Kelly and others. Skin capillary rarefaction has
been recently reported by MacGregor and Serné in middle-
aged patients with essential hypertension. The observation
that the same abnormality is detectable in normotensive off-
spring of hypertensive subjects pointed out the hypothesis
that skin capillary rarefaction, possibly dependent on a
defective neoangionetic capacity, could represent a patho-
physiologic mechanism underlying the development of high
blood pressure [11, 12]. Whether or not a reduction in skin
capillary density may contribute to the hypertension in the
elderly is still unknown.

Capillaroscopic observations in old subjects documented
a permanent dilatation and congestion of venules and 
capillaries in nailfold microvasculature (Figure 2), whereas
other studies showed a decreased blood flow through AV
anastomoses.

Age-Associated Hemorheological Changes

Besides remodeling of skin microvasculature, aging is
associated with hemorheological changes, which, in turn,
have negative influence on the microcirculation of various

Table I Age-Associated Changes in Skin
Microvasculature.

A. Skin microvascular remodeling
— Arteriolar wall hypertrophy
— Reduced capillary density (“capillary rarefaction”)
— Venular dilation and congestion

B. Hemorheological changes
— Raised plasma fibrinogen
— Increased plasma viscosity
— Increased red-cell aggregability
— Decreased red-cell deformability

C. Skin perfusion

Baseline perfusion
— Reduced capillary blood flow velocity
— Reduced blood flow through A-V anastomoses
— Reduced flow motion

Stimulated perfusion
— Reduced hyperemic response to heat
— Reduced vasodilation during exercise
— Reduced sympathetic vasoconstriction to cold
— Reduced reactive hyperemic response to ischemia and pressure
— Reduced endothelium-dependent vasodilation
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tissues [13]. In fact, a number of clinical observations show
a rise of fibrinogen with advancing age, which contributes to
a rise in plasma viscosity and red cells aggregation. Rheo-
logical properties of red cells also change, resulting in a
decreased cell deformability and sluggish blood flow. All
these hemorheological changes affect blood flow in large
vessels, but play an even more important role in the micro-
circulation, where the inertial forces, the corpuscular behav-
ior of blood, and the aggregation phenomenon have a
critical influence on blood flow dynamics. Although some
observations show a relationship between the rise in blood
viscosity with age and a decreased cerebral blood flow, there
is no conclusive evidence about a negative influence of
these age-dependent hemorheological changes on skin
blood flow.

Age-Associated Changes in Skin Perfusion

BASELINE PERFUSION

Differences in skin perfusion between young and old
people have been observed by various methods. More than
60 years ago, Brown and Roth showed a lower blood cell
velocity in finger nailfold capillaries of old versus young
subjects. These findings were confirmed subsequently by
modern dynamic video microscopy: Quantitative capillary
blood flow velocity measurement showed a significantly
lower velocity in the toe and the finger nailfold of elderly
compared to young subjects. However, this phenomenon
was not demonstrated in other skin regions, such as the ven-
tral surface of the forearm, where average capillary blood
flow velocity was not significantly different between young
and old subjects.

A marked heterogeneity of cutaneous microcirculation in
resting conditions has been demonstrated by laser Doppler
flowmetry, which allows continuous, noninvasive, real-time

assessment of skin perfusion in a hemispheric illuminated
tissue volume of 1 to 1.5mL under a measuring probe [14].
To understand the pathophysiologic meaning of the meas-
urements, one must remember that the laser Doppler signal
is generated by the movement of blood cells in both skin
microvascular networks, that is, the subpapillary thermoreg-
ulatory bed and the nutritive capillaries. Therefore this 
procedure yields information about nutritional and nonnutri-
tional perfusion. Skin blood flow is significantly higher in
the face than in the trunk and extremities, with the highest
perfusion values detected at lip level, followed by the chin,
forehead, and cheek. The lowest perfusion is found in the
gluteal region: on the back of the foot and on the soles. Men
exhibit a higher cutaneous perfusion than women, whereas
age-related differences in skin perfusion at rest have not
been demonstrated by most studies. In contrast, a significant
age-related reduction in resting blood flow was observed at
the dorsum of the hand and of the foot using a xenon-133
clearance method.

More evident are the differences in skin microcirculatory
pefusion between young and old subjects when the
responses to physiologic or pharmacologic stress are 
considered.

STIMULATED PERFUSION

Skin microvasculature shows a decreased efficiency of
vasodilator and vasoconstrictor adaptive responses to both
neurally mediated and humoral stimuli. A reduced capacity
of skin microcirculation in the elderly to adapt to a thermal
stress is well demonstrated. Many recent studies have 
examined this aspect, and the overall results is that aging
decreases the hyperemic response of cutaneous blood flow
to direct heat. This lowered capacity is particularly evident
during dynamic exercise. Other observations, however, sug-
gest that the age-associated decline in heat loss during exer-
cise may be masked by repeated exercise training, and that
when the effects of chronic diseases and sedentary lifestyle
keep physical activity to a minimum, heat tolerance appears
to be minimally compromised by age. An inadequate
vasodilation during exercise can hamper thermoregulatory
capacity in hypertensive patients [15]. On the other side,
sympathetic vasoconstriction to cold appears to be reduced
with aging, with a decreased capacity for thermoconserva-
tion, which may explain the intolerance to cold of which the
elderly often complains.

The hyperemic response to prolonged pressure is another
function of skin microcirculation that is blunted by aging.
The cutaneous reactive hyperemic response to ischemia and
pressure over the sacrum and the gluteal region has been
found to be significantly reduced in geriatric patients 
compared to younger subjects. This could easily induce
development of decubitus ulcers in the elderly during long
periods of immobility.

Besides the capillary rarefaction and arteriolar wall
hypertrophy responsible for the structural remodeling of
skin microcirculation, defective functional mechanisms also

Figure 2 Nailfold capillaroscopy from a 75-year-old man. Areas of
focal capillary rarefaction are detectable (arrows). (see color insert)
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contribute to an impaired capillary recruitment. A reduction
of microcirculatory skin flow-motion in elderly people may
play a role in the attenuated cutaneous vasoreactivity in
response to heat and ischemic stress.

Endothelial senescence is supposed to represent a critical
factor underlying microvascular aging. The molecular
mechanism that could be mainly involved by aging is the
activation of telomerase in human dermal microvascular
endothelial cells, which controls their durability both in
vitro and in vivo. Aging per se is associated with a mild
impaired endothelium-dependent vasodilation of skeletal
muscle resistance vessels, and brachial and coronary arter-
ies. However, the study of endothelial function in the skin
microvasculature demonstrated only a mild impairment of
the endothelium-dependent vasoreactivity in elderly sub-
jects with low risk profile of atherosclerosis [16]. An aging-
related decrease in the bioavailability of nitric oxide (NO),
due to either reduced biosynthesis or increased breakdown
triggered by enhanced oxidative stress, could account for
this impairment. However, it is worth noting that, as sug-
gested by studies of Noon and Khan, the skin microcircula-
tory response to acetylcholine (ACh) is mainly mediated by
endothelium-derived prostanoids rather than NO, which is
the mediator of ACh-induced vasodilation in brachial and
coronary arteries. In fact, the skin response to ACh is 50 
percent reduced by pretreatment with ASA (prostanoid 
synthesis inhibitor), whereas the forearm response to ACh 
is reduced by L-NMMA. By contrast, in older subjects 
a NO-dependent mechanism accounts for approximately 
60 percent of the active skin vasodilation induced by 
hyperthermia, against the 20 percent representing the contri-
bution of NO-dependent vasodilation in the skin of young
subjects. This suggests that attenuated cutaneous vasodila-
tion with age may be due to a reduction in, or decreased vas-
cular responsiveness to, other mediators than NO.

Clinical Implications and Perspectives

In conclusion, aging is associated with many skin
microvasculature changes, all with a negative influence on
tissue nutrition, which can explain the increased fragility
and vulnerability of elderly skin to the different noxae and
to the environment stress. Thermoregulatory adaptive mech-
anisms are also affected, resulting in a reduced capability to
cope with both heat and cold stress.

Even without endeavoring to analyze the intricacy of the
interactions between aging and modifiable risk factors for
atherosclerosis, it is worth remembering that an age-altered
vascular substrate increases susceptibility to the injury from
modifiable risk factors. The presence of risk factors, in turn,
may accelerate vascular aging.

The skin microcirculatory bed represents a window for
estimating “biological age” as opposed to chronological age
and a useful clinical model for noninvasive investigation of
mechanisms involved in vascular senescence.

Glossary

Aging: The natural and continuous process of becoming old. For 
medical purposes, at present the age at which a subject is elderly is set at 
65 years.

Endothelium: Cell monolayer aligned along all the vascular tree, at
the interface between bloodstream and vascular wall.

Flowmotion: Rhythmic oscillations of the blood flow in microvessels.
Skin perfusion: Blood flow supply to the skin.
Vasomotion: Rhythmic oscillations of the diameter of microvessels.
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have investigated the prognostic value of quantifying tumor
vascularity. Although some contradictory results have been
published, mainly due to differences in methodology, almost
all studies with multivariate analysis that used either CD31
or CD34 for immunostaining the vessels showed a signifi-
cant association between high tumor vascularity and un-
favorable clinical outcome.

The recommended methodology of angiogenesis quan-
tification has been described in an international consensus
report [1]. It is unlikely, however, that this methodology will
ever be applied to every breast carcinoma in routine pathol-
ogy practice if more practical surrogate markers can be 
used to estimate tumor vascularity. Histological surrogate
markers should give a reliable, fast, and easy estimate of the
amount of angiogenesis in a tumor. Ideally, a standard his-
tochemical technique, such as a hematoxylin–eosin stain,
should suffice. Interpretation of the slides should not rely on
extensive training and should not be time-consuming. Yet, a
clear pathophysiological mechanism should corroborate 
the association of these markers with parameters directly
reflecting angiogenesis, such as microvessel density and the
fraction of proliferating endothelial cells.

Two candidate surrogate markers of angiogenesis are the
fibrotic focus and the growth pattern.

A fibrotic focus (Figure 1) was proposed in 1996 [2] as
an indicator of tumor aggressiveness in invasive ductal car-
cinoma of the breast. It appears as a central, radially exp-
anding fibrosclerotic core and consists of loose, dense, or
hyalinized collagen bundles, a variable number of fibrob-
lasts, blood vessels, and inflammatory cells. It shows many
similarities with granulation tissue and subsequent scar for-
mation in wound repair and can be regarded as a focus of
exaggerated reactive tumor stroma formation.

The cancer cells of a neoplasm invade preexisting host
tissues and can thereby elicit the formation of reactive 
vascular tumor stroma, composed of extracellular matrix
and host cells including fibroblasts, endothelial cells, and
inflammatory cells. This newly generated stroma shows
many similarities with granulation tissue that is formed in
wound healing. Although cancer research in past decades
has mainly focused on the cancer cell itself, there is grow-
ing awareness that the surrounding vascular stroma con-
ditions include both local tumor progression and the
metastatic process.

Routine pathological examination of human carcinomas
reveals striking differences in the way cancer cells interact
with host tissues, that is, the growth pattern of the cancer
cells. In several primary and metastatic carcinomas, differ-
ent growth patterns reflect different degrees of reactive vas-
cular tumor stroma formation. Some growth patterns imply
destruction of the preexisting tissues and intense remodeling
of the stroma, whereas in other growth patterns there is
remarkable preservation of the preexisting architecture and
no or minimal new stroma formation. This has important
prognostic and predictive implications.

Growth Patterns and Angiogenesis in 
Primary Breast Cancer

It has become evident that tumor growth cannot be
understood without considering the interactions between the
tumor cells and the components of the stromal microenvi-
ronment, such as the vasculature. Much research has been
devoted to determining the impact of neovascularization—
that is, angiogenesis—on tumor progression. Many authors

Copyright © 2006, Elsevier Science (USA).
941 All rights reserved.



942 PART III Pathology

Different growth patterns have been shown to reflect dif-
ferences in angiogenesis, both in lung tumors and in liver
metastases [3, 4]. In invasive breast carcinoma, we defined
two different growth patterns: An expansive carcinoma is a

well-circumscribed tumor consisting of carcinoma cells and
reactive tumor stroma without intervening preexisting struc-
tures, whereas an infiltrative carcinoma consists of carci-
noma cells infiltrating between preserved normal structures.
Tumors consisting of a central expansive nodule with infil-
trative tumor at the periphery are included in the expansive
category. The association of these growth patterns with
other prognostic features was studied in 104 T1-2N0M0
breast carcinoma patients (Table I). An expansive growth
pattern was most often observed in ductal carcinomas with
poor histological differentiation and brisk mitotic activity.
Necrosis was rarely present in carcinomas with an infiltra-
tive growth pattern, and the presence of a fibrotic focus was
also significantly less frequent in these tumors than in the
expansive ones. Necrosis and fibrotic foci are routine his-
tological markers of intratumoral hypoxia. This has been
confirmed by studying the expression of the endogenous
hypoxia marker carbonic anhydrase IX (CA IX) in a group
of 184 breast cancer patients [5]. CA IX expression in carci-
noma cells and in intratumoral fibroblasts was significantly
associated with the presence of a fibrotic focus. Intratumoral
hypoxia is assuming growing importance in the pathogene-
sis of neoplastic progression. In addition to being a driver of
angiogenesis, some genes controlling this process being

Figure 1 Expansively growing carcinoma of the breast containing a
large fibrotic focus. The tumor shows a pushing margin (right) and a cen-
tral area of fibrous scar-like tissue, the fibrotic focus (left).

Table I Correlation of Growth Pattern with Other Variables in 104 
T1-2N0M0 Breast Cancer Patients.

Variable Expansive growth Infiltrative growth p-value

Histological type
Lobular (n = 12) 2 10
Ductal (n = 92) 62 30 0.0007

Size (cm) 1.9 ± 0.8 (1.7) 1.7 ± 0.8 (1.6) > 0.1

Histological grade
Well differentiated (n = 31) 18 13
Moderately differentiated (n = 33) 19 14
Poorly differentiated (n = 28) 25 3 0.007

Mitotic activity index (MAI) 15.9 ± 16.4 (10.0) 5.1 ± 6.0 (2.5) < 0.0001

Necrosis
Present (n = 22) 19 3
Absent (n = 82) 45 37 0.004

Fibrotic focus
Present (n = 55) 45 10
Absent (n = 49) 19 30 < 0.0001

CA IX score in carcinoma cells 14.3 ± 27.6 (2.0) 1.0 ± 2.9 (0.0) 0.0001

CA IX score in intratumoral fibroblasts 23.5 ± 43.5 (2.0) 1.7 ± 9.7 (0.0) < 0.0001

Tumor vascularity
Chalkley max 9.5 ± 2.7 (9.0) 7.5 ± 2.1 (8.0) 0.0007
Chalkley mean 8.5 ± 2.2 (8.0) 6.6 ± 1.6 (7.0) < 0.0001

Adapted from Colpaert, C. G., et al. (2001). J. Pathol. 193, 442–449.
For continuous variables, figures are mean ± standard deviation (median).
MAI: mitotic activity index; the number of mitotic figures per 10 high-power fields of the microscope (magnifi-

cation 400¥).
CA IX: Carbonic anhydrase IX; an endogenous marker of hypoxia. Its expression is semiquantitatively scored as

the product of the percentage of immunostained cells with an immunostaining intensity score ranging from 0 (no
staining) to 3 (strong staining).

Chalkley count: Point overlap morphometric technique to quantify the relative area occupied by vessels in a vas-
cular “hot spot,” that is, an area of high vascular density. Chalkley max is the count obtained in the most vascular hot
spot; Chalkley mean is the mean of the three highest counts.
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oxygen regulated, hypoxia induces proteomic and genetic
changes that promote an aggressive tumor phenotype.

Expression of the hypoxia marker CA IX was signifi-
cantly more pronounced in expansively growing tumors
than in infiltrative ones (Table I). The assumption is that the
latter are less hypoxic because the tumor cells grow along
preexisting well-formed blood vessels that are probably
more efficient in providing oxygen and nutrients to the
tumor than newly formed vessels. Therefore, the necessity
to initiate angiogenesis is less pronounced in infiltrative
tumors than in expansive ones, which is reflected by the 
significantly lower vascular density (estimated by Chalkley
counting; see Table I) in the infiltrative tumors. The pres-
ence of a fibrotic focus is also significantly associated with
vascular density estimated by Chalkley counting [6] and
with high endothelial cell proliferation fractions [5]. Both
growth pattern and fibrotic focus can therefore be used as
routine histopathological surrogate markers of hypoxia-
driven angiogenesis.

Growth Patterns and Angiogenesis in Cutaneous
Breast Cancer Deposits

The most common tumor to metastasize to the skin is
breast cancer. These skin deposits show remarkably differ-
ent growth patterns with distinct angiogenic profiles. In a
study of 51 surgically resected cutaneous deposits [7], 26
cases had an infiltrative growth pattern: The carcinoma cells
infiltrated between preexisting dermal structures without
significant disturbance of the dermal architecture. In nine
cases, the growth pattern was expansive, the dermal deposit
forming a well-circumscribed nodule consisting of carci-
noma cells and reactive vascular tumor stroma. Preexisting
dermal structures were pushed aside by the expansively
growing nodule. The growth pattern was mixed infiltra-
tive–expansive in the remaining 16 cases, meaning that
these deposits consisted of a central expansive nodule sur-
rounded by carcinoma cells showing an infiltrative growth
pattern. The interobserver consistency of the assignment 
of the cutaneous deposits to the different growth pattern 
categories was 92 percent. The growth pattern of the skin
deposit was positively correlated with the growth pattern of
the respective primary tumor.

Cutaneous deposits with an infiltrative growth pattern
only rarely contained necrosis or a fibrotic focus and infre-
quently showed expression of CA IX in a minority of tumor
cells, whereas these histological markers of intratumoral
hypoxia were significantly more frequent in deposits con-
taining an expansive nodule (expansive and mixed growth
patterns). These differences in hypoxia markers between the
growth patterns were reflected in differences in angiogene-
sis. Microvessel density, quantified by the Chalkley method,
was significantly higher in the expansive and mixed growth
patterns than in the infiltrative growth pattern. Mean Chalk-
ley count was higher when a fibrotic focus was present and
when CA IX was expressed. The fraction of proliferating

endothelial cells was highest in the expansive growth 
pattern, intermediate in the mixed pattern, and low in the
infiltrative growth pattern.

One major mechanism by which oxygen deficiency stim-
ulates angiogenesis is hypoxia-modulated gene expression,
including activation of vascular endothelial growth factor
(VEGF) gene transcription. VEGF is also known as the vas-
cular permeability factor and induces the extravasation of
plasma proteins, including fibrinogen and prothrombin.
VEGF also induces the expression of tissue factor on the
endothelial cells, as does hypoxia. Tissue factor, which is
also present in the subendothelial matrix and on many tumor
cells, triggers the formation of fibrin by activation of throm-
bin and subsequent polymerization of thrombin-cleaved fib-
rinogen. Fibrin is an essential component of the provisional
matrix that supports tissue remodeling, angiogenesis, and
tumor growth. In the cutaneous breast cancer deposits, fib-
rin was present in all deposits with an expansive growth pat-
tern, but in fewer than half of the deposits with an infiltrative
pattern. The deposition of fibrin was positively correlated
with microvessel density and with endothelial cell prolifer-
ation fractions.

The distinct angiogenic profiles in the different growth
pattern categories of cutaneous breast cancer deposits may
have important consequences for therapy. Different degrees
of angiogenesis may predict a different response to anti-
angiogenic therapy.

Growth Patterns and Angiogenesis in 
Liver Metastases

The liver is a densely vascularized organ that frequently
hosts metastases of colorectal and breast adenocarcinomas.
Hypothetically, tumors that would be able to preserve this
vasculature, well adapted to the high metabolic needs of
physiological liver function, would not necessarily induce
hypoxia-driven angiogenesis. Also, the gradient of angio-
genic factors necessary for endothelial cell migration and
proliferation might be diluted by the high vascular flow.
Comparison of the histology of liver metastases in breast
cancer and colorectal cancer patients has revealed a growth
pattern that preserves the liver architecture and thus co-opts
the preexisting sinusoidal blood vessels ([4]; Stessels F. 
et al., 2004). This growth pattern was expressed in nearly 
all breast cancer liver metastases (43/45) and in only a
minority of the colorectal cancer liver metastases (9/28), 
and was characterized by tumor cells replacing the hepato-
cytes in the liver plates without inducing inflammation 
or fibrosis (Figure 2). In this “replacement” growth pattern,
the endothelial cells of the coopted sinusoidal blood vessels
lost their constitutive LYVE-1 expression and started 
to express CD34, suggesting paracrine interactions 
between coopted endothelial cells and tumor cells. The
endothelial cell proliferation fraction in this growth pattern,
as a measure of ongoing angiogenesis, was low (about 
3%) and only a small minority of the breast cancer liver
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metastases with a replacement growth pattern expressed 
the hypoxia marker CA IX or had fibrin depositions at 
the tumor–liver interface (Table II). Probably, the well-
described mechanisms of invasive tumor growth, such as
fibroblast–myofibroblast transdifferentiation, TGFb path-
ways, proinflammatory signaling, hyaluronic acid action,
and hypoxia-responsive gene activation, are not involved.
The search for gene sets that are responsible for the pheno-
type of nonangiogenesis-dependent colonization of a 
distant site is ongoing. Selective induction of apoptosis in
hepatocytes at the interface by tumor cells might be one 
of the mechanisms of growth of blood-vessel-coopting
metastases. The other growth patterns in the liver were 
characterized by destruction of the architecture of the liver
parenchyma and were associated with desmoplasia and new
blood vessel formation. The metastases were (desmoplastic
growth pattern) or were not (pushing growth pattern) sur-
rounded by a fibrotic capsule.

The consequences of this heterogeneity of human liver
metastases are the limited value of model systems that selec-
tively reproduce the well-studied angiogenesis-dependent
growth of metastases and the difficulties in analyzing the
results of clinical trials applying biomodulatory drugs.
Imaging of the vascular flow and leakage by contrast-
enhanced CT or MR might be helpful in selecting patients
with angiogenic versus nonangiogenic liver metastases. The
existence of different growth patterns also stresses the supe-
rior value of the endothelial cell proliferation (ECP) fraction
for angiogenesis quantification compared to microvessel
density [1]. Liver metastases with a replacement growth pat-
tern indeed have a high microvessel density as a result of
cooption of the liver vasculature but have a low ECP due to
lack of ongoing angiogenesis.

Growth Patterns and Angiogenesis in 
Primary Lung Cancer

Bronchiolo-alveolar lung adenocarcinomas have a typi-
cal “lepidic” growth pattern: Tumor cells replace the normal
pneumocytes, thereby preserving the stromal component of
the alveolar wall and coopting the capillary blood vessels.
The structure of the lung parenchyma remains intact, which
probably explains the growth of satellite lesions in the lung
due to transportation of tumor cells by airflow. This nonan-
giogenic growth has been shown to be present in more com-
mon types of nonsmall-cell lung carcinomas (NSCLC) and
in lung metastases [3]. In 16 percent of 500 NSCLC, the
tumors were growing without parenchymal destruction and
without the formation of desmoplastic stroma. In this “alve-
olar” growth pattern, tumor cells were filling the alveoli as
solid nests. The only blood vessels present were those in the
preserved alveolar septa. The coopted blood vessels did not
express the integrin alpha-v-beta-3 necessary for angiogen-
esis. In another study, outcome of 283 patients with opera-
ble NSCLC was studied and linked to the growth pattern of
the lung tumors (Sardari Nia P. et al., 2004). Whereas the
majority of the patients had a tumor with associated desmo-
plasia and angiogenesis in which the alveolar architecture of
the lung was not preserved, 18 percent of the patients had a
NSCLC with an alveolar, nonangiogenic growth at the
tumor–lung interface. The alveolar growth pattern was not
associated with a specific histiotype (30% adenocarcinoma,
40% squamous cell carcinoma, and 30% large cell carci-
noma and other types). In univariate analysis, T-stage, N-
stage, and growth pattern predicted overall and disease-free
survival. Multiple logistic regression showed that TN-stage
and growth pattern were independent prognostic factors.
Hazard ratios for the alveolar growth pattern were 2.0 (95%
confidence interval: 1.3 to 3.2) for overall survival and 2.4
(95% confidence interval: 1.5 to 3.8) for disease-free sur-
vival, if compared to NSCLC with associated desmoplasia
and angiogenesis. When stage I tumors were analyzed sepa-
rately (174 patients), growth pattern retained its independent
prognostic value. This confirms the study of Pastorino et al.
[8], which described 137 pT1N0 patients. Both a nonangio-
genic type of vascular pattern and epidermal growth factor
receptor expression were associated with a poorer survival
rate.

Assessing the growth pattern in primary NSCLC is
potentially important since it can predict prognosis, but
probably also the response to different treatment modalities.
The growth pattern is indeed an integrative parameter con-
taining information of the relationship between tumor cells
and stromal cells. Surgical pathologists can easily determine
the growth pattern on a standard hematoxylin–eosin stained
tissue section and integrate it in the pathology report.
Another consequence of the growth patterns of lung carci-
nomas is that the prognostic value of microvessel density in
NSCLC can only be investigated within the subgroup of
angiogenic tumors.

Figure 2 Replacement growth pattern in a liver metastasis of a breast
adenocarcinoma. The tumor cells (left) are replacing the hepatocytes in the
liver plates (right), thereby coopting the sinusoidal blood vessels. There is
close apposition of tumor cells and hepatocytes at the tumor–liver interface
(arrows) without induction of inflammation or fibrosis.
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Conclusion

Different growth patterns of primary and metastatic
tumors are a reflection of different interactions of the cancer
cells with the surrounding tissue structures. The observation
of nonangiogenic growth patterns in human carcinomas
challenges the hypothesis that tumor growth is always
dependent on angiogenesis. It would be more correct to say
that neoplastic growth depends on an adequate blood supply.
If this can be obtained from a vascular bed that already
exists, the tumor can grow without the formation of new
blood vessels.

Glossary

Alveolar growth pattern: Nonangiogenic growth pattern described in
primary nonsmall-cell lung cancer and in pulmonary metastases; tumor
cells fill the alveoli and exploit the interalveolar capillaries for their blood
supply.

Fibrotic focus: Focus of exaggerated reactive tumor stroma formation
in the center of a carcinoma consisting of collagen, a variable number of
fibroblasts, blood vessels, and inflammatory cells; practical histopatholog-
ical surrogate marker of hypoxia-driven angiogenesis in breast cancer.

Nonangiogenic growth: Tumor growth without induction of angio-
genesis in which tumor cells obtain adequate blood supply by exploiting a
preexisting vascular bed.

Replacement growth pattern: Nonangiogenic growth pattern
described in liver metastases; tumor cells replace the hepatocytes in the
liver plates and exploit the sinusoidal blood vessels for their blood supply.
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organisms, including bacteria, plants, and animals. Collec-
tively, they are responsible for transporting a multitude of
diverse substrates including sugars, ions, lipids and phos-
pholipids, peptides, bile acids, sterols, pigments, and xeno-
biotics across membranes, thus affecting the distribution of
molecules at subcellular, cellular, and tissue levels. There
are many different ABC transporters. The mammalian 
ones have now been classified into subfamilies, termed
ABCA through ABCG (http://www.humanabc.org/). In 
this scheme, BCRP is named as ABCG2. The reader is
directed to http://www.ncbi.nlm.nih.gov/books/bookres.
fcgi/mono_001/mono_001.pdf and http://arjournals.
annualreviews.org/doi/pdf/10.1146/annurev.biochem.
71.102301.093055 for two comprehensive reviews on ABC
transporters.

Structural Organization of ABC Transporters

Many of the ABC transporters are constructed as a tan-
dem repeat of a basic unit containing two domains: an N-
terminal transmembrane domain (TD) of 6 to 11 a-helices
that provide substrate specificity to the protein, and a C-
terminal nucleotide-binding domain (NBD) located in the
cytoplasm that binds and cleaves ATP in order to generate
the energy for substrate transport. Binding and subsequent
hydrolysis of ATP result in a conformational change that
causes the substrate to be translocated across the membrane.
This general structure is typified by the mammalian mul-
tidrug transporter, P-glycoprotein, otherwise named ABCB1
(Figure 1). Some ABC transporters including the Multidrug
Resistance-associated Protein, MRP1 (ABCC1), have an
additional N-terminal TD. However others contain only 
one NBD and one TD. This “half transporter” structure is

Introduction

Breast Cancer Resistance Protein (BCRP) is a transporter
recently identified as a member of the ATP Binding Cassette
(ABC) superfamily of transmembrane proteins (discussed in
the following section). It was recognized initially in several
drug-resistant tumor cell lines (as discussed later) and was
subsequently identified in certain tumor tissues where its
presence has been putatively associated with poor clinical
response to chemotherapy. However, BCRP is found on
many normal, that is, nonmalignant, cells at a number of dif-
ferent sites in the body (see later discussion). These include
endothelial cells lining various vasculature. Clues to the
possible physiological role or roles of BCRP in these loca-
tions may be derived from the many studies that are now
being conducted, which examine its mechanisms of action
and its substrate (discussed later) and inhibitor profiles in
different cell systems or that analyze its influence on the dis-
tribution of drugs in whole animals.

ABC Transporters

Transporters belonging to the ATP-Binding Cassette (or
ABC) family of proteins have the ability to transport sub-
strates across cellular membranes against a concentration
gradient using the energy of ATP hydrolysis. They are so
called because of their distinctive ATP-binding domains,
which contain highly conserved sequences, Walker A and
Walker B and an additional ABC “signature” sequence.
ABC proteins constitute the largest subclass of transmem-
brane proteins and are expressed ubiquitously in all living

Copyright © 2006, Elsevier Science (USA).
947 All rights reserved.
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exemplified by members of several ABC subfamilies includ-
ing the ABCG subfamily of which BCRP is a member. In
addition, members of this subfamily have their TD and NBD
in reverse orientation (see Figure 1); hence, BCRP is
referred to as a “reverse” half-transporter. Half transporters
have to dimerize with a partner protein (either with itself to
form a homodimer or with another protein to form a het-
erodimer) in order to be functional. Currently, the bulk of
the evidence points to BCRP being a homodimer. Interest-
ingly however, BCRP shows closest homology with the
white, brown, and scarlet proteins that heterodimerize
(white/brown and white/scarlet) to transport pigment pre-
cursors (guanine and tryptophan) in the Drosophila eye.

ABC Transporters Associated with 
Multidrug Resistance

Drug resistance can be a serious obstacle to successful
anticancer treatment with tumors often failing to respond
either to initial chemotherapy (intrinsic resistance) or to
subsequent rounds of treatment (acquired resistance). Stud-
ies conducted in the laboratory on tumor cell lines cultured
in the presence of cytotoxic drugs reveal that resistance can
develop, not only to the selecting drug, but to a number 
of structurally and functionally dissimilar drugs as well,
hence providing multidrug resistance (MDR). This MDR

Figure 1 Putative membrane topology of the three main multidrug transporters. BCRP consists
of one transmembrane domain (TD) and one nucleotide binding domain (NBD) and is termed a 
half-transporter. P-glycoprotein, like many ABC proteins, is a full transporter with a TD1-NBD1-
TD2-NBD2 structure. Several of the MRP family members, including MRP1, have an additional 
N-terminal TD linked to the P-gp-like core by a linker region (L0). Note that the TD and NBD in
BCRP are in reverse orientation to those of the other two ABC proteins. (N and C refer to the N and
C termini of the transporter, respectively.) (see color insert)
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phenomenon may involve several different types of mecha-
nisms, but a common cause is the presence of multidrug
ABC transporters, which prevent access of the drugs to their
intracellular targets sites. They accomplish this task by
either effluxing the drug out of the cell via the plasma mem-
brane, or by sequestering the drug within intracellular
organelles such as the endoplasmic reticulum, lysosome, or
peroxisome.

Identification of BCRP as a Multidrug Transporter

P-gp was the first ABC transporter to be associated with
MDR (around the mid-1970s) with the MRPs being later
discoveries (MRP1 sequenced in 1992). It was not until
1998 that BCRP was revealed as another MDR-associated
ABC transporter. It was becoming apparent that there were
certain tumor cell lines that showed resistance to several
drugs (mainly mitoxantrone, bisantrene, topotecan, and dox-
orubicin) yet did not overexpress P-glycoprotein or MRPs.
Recognition of this atypical, non-P-gp, non-MRP resistance
phenotype initiated a search for another multidrug trans-
porter, leading to the ultimate discovery of BCRP, otherwise
termed Mitoxantrone Resistance Protein (MXR) or ABC
Transporter in Placenta (ABCP). The different names of this
protein derive from the fact that it was characterized and
cloned from three different sources in independent laborato-
ries at about the same time: from a multidrug-resistant
breast cancer cell line selected in doxorubicin (MCF7/
AdrVp3000, hence BCRP), from a colon cancer line
selected in mitoxantrone (S1-M1-80, hence MXR), and
from human placenta (hence ABCP) [1].

Though commonly called BCRP by virtue of its initial
discovery in a drug-selected breast cancer cell line, it is not
clear that the protein is actually often overexpressed in
breast cancers in vivo. Indeed only weak BCRP expression
has been found in breast tumors. There are, however, many
different human tumors in which BCRP expression has been
clearly demonstrated, including tumors of the kidney, ovary,
stomach, colon, thyroid, brain, endometrium, and testis;
squamous tumors (lung, head and neck, and esophagus);
soft tissue sarcomas; pheochromocytomas; and hepatocarci-
nomas. This may reflect the distribution of BCRP in normal
tissues (see later discussion).

Substrate and Inhibitor Profiles of BCRP Compared
to Other Multidrug Transporters

The ABC transporters associated with MDR vary some-
what in their mechanisms of action, substrate and inhibitor
profiles, and in their tissue locations. Nevertheless there is a
significant overlap in these characteristics between the
transporters (Figure 2).

Functional studies on both BCRP overexpressing 
drug-selected and BCRP-transfected cell lines show that the
transporter can confer resistance to anthracyclines (dox-
orubicin, daunorubicin), anthracenediones (mitoxantrone),
camptothecins (topotecan, irinotecan, and its active metabo-
lite, SN-38), and etoposide, but not to vincristine, taxol, or
colchicine, which are classical P-gp substrates. Substrates
currently recognized to be transported by BCRP are shown
in Table I.

Figure 2 Actions of multidrug transporters BCRP, P-gp, and MRP1 in efflux of substances from
cells. Drugs can enter and leave cells by passive diffusion along a concentration gradient. Multidrug
transporters provide a second route for drug exit and can drive drugs out of the cell against a con-
centration gradient by exploiting the energy of ATP hydrolysis. This additional efflux reduces drug
concentrations inside cells to sublethal levels. P-gp and BCRP (in the form of a dimer) can efflux
drugs unmodified (mainly hydrophobic, amphipathic compounds). The MRPs require the presence of
reduced glutathione (GSH) to transport unmodified drugs (predominantly organic anions) but can
transport drugs following their conjugation (GST, Glutathione transferase). (see color insert)
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A point mutation affecting substrate specificity has
recently been reported in BCRP. Though wild-type BCRP
has an arginine at the 482nd position (at the start of the third
transmembrane segment), BCRP overexpressed in certain
drug-selected cell lines was shown to contain either a
glycine or threonine at this site. This point mutation causes
a paradigm shift in the protein’s substrate specificity—wild-
type BCRP is incapable of effluxing the fluorescent dye rho-
damine 123 or anthracycline drugs such as doxorubicin, but
the mutants can handle both these substrates. Conversely,
only wild-type BCRP transports the antifolate cytotoxic
methotrexate [1]. Polymorphisms of the BCRP gene have
also been described in human populations.

Subcellular Location of BCRP

BCRP seems to be predominantly localized to the plasma
membrane of both drug-selected and transfected cell lines.
This sets it apart from other half-transporters that are local-
ized mainly to intracellular membranes such as the mito-
chondrion (ABCB7), the peroxisome (ALD subfamily), and
the endoplasmic reticulum (Tap1/Tap2). Such a location for

BCRP is consistent with a putative role in the efflux of sub-
strates from the cell. Furthermore, it is apparent in polarized
cell lines such as BCRP-transfected MDCK-II Madine-
Darby canine kidney cells that the transporter becomes
localized primarily to the apical aspect of the plasma mem-
brane, where it mediates the translocation of substrates from
basal to apical side. However, a role for BCRP in the intra-
cellular trafficking of molecules cannot be ruled out as some
immunocytochemical studies have reported perinuclear
staining for BCRP in several topotecan- and mitoxantrone-
resistant cell lines [1].

Tissue Distribution of BCRP Compared to 
Other Multidrug Transporters

The apical siting of BCRP on polarized cells is of partic-
ular relevance to the possible role or roles of BCRP in nor-
mal tissues. The protein is found in many tissues, including
barrier sites, as outlined in Table II.

The highest BCRP expression is found in the placenta on
the syncytiotrophoblast facing the maternal circulation. This
suggests a role for the protein in the elimination of sub-
strates from the fetus. This has been established for mouse
Bcrp1; in both wild-type and P-gp knockout mice, inhibition
of Bcrp1 by GF120918 (a common inhibitor of human and
mouse P-gp and BCRP) resulted in at least a twofold
increase in the fetal uptake of orally administered topotecan,
a BCRP substrate. BCRP is also expressed at more modest
levels in the colon, small intestine, liver, ovary, and breast,
where it may be concerned with elimination of material
from these tissues. In a recent clinical study utilizing
GF120918, it was shown that the oral bioavailability of
topotecan more than doubled (from 40% to 97%) when the
drug was coadministered with the inhibitor, thus underlining
the functional significance of BCRP expression in the 
intestine.

Table I Substrate Profile of BCRP
Compared with P-gp and MRP1.

Substrate BCRP P-gp MRP1

Paclitaxel ✓

Verapamil ✓

Colchicine ✓

Vinblastine ✓ ✓

Etoposide (VP-16) ✓ ✓ ✓

Daunorubicin ✓ ✓ ✓

Doxorubicin ✓ ✓ ✓

Epirubicin ✓ ✓ ✓

Mitoxantrone ✓ ✓ ✓

Methotrexate ✓ a ✓ ✓

Prazosin ✓ ✓

Topotecan ✓ ✓

Bisantrene ✓ ✓

Rhodamine-123 ✓ ✓

Flavopiridol ✓

Lysotracker Green ✓

SN-38 ✓

E2-GLU ✓ ✓

Estrone 3-sulfate ✓ ✓

LTC4 ✓

GSH ✓

E2-GLU, 17b-Estradiol 17-(b-D-glucuronide); GSH, reduced glu-
tathione; LTC4, leukotriene C4. Rhodamine 123 and Lysotracker Green are
fluorescent dyes.

a Methotrexate is effluxed only by the wild-type BCRP.

Table II Tissue Distribution and Putative
Functions of BCRP at These Locations.

Localization Putative function

Placenta—syncytiotrophoblast Protection of fetus, excretion of 
substrates

Apical membrane of epithelium Reduced uptake/excretion of 
of small intestine and colon substrates into maternal circulation

Liver canalicular membrane Excretion of substrates by the liver 
into bile

Apical membrane of lobules Unknown
and lactiferous ducts of breast

Endothelium of capillaries and Unknown
veins

“Side” population of Unknown
hematopoietic stem cells
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This distribution of BCRP shows similarities to that of
the multidrug transporter P-glycoprotein, which is also
expressed in various epithelia, particularly in organs associ-
ated with drug absorption and disposition, such as hepato-
cyte canalicular membrane and the intestinal mucosa. P-gp
is thought to provide a first line of defense against the entry
of many types of xenobiotics into the body. Knockout mice
deficient in functional P-gp, although viable, fertile, and
without obvious histological or developmental abnormali-
ties, show significantly altered pharmacokinetics (and 
toxicity of several drugs) [2]. The third subfamily of 
multidrug transporters, the MRPs, are widely distributed
throughout the body in tissues including the choroid plexus,
oral mucosa, small intestine, testis, and respiratory tract.
Because there are several MRP homologs with overlapping
substrate specificities, the importance of each for the elimi-
nation of particular substances is difficult to assess.

Both BCRP and P-gp are to be found on the endothelium
lining the blood–brain barrier (see later discussion). The
presence of multidrug transporters at such barrier sites 
creates “pharmacological sanctuaries” within the body, per-
mitting certain organs and tissues to function in relative 
isolation from the rest of the body. Indeed, in P-gp knockout
mice, the integrity of the blood–brain barrier is shown to be
significantly compromised, with much higher brain penetra-
tion of P-gp substrates such as vinblastine and ivermectin
being demonstrated. The relevance of BCRP at these sites is
still under investigation (see later discussion).

The generation of the Bcrp1 knockout mouse [3] has
thrown new light on the putative physiological function of
this transporter. Though these mice were anatomically nor-
mal and fertile, a defect was seen in their ability to handle a
metabolite of chlorophyll, pheophorbide a, resulting in
severe phototoxicity in mice exposed to light. They also
exhibited a previously uncharacterized form of porphyria.
Thus it became known that BCRP performs an essential
function at the gut epithelium in effluxing toxic products of
chlorophyll metabolism. BCRP knockout mice generated
independently by Zhou et al. [4] were used to demonstrate
that this transporter, rather than P-gp, is responsible for the
dye efflux in the cells. This allows analysis of the “side-
population,” enriched in murine hematopoietic stem cells,
which have high bone-marrow repopulating activity. The
role BCRP plays at this location is still to be elucidated.

Expression of BCRP in Endothelia of Normal Tissues
and of Tumors

BCRP differs from P-gp in being expressed on the
endothelial lining of vascular beds in many tissues, not just
at the blood-brain barrier. Interestingly, BCRP is evident in
venules and capillaries (see Table II) but not in arterioles [5].
Hence the transporter is distributed in the regions of the 
vasculature where the bulk of the exchange of materials
between blood and tissues occurs. On endothelial cells of
vasculature-supplying tumors (for example, testicular 

germ-cell tumors, endometrial, ovarian and colon carcino-
mas, and brain tumors), antibody staining for BCRP has
been described as moderate to strong, stronger indeed than
on the vascular endothelium in the surrounding normal
regions [6]. This raises the interesting possibility that BCRP
expression is perhaps upregulated in the endothelium of
blood vessels during neoplastic vasculogenesis.

Localization of BCRP in the Specialized Endothelium
of the Blood–Brain Barrier

The presence of multidrug transporters is of particular
importance in vascular endothelial cells at special barrier
sites such as the blood–brain and blood–testis barriers. Here
the vessels possess tight junctions that place severe restric-
tions on the free paracellular diffusion of many substances
seen in peripheral endothelia.

Recent studies have explored the localization of BCRP in
human brain material using fresh-frozen samples of both
normal and tumor brain (meningiomas and gliomas) [7].
Western blot results show a higher degree of expression of
BCRP protein in the gliomas over the normal and menin-
gioma samples. It could be seen by immunostaining that
BCRP is primarily localized to blood vessels within the
brain. In the case of two meningioma samples, notable 
heterogeneous staining for BCRP was seen in brain
parenchymal cells in addition to endothelial cells. Diestra 
et al. [6] also reported a higher expression of BCRP in 
several unspecified brain tumors over normal brain
parenchyma using immunohistochemical staining with a
well-characterized anti-BCRP antibody.

By exploiting the powerful resolving capabilities of 
the confocal microscope, it has been possible to gain 
some understanding of the subcellular distribution of BCRP
within brain microvessels. Utilizing the fact that the brain
endothelial glucose transporter GLUT-1 is localized on both
sides of brain endothelial cells (both luminal and abluminal
membranes), dual-staining with antibodies for GLUT-1 and
for BCRP revealed the main sites of BCRP expression in
microvessels in both normal and tumor brain sections. The
distribution of BCRP staining was seen to be inner to that of
GLUT-1 in all microvessels viewed, which suggests that
BCRP is localized toward the luminal membrane of human
brain endothelial cells in the in vivo blood–brain barrier [7].
It is probable therefore that BCRP, localized strategically at
the luminal membrane of endothelial cells, has a protective
function at the blood–brain barrier in limiting entry of sub-
strates into the brain.

P-gp also has been localized to the luminal aspect of the
brain capillary endothelium. It is already well documented
that in this situation it performs what has been described as
a “gatekeeper” role at the blood–brain barrier, pumping out
a variety of xenobiotics that would otherwise gain access 
to the brain via the transcellular pathway due to their
lipophilicity [2]. The number of drugs known to be excluded
from the brain by P-gp is large, ranging from nonsedating
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antihistamines, antiepileptics, and beta-blockers to anti-HIV
reverse transcriptase inhibitors. What additional protection
BCRP may bring to bear is as yet not well defined and
would require the advent of knockout mice lacking several
of the MDR transporters or use of combinations of specific
inhibitors so that the influence of BCRP can be distin-
guished from that of P-gp in vivo.

The presence and importance of MRPs at the
blood–brain barrier is even less clear. This is due both to the
multiplicity of transporters in this family and to existing
controversies in the literature. In contrast to BCRP, MRP1 
is known to be functionally active in vivo at the epithelium
of the choroid plexus, regulating the distribution of several
xenobiotics into the CSF. But it has not been definitively
localized in vivo at the blood–brain barrier. MRP1 does,
however, become upregulated in cultured brain endothelial
cells [8]. This has allowed its functionality to be explored 
in vitro in brain endothelial cells cultured from several
sources including human brain. In the case of MRP2, 
results of recent studies using in vivo microdialysis hint 
at a functional role for this protein at the rat blood–brain 
barrier, limiting the brain uptake of the anticonvul-
sant phenytoin. However, these observations need further
investigation.

A homolog of BCRP has been described in porcine brain
endothelial cells by Eisenblatter et al. [9]. This protein,
named Brain Multidrug-Resistance Protein (BMDP), shows
86 percent amino acid identity with human BCRP and is
predicted to have the typical architecture of a “reverse” half-
transporter. BMDP was shown, using immunohistochem-
istry, to be localized to the cell membrane of cultured
porcine brain endothelial cells. A blood vessel location in
vivo for the message was inferred from RNA isolation
experiments in which the mRNA of BMDP appeared to be
concentrated in the brain microvessels, with the levels of
transcript higher in isolated capillaries than in homogenized
brain tissue.

High levels of BMDP transcript were also detectable in
cultured porcine brain endothelial cells. These appeared
approximately 30 times higher than equivalent P-gp expres-
sion, suggesting that at least in the porcine endothelium,
BMDP plays a more prominent role than P-gp. This was 
corroborated via functional studies using the radiolabeled
substrate 3H-daunorubicin (a substrate common to both 
P-gp and BCRP) performed on cultured porcine brain
endothelial cells grown as monolayers—GF120918 (which
inhibits both P-gp and BCRP) abrogated almost completely
the transport of daunorubicin from the basolateral to the api-
cal side of the porcine brain endothelial cell monolayer.
However, specific P-gp inhibitors gave only moderate 
inhibition. This strongly suggests that the contribution 
by BMDP to transport of substrates across the porcine
blood–brain barrier may be greater than by P-gp. These
studies are the first to report functional BCRP in cells
derived from the blood–brain barrier.

Many questions still remain regarding the in vivo func-
tionality of BCRP. Its ubiquitous expression in the endothe-

lium of veins and capillaries of every tissue so far examined
suggest that it might efflux substrates that are potentially
toxic to many tissues but are incapable of passing between
endothelial cells. In particular, its expression at the
blood–brain barrier may also be of paramount significance
to limiting the brain penetration of substrates. The vast body
of research available on P-gp and members of the MRP
family has pointed to a number of specific–roles performed
by these transporters at various sites in the body. There is
still much to be learned about BCRP and the function it may
perform in the microvessel endothelium.
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injected into the vascularity either systemically or locally.
After polymerization of the casting medium the tissue is
corroded in an alkaline solution. After drying and mounting
the vessel system replicas can be studied in detail. Intravital
microscopy, especially after injection of fluorescent dyes, is
effective in the observation of two-dimensional vascular
networks as given in most angiogenesis assay systems. The
possibility of examining the vasculature in the time course
is the biggest advantage; the limited resolution the major
shortcoming. Classical injection methods with light micro-
scopic evaluation are time consuming, require laborious
reconstruction work, and are still of limited value, unless
sophisticated computerized techniques are used. The variety
of morphological techniques for assessing microvascular
structure from light to confocal scanning and transmission
microscopy was increased significantly by immunostaining,
allowing for further structure–function correlations.

Structural Differences between Tumor and 
Normal Microvasculature

Normal microvasculature is hierarchically organized.
The capillary network branches from arterioles with contin-
uous or metarterioles with discontinuous layers of smooth
muscle cells. In both cases precapillary sphincters may reg-
ulate blood flow. Blood flow regulation is also facilitated by
arteriovenous anastomoses. The capillaries are usually made
up by a continuous layer of endothelial cells that are joined
together by tight junctions. In some organs, such as in parts
of the gut and in endocrine glands, fenestrated endothelium
prevails. Pericytes originating from mesenchymal cells 
and a basement membrane regularly embrace continuous
endothelium-type capillaries, whereas pericytes are rarely
found in fenestrated capillaries. Gaps between endothelial
cells are seen only in discontinuous, sinusoidal vessels in the

Introduction and Definitions

Therapeutic concepts in oncology such as antiangiogenic
or antivascular approaches have reawakened the scientific
community’s interest in comparative microvascular
anatomy and biology. Microvascularity and angiogenesis
play a significant role during normal growth, in physiologi-
cal conditions, and in a variety of pathological conditions
such as inflammation, diabetes, macular degeneration, and
wound healing. Angiogenesis is thus, not a specific phe-
nomenon in tumors, but instead an integral element of
numerous different normal and pathological conditions.

After the short early embryonic phase of primary angio-
genesis, which comprises the formation of poorly differ-
entiated vessels composed of endothelial cells derived 
from angioblasts of blood islands in the extraembryonal
mesoderm of the yolk sac, all further vascular growth in
physiological and pathological conditions is summarized as
secondary angiogenesis. In secondary angiogenesis forma-
tion of new vessel segments can be accomplished either by
vessel sprouting, which requires endothelial cell mitoses, or
by intussusceptive growth without need for endothelial cell
mitoses. Primary angiogenesis never works without mitoses.

When describing microvessel morphology, we have to
discern between structure and architecture, both of which
determine functional properties in terms of blood flow.
Structure in morphological terms means vessel wall build-
ing, cellular differentiation, cell shape, cell contact structure
and cell surface differentiation, and organelle and cytoskele-
ton contents. Microvessel architecture encompasses pattern
formation, vessel course, density, and all parameters defin-
ing the 3D arrangement of the microvascular unit.

Microvessel architecture can be studied best by means of
scanning electron microscopy of corrosion casts, which
allows also for 3D imaging, reconstruction, and quantitative
analysis. For microvascular corrosion casting a resin is

Copyright © 2006, Elsevier Science (USA).
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spleen, liver, and bone marrow. In these vessels basement
membranes are missing.

Tumor microvasculature is characterized by a lack of
hierarchy and differentiation. Even large caliber vessels are
mainly composed of no more components than an endothe-
lium and a basement membrane (Figure 1). Because of the
usually higher interstitial pressure the endothelium may
decrease in height and appear flattened. Only sprout forma-
tions and early vessel forms, such as in the tumor invasion
front, reveal an organelle-rich and comparatively high
endothelium (Figure 1b,c). Villus-like protrusions of the
luminal surfaces indicate the young age of these vessels.
Abluminal protrusions of cell ramifications, again, indicate
active migration and new sprouting. The thinning of the
endothelium sets in with further stabilization and increase in
the luminal diameter. However, only a part of the early
forms persists: Many early forms undergo degeneration and
destruction just like those sprouts that did not fuse with oth-
ers. Until now no reliable morphometric data have been
available on the fate of sprouts and early forms. We have the
impression that at least two thirds of all formed sprouts will
not differentiate into early forms or established vessels.

Fenestrations shut by diaphragms are rarely seen (Figure
1d), whereas discontinuities or gaps that allow for hemor-
rhage and facilitate permeability are common features irre-
spective of the origin of the tumor (Figure 1e). Cell contacts
are usually poorly differentiated, and no complex contact
structures exist even in well-established vessels and late
forms. Pericytes are frequently missing.

Comparisons of the structural features of different human
sarcomas, melanomas, and carcinomas xenografted onto
nude mice as well as a variety of human primary tumors
(colorectal, renal, and larynx carcinomas) did not show
tumor cell line or tumor entity specific cell structure pat-
tern. This might well have consequences for targeting
approaches. In general, the number of intracytoplasmic con-
tractile filaments is reduced, which contradicts any possible
blood flow regulation by pericyte or endothelial cell con-
tractility. Blood flow is regulated primarily on the level of
preexisting arteries and arterioles nourishing the tumor,
resulting in heterogeneous blood flow. Apart from incorpo-
rated vessels no clearly demarcated arterial sphincters are
visible within the newly formed tumor vascular network.
Autonomous nerves are also detectable only in the tumor
periphery as incorporated nerve fibers. Thus, low structural
stability is accompanied by lacking regulation.

The difficulties frequently seen when using panendothe-
lial cell markers such as anti-CD31 or anti-FVIII for label-
ing tumor microvessels indicate a functional and structural
heterogeneity of lumen-confining cells in tumors. This is 
at least in part due to the participation of nonendothelial
cells in the vessel wall formation. Newly formed vessels
composed of cells with extremely different cell organelle
contents indicate the involvement of different cell types
(Figure 1d). Sometimes “endothelial cells” could be
observed that engulfed bundles of collagen fibers.

It has been well known for 30 years that pericytes may 
be formed not only by the angioblastic pathway, but also

from mesenchymal cells. Likewise, since then evidence has
accumulated that tumor cells themselves may be involved in
vessel wall building. Interstitial plasma flow may take place
in channels completely lined by nonendothelial cells (Figure
1f), for which the term vascular mimicry was recently
coined.

Architectural Differences between Normal and
Tumor Microvasculature

All tissues and organs develop a very specific vascular
architecture reflecting the specific demands. The large intes-
tine microvasculature, for example, is characterized by a
flatly extended mucosal capillary plexus with a hexagonal,
honeycomb pattern around the tissue of the mucosal glands
(Figure 2a). This subepithelial plexus is supplied by arteries
that divide within the submucosa and is drained by venules
originating immediately under the mucosal surface. Elon-
gated capillaries in the renal medulla are densely packed in
vascular bundles permitting the essential countercurrent
exchange mechanism, whereas the capillaries derived from
the afferent arterioles branch within the renal corpuscle with
its unique architecture (Figure 2b). Microvessel plexuses
within loose connective tissue such as the subcutis are flatly
organized with undulating capillary courses that enable
compliance with shear stress exerted by the skin (Figure 2c).
Capillaries coursing into dermal papillae show typical 
hairpin loops that are involved in temperature regulation
(Figure 2d).

In tumors, the organ- and tissue specific vascular archi-
tecture is not retained but is replaced by newly formed 
vessels without significant hierarchy (Figure 2e–h). Vessel
densities may vary considerably; the highest vessel densities
are usually found in the periphery within the invasion front.
Vessel density within “hot spots,” that is, densely vascular-
ized areas, may be even higher than in the autochthonous
tissue. In desmoplasias next to the neoplastic tissue, sprout-
ing, dilatation, and structural adaptation may change the
original architecture of the preexisting vessels as result of
the release of proangiogenic factors.

Common features of human primary and of experimental
tumor vascularities—irrespective of origin, size, and growth
behavior—are missing hierarchy, the formation of large-
caliber sinusoidal vessels (Figure 2e, f), and markedly
expressed vessel density heterogeneity (Figure 2e, g). The
diameters within individual tumor vessels vary significantly.
Sinusoids originating from and draining into venous vessels
increase vessel densities, but do not contribute to nutritive
blood flow. Capillary elongations by more than tenfold
explain the low intratumoral pO2. Vessel compressions and
blind ends are found close together.

Tortuous courses and elongated sinusoidal vessels may
occur also in other forms of secondary angiogenesis; 
however, in wound healing and chronic inflammation a real
remodeling of the newly formed vasculature takes place
with differentiation into arteries and veins and elimination
of ineffective vessel segments.
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Figure 1 Transmission electron microscopy of tumor vascularity. (a) Established sinusoidal vessel (late
form) of a renal cell carcinoma transplanted under murine renal capsule with flattened endothelium (arrows)
without medial layer. Note the edema (e) within some endothelial cell protrusions. (b) Intercellular bud forma-
tion through endothelial cell migration in a human melanoma xenografted onto nude mice. The eccentrically
located perikaryon of cell 2 and a pseudopodium of cell 1 veer out from the endothelial structure, forming a new
lumen, which is not fully connected to the primary lumen. (c) Early form in a melanoma. Note the height of the
endothelium and the unusual overlapping of the three lumen-confining cells. (d) Partial compression of an early
form by extravascular tumor cells (tc) next to a lumen-confining cell (1), which results in a thinning of the
endothelium. (Inset) Fenestrated endothelium is superimposed by continuous endothelium. (e) Structural defects
in sinusoidal vessel of a xenografted squamous cell carcinoma with evasions. The endothelial cells (left) show
some bleb formation indicative of cytoskeleton damage, whereas the pericytes appear normal. (f) Interstitial
channel (ic) lined completely by hypoxic tumor cells in a xenografted spindle cell sarcoma. All bars = 5 mm.
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Last, it should be pointed that the features seen in pri-
mary tumor vascularity can be seen qualitatively as well in
precancerous lesions—although to a lesser extent—long
before the transformation to the malignant phenotype.

Glossary

Microvascular corrosion casting: Replication of vessel systems by
injection of low-viscosity casting media and digestion of all surrounding
tissues, allowing for scanning electron microscopic examination.

Microvascular unit: Capillary bed segment fed by an individual
metarteriole.

Tumor sinusoids: Relatively undifferentiated vessels with capillary
wall building and increased diameter.

Vascular mimicry: Nonendothelial cells lining vessels or perfused
channels.
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Frequently xenografted tumors induce the formation of a
vascular envelope of sprouting and preexistent host vessels
embedded in connective tissue, in which a certain hierarchy
is retained (Figure 2h). This is not true for human primary
tumors since the invasive growth prevents the formation of
such a vascular and/or fibrous tissue capsule.

Despite the common features, which are expressed to 
different extents, the architecture of tumor vasculature is
tumor-type specific. This is in contrast to the structure of the
tumor vascular cells. Morphometry of parameters determin-
ing the architecture of the microvascular unit such as inter-
vessel and interbranch distances as well as diameter and
variability of diameter prove that individual tumor entities
express characteristic vascular patterns. The inherent archi-
tecture of the tumor seems to be primarily determined by the
tumor cells themselves; experiments involving transfected
tumor cells with different capacity to produce and release
FGFII showed significant differences in tumor growth, but
not in microvascular architecture.

Figure 2 Scanning electron microscopy of normal (a–d) and tumor
microvascular corrosion casts (e–h). (a) The human colonic mucosal capil-
lary plexus (c) is arranged in a honeycomb pattern and shows numer-
ous intercapillary connections. The supplying arterioles (a) and draining
veins (v) take a straight course from the underlying submucosal vessels. 
(b) Mouse kidney vessels with cortical vessels and glomeruli (lower left
and inset) and parallel-oriented medullary vessels (upper part). (c) Subcu-
taneous vessel plexus on the fascia with undulating vessel courses. 
(d) Hairpin loops of skin capillaries oriented along the dermal papillae
(sheep ear skin). (e) Loss of original vessel architecture in human colonic
carcinoma (pT3, pNo, pMx; G2). Note the heterogeneous distribution of
the sinusoids and the loss of hierarchy. (f) Murine RenCa-tumor sinusoids
with varying diameters and numerous blind ends. (g) Xenografted sarcoma
with compressed main veins (v) and avascular areas (+) next to hot spots.
(h) Tumor vascular envelope in a xenografted squamous cell carcinoma.
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malignant cell populations embedded within the underlying
tissue parenchyma. However, although a number of angio-
genic inhibitors have advanced from the laboratory into the
clinical setting, their success in the patient population has, to
date, been less than remarkable. One potential explanation
for the limited therapeutic response is that an extensive body
of evidence clearly indicates that the microcirculation of dif-
ferent tissues exhibits diversity at the structural, molecular,
and functional levels. Determining which angiogenic factors
are specific for the vessels associated with a given tumor is
central for designing appropriate therapeutic regimes.

Emerging evidence indicates that hematopoietic stem
cells (HSCs) and endothelial progenitor cells (EPCs) that
originate from either the bone marrow or other tissues may
contribute to the neovascularization of tumors. HSCs and
EPCs have also been found in newly developed blood 
vessels associated with wound healing, limb ischemia, 
atherosclerosis, and post–myocardial infarction. Prelimi-
nary experimental studies indicate that the homing proper-
ties of precursor cells may be exploited to produce therapy
of tumors. Considerable effort is now directed toward deter-
mining the factors that mobilize and direct these cells to
sites of neovascularization.

The extent to which tumors are dependent on the pro-
cess of angiogenesis varies among different types of 
tumors. Some neoplasms, such as certain nonsmall-cell 
lung tumors, have been shown to meet their metabolic
requirements by proliferating along the surface of preexist-
ing blood vessels and, thus, are independent of angiogene-
sis. Therefore, this form of tumor growth could be
impervious to pharmacologic interventions that are directed

The growth and dissemination of malignant tumors are
dependent on a blood supply. In response to increasing
metabolic pressures, tumors enhance their vascular supply
by inducing resident endothelial cells to form new vascular
networks (angiogenesis), by mobilizing populations of
endothelial precursor cells to the tumor site (vasculogene-
sis), or by modifying the structural architecture of preexist-
ing blood vessels (vascular remodeling). Understanding 
the molecular mechanisms that regulate these complex
processes in different organs is essential for developing
antivascular therapy.

Introduction

In his 1945 report examining the vascular response to
tumor implantation, Algire concluded “an outstanding char-
acteristic of the tumor cell is its capacity to elicit continu-
ously the growth of new capillary endothelium from the
host” [1]. Some 25 years later, enough supportive evidence
had accumulated to advance the hypothesis that the progres-
sive growth of tumors is, indeed, dependent upon the induc-
tion of angiogenesis. Since that time, considerable effort has
been extended toward defining the molecular mechanisms
that regulate tumor neovascularization and characterizing
the phenotype of tumor blood vessels. Targeting of tumor-
associated endothelium is an attractive approach to control
tumor growth in that the endothelial component of the tumor
is considered to be genetically stable and, therefore, not
prone to develop resistance to therapy. Moreover, the tumor
endothelium provides an accessible target as compared to

Copyright © 2006, Elsevier Science (USA).
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against dividing endothelial cell populations. Perhaps a
more effective approach for the management of this type of
tumor growth would be to deliver therapy in a regional man-
ner by targeting tissue-specific receptors that are present on
the vascular endothelium and, thereby, alleviate much of the
systemic toxicity associated with chemotherapy.

Angiogenesis

Angiogenesis refers to the development of new blood
vessels from the existing vascular bed. During embryonic
development, angiogenesis provides ectoderm- and 
mesoderm-derived tissues, including the brain and kidney,
with a vascular supply. In the adult, angiogenic events occur
less frequently and are primarily restricted to tightly regu-
lated processes that occur during the female reproductive
cycle (formation of corpus luteum and placenta) and in
response to wound healing. However, angiogenesis does
play a prominent role in the progression of several patho-
logic conditions including arthritis, diabetic retinopathy,
psoriasis, and tumor growth. In contrast to the transient
highly regulated vascular development that occurs during
normal tissue growth, the angiogenesis associated with the
aforementioned disease states is persistent and unrelenting.

The onset of angiogenesis is presumed to be the result of
an imbalance between inhibitor and stimulator molecules.
Normal tissues are exposed to an excess of inhibitor mole-
cules and, consequently, the vascular endothelium remains
in a quiescent state. Studies examining the kinetics of
endothelial cell proliferation in several normal tissues esti-
mate that the turnover time of endothelial cells can be meas-
ured in years. Tumors may disrupt the equilibrium between
inhibitor and stimulator molecules, however, by inducing
alterations in the local microenvironment, by downregu-
lating tumor-suppressor genes, or through the activation of
oncogenes. Microenvironmental changes appear to result
from increasing metabolic demands by an expanding tumor
cell population that are not satisfactorily met by available
blood delivery. Insufficient blood flow, in turn, leaves resi-
dent tumor cells exposed to an inhospitable milieu that is
characteristically devoid of oxygen and nutrients and rich in
metabolic waste products. For some tumors, such as carci-
nomas of the head and neck, the decline in oxygen tension
functions as a selection pressure that leads to the prolifera-
tion of cells with enhanced metastatic potential. However,
for tumor cells subjected to severe hypoxia, the anaerobic
environment may have a detrimental effect on tumor cell
survival. Indeed, Fidler and colleagues have demonstrated
that if a tumor cell resides more than 170 mm from a vascu-
lar supply, there is a strong probability that this cell’s destiny
is one of death (Figure 1).

Tumor Blood Flow

Studies conducted in experimental animal tumors indi-
cate that insufficient blood delivery is a common feature of

a number of tumor types. For some, the reduction in blood
flow can be profound when compared to measurements
obtained in adjacent, nonaffected tissue. For example, meas-
urements of tumor blood flow in ovarian implants show that
blood flow rates in these tumors are some 50 times less than
that observed in normal ovarian tissue. In rodent models,
blood flow to tumors continues to decline as the size of the
tumor increases, irrespective of the intensity of the angio-
genic response. Many tumors display a progressive rarefac-
tion of the vascular bed (i.e., a decrease in the number of
patent vessels per gram of tissue). Because the rate of neo-
vascularization is considerably reduced in comparison to
tumor cell proliferation, the vascular space becomes a pro-
gressively smaller component of the total mass. To deter-
mine how the vascular surface area of experimental tumors
compared to that of normal tissues, we injected a radio-
labeled monoclonal antibody directed against CD31 into the
systemic circulation of mice harboring subcutaneous tumors
and compared antibody binding on tumor vessels to uptake
on vessels supplying other tissues (Figure 2). The results
show that the tumor vascular surface area is a fraction of that
found in normal tissues.

Hypoxia Inducible Factor

Recent studies indicate that many tumors rely on the
same hypoxia-sensing mechanism utilized by normal cells
during conditions of low oxygen availability to activate
genes associated with angiogenesis. Specifically, hypoxia
inducible factor-1 (HIF-1) has been shown by in situ
hybridization to be expressed in hypoxic regions of tumors,
and overexpression has been documented in several primary
human cancers and their metastases. HIF is composed of an
ab heterodimer in which the a subunits are inducible by
hypoxia, whereas the b subunits are constitutively expressed
nuclear proteins. Declining oxygen tension stabilizes HIF-
1a and promotes its accumulation in the cell nucleus, where
it heterodimerizes with HIF-1b and initiates the transcrip-
tion of a number of genes implicated in angiogenesis, inva-
sion, and metastasis.

One of the most intensely studied genes targeted by HIF
activation is vascular endothelial cell growth factor/vascular
permeability factor (VEGF/VPF). Although originally char-
acterized based on its ability to induce protein extravasation
from tumor vessels, VEGF has since been determined to be
essential for the establishment of new blood vessels that 
are associated with embryonic development and maturation
of the ovarian follicle, as well as a number of pathologic
processes. At present, five VEGF ligands (VEGFs A–E)
have been identified that possess binding potential for 
three distinct VEGF receptors: VEGFR1 (Flt-1), VEGFR2
(KDR/Flk-1), and VEGFR3 (Flt-4). Of the VEGF ligands,
the various VEGFA isoforms appear to be key mediators of
new blood vessel growth, whereas VEGFC and VEGFD
have been implicated in lymphatic angiogenesis.

VEGF can elicit cell migration, protease production, 
and proliferation necessary for angiogenesis. VEGF also
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functions as a survival factor for endothelial cells by 
upregulating the phosphatidylinositol-3 OH kinase/Akt 
signal transduction pathway and enhancing the expression
of the antiapoptotic proteins Bcl-2 and A1. Overexpression
of VEGF is a hallmark of a variety of human tumors, and
inhibition of Flk-1 signaling using several different
approaches can significantly impair tumor growth in exper-
imental models. Considering the important role that VEGF
and its receptors play in the neovascularization process of
malignant tumors, it is not surprising that this signaling cas-
cade is at the forefront of antiangiogenic research efforts.

Also included among the genes induced by HIF-1a acti-
vation are those that encode for the polypeptide chains of
platelet-derived growth factor (PDGF). To date, four PDGF
polypeptide chains have been identified that combine to
form five PDGF isoforms: PDGF-AA, -AB, -BB, -CC, and
-DD. These isoforms exert their effects by activating two
protein tyrosine kinase receptors, denoted the a-receptor
and b-receptor. Although each of the different PDGF iso-
forms has been shown to be capable of contributing to tumor
neovascularization, their specific role in this process appears
to be dependent upon the location of the tumor. Indeed, the
results obtained from studies examining PDGF-R signaling
cascades in different experimental tumors underscore the

A. B.

C. D.

Figure 1 Location of dividing and apoptotic tumor cells in relation to blood vessels in brain metastases. 
(a) Autochthonous human lung-cancer brain metastases. BrdU-positive cells (cells engaged in cell division) 
are stained red and are located within 75 mm of the nearest blood vessel (arrow). (b) Autochthonous human lung-
cancer brain metastasis. TUNEL-positive (apoptotic) cells stained bright green and are positioned 160–170 mm
from the nearest blood vessel. The vessel is marked in red. (c) Human KM12C metastasis in the brain of nude
mice. BrdU-positive nuclei stained red. Arrow points to blood vessel stained for CD31 (brown). (d) Human
KM12C metastasis in the brain of nude mice. CD31 staining (red) identified blood vessels and bright green
nuclei were TUNEL-positive. Bar = 100 mm. Reproduced with permission from Fidler et al. (2002). Lancet
Oncology 3, 53–57. (see color insert)
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Figure 2 CD31 expression levels in lung, heart, small intestine, tumor,
and skin of C57Bl/6 mice. Radiolabeled monoclonal antibody (mAb)
directed against CD31 was injected intravenously into mice harboring 
subcutaneous murine RM1 tumors, and binding on tumor blood vessels 
was compared to values obtained from blood vessels supplying normal 
tissues. Values are expressed as mg mAb/g tissue. This technique has 
been shown to provide a reliable index of microvascular density in differ-
ent tissues. Modified from Langley et al. (1999). Am. J. Physiol. 277,
H1156–H1166.
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diverse roles that tyrosine kinase receptors may assume in
different vascular beds. For example, in pancreatic tumors,
PDGF signaling has been shown to provide integrity to
developing vascular networks by recruiting mural cells to
support the immature vessel wall. In gliomas, PDGF BB
promotes the neovascularization of cerebral lesions, in part,
by stimulating the release of VEGF from tumor-associated
endothelium. Tumors growing in the subcutaneous space,
however, rely on PDGF BB to regulate the level of inter-
stitial fluid pressure within the tumor. In the bone microen-
vironment, activation of PDGF-R on tumor-associated
vessels has been shown to be essential for progression of
androgen-independent prostate tumors. With the advent of
small-molecule inhibitors that selectively target PDGF-R,
such as STI571 (Glivec), much attention has been directed
toward determining whether other malignancies are criti-
cally dependent on this tyrosine kinase.

Role of the Microenvironment and Angiogenesis

The anatomical location of a tumor may be an important
determinant in regulating the phenotype of its vasculature.
Unfortunately, many preclinical studies neglect to account
for influence of the microenvironment on tumor growth and
vascularization by utilizing models in which different types
of tumors are all implanted into the subcutaneous space.
One may argue that, with the exception of those tumors
originating from or metastasizing to skin, subcutaneously
implanted tumors provide relatively little useful information
regarding antiangiogenic intervention. This is perhaps true
in that this model evaluates only one type of endothelial cell
(dermal) and, equally important, because frequently the
tumor is located in an ectopic site. Recently, Blouw and 
coworkers [2] utilized an elegant strategy involving HIF-
1a-deficient transformed astrocytes to illustrate how HIF-
1a can act as either a negative or a positive regulator of
astrocytoma progression, depending on the microenviron-
ment in which the tumor is located. Specifically, the loss of
HIF-1a impaired the growth of astrocytomas in the sub-
cutis, but not in the brain. This finding was attributed to the
inability of HIF-1a-deficient cells to mobilize VEGF that,
consequently, blocked their capacity to recruit new vessels
in the inherently vessel-poor subcutaneous compartment
(see Figure 2), whereas the same HIF-1a-deficient cells
exploited the preexisting rich vascular networks of the brain.
The results of this study are noteworthy in several respects.
First, had the examination been conducted solely within the
confines of the subcutaneous space, one may have reached
the conclusion, albeit an incorrect one, that targeting HIF-
1a may be an effective approach to control the growth 
of glioblastomas. In addition, recently there has been an
appreciable interest in the development of pharmaceuticals
capable of targeting HIF-1a in tumors. If this interest is
extended to the production phase, it would be very informa-
tive to determine whether agents directed against HIF-1a
possess efficacy in the treatment of cancer metastases

located in lung, brain, bone, or liver tissue, which are well-
vascularized tissues.

Studies evaluating angiogenesis in human tumors also
conclude that there is considerable heterogeneity regarding
the intensity of endothelial cell proliferation among dif-
ferent types of tumors. Eberhard and colleagues utilized a
double-labeling immunohistochemical approach to measure
proliferating endothelial cells in a broad panel of human
tumors. The data from this study indicate that glioblastomas
and renal cell carcinomas possess the highest number of
capillary beds with evidence of endothelial cell proliferation
(9.6% and 9.4%, respectively), whereas lung and prostate
tumors possess the fewest (2.6% and 2.0%, respectively).
These results caution against accepting rapidly dividing
murine tumors that grow exponentially over a period of a
few weeks as the model for the more measured expansion
that takes place in human malignancies.

Recent improvements in the ability to selectively isolate
and propagate endothelial cells from different organs can
now permit more detailed examinations into the tissue-
specific factors that regulate angiogenesis. Indeed, our 
laboratory has applied a series of multicolor flow cytometry
selection strategies that target inducible endothelial cell
adhesion molecules to H-2Kb-tsA58 murine tissues in order
to generate microvascular endothelial cell lines from a num-
ber of different organs [3]. Cells derived from H-2Kb-tsA58
mice all harbor a temperature-sensitive SV40 large T anti-
gen and, thus, permit detailed molecular examinations on
both activated and differentiated phenotypes of endothelial
cells. Preliminary studies conducted on several endothelial
cell lines reveal that each possesses distinct growth factor
profiles. For example, we have noted that for uterine-
derived endothelial cells, the most potent endothelial cell
mitogen is epidermal growth factor (EGF). However, for
endothelial cells originating from bone tissue, basic fibrob-
last growth factor (bFGF) elicits the most robust increase in
proliferation (unpublished data). Similarly, a recent study
conducted on microvascular endothelial cells from the
human intestine has determined that interleukin-8 can pro-
mote both cell division and migration. cDNA expression
arrays have also been utilized to construct gene expression
profiles on human endothelial cells obtained from brain,
lung, and lymphatic tissue. Additional reports have provided
evidence that some tissues elaborate organ-restricted
endothelial cell mitogens and that, moreover, these growth
factors can be detected in tumors arising from these
anatomic regions.

Targeting Angiogenesis in Tumors

Kerbel and Folkman have proposed a classification
scheme that places agents that target tumor neovasculariza-
tion into two classes. Direct inhibitors, such as endostatin,
angiostatin, and vitaxin, function by preventing endothelial
cell proliferation, migration, and initiation of antiapoptotic
programs in response to various angiogenic proteins. Indi-
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rect inhibitors, on the other hand, block production of pro-
tein products (bFGF, VEGF) from tumor cells or interfere
with endothelial cell receptor tyrosine kinase signaling 
cascades. Perhaps one of the most valuable lessons learned
from the preclinical evaluations of these agents is that their
effectiveness at limiting tumor growth is much more 
pronounced if they are administered in combination with
chemotherapy or radiotherapy.

One of the most active areas of antiangiogenic investiga-
tion has centered on the VEGF system. Although several of
the small-molecule inhibitors of VEGFR2, such as SU5416
and SU6668, demonstrated efficacy in limiting human
tumor xenograft growth in mice, these agents were found to
produce unacceptable toxicity profiles in humans that has
halted their development. Adverse side effects observed in
patients receiving these agents have included pulmonary
emboli, myocardial infarction, and cerebrovascular events.
rhuMAB VEGF (avastin) is a recombinant humanized 
monoclonal antibody to VEGF that has undergone initial
evaluation in the treatment in two different types of human
tumors. In a Phase II study conducted with patients harbor-
ing stage IIIB/IV nonsmall-cell lung cancer, individuals
were randomized to standard chemotherapy with carbo-
platin and paclitaxel alone or in combination with either 7.5
or 15mg/kg rhuMAB. Although the response rates were
slightly increased in the group receiving chemotherapy and
high-dose rhuMAB, median survival was only improved by
3 months in this group. A randomized trial employing
rhuMAB has also been completed in a group of 116 patients
with metastatic clear-cell renal carcinoma [4]. Interestingly,
in this study design, patients were assigned to groups 
receiving placebo or 3 or 10mg/kg rhuMAB that was
administered every 2 weeks. Clear-cell renal carcinoma is
perhaps an ideal candidate for VEGF therapy in that the von
Hippel–Lindau tumor suppressor gene is usually mutated 
in this cancer and, as a result, VEGF is overproduced
because of a mechanism involving HIF1-a. Unfortunately,
monotherapy with rhuMAB failed to demonstrate an
increase in survival in this patient population.

Many preclinical studies are based on rapidly growing
subcutaneous neoplasms. Moreover, treatment of human
tumor xenograft models is usually initiated at early time
points. This is in sharp contrast to the clinical setting, where
patients usually present with advanced disease and are eligi-
ble to receive antiangiogenic therapies only after failing one
or more conventional treatment modalities. In addition,
because tumors are made up of heterogeneous populations
of cells, treatment with only one angiogenic agent may
result in the selective expansion of cells expressing different
proangiogenic proteins.

Although there remain many unanswered questions
regarding which angiogenic inhibitor is appropriate for a
given tumor, there have been some recent advances in deter-
mining which signaling cascades are operative in some of
the preferred sites of metastasis. The bone is the fourth most
common site of tumor metastasis, and recent estimates pre-
dict that approximately 350,000 cancer patients die each

year with evidence of tumor in the skeleton. Consequently,
much effort has been extended toward identifying those
components in the bone microenvironment that support
tumor growth. Recently, members of our laboratory evalu-
ated the efficacy of STI571, a small-molecule inhibitor of
the PDGF-R tyrosine kinase, in a human tumor xenograft
model of androgen-independent prostate cancer implanted
into the bone [5]. In that model, inhibition of PDGF-R acti-
vation with STI571, when administered in combination with
taxotere, produced a profound reduction in both tumor mass
and lymphatic metastases. It was determined that the effec-
tiveness of the combination therapy was directly related to
apoptosis of tumor-associated endothelial cells. The pro-
mising results obtained in this study have prompted the 
initiation of a clinical trial to evaluate the efficacy of this
treatment regime in men with refractory prostate cancer
bone metastasis. In addition, these findings may have impor-
tant implications for other cancers that metastasize to bone
such as renal, breast, and lung tumors. However, it will be
necessary to determine whether these tumors are operating
through a PDGF-dependent pathway. Indeed, a recent report
has shown that renal cell carcinoma may preferentially
exploit EGF signaling cascades in the bone microenviron-
ment in order to promote their vascularization and ensure
their growth [6].

Paracrine EGF signaling from tumor cells to microvas-
cular endothelial cells has also been shown to be an impor-
tant component for the growth of pancreatic metastases in
the liver. Using either a monoclonal antibody blocking strat-
egy (C225) or small molecule inhibitor of EGFR signaling
in combination with gemcitabine, Bruns and coworkers
were able to dramatically reduce both primary pancreatic
tumor growth and liver metastatic burden. In both tumor
models, combination therapy was associated with down-
regulation of VEGF in the tumor region and apoptosis 
of tumor-associated endothelial cells. Independent studies
have also identified VEGF as an important proangiogenic
cytokine in the liver. Reports examining liver regeneration
in rats following partial hepatectomy have shown that
VEGF plays a critical role in the revascularization process
by stimulating the proliferation of hepatic sinusoidal
endothelial cells. VEGF also appears to play a role in colon
cancer liver metastasis, as blockade of either VEGF or
VEGFR2 in a human tumor xenograft model results in the
induction of both tumor cell and endothelial cell apoptosis
[7].

One of the most elusive organs for targeted treatment of
metastasis is the brain. Cerebral blood vessels possess
highly resistant tight junctions that are further reinforced by
the end feet processes of astrocytes. In addition, this highly
specialized vascular network is also enriched with a number
of transport proteins, such as the multidrug-resistant protein
P-glycoprotein, which restrict the passage of several
chemotherapeutic agents into the tissue parenchyma. In 
fact, it has been shown that P-glycoprotein can also mediate
the efflux of small-molecule inhibitors such as Glivec.
Adding to the complexity of the cerebral vasculature, Fidler
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and colleagues demonstrated that neovascularization of
metastases in the brain occurs by a mechanism that is 
distinct from traditional sprouting angiogenesis. In brain
metastasis, blood vessel expansion occurs by the insertion of
dividing endothelial cells into the preexisting blood vessel,
a process that is referred to as angioectasia. In addition,
because of the detrimental consequences that ensue upon
cessation of cerebral blood flow, it is likely that there is 
considerable redundancy in angiogenic proteins in this
anatomic compartment.

Tumor Vasculogenesis

Although most of the examinations into the neovascular-
ization of tumors have focused on angiogenesis, new evi-
dence indicates that hematopoietic stem cells (HSCs) and
endothelial precursor cells (EPCs) may also play an impor-
tant role in this process. Asahara et al. [8] were the first to
demonstrate the EPCs could be isolated from human periph-
eral blood and incorporate themselves into active areas of
angiogenesis in animal models of ischemia. EPCs may 
be differentiated from mature circulating endothelial cells
that have been shed from the vascular wall by their signifi-
cantly enhanced capacity to proliferate, and also by their
unique expression of cell-surface markers that include
VEGFR2, AC133, CXCR4, and CD146. Recent studies 
are beginning to provide insight into the mechanisms 
that facilitate the mobilization of HSCs and EPCs from 
the bone marrow and to sites of neovascularization. The
recruitment process appears to be initiated by angiogenic
products that are released from tumor cells and lead to the
activation and secretion of matrix metalloproteinase-9
(MMP-9) by hematopoietic and stromal elements in 
the bone marrow. MMP-9 activation, in turn, leads to liber-
ation of soluble KIT ligand that promotes cell proliferation
and also directs the transfer of these cells into the peripheral
circulation.

Direct evidence that HSCs and EPCs contribute to tumor
neovascularization has come from examinations conducted
in mice that are deficient in Id proteins. Mutant mice with
the Id1+/-Id3-/- phenotype possess defective angiogenic
responses and, thus, are unable to support tumor growth.
However, when these mice are transplanted with wild-type
bone marrow or HSCs, tumor growth in the subcutaneous
compartment can be restored. This process appears to
require cooperation of both VEGFR1 and VEGFR2 in that
treatment of Id1+/-Id3-/- mice with neutralizing antibodies
against both of these receptors results in vascular disruption
and tumor cell death. The contribution of HSCs and EPCs to
the tumor vasculature appears to be influenced by the tumor
type, but most reports suggest that these cells represent a
small fraction (6 to 10%) of tumor-associated blood vessels,
and that they arrive at tumor vessels during the initial phase
of malignant growth. Despite the relatively low number of
progenitor cells that lend support to tumor vessels, evidence
suggest that their ability to traffic to tumor sites may be

exploited for therapeutic targeting. Genetically modified
endothelial progenitors that were stably transfected with
thymidine kinase or the soluble truncated form of VEGFR2
have been shown to home to subcutaneous tumors and 
significantly impair tumor growth. Although these initial
reports are promising, more studies are needed to determine
which types of malignant lesions are critically dependent
upon progenitor cells.

Conclusion

Over the past decade, the understanding of the cellular
and molecular mechanisms that tumors utilize to promote
their blood delivery and facilitate their growth has
advanced. However, therapies that are directed toward the
vascular compartment of malignant lesions are still in the
early developmental phase. Continued investigations into
the specific factors that regulate angiogenesis in different
organs, coupled with detailed characterization of the prod-
ucts released by tumors in different tissues, should improve
targeted therapy of angiogenesis. Similarly, an enhanced
understanding of the biology of HSCs and EPCs could pro-
vide clinicians with a superior method of delivering therapy
to tumors. The identification of tissue-specific receptors, on
both normal and tumor-associated endothelial cells, will
also enhance the development of vascular-based therapies.
Employing orthotopic tumor models that more closely
approximate the clinical reality could well facilitate transla-
tion of laboratory findings to the clinic.

Glossary

Angioectasia: Blood vessel dilation that is due to endothelial cell divi-
sion occurring within the wall of the blood vessel. This process is distinct
from angiogenesis and has been reported in brain metastasis.

Angiogenesis: Refers to the generation of new vascular networks from
preexisting blood vessels. During this process, endothelial cells elaborate
proteolytic enzymes, exhibit migratory behavior, and undergo cell division.
Ultimately, developing capillary sprouts will coalesce to form new vascu-
lar structures.

Endothelium: Specialized simple squamous epithelium that lines the
intimal surface of all blood vessels.
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Angiogenesis is necessary to sustain the growth of pri-
mary tumor and metastases. Metronomic schedules are
more effective in targeting tumor “activated” ECs than large
single high-dose bolus doses followed by long rest periods
[2], because intratumor ECs, in contrast to quiescent mature
ECs of normal adult tissues, proliferate rapidly and are more
vulnerable to cytotoxic agents [5]. However, the rest period
between cycles of conventional chemotherapy permits the
survival and regrowth of a fraction of ECs, allowing tumor
angiogenesis to persist [5]. Indeed, other functions such as
EC motility, invasion, and vessel remodeling may be
blocked or altered by metronomic chemotherapy [5]. Sup-
pression of mobilization of bone marrow–derived EC pro-
genitors to sites of angiogenesis is another possibility [2, 3].
Tumor-cell heterogeneity may allow the coexistence of cells
having different sensitivities to the same therapeutic agent,
and the ability of those cells to shift among the different sen-
sitivity compartments over time, with a “resensitization”
effect that may best be exploited using metronomic
chemotherapy.

A further theoretical advantage of metronomic
chemotherapy is that it minimizes the toxic effects, allowing
combinations of potentially synergistic selective inhibitors
of angiogenesis [3, 5].

However, a phenomenon that may limit the advantages of
low-dose metronomic or continuous-dose delivery is a
threshold effect for drug activity. Specifically, there may
exist a minimum concentration of drug below which no
tumor inhibition takes place [1].

Recently, Miller et al. defined the criteria for antiangio-
genic activity of cytotoxic agents: (a) camptothecin analogs,
vinca alkaloids, and taxanes are active against ECs at doses
lower than those required for tumor-cell cytotoxicity; (b)

Introduction

Chemotherapy has been the mainstay of medical
approaches to the treatment of solid neoplasia. It is usually
given in the form of bolus infusion at maximum tolerated
doses (MTDs) with the goal of complete tumor kill. With the
exception of a few tumors of the adult, such as lymphoid,
germ cell, and some pediatric cancers, however, eradication
of advanced cancer has been elusive, even with high doses
and autologous bone-marrow rescue [1]. It was suggested
that the rest periods between each cycle of therapy provide
the tumor endothelium an opportunity to repair the
chemotherapy-induced damages. The harsh side effects and
the ultimate failures of conventional chemotherapy fueled
broad investigation of therapeutic alternatives, including
drugs targeting not only tumor cells, but also genetically 
stable cells of tumor stroma, such as endothelial cells 
(ECs). The emerging paradigm is that patient survival is 
not incompatible with tumor persistence. A therapy aimed 
at making the cancer a chronic disease, with tumor burden
held at the lowest achievable volume, may prove to be a
more appropriate therapeutic strategy for human solid
tumors. (Figure 1)

Metronomic Chemotherapy

Based on the results of experimental studies [2, 3], 
Hanahan et al. [4] proposed the term metronomic chemo-
therapy for schedules of cytotoxic agents given regularly at
subcytotoxic doses and with suppression of the “activated”
endothelium as the principal target (i.e., the antiangiogene-
sis chemotherapy paradigm).

Copyright © 2006, Elsevier Science (USA).
969 All rights reserved.
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cisplatin, cyclophosphamide, methotrexate, and doxorubicin
interfere with EC function without cytotoxic effects; and (c)
purine analogues, cisplatin, and anthracyclines block spe-
cific steps of the angiogenic cascade [5].

Experimental Studies

Recent studies have demonstrated that the antitumor
activity of metronomic schedules of chemotherapy is medi-
ated through an antiangiogenic effect [5].

Browder et al. compared cyclophosphamide given by a
metronomic schedule with conventional single, high-dose
chemotherapy [2]. The metronomic schedule was more
effective in eradicating Lewis lung carcinoma and L1210
leukemia. When the drug was given at the MTD, which
requires long periods of rest to allow bone marrow recovery,
apoptosis of ECs in the tumor microvasculature was

observed, but this damage was largely repaired during the
rest periods between the cycles [2].

However, if the same drug was administered chronically
on a once a week schedule, without long breaks, at a lower
dose, the repair process was compromised and the anti-
angiogenic effects of the drug were enhanced. It was also
observed that tumors resistant to conventional dosage of
cyclophosphamide responded to the metronomic schedule.
Reversal of acquired resistance was attributed to the shifting
of the target from the cancer cell to the genetically stable
and sensitive ECs.

Similarly, in human orthotopic breast or ectopic colon
cancer xenografts in nude or SCID mice, cyclophosphamide
given PO at low doses through drinking water showed a rel-
evant antitumor effect, particularly when used in combina-
tion with an anti-VEGF-R2 antibody [6].

In an in vivo mouse corneal model, O’Leary et al.
showed a significant antiangiogenic activity of camp-

Standard CT

Metronomic CT

Angiogenesis inhibition

Indirect
cytotoxic effect

Direct
cytotoxic effect

Tumor cell

Lymphocytes 

Macrophages 

Mast cells
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Fibroblasts 

Figure 1 Metronomic chemotherapy interferes with tumor microvasculature and the stromal compartment,
in contrast to standard chemotherapy that presents a direct cytotoxic effect. (see color insert)
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tothecin analogs at a dose of 359nmol/kg (210mg/kg) 
delivered over 6 days [5].

Presta et al. reported that 6-methylmercaptopurine ribo-
side, a purine analog, inhibits angiogenesis induced by FGF-
2 in in vitro and in vivo rabbit cornea and chorioallantoic
membrane models at topical doses of 100nmol twice a day
for 10 days, or at the single dose of 25 mmol onto the
implants, respectively [5].

Low doses of vinblastine (0.1–1pmol/L in vitro, and
0.5–1pmol/L in vivo) had reversible antiangiogenic activity,
without cytotoxicity [5]. The highest antiangiogenic dose
was 1pmol/L, which is equivalent to a dose of 16 mg in a 
70-kg adult, a much lower dose than currently used in the
clinic.

More recently, Klement et al. demonstrated that vinblas-
tine at one tenth to one twentieth of the MTD caused a sig-
nificant inhibition of angiogenesis with partial tumor
regression in subcutaneous implanted tumors. This effect
was significantly enhanced by combination with an anti-
VEGF R2 (flk-1) antibody [3].

In Swiss male nude mice implanted intracranially with
human glioblastoma cells, Bello et al. showed that low and
semicontinuous chemotherapy in combination with the
recombinant human PEX (a fragment of matrix metallopro-
teinase-2) was associated with longer survival, marked
decreases in tumor volume, vascularity, and proliferative
index, and increased apoptosis, without major side effects
[7].

Paclitaxel selectively inhibits the proliferation of human
ECs at noncytotoxic concentrations (0.1 to 100pM) by
blocking the formation of sprouts and tubes in the three-
dimensional fibrin matrix. This activity does not affect the
cellular microtubule structure, and the treated cells do not
show G2/M cell cycle arrest and apoptosis, suggesing a
novel, but as yet unknown, mechanism of action [8].

Available data obtained from studies in tumor-bearing
animals specifically aimed to investigate the antiangiogenic
effect of cytotoxic agents have found two patterns of anti-
angiogenic effect [9]. The first “type” is defined by an angio-
genesis inhibition due to a direct action on ECs regardless of
the tumor cell line used and observed at dose levels lower
than that required for the cytotoxic effect (e.g., bleomycin,
vinca alkaloids, paclitaxel). The type-2 antiangiogenic
effect is not consistently present within a variety of tumor
cell lines resulting from an antiproliferative effect on 
tumor cells or non-ECs of the tumor host. In the alginate
tumor angiogenesis model, the type-2 reaction pattern has
been shown for doxorubicin, epirubicin, etoposide, and 5-
fluorouracil. However, these effects may be dependent on
the scheduling of drug administration [9].

All these preclinical studies present certain important
problems: (i) the experimental model used: The studies with
subcutaneous transplantation of rapidly proliferating tumors
do not reflect the slow growth of spontaneous tumors and
the characteristics of the stromal component of the organ of
origin [5]; (ii) the lack of systematic comparative studies
with conventional schedules; and (iii) the possible mecha-

nisms of acquired resistance have not been adequately
investigated [5].

In addition, the best results were obtained using combi-
nations with selective antiangiogenic inhibitors, leading to
additive and/or synergistic effects.

In conclusion, before proceeding to clinical trials, more
compelling and appropriate experimental studies on metro-
nomic chemotherapy are needed, and, although several
cytotoxic agents affect ECs in vitro, only a few have been
shown to produce substantial antiangiogenic activity in
vivo, namely, cyclophosphamide, vinblastine, and paclitaxel
[2, 3, 5].

Clinical Studies

There is currently no published clinical study in which
metronomic chemotherapy is prospectively compared with
conventional schedules, or that describes appropriate in
vitro or in vivo methods of monitoring the antiangiogenic
activity [5].

In a Phase I study, Retain et al. explored the continuous
infusion of low doses of vinblastine up to 36 weeks and
found that 0.7mg/mq daily was the most effective dose,
associated with a good tolerability and some clinical benefit
[5].

Colleoni et al. demonstrated the activity of the combina-
tion of low oral doses of cyclophosphamide and methotrex-
ate in patients with metastatic breast cancer, without
relevant side effects. Serum VEGF levels measured at 2
months were lower than at baseline, with statistically signif-
icant reduction only in the subgroup of responding patients
[10]. The major weakness of the study are the dosages
administered, being in the range of cytotoxic effects; the low
response rate in previously untreated patients; and, finally,
the fact that the method of determination of VEGF is not
standardized.

Other Phase I–II studies are investigating low, continu-
ous oral doses of cytotoxic agents (uracil/tegafur and 
leucovorin, etoposide, 5-fluorouracil) or continuous intra-
venous infusion (5-fluorouracil, idarubicin, methotrexate,
irinotecan) resembling an antiangiogenic schedule [5]. Forty
percent of the patients with nonsmall-cell lung cancer not
responsive to standard doses of etoposide responded to the
same drug given orally at a much lower single dose, with
only a 1-week break every month [5].

Promising results have been reported with weekly taxane
treatment in breast and ovarian cancer, even in patients with
progressive disease after the same drug given at the MTD
every 3 weeks [11,12]. Thus, reversal of an apparent state of
clinical drug resistance could be achieved by altering the
dosing and frequency of the drug. However, at present, it is
unknown if this effect is really related to an antiangiogenic
activity.

At our center, we are evaluating the combination of
weekly paclitaxel, at 80mg/mq, and celecoxib, at 400mg
bid, in patients with nonsmall-cell lung cancer, as second-
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line chemotherapy. The preliminary data regarding both the
tolerability and efficacy are encouraging and in accordance
with the results of other similar ongoing Phase II studies.

In a Phase I dose-finding study, we evaluated the combi-
nation of rofecoxib with intravenous weekly irinotecan on
days 1, 8, 15, 22 and infusional 5-fluorouracil at the fixed
dosage of 200mg/mq/day, as second-line therapy of
metastatic colorectal cancer. The dose levels of irinotecan
explored were from 75 to 125mg/mp. Seven of 15 patients
assessable for response obtained a partial response (46%)
with a median duration of 5 months and another six had a
stable disease with a median duration of 5 months. The
acute and subacute hematological toxicity was moderate,
and mucosal side effects were less than those expected with
the same regimen without rofecoxib (submitted). A Phase II
study testing the activity of such a schedule is ongoing.

Future Directions and Open Questions

There are several theoretical advantages and opportuni-
ties for metronomic chemotherapy (Table I). However, there
are also potential problems and challenges in terms of
appropriate experimental study design and clinical testing
[5].

First, combined metronomic chemotherapy should be
tested by adequate experimental models, such as orthotopic
and metastatic tumors. The EC heterogeneity, which also
extends to morphology, function, and response to antiangio-
genic molecules, suggests that agents that affect angiogene-
sis in one organ may not be effective in other sites. Tumor
cells implanted into mice usually produce rapidly growing
lesions, which can double in size every few days and con-
tain a high proportion of dividing ECs.

Second, human solid tumors are heterogeneous, with dif-
ferent molecular abnormalities, even in the same tumor 
histotype [5]. Gene expression profiling and cDNA
microarrays may categorize tumors into biologically homo-
geneous subgroups and may be of help to design individu-
ally tailored treatments [5].

Third, the identification of specific surrogate biomarkers
can allow the selection of patients as well as the possibility
of monitoring tumor response. “Biological” response crite-

ria should replace the currently used the clinical end point
based on the objective response.

Fourth, experimental results have emphasized the critical
need for combining metronomic regimens with selective
antiangiogenic agents. The intrinsic elevated sensitivity of
activated ECs to metronomic chemotherapy, compared with
that of other cells, may not be related to the presence of high
concentrations of EC-specific survival factors, such as
VEGF [12]. Such combinations may be particularly effec-
tive in inducing higher levels of apoptosis in activated ECs
coupled with the inhibition of cell proliferation. It is possi-
ble that the inhibition of ECs proliferation or induction of
apoptosis may not be a direct effect of the drug, but rather
an induced secondary event: e.g., a change in expression of
genes or proteins that mediate the antiangiogenic effects.

In conclusion, certain cytotoxic drugs with antiangio-
genic properties retain a potent antitumor activity when used
in a protracted manner at very low concentrations, being
able to affect both the tumoral parenchyma and vascular
compartments. In contrast to the concept of “more is better,”
it appears that survival depends more on a cytostatic effect
of chemotherapy than on rapid tumor shrinkage [5].

It is unlikely that metronomic chemotherapy will lead to
significant clinical benefit if given alone. We suggest that 
it should be considered a novel approach making feasible
for long periods the administration of cytotoxic agents 
in combination with selective molecular-targeting com-
pounds directed against specific growth factors or blocking
angiogenesis.

Even though the initial development of these novel com-
bined treatments is in the context of advanced disease, the
major therapeutic benefits are expected in the adjuvant 
setting or as maintenance therapy.

Glossary

Angiogenesis: Intratumor formation of new blood vessels from a pre-
existing vascular network.

Anticancer therapy: Conventional cytotoxic chemotherapy.
Metronomic chemotherapy: Chemotherapy given regularly at subcy-

totoxic soles with the “activated” endothelium as principal target.
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microvessels. Mosaic blood vessels composed of endothe-
lial cells and nonendothelial cells forming vascular lumen
are frequently found [4]. High vascular resistance and high
blood viscosity result in sluggish blood flow within the
tumor microcirculation. Anoxic, acidotic areas within the
tumor center appear in consequence of redistribution of
blood perfusion to peripheral areas [5].

Therefore, tumor angiogenesis might provide a pro-
thrombotic environment that favors interactions of platelets
with the angiogenic endothelium. Platelet–endothelial 
interactions might affect tumor angiogenesis by release of
angiogenic growth factors from activated platelets. Sponta-
neous thrombosis, however, might result in tumor necrosis.

Physiology of Platelet–Endothelial Interaction

In differentiated tissues, activation and aggregation of
platelets on the endothelial surface is abrogated by endo-
thelial antithrombotic mediators such as nitric oxide (NO)
and prostacyclin (PGI). The small amount of continu-
ously expressed adhesion molecules on the endothelial 
surface does not sufficiently provoke platelet–endothelial 
interactions.

As a result of disruption of the endothelial surface and
exposure of subendothelial matrix as well as in response to
inflammatory cytokines (TNF, IL-1, IFN) and angiogenic
growth factors (VEGF), platelet–endothelial interactions 
are mediated by endothelial and platelet-specific adhesion
molecules. Platelet interaction with the endothelial surface
and subendothelial matrix occurs in a sequence of initial
short-timed contact (rolling) followed by adhesion and

Tumor angiogenesis, the growth of new blood vessels
from preexisting blood vessels, is indispensable for tumor
growth and tumor metastasis. Activated blood coagulation
has been linked to tumor angiogenesis since clotting factors
were found to promote endothelial cell proliferation. Beside
plasmatic clotting factors, platelets may be involved in
angiogenic processes: they release pro- and anti-angiogenic
growth factors upon activation and aggregation and promote
formation of capillary-like structures in vitro [1, 2].

Tumor angiogenesis is a complex process regulated by a
versatile number of mediators [3]. Focusing on general
mechanisms, tumor angiogenesis is induced by endothe-
lium-specific growth factors VEGF and FGF, but also by
cytokines (TNF, IL-1) and clotting factors that are released
from tumor cells as well as from macrophages and fibrob-
lasts. On preexisting venules growth factors and cytokines
stimulate endothelial cells and induce loosening of intercel-
lular junctions of endothelial cells (PECAM, VE-cadherin)
and smooth muscle cells. Therefore, angiogenic endothe-
lium is highly permeable, leading to extravasation of plasma
proteins such as fibrinogen and clotting factors. Extravascu-
lar fibrin meshes provide a provisional tumor matrix. Pro-
teases, especially urokinase plasminogen activator (uPA)
and matrix metalloproteinases (MMPs, e.g., progelatinase
A) expressed on proliferating endothelial cells, facilitate
sprouting of blood vessels into the fibrin matrix toward the
stimuli.

The established tumor microcirculation is characterized
by its high vascular density, chaotic vascular branching, and
aneurysmatic sacculations. High vascular permeability is a
consequence of sustained influence of growth factors and
cytokines and is a result of intercellular gaps in tumor

Copyright © 2006, Elsevier Science (USA).
975 All rights reserved.
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aggregation of activated platelets. Initiation of platelet
rolling appears to be independent of platelet activation.

Platelet rolling on stimulated endothelium is mediated by
endothelial P- and E-selectin. P-selectin and von Willebrand
factor are released from Weibel–Palade bodies of endothe-
lial cells and are presented on the endothelial surface within
minutes following stimulation [6]. Expression of E-selectin
and a second phase of P-selectin expression depend on de
novo protein synthesis and occur hours after the primary
stimulus. The main ligand for endothelial P-selectin on
platelets has been identified to be P-selectin binding ligand-
1. Binding of endothelial P-selectin by glycoprotein (GP)
Ib/IX/V as a second ligand depends on previous platelet
activation. Platelets store P-selectin along with adhesion
proteins fibronectin, fibrinogen, and von Willebrand factor
(vWF) in their a-granules and release these factors within
minutes following stimulation. P-selectin expression on
activated platelets may also facilitate platelet rolling. 
The endothelial ligand for platelet P-selectin has not been
identified.

Slowing down platelet trafficking along the endothelial
surface ensures stable platelet adhesion by a fibrin-
dependent bridging mechanism between GPIIb/IIIa on
platelets and endothelial ICAM-1 or avb3-integrin on acti-
vated and proliferating endothelial cells. Adhesion proteins
vWF, fibrin, and fibronectin are required for further platelet
aggregation by GPIIb/IIIa binding. Receptors involved in
platelet interaction with intact endothelial surface are
depicted in Figure 1.

At sites of endothelial damage and exposure of sub-
endothelial matrix platelet rolling and aggregation depend
mainly on vWF [7]. Plasmatic and endothelial vWF become
immobilized on subendothelial matrix. Platelet rolling and
adhesion are initiated by the binding of GPIb/IX/V to immo-
bilized vWF that goes along with platelet activation. ATP
and serotonin released from dense granules of activated
platelets stimulate the aggregation of further platelets. This

is accompanied by secretion of vWF, P-selectin, fibrinogen,
and fibronectin from a-granules of platelets and transforma-
tion of GPIIb/IIIa into its active configuration. Thus, platelet
adhesion to the subendothelial matrix is enhanced by fibrin-
mediated GPIIb/IIIa binding to immobilized vWF. Further-
more, different types of collagen receptors on platelets can
cause a fast platelet activation on contact to the subendothe-
lial matrix. Depending on the type of vessel wall, collagen
receptors contribute differently to platelet–vessel wall inter-
actions. Receptors involved in platelet rolling, adhesion, and
aggregation on the subendothelial matrix are summarized in 
Figure 2.

Platelet–Endothelial Interaction in 
Tumor Angiogenesis

The microvascular architecture of tumors has been 
studied in different experimental tumors. However, plate-
lets in tumor microcirculation have rarely been des-
cribed. Ultrastructural studies on different melanomas of 
the hamster revealed that platelets were attached to the
microvascular endothelium only occasionally at sites of
tumor invasion into the microvasculature [8]. In vivo obser-
vations of platelets in tumor microvessels were initially
described in the amelanotic melanoma (A-Mel-3) implanted
into the dorsal skinfold chamber of hamsters using intravital
microscopy and intravenous application of fluorescence
marker for platelets. When tumor necrosis became obvious,
masses slowing down blood flow and partly occluding
tumor blood vessels were detected. This phenomenon 
was interpreted as platelet aggregation and vascular throm-
bosis [5]. However, extensive ultrastructural studies on the
microvasculature of the amelanotic melanoma revealed
infrequent contact of platelets to the microvascular endothe-
lium even at sites of endothelial leakage and erythrocyte
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Figure 1 Platelet adherence to the intact endothelial surface. (Left)
Mechanisms of platelet rolling. (Right) Platelet adherence and aggregation
on the endothelial surface. GP, glycoprotein; PSGL-1, P-selectin glycopro-
tein ligand-1; vWF, von Willebrand factor; WPB, Weibel–Palade body.
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Figure 2 Platelet interactions on the subendothelial matrix. (Left) Ini-
tial platelet rolling on immobilized vWF induces activation of glycoprotein
(GP) Ib/IX/V and GP IIb/IIIa. (Right) Adherence on the subendothelial
matrix and aggregation of platelets is mediated by glycoproteins and adhe-
sion proteins. SEM, subendothelial matrix.
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extravasation. Tumor microvessels were regularly com-
posed of endothelial and tumor cells forming the vessel
lumen [4].

We have studied platelet–endothelial interactions in
angiogenesis and growth of Lewis lung carcinoma (LLC-1)
and methylcholanthrene-induced fibrosarcoma (BFS-1).
The study was carried out using the dorsal skinfold chamber
on mice and intravital fluorescence microscopy. Ex vivo flu-
orescently labeled syngenic platelets were transfused into
experimental animals. Both tumors developed a typical 
heterogeneous tumor microcirculation. In contrast to the
amelanotic melanoma of hamsters, tissue necrosis did 
not appear in LLC-1 carcinoma and BFS-1 fibrosarcoma
within 14 days after tumor cell implantation into the dorsal
skinfold chamber. Platelet–endothelial interaction was
rarely observed in tumor microvessels. No differences in
platelet–endothelial interactions were seen in tumor
microvessels compared to subcutaneous venules in tumor-
free tissue (Figure 3).

Under physiologic conditions, low interactions between
platelets and endothelial cells have been described in dif-
ferent organ systems that might be due to weak platelet 
agonist (ADP, epinephrine, serotonin). We found equivalent
baseline platelet–endothelial interactions in subcutaneous
venules of tumor-free tissue. In the early phase of tumor
growth, platelet rolling was slightly enhanced in angiogenic
microvessels in close vicinity to implanted tumor cells. The
angiogenic microvessels appeared as dilated and highly per-
meable microvessels due to growth factors and inflamma-
tory cytokines.

Since tumor microcirculation was supposed to present a
highly prothrombotic environment, we would have expected
more significant platelet–endothelial interactions in tumor
angiogenesis and tumor microcirculation. However, the
compromised hemodynamics within the tumor microvascu-

lature was not associated with activation or aggregation of
platelets. Our results were confirmed by a study indicating
that radioactively labeled fibrinogen accumulates in Lewis-
lung carcinoma; however, the study failed to detect accu-
mulation of radioactively labeled platelets within the same
tumor. Furthermore, electron microscopy showed single
platelets adhering to endothelial gaps in tumor microvessels
only occasionally.

Platelets Are Potentially Involved in 
Tumor Angiogenesis

Platelets are potentially involved in tumor angiogenesis
because they contain numerous angiogenic factors (e.g.,
VEGF, bFGF, PDGF, PAI-1). Clinical studies revealed that
platelets are the main source of the serum VEGF concentra-
tion typically correlated with poor prognosis in cancer
patients.

Although the mechanisms of growth factor release from
platelets have not been entirely resolved, in vitro experi-
ments have demonstrated that growth factor release depends
on platelet activation and aggregation. Although platelet
secretion occurs independently of platelet aggregation,
release of growth factors becomes detectable only above
threshold doses of thrombin and other platelet agonists at
which platelet aggregation is inevitable. A further prerequi-
site for the promoting effect of platelets on the formation of
microvascular tubuli seems to be direct cell-to-cell interac-
tions between platelets and the proliferating endothelium.

Growth factors, especially VEGF, are secreted by a high
percentage of malignant animal and human tumors, and also
by stromal cells adjacent to the tumors. Only a few excep-
tional tumors are known that express little or no VEGF
mRNA and protein. These tumors, renal papillary carcinoma
and lobular breast cancer, are found to be almost avascular
and to have better prognosis because of their minor inva-
siveness. A positive correlation between platelets and dis-
ease progression has only been reported for advanced cancer
diseases characterized by dense vascularization, invasive-
ness, and metastatic diseases.

VEGF may be taken up by platelets from blood plasma
since there is a strong correlation between plasma VEGF
levels and serum VEGF load per platelet in tumor patients.
Therefore, VEGF content in platelets might be not only a
result of increased protein syntheses in megakaryocytes in
response to tumor released cytokines and growth factors, but
also a consequence of endocytosis of tumor-derived VEGF
by circulating platelets [9].

In conclusion, tumor microvessels do not express a
highly prothrombotic environment favoring platelet aggre-
gation. Hence, platelets do not become sufficiently activated
to release angiogenic growth factors at sites of tumor angio-
genesis. It is more probable that platelets take up and pre-
serve angiogenic growth factors released by tumor cells.
The role of platelets as a reservoir for angiogenic growth
factors in tumor growth has not yet been identified.
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Figure 3 Platelet–endothelial interaction is not an intense phenomenon
during tumor angiogenesis. Platelet rolling was increased on day 1 in pre-
existing microvessels of the host in response to both LLC-1 (gray bars) and
BFS-1 (hatched bars) and also on day 3 in LLC-1 tumor microvessels, but
was only slightly above the low baseline level quantified in postcapillary
venules of controls (open bars). n = 6 experimental animals per group, 
*p < 0.05 versus controls; #p < 0.05 versus day 1 and day 3 (Kruskal–
Wallis test).
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Platelet–Endothelial Interaction Following
Endothelial Stimulation

In a second set of experiments on the microcirculation 
of LLC-1 carcinoma and BFS-1 fibrosarcoma, platelet–
endothelial interactions were assessed in response to
endothelial stimulation by calcium ionophore A23187. 
Calcium ionophore A23187 increases intracellular calcium
concentration and thereby induces the release of adhesion
molecules vWF and P-selectin from endothelial cell–spe-
cific Weibel–Palade bodies sparing endothelial integrity.
The secretion of Weibel–Palade bodies from endothelial
cells plays a central role in wound healing, coagulation,
inflammation, and ischemia–reperfusion injury. In addition,
angiogenic growth factor VEGF induces the secretion of
Weibel–Palade bodies and adhesion molecule presentation.
Hence, tumor cells might influence adhesion molecule
expression in microvessels [10].

The application of calcium ionophore A23187 did not
affect platelet–endothelial interaction in BFS-1 fibrosar-
coma, and only a slight increase in platelet rolling was
detected in microvessels of the LLC-1 carcinoma. However,
in subcutaneous venules of tumor-free tissue, platelet rolling
increased significantly (Figure 4). Platelet adherence was
only occasionally seen following superfusion with calcium
ionophore. The results indicate that tumor microvessels do
not express sufficient amounts of vWF and P-selectin in
response to stimulation with calcium ionophore A23187. In
respect to the stimulus used, this phenomenon can be attrib-
uted to the reduced or missing secretion of adhesion mole-
cules from endothelial Weibel–Palade bodies [10].

Immunohistological studies on vWF and P-selectin
stored in Weibel–Palade bodies of endothelial cells describe
a granular staining pattern in the microcirculation of differ-
entiated tissues [11]. In tumor microvessels, however, 
vWF expression appears to be extremely heterogeneous.
Immunohistological techniques showed reduced or even
absent staining for vWF alternating with areas highly posi-
tive for vWF. In follicular thyroid cancer, vWF was not
detectable, whereas it was highly significant in normal thy-
roid tissue. A similar immunohistological pattern has been
found for P-selectin expression within the tumor micro-
circulation. The distribution pattern of vWF and P-selectin
was never associated with angiogenic processes.

Hence, immunohistological studies disclose that vWF
and P-selectin storage in Weibel–Palade bodies of endothe-
lial cells is reduced in tumor microvessels. This might be a
consequence of Weibel–Palade body exocytosis due to 
sustained stimulation by angiogenic growth factors and
cytokines preventing redistribution and regeneration of
vWF and P-selectin into their intracellular storage granules.
Furthermore, angiogenic growth factors prevent protein
synthesis of adhesion molecules that are required for 
interactions of platelets as well as of leukocytes with 
the microvascular endothelium. Distribution of Weibel–
Palade bodies within the tumor microcirculation seems to
depend on tumor type and species. Weibel–Palade bodies
may be completely missing in the microvasculature of some
tumors.

Conclusions

Tumor angiogenesis and tumor growth are accompanied
by only a transient increase in platelet rolling in angiogenic
microvessels in close vicinity to tumor cells. This might 
be due to endothelial stimulation by growth factors and
cytokines released partly from tumor cells. Within tumor
microcirculation, adhesion molecules mediating platelet–
endothelial interactions appeared to be downregulated or
even absent. Platelet–endothelial interaction in response to
endothelial stimulation was significantly reduced in tumor
microcirculation.

Future studies are needed to identify mechanisms regu-
lating adhesion molecule expression in tumor microcircula-
tion. Further attempts should focus on induction of platelet
aggregation by selective transport of prothrombotic agents
into the tumor microcirculation. The results might provide
further therapeutic aspects in targeting tumor angiogenesis.
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The von Hippel–Lindau Hereditary 
Cancer Syndrome

VHL disease is inherited as an autosomal dominant trait
affecting 1 in 36,000 of the population. Affected individuals
bear a germ-line mutation in the VHL tumor suppressor
gene. However, it is the predisposition to cancer rather than
the cancer itself that is inherited, and the presence of a sin-
gle mutation at the susceptibility locus is insufficient for
tumor formation. Tumors are associated with somatic loss or
inactivation of the remaining wild-type allele, in accordance
with the Knudson “two-hit” hypothesis. The high likelihood
of somatic mutation affecting the single remaining wild-
type allele over the lifetime of an individual with the inher-
ited syndrome explains the dominant inheritance pattern 
of tumors, the greater than 90 percent penetrance by 65 of
years age, and the multifocal nature of associated tumors.
Sporadic tumors can arise in nonaffected individuals, by the
occurrence of somatic loss of both alleles within the same
cell. However, on average, it takes longer to accrue two
“hits” within the same cell, accounting for the lower preva-
lence (within the much larger at-risk population) and older
age distribution of sporadic tumors, compared to those asso-
ciated with the hereditary VHL syndrome.

The first report of patients with what was probably VHL
syndrome was by Treacher Collins in 1894, when he re-
ported two siblings with retinal angiomas. In 1904 Eugene
von Hippel, who gives his name to the syndrome, reported
families with blood-vessel tumors (angiomas) of the retina.

Positional cloning of defective genes that underlie rare
hereditary cancer syndromes, such as von Hippel–Lindau
disease, has provided many important insights into more
common nonhereditary malignancies and the fundamental
cellular processes that are involved in oncogenesis. In gen-
eral, the tumor suppressor functions defined by analysis 
of such genes have involved a direct role in the regulation 
of cell proliferation (such as the retinoblastoma gene prod-
uct, Rb), a direct role in DNA repair (such as MSH2
and MLH1), or a role in linking DNA damage to the arrest
of cellular proliferation and apoptosis (such as p53). Such
functions fit readily into a simple genetic model of 
cancer whereby the accrual of mutations allows uncon-
trolled growth, and genomic instability reinforces the gener-
ation of mutant clones with an increasingly aggressive
growth advantage.

Nevertheless tumor development involves many other
processes, such as the maintenance of adequate blood oxy-
gen delivery by induction of angiogenesis (indeed the Greek
name cancer derives from the crab-like pattern of tumor
neovasculature). Von Hippel–Lindau (VHL) disease is one
of several hereditary cancer syndrome syndromes associated
with excessive angiogenesis, and recent insights into the
role of the VHL protein (pVHL) in the development of the
abnormal microvasculature seen in this syndrome have led
to a greater mechanistic understanding of tumor angiogene-
sis and cellular oxygen sensing.

Copyright © 2006, Elsevier Science (USA).
981 All rights reserved.
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The correlation with microscopically indistinguishable
tumors (hemangioblastomas) of the central nervous system
(especially cerebellum and spinal cord) was first described,
in 1926, by Arvind Lindau. This description also included
cysts in the kidney, pancreas, and epididymis. However, the
first diagnostic criteria to include renal cell carcinoma as
part of the syndrome was that of Melmon and Rosen in
1964. Other tumors now known also to be associated with
the syndrome include pheochromocytoma (a hormone-
secreting tumor of the adrenal medulla), endolymphatic-sac
tumors of the inner ear, and islet-cell tumors of the pancreas.

Hemangioblastomas and renal-cell carcinomas are both
highly vascular tumors and demonstrate disordered growth
of the microvasculature. Hemangioblastomas are the com-
monest tumors in the VHL syndrome, affecting 60 to 80 per-
cent of individuals, and have a predilection for the posterior
fossa and spinal cord. They are well-defined thinly encapsu-
lated benign tumors formed from a mixture of “stromal”
cells and a rich plexus of sometimes telangiectatic capillary
blood vessels, and are frequently associated with edema and
cysts. It is the stromal cells that are the tumor cells. These
cells present a finely vacuolated or foamy cytoplasm, and
sometimes evoke an epitheloid appearance of the tumor
mimicking that of metastatic renal cell carcinoma. They lack
functional pVHL and overproduce angiogenic growth fac-
tors such as vascular endothelial growth factor (VEGF) and
platelet-derived growth factor B chain (PDGF-b). These in
turn drive proliferation of endothelial cells and pericytes,
respectively, leading to the angiogenic phenotype. Further-
more, VEGF, also known as vascular permeability factor
(VPF), increases capillary leakiness, leading to edema.

Renal cell carcinomas, also known as clear-cell carcino-
mas, arise from the renal tubular epithelium and again are
highly vascular, giving them their characteristic red color at
operation. The tumors develop from preneoplastic cysts
lined with VHL-/- epithelial cells. Importantly, the very
large number of associated benign lesions compared to
malignant lesions suggests a complex oncogenic process,
most probably involving several additional genetic alter-
ations following VHL inactivation. However, restoration of
pVHL function in fully transformed VHL-/- renal carci-
noma cells suppresses their ability to form tumors in nude
mice, indicating an ongoing requirement for VHL inactiva-
tion. Interestingly, restoration of pVHL does not affect the
ability of tumor cells to grow in adherent tissue culture, sug-
gesting that the tumor suppressor action is in some way
environmentally specific. Like the stromal cells in heman-
gioblastomas, renal-cell carcinoma cells also overexpress
VEGF and PDGF-b, leading to their highly vascular 
appearance.

Although the angiogenic tumor phenotype is most appar-
ent in VHL-associated tumors, this increased angiogenesis
is not unique to them. A considerable body of evidence
spanning more than three decades has documented that
tumor growth and metastasis of many cancers requires per-
sistent new blood-vessel growth. When tumor cells were
transplanted into avascular sites, such as the cornea, the

implants attracted new capillary growth. In the absence of
access to an adequate vasculature, tumor cells became
necrotic and/or apoptotic. Furthermore, ingress of new
blood vessels in these tumor transplantation models sug-
gested that tumors released diffusible activators of angio-
genesis that could stimulate a quiescent vasculature to begin
capillary sprouting. In a variety of transgenic mouse tumor
models, an “angiogenic switch” could be detected during the
early stages of tumorigenesis, preceding the development of
solid tumors. Recent analyses of von Hippel–Lindau disease
have provided the first direct link between a tumor sup-
pressor gene function and the molecular mechanisms of
angiogenesis.

The VHL Protein (pVHL)

The VHL gene was first cloned from chromosome 3p25-
26 by a large consortium in 1993, and comprises just three
exons coding for a protein of 213 amino acids. A second iso-
form of 150 residues is produced from an in frame ATG at
codon 54. Notably all disease-causing mutations affect
sequences C-terminus to this second start site, so that
tumorigenesis is associated with inactivation of both forms.

The majority of familial point mutations lie within two
regions of the protein, suggesting two major functional
domains. Although the primary VHL sequence did not
immediately suggest a function, protein association experi-
ments defined a series of pVHL interacting proteins, includ-
ing elongins B and C, CUL2, and Rbx1, which bound to the
frequently mutated a-domain. Cul2, a member of the cullin
family, resembles yeast Cdc53, and elongin C resembles
yeast Skp1. In yeast, Cdc53 and Skp1 bind to one another 
to form ubiquitin ligases referred to as SCF complexes
(Skp1/Cdc53/F-box protein), which covalently attach a
ubiquitin polymer to cell-cycle control proteins targeting
them for destruction by the proteasome. In such complexes,
the target protein destined for polyubiquitination, and hence
destruction by the proteasome, is recognized or bound by
the F-box protein (so named because of a collinear Skp1-
binding motif present in cyclin F), suggesting an analogous
role for pVHL. This putative role was strengthened by
recognition of a second frequently mutated subdomain of
pVHL, the b-domain, which has features of a substrate-
docking site. Experimental evidence confirmed that anti-
pVHL immunoprecipitates exhibit ubiquitin ligase activity
in vitro.

The discovery that pVHL was acting as a ubiquitin ligase
substrate recognition module raised the question of what
was its target protein, and how was this related to the angio-
genic phenotype of the tumors? Repetition of the protein
association studies in the presence of proteasomal blockade
demonstrated two novel pVHL binding partners, the a-
subunits of the transcription factors hypoxia inducible factor
1 and 2. Furthermore, in vitro ubiquitylation studies showed
that these two proteins were targeted for ubiquitylation by
pVHL (see Figure 1).
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pVHL and Oxygen Sensing

Hypoxia inducible factor (HIF) is an ab-heterodimer that
was first recognized as a DNA-binding protein responsible
for mediating the hypoxia-inducible activity of the gene
encoding the hematopoietic growth factor erythropoietin.
Both subunits contain basic helix–loop–helix (bHLH)-PAS
domains. Whereas the bHLH domain defines a superfamily
of eukaryotic transcription factors, the PAS domain was first
defined in the PER, ARNT, and SIM proteins and defines a
subset of the bHLH family. HIF-b subunits are constitu-
tively expressed nuclear proteins that are involved via 
other dimerization partners in a variety of transcriptional
responses. The HIF-a subunits exist as three isoforms, all of
which are inducible by lack of oxygen (hypoxia). However,
in oxygenated cells these a-subunits are rapidly degraded,
with HIF-1a and HIF-2a having an exceptionally short
half-life of just a few minutes. When the a-subunits are sta-
bilized, HIF dimerizes and interacts with cis-acting hypoxia
response elements (HREs) to induce transcriptional activity.
A large and rapidly expanding array of genes have now been

shown to contain HREs and to be transcription targets of
HIF. Examples of these responses include not only erythro-
poietin, but also endothelial nitric oxide synthase and
endothelin, which control vascular tone; glucose trans-
porters and many key enzymes involved in the metabolism
of glucose; enzymes involved in catecholamine synthesis;
proteins concerned with iron transport and handling; and
checkpoints in cell proliferation and quiescence. However,
most importantly with regard to the angiogenic phenotype
of VHL disease, many genes that play an essential role in
angiogenesis are HIF target genes.

HIF-a subunits contain two domains that regulate their
activity in response to oxygen availability: an internal 
oxygen-dependent degradation domain (ODDD), which
regulates protein destruction, and the C-terminal transacti-
vation domain (CAD), which regulates transactivating abil-
ity through recruitment of the coactivator p300/CBP. In
normoxia, enzymatic hydroxylation of two prolyl residues,
within the HIF-a ODDD, by a newly defined prolyl hydro-
xylase activity facilitates recognition of HIF-a by the VHL
E3 ubiquitin ligase complex that targets HIF for destruction
by the proteasome. In mammalian cells three closely related
enzymes, each the product of a different gene, have been
shown to have HIF prolyl hydroxylase activity. These pro-
teins are all nonheme Fe (II) enzymes that are members of
the superfamily of 2-oxoglutarate dependent dioxygenases.
An absolute requirement for molecular oxygen renders their
function oxygen sensitive. In the absence of pVHL, hydro-
xylated HIF-a cannot be targeted for ubiquitination and sub-
sequent proteasomal degradation, leading to constitutive
upregulation of HIF-mediated gene transcription even in the
presence of adequate oxygen for hydroxylase function.

Further oxygen-dependent control is regulated by factor
inhibiting HIF (FIH) through hydroxylation of an aspar-
aginyl residue in the C-terminal transactivation domain.
Hydroxylation at this residue interferes with HIF transacti-
vating ability by blocking interaction with the transcrip-
tional coactivator CBP/p300. Interestingly, the fact that
pVHL loss results in full, rather than partial, activation sug-
gests that pVHL could be involved in aspects of the HIF
response to oxygen beyond ODDD-mediated proteolysis. It
has been suggested that pVHL might be involved directly in
the process of transcriptional inactivation both by promoting
the function of FIH and by recruitment of transcriptional
repressors.

Hypoxia-Inducible Factor and Angiogenesis

It is now clear that vascular architecture in tissues is
largely controlled by angiogenic signals from the con-
stituent cells. Local oxygen tension appears to be a critical
signal in detecting and responding to local vascular insuffi-
ciency; for example, in the retina local ischemia almost
always precedes new vessel growth.

HIF and pVHL play a critical role in these responses 
and many points of interaction with molecular processes

Figure 1 Regulation of HIF-a by pVHL. Under oxygen-replete condi-
tions HIF-a is enzymatically modified by prolyl hydroxylase activity to a
form that is recognized by pVHL. The pVHL ubiquitin ligase complex
covalently attaches a polyubiquitin tag, which then targets HIF-a for rapid
destruction in by the proteasome, so that it is no longer available to effect
target gene transcription. (see color insert)
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regulating angiogenesis have been defined (see Figure 2).
The vasculature is usually quiescent in the adult, and
endothelial cells are among the longest lived outside the
nervous system. High levels of VEGF alone are capable of
initiating angiogenesis in these quiescent vessels, and sev-
eral isoforms of VEGF and its receptors are hypoxia
inducible via HIF-dependent processes. In the earliest stages
of angiogenesis, vasodilatation and increased vascular per-
meability, potentially mediated through HIF-regulated
genes such as VEGF-A, Flt-1 and nitric oxide synthase,
allow extravasation of plasma proteins, which lay down a
provisional matrix on which activated endothelial cells
migrate. This is accompanied by a loosening of the sur-
rounding pericyte cells that is thought to be mediated by
angiopoietin-2 and its tyrosine kinase receptor, Tie-2, both
of which again demonstrate induction by hypoxia. The vas-
cular basement membrane and extracellular matrix are then
degraded under the balanced control of matrix metallopro-
teinases, and the HIF-regulated tissue inhibitor of metallo-
proteinase (TIMP-1). Endothelial cells proliferate and
migrate into the perivascular space under the control of
VEGF, angiopoietins, fibroblast growth factor (FGF), mono-
cyte chemoattractant protein (MCP-1), and platelet-derived
growth factor (PDGF), all of which are hypoxically regu-
lated. The endothelial cells then change shape, adhere to one
another, and form a lumen. Continued proliferation within

the vascular wall allows for enlargement of the vessel
lumen. Perivascular cells are recruited and a basal lamina is
formed around the new vessel, and finally the vascular
sprouts fuse to form loops that circulate the blood.

The involvement of hypoxia and in particular the HIF
system at so many points in this complex process suggests
that HIF directs a coordinated transcriptional response that
is itself sufficient to activate productive angiogenesis. The
tight association between VHL mutations that dysregulate
HIF and susceptibility to retina and CNS angiomata (see
later discussion) strongly suggests that dysregulated HIF
activity is directly responsible for this manifestation of the
disease. The central role of HIF in the regulation of angio-
genesis is also supported by genetic manipulation of the 
system in rodents. The abnormal vascular development 
and embryonic lethality seen in the HIF-1a-/- knockout
mouse clearly demonstrates the importance of HIF-1a to
developmental angiogenesis. Further evidence of the impor-
tance of HIF to angiogenesis has come from transgenic
expression of constitutively stable HIF-1a mutants or
chimeric genes, which result in increased vascularity with-
out the permeability and edema associated with VEGF over-
expression alone.

HIF and Tumorigenesis

The importance of HIF in the regulation of angiogenesis,
together with the striking upregulation of this system fol-
lowing inactivation of the VHL tumor suppressor, raises the
question as to the role played by HIF activation in the onco-
genic process. Currently this important question is not fully
resolved. However, recent advances in the characterization
of the HIF/VHL system have enabled the question to be con-
sidered in VHL-associated malignancy and in cancer in 
general. In the following, we have summarized current
knowledge as to the role of HIF in both non-VHL and VHL-
associated malignancy.

Non-VHL Associated Cancer

Upregulation of the HIF system is observed in many
common cancers and occurs by a multiplicity of genetic and
environmental factors. Microenvironmental activation of
HIF in cancer occurs at the simplest level by physiological
activation of the oxygen-sensitive pathways by hypoxia
within the growing mass of cells. However, in addition to
VHL inactivation, a wide range of tumor suppressor and
oncogenic mutations have been reported to activate the HIF
system by a variety of mechanisms. These include the asso-
ciation of p53 loss-of-function with decreased ubiquityla-
tion of HIF-1a; PTEN loss-of-function, PI3K/AKT/FRAP
signaling, and SRC gain-of-function with increased HIF-1a
synthesis; and p14ARF loss-of-function with decreased
nucleolar sequestration of HIF-1a.

In addition to promoting angiogenesis, activation of 
the HIF system may also mediate metabolic abnormalities

Figure 2 The mechanism of angiogenesis in VHL disease. pVHL is
required for the normoxic degradation of HIF-a subunits. In the pVHL-
deficient tumor cells, HIF accumulates and effects transcription of its target
genes. These include secreted factors such as VEGF, Flt-1, angiopoietins-
2, Tie-2, FGF, PDGF, and MCP-1, which act on different stages of angio-
genesis, leading to localized new vessel growth. (see color insert)
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associated with cancer. Tumor cells are characterized by a
marked increase in glycolytic metabolism, even when cul-
tured in the presence of high oxygen concentrations. First
described by Otto Warburg more than 70 years ago, these
abnormalities are, like angiogenesis, particularly associated
with aggressive rapid growth tumors. HIF transcriptional
targets include the glucose transporter isoforms, glycolytic
isoenzymes and regulatory enzymes [e.g., 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3)] whose
upregulation is classically associated with the Warburg
effect. Thus HIF activation mediates coordinate transcrip-
tional activation of the entire pathway, from glucose uptake
to lactate production, providing a molecular explanation for
this “metabolic switch.” HIF transcriptional targets include
other molecules that have potential protumorigenic actions,
such as transforming growth factor-a and the c-Met 
protooncogene that mediates hepatocyte growth factor 
signaling.

These observations, together with clinico-pathological
studies that have associated high levels of HIF-a subunits in
human tumors with an aggressive phenotype, have led to the
proposal that HIF activation contributes causally to the
oncogenic processes. However, not all data support this con-
clusion. First, the correlation with tumor aggression is not
universal. Second, some HIF-inducible genes are apparently
anti-tumorigenic. For instance, in mouse embryonic stem
cells HIF-1a can have proapoptotic effects, possibly
through induction of target genes such as NIP3, which is
involved in apoptotic pathways and binds Bcl-2. Third,
though most studies of experimental tumor growth by cells
bearing genetic modifications of the HIF system have
demonstrated pro-tumorigenic effects, this finding has again
not been universal, with some studies reporting the opposite
finding. One straightforward explanation for these appar-
ently conflicting results is that the protumorigenic effects of
HIF activation are cell type specific—such a phenomenon
being commonly observed with tumor suppressor inactiva-
tion. Potentially in keeping with this, VHL-associated tumor
formation is highly tissue specific. Nevertheless even in

VHL disease the causative role of HIF activation in the
oncogenic process as opposed to the development of benign
angiomata remains unclear.

VHL-Associated Cancer

VHL disease shows clear genotype–phenotype associa-
tions so that effects of particular mutations on HIF activa-
tion can be correlated with particular patterns of tumor
predisposition. Families have been divided into type 1 or
type 2A, 2B, or 2C, according to the risk of renal cell carci-
noma, pheochromocytoma, and hemangioblastoma (Table
I). The tight correlation between hemangioblastoma suscep-
tibility and HIF dysregulation strongly supports a causal
role of HIF activation in these benign vascular tumors con-
sistent with the mechanistic findings linking the VHL/HIF
pathway to the regulation of angiogenic growth factors. The
associations are also compatible with a role for HIF activa-
tion in the development of renal cell carcinoma, but they
indicate that HIF activation is unlikely to underlie pheochro-
mocytoma development, strongly suggesting the existence
of other VHL tumor suppressor mechanisms.

In kidneys removed from patients with VHL disease a
very large number of foci of HIF activation can be observed
and enhanced vascular density can be observed adjacent to
these microscopic lesions. This suggests that HIF-mediated
enhancement of angiogenesis is an early event following
VHL inactivation and that other events (most probably sev-
eral other events) are required for tumor formation. Though
indices of cell proliferation are low in these early lesions,
they must in some way provide an advantageous back-
ground on which subsequent oncogenic mutations can
progress cancer development. Whether this is related to HIF
activation and the early enhancement of angiogenesis is
unclear.

Some direct support for a role of HIF in renal cell carci-
noma development has been provided by studies of the
effect of transfected HIF-a genes on experimental tumors
derived from renal cell carcinoma cell lines and grown in

Table I Genotype–Phenotype Correlations in VHL Disease.

Type of Most prevalent type Effect on pVHL function Tumor risk
VHL disease of VHL mutation in the HIF pathway

Pheochromocytoma Hemangioblastoma Renal cell carcinoma

Type 1 Loss or protein Impaired binding to HIF-a. Low High High
misfolding Upregulation of HIF and 

its target genes

Type 2a Missense Impaired binding to HIF-a. High High Low
Upregulation of HIF and its
target genes

Type 2b Missense Impaired binding to HIF-a. High High High
Upregulation of HIF and its
target genes

Type 2c Missense Retains ability to bind and Yes No No
degrade HIF-a
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nude mice. Transfection of VHL-defective renal cell carci-
noma lines with a wild-type VHL gene suppresses tumor
formation, but this tumor suppression can be relieved by
supertransfection with a HIF-a gene that has been mutated
so as to retain transcriptional activity but escape proteolytic
destruction by VHL. Interestingly reversal of VHL tumor
suppression was observed for HIF-2a but not HIF-1a, sug-
gesting that HIF-2a but not HIF-1a upregulation con-
tributes to the oncogenic process in these tumors. Despite
these findings it is notable that direct (as opposed to indirect
by VHL) mutational activation of HIF has not yet been
observed in this tumor type—suggesting that mutational
selection driving the tumor development may be affecting
other VHL-dependent pathways.

A variety of VHL interacting proteins and VHL functions
have been described that are apparently unrelated to effects
on the HIF system. These include effects on other transcrip-
tion factors such as Sp1, effects on the general transcrip-
tional apparatus, effects on signaling molecules such as
protein kinase C, and effects on matrix metabolism. Perhaps
of greatest interest is evidence for a role of VHL in
fibronectin assembly, given associations between abnormal
fibronectin function and the cancer phenotype in other 
settings.

Interaction assays have demonstrated that pVHL can
bind to fibronectin, and it is notable that type 2C, pheochro-
mocytoma-causing pVHL mutants, which retain normal
HIF-a regulation, are defective in fibronectin binding, sug-
gesting a possible causative role in formation of these
tumors. How intracellular pVHL interacts with the secreted
fibronectin protein is uncertain. There is no evidence that
pVHL is secreted into the lumen of the endoplasmic reticu-
lum, although some fibronectin (possibly malfolded or 
misprocessed) may undergo retrograde transport to the
cytosolic surface and be accessible to pVHL. What is clear,
however, is that although cells lacking pVHL secrete
fibronectin, they are defective with respect to fibronectin-
matrix assembly. This phenotype is potentially complicated
by the HIF dependence of several other genes involved in
extracellular matrix turnover, such as tissue inhibitors of
metalloproteinases (TIMPs), matrix metalloproteinases
(MMPs), and collagen prolyl hydroxylase. However, VHL-
deficient cells are unable to process exogenous fibronectin,
suggesting a problem with pVHL handling rather than syn-
thesis, and have been shown to have a defect in b1-integrin
function, which is involved in assembly of fibrillary 
adhesions.

Thus in summary HIF-mediated angiogenesis most likely
accounts for VHL-associated hemangioblastoma, but its
relation to other aspects of the cancer predisposition is less
clear. If HIF activation is not directly implicated in causing
tumor development, it is necessary to consider other expla-
nations for the common association of HIF activation with
aggressive malignancy, and the paradox that although the
HIF pathway is commonly activated by oncogenic and
tumor suppressor mutations, it is not itself subject to onco-
genic mutation.

A potential explanation exists in the function of HIF as a
coordinator of extensive physiological pathways that link
the metabolic demands of a proliferating cell mass to the
need for development of an adequate oxygen supply. The
multiple links between the stimuli that promote cell prolif-
eration and the activation of HIF suggest that such pathways
are “hard-wired” into development as part of the fundamen-
tal physiological need to preserve oxygen homeostasis. In
this case, the classical genetic model of cancer involving 
the progressive selection of mutant cells that manifest a 
cell autonomous survival advantage would be expected to
evolve other new properties, such as activation of HIF and
associated angiogenic or metabolic phenotypes through the
coselection of these intrinsically linked pathways. Such a
coselection process would be compatible with the observa-
tion that hypoxic and angiogenic pathways are indirectly
rather than directly activated by oncogenic mutations, and
could also explain how properties such as angiogenesis,
which confer a common advantage to a mass of cells rather
than a cell autonomous advantage, can be selected. Since the
concept of clonal selection in cancer requires that a cell gain
predominance over its neighbors by individual rather than
group advantage, it is otherwise difficult to understand how
selection of an angiogenic phenotype occurs. The operation
of coselection also predicts that angiogenesis might be acti-
vated in a disorganized way since activation of the relevant
pathways reflects links to stochastic events driving clonal
selection rather than a coordinated physiological response.
If the links between a tumor suppressor gene or oncogene
and proangiogenic pathways are strong, then early and
excessive angiogenesis might be expected, as is the case for
VHL disease. If the links were less powerful, then angio-
genesis might lag behind tumor growth, and then develop
more rapidly when further mutations are selected with more
robust links to proangiogenic pathways. Given the enor-
mous complexity of the pathways that are being revealed by
molecular analysis of cell physiology, it is likely that the
role played by coselection in the generation of cancer phe-
notypes has been significantly underestimated. Further
analysis of the HIF system in cancer biology should be illu-
minating in this respect.

Glossary

Angiogenic switch: A discrete step in the development of tumors in
which the balance between pro- and anti-angiogenic factors changes to
favor constant growth of new tumor blood vessels. It may occur at differ-
ent stages of the tumor progression pathway, depending on the type of
tumor and its microenvironment, but generally occurs early. Prior to the
switch tumor growth is limited to a few cubic millimeters.

Hypoxia-inducible factor: A heterodimeric transcription factor that
senses and responds to ambient oxygen tension, through oxygen-dependent
regulation of its abundance and transactivating ability. This in turn controls
the transcription of whole families of hypoxia-inducible genes, including
many involved in the regulation of angiogenesis.

Ubiquitin ligase: A protein complex that recognizes its substrate and
covalently attaches a series of ubiquitin molecules. This polyubiquitin
chain then tags the protein for destruction by a cellular structure known as
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the proteasome. pVHL acts as the recognition component for a ubiquitin
ligase complex that targets HIF-a. .
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angiostatin appears to require reduction of disulfide bonds
followed by proteolysis with one or more proteinases.
Angiostatin was originally purified from the urine of mice
with Lewis lung carcinoma and is generated endogenously
by a variety of human tumors as well. Angiostatin inhibits
neovascularization in the mouse corneal angiogenesis assay
and in the chick chorioallantoic membrane assay. Angio-
statin inhibits the growth of primary tumors and metastases
in mice and induces complete regression of human tumors
implants in nude mice.

Cellular Mechanisms for the Antiangiogenic 
Activity of Angiostatin

Angiostatin inhibits proliferation, migration, and tube
formation by endothelial cells. Angiostatin induces the
apoptosis of endothelial cells in culture and in mouse mod-
els. Although most studies have focused on the endothelial
effects of angiostatin, other cells may also be targets for
angiostatin. Angiostatin may have a more potent effect on
circulating, bone marrow–derived endothelial progenitor
cells than it has on endothelial cells. We have shown that
smooth muscle cell (SMC) migration and proliferation are
inhibited by angiostatin. Furthermore, hepatocyte growth
factor (HGF) signaling pathways were inhibited by angio-
statin in SMCs. Benelli et al. [1] have demonstrated that
angiostatin inhibits monocyte migration to MCP-1 and
fMLP. An even more potent effect of angiostatin was exhib-
ited in inhibiting neutrophil migration to CXCR1 and
CXCR2 agonists (IL-8 and MlP-2). These nonendothelial

Overview

Angiogenesis is the process of generating new capillaries
from preexisting blood vessels. Excessive angiogenesis 
contributes to the pathophysiology of a variety of diseases
including tumor growth, metastasis, and proliferative dia-
betic retinopathy. Inadequate angiogenesis, on the other
hand, is a factor in delayed wound healing and ischemic 
vascular disease. It follows, that angiogenesis is a tightly
regulated process, controlled by a variety of growth factors
and inhibitors. In this review, we consider the molecular
mechanisms of action of angiostatin, one of the known
inhibitors of angiogenesis. Although the major interest 
in angiostatin has surrounded its use in inhibiting tumor
angiogenesis, its biological effects are not limited to 
this arena. Angiostatin could affect virtually any vascular 
function in which a healthy, proliferating endothelium is
required. Furthermore, there is evidence that angiostatin
also targets other cells, including circulating endothelial
progenitor cells, smooth muscle cells, and even neutrophils.
In this review, we consider the multiple mechanisms by
which angiostatin could affect microvascular structure and
function.

Angiostatin: An Inhibitor of Angiogenesis

Angiostatin is a 38-kDa protein, derived from an internal
fragment of plasminogen spanning the first four kringle
domains that. Kringles 1–3 of plasminogen also exhibit
antiangiogenic activity. The conversion of plasminogen to

Copyright © 2006, Elsevier Science (USA).
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cellular effects of angiostatin may be important because
leukocytes contribute to angiogenesis and smooth muscle
cells are essential for arteriogenesis.

Proposed Molecular Targets of Angiostatin

One of the first known binding sites for angiostatin on
endothelial cells was the F1–F0 ATP synthase (Figure 1). The
ATP synthase has historically been considered to be an
exclusively mitochondrial enzyme. Moser et al. not only
localized ATP synthase on the endothelial cell (EC) surface,
but demonstrated that it is active in extracellular ATP syn-
thesis. Antibodies to ATP synthase prevented the antiprolif-
erative effect of angiostatin on endothelial cells. The proton
pumping function of ATP synthase is also blocked by angio-
statin, endangering the ability of ECs to survive in hypoxic,
acidic microenvironments.

Tarui and colleagues reported that bovine aortic endothe-
lial cells adhered to angiostatin via the integrin receptor

avb3. Since angiostatin did not induce stress fiber formation
upon binding to the integrin, these investigators hypothe-
sized that angiostatin competes with the natural ligands for
avb3, producing an antiangiogenic effect. Blockade of avb3
by angiostatin could inhibit EC migration. It is also possible
that this effect reduces MMP-2 activation, which is
enhanced by the ligation of pro-MMP-2 with avb3.

The competitive inhibition of avb3 by angiostatin could
alter focal adhesion kinase (FAK) activity. Integrins do not
possess intrinsic kinase activity, but instead form complexes
with signaling molecules at focal adhesion contact sites.
FAK is a tyrosine kinase that is activated by integrin clus-
tering, although there are also other mechanisms for activat-
ing FAK independent of cell–ECM interactions. FAK is also
activated by ligation of some growth factor receptors. 
Claesson-Welch and colleagues [2] have shown that angio-
statin upregulates FAK activity in endothelial cells in an
RGD-independent and therefore probably integrin-
independent fashion. These investigations suggested that 
the aberrant upregulation of FAK could contribute to inhibi-
tion of EC migration and to the induction of apoptosis.

Figure 1 Reported molecular targets of angiostatin. A section of a cell membrane is diagrammed showing the molecular targets of angiostatin. Angio-
statin binds to the a/b subunits of ATP synthase (A), limiting extracellular ATP synthesis and increasing the intracellular [H+] (B). Angiostatin also binds to
annexin II (C), displacing lys-plasminogen, thereby preventing plasmin generation. Plasmin has several important pericellular activities, including activa-
tion of TGF-b, degrading ECM proteins, and activating MMPs. Integrin receptors may also contribute to MMP activation. Angiostatin has also been reported
to bind to the vitronectin receptor (avb3), probably inhibiting the binding of ECM protein ligands (D). Focal adhesion kinase (FAK) is coupled to the intra-
cellular domain of integrin receptors and also to some growth factor receptors (E). Angiostatin has been reported to activate FAK phosphorylation. Angio-
statin also prevents signaling through the hepatocyte growth factor (HGF) c-Met pathway (F), by binding to c-Met. One of the actions of HGF c-Met that
is blocked by Angiostatin is phosphorylation and activation of Akt (protein kinase B). Angiostatin inhibits migration and tube formation that is promoted by
the cell-surface associated protein angiomotin (G). Angiostatin uncouples eNOS from hsp90 (H), leading to reduced production of NO, with increased pro-
duction of O2

.. Finally, angiostatin promotes Ca2+ influx by an unknown mechanism (I). Several molecular targets of angiostatin, including ATP synthase,
eNOS, integrins, and annexin II, may associate with caveolae, representing a potential mechanism by which an inhibitory effect on a variety of targets could
be enhanced.
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We have demonstrated that angiostatin inhibits HGF-
induced signaling in endothelial and smooth muscle cells.
We hypothesized that angiostatin, which has significant
homology to HGF, would competitively inhibit HGF from
binding to its receptor (c-Met). Angiostatin inhibited the
HGF-induced tyrosine phosphorylation of c-Met, as well as
the phosphorylation of Akt and ERK1/2.

Angiostatin-mediated EC apoptosis has been reported to
involve calcium signaling. Jiang and colleagues [3] have
shown that angiostatin induces an acute rise in [Ca2+]i of
human and bovine endothelial cells. Treatment with 
endostatin evoked a similar response and attenuated the
acute elevation in [Ca2+]i with subsequent administra-
tion of VEGF and FGF-2. Angiostatin is able to deplete
thapsigargin-sensitive intracellular Ca2+ stores that are nor-
mally released by muscarinic agonists. The cellular target
responsible for the effects on [Ca2+]i in response to angio-
statin are currently unknown. Kringle 5 of plasminogen,
also an inhibitor of angiogenesis, has been reported to
induce a rise in [Ca2+]i in HUVEC by binding to a cell-
surface voltage-dependent anion channel [4]. It is unknown
whether angiostatin affects the same or similar ion channels.

Angiostatin may inhibit pericellular plasmin genera-
tion, limiting the ability of the EC to dissolve its basement
membrane, and preventing migration in the early phases 
of angiogenesis. There are at least two mechanisms for this
effect. Stack and colleagues [5] demonstrated that angio-
statin binds to t-PA and inhibits plasminogen activation.
Another mechanism could be through the interaction of
angiostatin with annexin II. Annexin II is an endothelial cell
surface protein that binds to both lys-plasminogen and t-PA,
enhancing plasmin generation. Tuszynski et al. reported that
angiostatin binds to annexin II on the EC surface, providing
another potential mechanism by which angiostatin could
inhibit plasmin production at the EC surface. Plasmin has
important roles in angiogenesis by activating MMPs and
TGF-b1 and promoting cell migration.

Angiomotin is a 72-kDa cell surface associated protein
localized to the lamellipodia of the leading edge of migrat-
ing capillary endothelial cells and is colocalized with FAK.
Angiomotin-transfected cells also have increased FAK
activity in response to angiostatin. When angiomotin-
transfected cells are treated with angiostatin, migration, and
tube formation are significantly inhibited. Although a
detailed mechanism of action of angiomotin has not been
determined, a PDZ-binding domain appears to have a criti-
cal role.

Nontumor Effects of Angiostatin

Angiostatin could have important effects on a variety of
tissue targets, its benefit not being exclusively limited to the
tumor microvasculature. Advanced atherosclerosis and
neointimal hyperplasia are associated with extensive 
neovascularization. Angiostatin inhibits atherosclerosis
development in apolipoprotein E null mice and reduces

neointimal hyperplasia in response to balloon injury in 
rabbits. Adipose tissue is highly vascularized and exhibits
angiogenic properties. Weight reduction in response to
angiogenesis inhibitors is accompanied by evidence of adi-
pose endothelial cell apoptosis, suggesting an antiangio-
genic mechanism of action. Angiostatin is effective in
reducing weight gain in obese (ob/ob) mice.

Angiostatin could be generated in virtually any tissue
with the appropriate environmental conditions: ischemia,
high oxidative stress, reduced NO production, and elevated
MMP-2, -7, and -9 activity. Angiostatin has been demon-
strated in tear fluid, where it has been proposed to protect
against corneal neovascularization. In a canine model of
repetitive coronary ischemia, treatment with L-NAME was
associated with the accumulation of angiostatin in the
myocardial interstitial fluid. It was postulated that angio-
statin production may limit the development of coronary
artery collaterals in response to ischemia.

An endothelium with intact angiogenesis capability 
may be important in the health of many tissues. Therefore
angiostatin’s actions on the microvasculature, especially 
its effects on the endothelium, could produce effects that
extend well beyond an exclusive role in inhibiting angiogen-
esis. An example is the reported ability of angiostatin to
impair endothelium-dependent vasodilation. By reducing the
interaction between eNOS and hsp90, angiostatin enhances
O2

. production, while decreasing NO production. This effect
could regulate vasomotor tone and also have antiangiogenic
effects, since many angiogenic growth factors including
VEGF and FGF induce NO production. Furthermore,
increased NO production with vasodilation is an early step in
capillary beds undergoing angiogenesis. It is also possible
that angiostatin could also inhibit vasodilation by blocking
avb3. Mogford et al. [6] have demonstrated that RGD pep-
tides applied to rat arterioles produced concentration-
dependent, sustained endothelium-independent vasodilation.
Vasodilatory RGD-containing peptides can be produced
endogenously during collagenolysis. These fragments may
be produced during arterial remodeling and may contribute
to maintaining luminal expansion.

The production of angiostatin during tissue hypoxia
could exacerbate the development of pulmonary hyperten-
sion. The expression of angiogenic growth factors may be
one protective mechanism to reduce the severity of pul-
monary arterial hypertension (PAH). When angiostatin is
overexpressed in the lung of chronically hypoxic mice, they
developed more severe pulmonary artery hypertension, right
ventricular hypertrophy, and muscularization of pulmonary
artery vessels [7]. It is possible that a strategy aimed at
inhibiting endogenous angiostatin production could slow the
progression of PAH.

Summary

Angiostatin is an interesting inhibitor of angiogenesis
with several reported molecular targets. The principal 
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targets for its effect on endothelial and other cells needs to
be clarified. Angiostatin and other angiogenesis inhibitors
may have a variety of effects on normal vascular function
both in modulating vascular anatomy and in producing tran-
sient effects on vasomotor tone.

Glossary

Angiogenesis: The process of sprouting new capillaries from existing
blood vessels. Although classically distinguished from vasculogenesis, the
de novo formation of blood vessels during embryogenesis, recent studies
have demonstrated overlap in these processes. Circulating endothelial pro-
genitor cells may engraft in the vessel wall and contribute to neovascular-
ization in the adult.

Angiostatin: An anti-angiogenic 38-kDa protein derived by proteoly-
sis of plasminogen, consisting of the first 3 or 4 kringle domains.

Hepatocyte growth factor: An angiogenic growth factor also known
as “scatter factor” that stimulates mitogenesis, motogenesis, and morpho-
genesis in cells that express its receptor, c-met.
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uncommon. The recent introduction of highly active anti-
retroviral therapy (HAART) has witnessed a dramatic
decrease in the proportion of new AIDS-defining KS cases
as well as a regression in the size of existing KS lesions.
However, in parts of the developing world, KS has tragically
emerged as one of the most frequent cancers among children
and adult men, and it can be an aggressive disease that
remains a significant cause of morbidity and mortality
among the AIDS population [1].

The clinical course of AIDS-related KS is highly vari-
able, ranging from minimal stable disease to explosive
growth. In early-stage KS (also known as patch stage), 
dermal lesions are composed of small, irregular, endothe-
lium-lined spaces that surround normal blood vessels, with
perivascular infiltrates of lymphocytes and plasma cells. As
the disease progresses into the plaque stage, the tumor (or
spindle) cells form slit-like, erythrocyte-replete vascular
channels that expand throughout the dermis. In late (or
nodular) stage lesions, the dermis is replaced by sheets of
spindle cells with interspersed vascular spaces that give the
lesion the appearance of a honeycomb. More aggressive
lesions are characterized by mitotic events and cellular
atypia [2].

The dominant cell of KS lesions, the spindle cell, is
believed to be of endothelial origin, although the precise his-
togenesis of these cells remains in debate. While not fully
transformed, the KS spindle cell elaborates a variety of
proinflammatory and angiogenic factors believed to be
essential for the development of KS. Recent data support the

Summary

In 1872 dermatopathologist Moritz Kaposi first described
Kaposi’s sarcoma (KS) as a rare “idiopathic multiple pig-
mented sarcoma of the skin” found primarily in the lower
extremities of elderly Mediterranean men. For more than a
century since this initial description, despite extensive
investigation by clinicians and basic science researchers, the
cause of KS remained a mystery. In 1994, the Kaposi’s 
sarcoma–associated herpesvirus/human herpesvirus-8
(KSHV/HHV-8) was identified as the etiologic agent for
KS. KSHV is believed to infect and immortalize endothelial
cells, thereby generating the KS tumor (or spindle) cell.
Molecular characterization of the KSHV genome by numer-
ous laboratories has since revealed several genes that harbor
potential for KSHV pathogenesis. Examination of candidate
KSHV oncogenes is shedding new light onto the cause of
this enigmatic tumor and has further provided considerable
insight into the complex interplay among angiogenic growth
factors, endothelial cells, and cancer.

Introduction

Kaposi’s sarcoma (KS) is the most common cancer aris-
ing in patients with acquired immunodeficiency syndrome
(AIDS). KS is a multifocal neovascular tumor that most
often manifests with skin lesions, although involvement of
the oral mucosa, lymph nodes, and visceral organs is not

Copyright © 2006, Elsevier Science (USA).
993 All rights reserved.
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role of the spindle cell as the driving force of KS pathogen-
esis (Figure 1), with its secreted products responsible for the
recruitment of the remaining cell types in a paracrine 
fashion [3]. However, the mechanism as to what initiates
spindle cell formation and how secreted growth factors 
and cytokines sustain spindle cell growth is still poorly
understood.

Kaposi’s Sarcoma: A Disease in Search of a Cause

The epidemiology of KS suggested an infectious etiology
for this disease. As a consequence of its close association
with the AIDS epidemic, initial research focus was concen-
trated on a newly identified virus, HIV, as the KS etiologic
agent. Early work suggested that the potent transactivator
HIV-1 protein, Tat, plays a major role in the pathogenesis of
AIDS-related KS. Among many of its KS-promoting activi-
ties, the Tat protein augments the angiogenic activities of
basic fibroblast growth factor (bFGF), interferon gamma,
and vascular endothelial growth factor (VEGF); mimics 
the effects of the extramedullary matrix proteins fibronectin
and vitronectin; and increases the expression of matrix 
metalloproteinases [4].

However, as KS is found in only a subpopulation of HIV-
infected individuals, HIV did not appear to be sufficient for
KS development. Moreover, the cause of KS in HIV-

negative individuals remained unexplained. This suggested
that a second etiologic agent or cofactor might be involved
in KS pathogenesis.

Kaposi’s Sarcoma–Associated Herpesvirus 
(KSHV or HHV8)

In 1994, Chang et al. used representational difference
analysis (RDA) to search for DNA sequences present in
AIDS-associated KS but not in adjacent normal skin. Using
this approach, they were able to identify a then unknown
human g-herpesvirus in KS tissue, which they called 
the Kaposi’s sarcoma–associated herpesvirus (KSHV) or
human herpesvirus 8 (HHV-8) [5]. KSHV belongs to the
genus Rhadinovirus, and its genomic structure is most 
similar to the closely related lymphotropic g-herpesviruses
Epstein-Barr virus (EBV), the only other known human her-
pesvirus associated with human cancers. Compelling evi-
dence points to KSHV as the infectious etiologic agent for
KS: (i) Epidemiological studies have established a pattern of
KSHV infection that precedes KS development and over-
laps with KS risks. (ii) Examination of KS biopsies revealed
that KSHV DNA is present in KS tumor (spindle) cells and
in endothelial cells lining vascular spaces of KS lesion. (iii)
In vitro studies have demonstrated that KSHV can infect and
transform endothelial cells (thought to be premalignant for
KS). Of note, these studies further revealed that KSHV was
present in only a subset of cultured immortalized endothelial
cells, suggestive of a paracrine mechanism in the immortal-
ization of uninfected cells [6]. (iv) Unlike HIV, KSHV has
been found to be associated with all four forms of KS (clas-
sic, iatrogenic, endemic, and AIDS-related), in addition to
two other neoplastic disorders: primary effusion lymphoma
(PEL) and multicentric Castleman’s disease (MCD) [7].
However, while PEL and MCD primarily involve KSHV-
infected lymphocytes, KS involves KSHV infection of
endothelial cells. As KSHV is a lymphotropic herpesvirus, it
remains to be determined how and why KSHV makes the
transition from lymphocyte to endothelial cell.

Following endothelial infection, KSHV can enter one of
two pathways: the latent cycle or the lytic cycle. In the latent
cycle, the KSHV genome is tethered to the host cell chro-
mosome as an independent episome. Replication of the 
host cell results in replication of the viral genome, which 
is passed on to each daughter cell. The few genes that are
expressed during latency function primarily to maintain the
episomal viral DNA and to promote host-cell proliferation,
thereby promoting replication of the viral genetic material
within the latently infected host cell. Reentry into the lytic
cycle (viral reactivation) is usually triggered in latently
infected cells under special circumstances. Upon reactiva-
tion, viral early genes—required for the transcription and
translation of the viral genome—are first expressed, which
then facilitate the expression of viral structural proteins (late
genes). Viral genes that play a role in sustaining host-cell
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Figure 1 Autocrine and paracrine growth factor cycles promoted by 
the Kaposi’s sarcoma spindle cell. The KS spindle cell, believed to be of
endothelial origin, is the driving force of KS with its secreted growth fac-
tors and cytokines sustaining its own proliferation while recruiting the
remaining cell types in a paracrine fashion. (see color insert)
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survival or in modulating the host immune response are also
expressed during the lytic cycle, promoting efficient 
production of viral progeny and ensuring successful viral
propagation.

Current efforts are now focused on defining the mecha-
nism whereby this virus causes KS. KSHV contains more
than 90 open reading frames (ORFs), including several
homologs to mammalian proteins likely pirated by KSHV
from its cellular host. Further investigation has revealed that
several of these genes bear potential for KS pathogenesis
[8]. These include both latent and lytic genes that may be
directly transforming or could contribute to KS indirectly by
promoting the production of angiogenesis-activating growth
factors and inflammatory cytokines.

KSHV Latent Genes and the Promotion of Cell
Proliferation and Survival

Efforts to identify the KSHV gene(s) responsible for the
genesis of KS have focused primarily on the latent genes
(LANA-1, LANA-2, vCyclin, vFlip, and Kaposin). These
genes are expressed in almost all spindle cells in late KS
lesions and are therefore expected to play a critical role in
the progression of KS. Several recent studies have suggested
that many of the KSHV latent genes bear potential for 
promoting endothelial cell transformation (Table I).

LANA-1 and 2

In addition to maintaining the KSHV episome and ensur-
ing its efficient segregation to progeny cells, LANA-1 has
been shown to interact with and inhibit the tumor suppres-
sor proteins p53 and pRB. Similarly, LANA-2 also inhibits

p53 and may cooperate with LANA-1 to repress the func-
tion of this tumor suppressor protein. More recently, LANA-
1 has also been shown to stabilize b-catenin by binding to its
negative regulator GSK-3b, causing a cell cycle–dependent
nuclear accumulation of GSK-3b. Although neither 
LANA protein is directly transforming, LANA-1 can pro-
long the life span of primary human endothelial cells, sug-
gestive of a role for this latent protein in endothelial cell
immortalization.

vCyclin and vFLIP

vCyclin, which shares significant homology to cellular
cyclin D2, complexes with CDK6 to phosphorylate and
inhibit pRB and other cell cycle regulators. vFlip, encoded
by a bicistronic mRNA species also encoding vCyclin, is a
death effector domain (DED)-containing protein that inter-
feres with apoptosis signaled through death receptors and
stimulates the transcription factor, nuclear factor kappa B
(NFkB).

Kaposin

Kaposin (or K12) is a small highly polymorphic pro-
tein that activates the mitogenic activated protein kinase
(MAPK) signaling pathway. Genetic mutations leading to
overactivation of MAPK is a common theme in many
human cancers, suggesting that Kaposin may play an analo-
gous role in KS.

Although the latent genes are individually not transform-
ing, endothelial cells immortalized by the SV40 Large T Ag
(which mimics the inhibition of p53 by LANA-1 and -2)
also stably expressing both vCyclin and vFlip formed small
tumors in nude mice [9]. However, the full tumorigenic
potential of this cell line was only realized in the presence of
the paracrine secretions of a KSHV lytic gene, vGPCR, sug-
gestive of a cooperative role for KSHV genes in Kaposi’s
sarcomagenesis.

KSHV Lytic Genes and Paracrine Neoplasia

Lytic genes are expressed during the phase of the viral
life cycle when viral progeny are produced. Consequently,
these viral genes are expressed in cells destined to die (lyse).
It is therefore generally assumed that lytic genes are not
likely to play a significant role in tumorigenesis. However,
emerging evidence supports a role for paracrine secretions
released by cells expressing KSHV lytic genes in the pro-
motion of KS (Table II).

vGPCR

vGPCR is a G protein-linked receptor (GPCR) that
exhibits ligand-independent activities, enabling constitutive
signaling through multiple mitogenic and survival path-
ways. Cells expressing vGPCR also constitutively secrete

Table I Role for KSHV Latent Genes in
Endothelial Cell Immortalization.

Latent gene Mechanism(s) for enhancing cell proliferation

LANA-1 Interacts with and inhibits the two tumor suppressor
proteins p53 and Rb. Stabilizes b-catenin by
binding to its negative regulator GSK-3b, causing
a cell cycle–dependent nuclear accumulation of
GSK-3b

LANA-2 Interacts with p53, antagonizing p53-mediated
apoptosis

vCyclin Complexes with cellular cdk6 to phosphorylate and
inactivate the tumor suppressor Rb and the CDK
inhibitor p27, thereby promoting cell cycle
progression

vFlip Binds to procaspase-8, inhibiting its recruitment and
activation at the death-induced signaling complex,
resulting in diminished Fas-mediated apoptotic
cascade initiation

Kaposin (K12) Interacts with cytohesin-1, an ARF guanine
nucleotide exchange factor, leading to the
activation of the mitogenic kinase ERK1/2.
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angiogenic growth factors and chemokines, including
VEGF, interleukin-6 (IL-6), interleukin-8 (IL-8), and
growth-related oncogene protein alpha (Groa). Therefore, it
can be argued that in KS lesions, the expression of this viral
receptor by a subset of infected cells could make a major
contribution to KSHV-induced angiogenesis, functioning
primarily by paracrine mechanisms.

vIL-6

The KSHV IL-6 homolog (vIL-6) has sequence similar-
ity (25% amino acid identity) to human IL-6. Like its cellu-
lar homolog, vIL-6 activates specific JAK/STAT mitogenic
signaling pathways by acting on the gp130 signal trans-
ducing subunit of the IL-6 receptor. vIL-6 promotes
hematopoiesis and acts as an angiogenic factor through the
induction of VEGF, suggesting that vIL-6 could play an
essential role in the pathogenesis of KS as an autocrine or
paracrine factor.

K1

KSHV K1 encodes a transmembrane glycoprotein that
interacts with several cellular signal transduction proteins
including Vav, p85, and Syk kinase. K1 also induces nuclear
factor of activated T cells (NFAT) activity, leading to
expression of several cytokines, supportive of a role for this
lytic gene in paracrine neoplasia.

vMIPs

Three KSHV genes vMIP-I, vMIP-II, and vMIP-III, are
viral chemokines (virokines) that have significant protein
sequence similarity to cellular CC chemokines, a super-
family of proinflammatory cytokines. Both vMIP-I and
vMIP-II are proangiogenic, and all three are agonists for 
cellular chemokine receptors, consistent with a paracrine
role for these virokines in KS progression.

Other lytic genes (e.g., vBcl-2, vIRF-1, Rta, K8) may fur-
ther contribute to Kaposi’s sarcomagenesis by promoting
the survival of lytically infected cells. Ongoing efforts

examining the roles of these genes in KSHV pathogenesis
may provide additional insight into the development of 
KS.

Triggering Kaposi’s Sarcomagenesis

Thus, although alone not transforming, latent genes may
still enhance tumor cell proliferation and survival, likely
contributing to the more aggressive nature of late-stage or
“nodular” KS tumors in which most tumor cells express
KSHV latent genes. Similarly, lytic genes may also con-
tribute to KS tumor progression by activating mitogenic sig-
naling cascades by their paracrine secretions. Nonetheless,
the question as to what initially triggers this unusual cancer
remains unclear, as expression of KSHV latent and lytic
genes does not normally result in the development of KS. In
this regard, recent work suggests that dysregulated expres-
sion of a single KSHV lytic gene, vGPCR, may be respon-
sible for initiating KS.

Initiation of Kaposi’s Sarcomagenesis by vGPCR

Compelling evidence implicates vGPCR in the initiation
of Kaposi’s sarcomagenesis. In particular, when a KS model
in which endothelial-specific retroviral transduction was uti-
lized to target candidate KSHV oncogenes to the vascular
endothelium of mice, it was observed that only vGPCR pro-
duced vascular tumors in mice that were strikingly similar 
to human KS lesions [9]. vGPCR experimental tumors
expressed key histopathological and molecular hallmarks
for KS, suggestive of an important role for the vGPCR in the
initiation of this enigmatic disease.

Dysregulated Expression of vGPCR Triggers KS

However, as vGPCR is a lytic gene, normally expressed
only in cells destined for lysis, it was unclear how it could
be the gene responsible for initiating KS. One explanation
could be that dysregulation of the normal viral gene pro-
gram, leading to expression of vGPCR in nonlytic cells, may
trigger KS. Under these circumstances, unregulated vGPCR
signaling to mitogenic and survival pathways may promote
direct cell transformation while the continuous secretion of
cytokines and growth factors may induce the recruitment
and subsequent indirect (paracrine) cell transformation of
neighboring endothelial cells (Figure 2). vGPCR oncogene-
sis may thereby provide a “double-hit” that requires suscep-
tibility to both direct and paracrine cell transformation [10],
consistent with the profound vulnerability of endothelial
cells to vGPCR oncogenesis. Of note, the paracrine nature
of vGPCR experimental tumors is remarkably similar to
paracrine transformation of KSHV-infected endothelial cells
in vitro [6]. However, the circumstances leading to vGPCR
dysregulation have yet to be defined. Similarly, the contri-
bution of other KSHV latent and lytic genes to the initiation
and progression of KS remains poorly understood.

Table II Role of KSHV Lytic Genes in
Paracrine Neoplasia.

Lytic gene Paracrine mechanism(s) for enhancing cell proliferation

vGPCR Induces VEGF transcription and secretion by activating the
transcription factor HIF-1a; induces the transcription and
secretion of NFkB-dependent chemokines (e.g., IL-8,
Groa, IL-6); activates the transcription factor NFAT
leading to upregulation of NFAT-dependent cytokines

vIL-6 Binds to gp130 signal transducing subunit of the IL-6R;
promotes VEGF secretion

K1 Induces NFAT activity, leading to expression of several
NFAT-dependent cytokines

vMIPs Binds cellular chemokine receptors; proangiogenic
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Conclusion

The recent discovery of KSHV, the virus responsible for
causing the neovascular tumor, KS, has prompted renewed
interest into the genesis of this enigmatic neoplasm. None-
theless, despite a greater understanding of its patho-
genesis, KS remains an incurable disease. Examination of
the molecular mechanisms whereby KSHV latent and lytic
genes contribute to Kaposi’s sarcomagenesis may ultimately
expose novel therapeutic targets for the treatment of KS and
may further provide insight into the complex relationship
between tumorigenesis and angiogenesis.

Glossary

Neoplasia: The pathological process that results in the formation and
growth of a tumor.

Sarcoma: A usually malignant tumor arising from connective tissue
(bone, cartilage, fat, muscle, blood vessels, or other connective or support-
ive tissue); one of the four major types of cancer.

Transformation: Conversion of normal eukaryotic cells to a cancer-
like state of uncontrolled division.

Tumor suppressor gene: Gene that suppresses the formation of
tumors. Deletion or inactivation of this gene is believed to be a necessary
prerequisite for tumor development.

Viral oncogene: A viral gene that contributes to cancer development
in vertebrate hosts. Otherwise normal cells expressing a viral oncogene
change into cancerous tumor cells.
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tors as cytokines (IL-1, IFN-g, TNF-a), proteases 
(neutrophil elastase and myeloperoxidase), and toxic oxy-
gen radicals. They can induce EC activation and/or injury. 
The activated EC increase the expressions of 
endothelium–leukocyte adhesion molecule-1 (ELAM-1),
intercellular adhesion molecule-1 (ICAM-1), matrix 
metalloproteinases-2 and -9 (MMP-2 and -9), vascular
endothelial growth factor (VEGF), and its receptor (fms-
like tyrosine kinase-1 receptor, flt-1). Furthermore, ECs
secrete such soluble molecules as von Willebrand factor,
thrombomodulin, intercellular adhesion molecule-1 (ICAM-
1), and E-selectin (CD62E), which are secreted from 
EC into the circulation. However, no specific serological
markers of EC damage in KD have been identified so 
far. Although the presence and titer of anti-endothelial 
cell antibodies (AECA) has been reported to be correlated 
with disease activity in systemic vasculitis, pathogenic 
role of AECA in the pathogenesis of KD vasculitis remains
controversial.

Impaired EC Function

EC dysfunction is a key event of the process of atheroge-
nesis. EC can release nitric oxide (NO) in response to shear
stress, and the loss of NO production leads to abnormal con-
trol of vascular tone. The EC-dependent dilation of vascular
diameter is reduced in the coronary artery of KD patients
with aneurysms. Furthermore, Dhillon et al. demonstrate
that flow-mediated dilation of brachial artery is markedly
reduced in KD patients without CAL compared with control
subjects, and that abnormalities of systemic EC function are
present many years after resolution of acute KD.

Kawasaki disease (KD) is an acute febrile illness that
affects predominantly infants and children. Although its eti-
ology remains unknown, KD is characterized as one type of
multisystemic vasculitis. This disease leads to the activation
and injury of endothelial cells (ECs) in the acute phase. 
The most critical complication of KD is the coronary 
artery aneurysm that may lead to myocardial infarction. KD
patients have structural, immunological, and functional
abnormalities of ECs (Table I).

Pathological Findings

Histopathological studies of vascular changes in autop-
sied patients with KD revealed the EC degeneration and the
increased vascular permeability with edema and degenera-
tion of the media. In the acute phase, vasculitis in subcuta-
neous regions begins with EC necrosis and subcutaneous
edema, followed by degenerative changes in the muscle
cells. Active remodeling of the coronary artery lesions
(CAL) such as intimal proliferation and neoangiogenesis
continues for several years after the onset of KD. Further-
more, Takahashi et al. suggest that CAL in this disease
might become a risk factor for atherosclerosis of coronary
arteries later in life.

Immunological Abnormalities

Immunological abnormalities during the acute phase of
KD are characterized by a marked activation of the immune
system: functional activation of monocytes and neutrophils
and an excessive production of such inflammatory media-

Copyright © 2006, Elsevier Science (USA).
999 All rights reserved.
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Other Findings

Recently, circulating endothelial cells (CECs) are
reported to be observed in several diseases with vascular
injury. Nakatani et al. reveal that the number of CEC also
increases during the acute phase of KD. Furthermore, the
number of endothelial progenitor cells (EPCs), which were
derived from the bone marrow, increases during the suba-
cute phase in KD patients with CAL. Therefore, the
increased numbers of CECs and EPCs are suggested to
reflect the EC damage of this disease. Although the main
origin of CECs may be mature ECs that have detached from
the vessel walls, CECs also contain a small population of
EPCs that might be involved in both the repair of EC dam-
age and the potential vasculogenesis.

EC injury mediated by activated neutrophils has been
seen in systemic inflammatory response syndrome, acute
respiratory distress syndrome, and multiple organ failure. In
the acute phase of KD, circulating leukocytes, especially
neutrophils, increase in number, and the neutrophil function
is also activated. Pathological studies reveal that neutrophils
infiltrate the CAL in the early phase of KD. The activated
neutrophils also secrete a large amount of such autotoxic
mediators as proteases, toxic oxygen radicals, and arachi-
donic metabolites, which are believed to induce EC injury.
It is thus suggested that activated neutrophil-mediated 
EC injury may be involved in the pathogenesis of KD 
vasculitis.

Therapy for KD Vasculitis

Although treatment with a combination of aspirin and
intravenous immunoglobulin (IVIG) is generally effective

for KD patients, 5 to 15 percent of the patients develop
CAL. Aspirin has possible antiplatelet activity and anti-
thrombotic effect. Although mechanisms of action for 
IVIG have still not been elucidated fully, this preparation
exhibits a broad spectrum of immunomodulatory activities.
However, the therapeutic efficacy of both aspirin and IVIG
is not specific for EC injury in KD vasculitis. Additional
therapy focused on EC for KD vasculitis will be needed in
future.

Glossary

Circulating endothelial cells (CECs): Endotheliums mobilized in the
circulation.

Coronary artery lesions (CAL): Dilatation, aneurysm and stenosis of
coronary artery.

Endothelial cells (ECs): Please erase this term in Glossary, because
this definition was provided in “CECs”.

Kawasaki disease (KD): Mucocutaneous Lymph Node Syndrome.

References

Dhillon, R., Clarkson, P., Donald, A. E., Powe, A. J., Nash, M., Novelli, V.,
Dillon, M. J., and Deanfield, J. E. (1996). Endothelial dysfunction late
after Kawasaki disease. Circulation 94, 2103–2106. This article pro-
vides an important evidence that abnormalities of systemic endothelial
function are present many years after resolution of acute KD.

Gavin, P. J., Crawford, S. E., Shulman, S. T., Garcia, F. L., and Rowley, A.
H. (2003). Systemic arterial expression of matrix metalloproteinases 2
and 9 in acute Kawasaki disease. Arterioscler. Thromb. Vasc. Biol. 23,
576–581.

Leung, D. Y., Cotran, R. S., Kurt-Jones, E., Burns, J. C., Newburger, J. W.,
and Pober, J. S. (1989). Endothelial cell activation and high interleukin-
1 secretion in the pathogenesis of acute Kawasaki disease. Lancet 2,
1298–1302. This article represents convincing evidence that endothe-
lial cell activation plays an important role in the pathogenesis of acute
KD.

Nakatani, K., Takeshita, S., Tsujimoto, T., Kawamura, Y., Tokutomi, T., and
Sekine, I. (2003). Circulating endothelial cells in Kawasaki disease.
Clin. Exp. Immunol. 131, 536–540. This article represents conclusive
evidence that the number of CECs increases during the acute phase of
KD.

Praprotnik, S., Rozman, B., Blank, M., and Shoenfeld, Y. (2000). Patho-
genic role of anti-endothelial cell antibodies in systemic vasculitis.
Wien. Klin. Wochenschr. 112, 660–664. This article provides a detailed
review of pathogenic role of anti-endothelial cell antibodies in systemic
vasculitis including Kawasaki disease.

Takahashi, K., Oharaski, T., and Naoe, S. (2001). Pathological study of
postcoronary arteritis in adolescents and young adults: With reference
to the relationship between sequelae of Kawasaki disease and athero-
sclerosis. Pediatr. Cardiol. 22, 138–142.

Takeshita, S., Dobashi, H., Nakatani, K., Koike, Y., Tsujimoto, H.,
Hirayama, K., Kawamura, Y., Mori, K., Sekine, I., and Yoshioka, S.
(1997). Circulating soluble selectins in Kawasaki disease. Clin. Exp.
Immunol. 108, 446–450.

Takeshita, S., Tokutomi, T., Kawase, H., Nakatani, K., Tsujimoto, H.,
Kawamura, Y., and Sekine, I. (2001). Elevated serum levels of mat-
rix metalloproteinase-9 (MMP-9) in Kawasaki disease. Clin. Exp.
Immunol. 125, 340–344.

Yasukawa, K., Terai, M., Shulman, S. T., Toyozaki, T., Yajima, S., Kohno,
Y., and Rowley, A. H. (2002). Systemic production of vascular endothe-
lial growth factor and fms-like tyrosine kinase-1 receptor in acute
Kawasaki disease. Circulation 105, 766–769.

Table I Structural, Immunological 
and Functional Abnormalities of EC in 

KD Vasculitis.

I. Pathological findings
EC degeneration and necrosis
Intimal proliferation and neoangiogenesis

II. Immunological findings
1) Increased expression of adhesion molecules on EC

Endothelial-leukocyte adhesion molecule-1 (ELAM-1)
Intercellular adhesion molecule-1 (ICAM-1)
Matrix metalloproteinases 2 and 9 (MMP-2 and -9)
Vascular endothelial growth factor (VEGF) and its receptor

(fms-like tyrosine kinase-1 receptor, flt-1)
2) Increased production of serum soluble molecules derived from EC

von Willbrand factor
Thrombomodulin
Intercellular adhesion molecule-1 (ICAM-1)
E-selectin (CD62E)

III. Functional findings
Impaired EC-dependent dilation in systemic vessels including the

coronary artery
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to Proinflammatory Cytokines
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The systemically presence of the proinflammatory
cytokines after surgery may be related with apparent accel-
erated metastasis to distant organs after surgical trauma.
Intentionally curative resection of gastrointestinal carcino-
mas may therefore involve a serious risk of developing
metastases. Several studies on this topic have been per-
formed, some regarding in vitro studies and others in vivo
studies. In the following section we will give an overview of
these studies.

Proinflammatory Cytokines

During inflammation a plethora of mediators are
released. These mediators attract neutrophils, macrophages
and other leukocytes to the site of inflammation. Proinflam-
matory cytokines like TNF-a, IL-1b, and IL-6 are the key
mediators of the inflammatory reaction. Tissue injury 
triggers the synthesis and release of these cytokines. The
proinflammatory cytokines may act locally, but in higher
concentrations these factors also act systemically. The
cytokine response to surgical trauma is correlated to the
degree and duration of surgical trauma. Normal inflamma-
tory response will enable the host to recover from trauma,
but will become detrimental if the balance between media-
tors of the inflammatory response is lost.

Endothelial Cells

The vascular endothelium comprises of a layer of thin,
flattened cells lining the inside surfaces of blood ves-
sels and is a major regulator in many homeostatic and 
pathophysiologic mechanisms. In inflammation and injury

Introduction

For colon carcinoma, local as well as distant recurrences
remain a major problem, even with the introduction of new
treatment modalities. Dissemination of cancer cells in the
peritoneal cavity as well as in primary tumor drainage and
peripheral blood vessels during operation plays an important
role in the metastasis process.

The process of hematogenous metastasis is a multistep
event in which tumor cells first have to detach from the pri-
mary tumor, then invade the blood circulation where they
must escape from immunological control and mechanical
disruption, and subsequently adhere to the endothelium
within a distant organ and finally invade and multiply to
form a metastasis (Figure 1).

Metastasizing tumor cells have to proceed through all of
these sequential steps to form metastases.

During this process, tumor cells circulate in the vascula-
ture where they encounter host defense mechanisms. Fur-
thermore, the life span of circulating tumor cells is limited.
If tumor cells do not adhere to and migrate through the
endothelium within a certain time, they will not survive.
Taken together, hematogenous metastasis appears to be
highly inefficient.

Although under normal conditions tumor cell arrest in
distant organs is negligible, clinical and experimental obser-
vations indicate preferential tumor cell arrest at sites of
injury, healing, and inflammation [1]. Further clinical obser-
vations gave the impression of accelerated metastasis to dis-
tant organs after surgical trauma.

Abdominal surgery associated with major tissue injury
provokes an inflammatory reaction with release of these
proinflammatory cytokines, not only locally, but also 
systemically.

Copyright © 2006, Elsevier Science (USA).
1003 All rights reserved.
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the endothelium is activated. The activation of endothelial
cells leads to induction of adhesion molecules and the
release of mediators, such as proinflammatory cytokines,
chemokines, and reactive oxygen species. These processes
lead to migration of inflammatory cells to the wounded or
inflamed site. The vasculature constitutes the primary route
by which tumor cells disseminate to distant sites. Interac-
tions between circulating tumor cells and the endothelium
significantly influence the outcome of the metastatic
process.

Selectins, integrins, cadherins, immunoglobulins, and
other unclassified molecules have been demonstrated to
govern the adhesive interactions between tumor cells and
the endothelium, analogous to their ability to effect local-
ization of leukocytes at sites of inflammation. Some of these
adhesion molecules are expressed constitutively and appear
to have organ specificity in their distribution. Others are
inducible and under the influence of environmental media-
tors such as the proinflammatory cytokines.

There are macrovascular endothelial cells surrounding
large blood vessels, such as arteries and veins, and
microvascular endothelial cells surrounding small vessels,
the arterioles, venules, and capillaries. Microvascular and
macrovascular cells are heterogeneous as microvascular
cells react differently to stimuli compared to macrovascular
endothelial cells. Differences exist not only between macro-
vascular and microvascular endothelial cells, but also
between endothelial cells from different vascular beds. Each
organ has its own microenvironment with different charac-
teristics, such as a different pattern of endothelial adhesion
molecules, reacting particularly to stimuli.

In Vitro Studies

Macrovascular Endothelium

Human umbilical vein endothelial cells (HUVECs) are
macrovascular endothelial cells of embryonic origin.
Because HUVECs are relatively easy to obtain and culture,
they are used in many models studying the pathophysiology
of the endothelium.

There are several reports on the influence of proinflam-
matory cytokines on tumor cell adhesion to HUVECs. 
Activation of HUVECs by TNF-a or IL-1b promotes 
the adhesion of many tumor cell lines, including colon, pan-
creas, gastric, breast, lung, melanoma, cervix, osteosar-
coma, and kidney carcinoma cell lines. All studies show that
the increased adhesion is due to induction of adhesion 
molecules on HUVECs, although there is heterogeneity
between tumor cells in the adhesion to HUVECs. For
instance, melanoma cells express enhanced adhesion to
cytokine-stimulated HUVECs that can be blocked by
VCAM-1 antibody. Colon carcinoma cell lines express
enhanced adhesion to stimulated HUVECs, which is not
VCAM-1 dependent, but E-selectin dependent. In these
studies, HUVECs were preincubated with cytokines for 
different periods, with peak adhesion for colon carcinoma
cells after 4 hours of preincubation, after which adhesion
decreased. This peak adhesion correlates with the E-selectin
expression on stimulated HUVECs, and indeed adhesion
was inhibited with an E-selectin antibody.

The differences between particular tumor cell types indi-
cate specific adhesion molecule patterns on tumor cells that
can interfere with a specific adhesion molecule or com-
plex of adhesion molecules on endothelial cells. Indeed,
melanoma cells express high levels of the VLA-4 integrin, a
counterpart of VCAM-1. On the other hand, most gastroin-
testinal carcinoma cells, such as colon carcinoma cells, do
express relatively high levels of sialyl Lewis a and/or x

and low levels of VLA-4. Sialyl Lewis a and x are able to
bind to endothelial E-selectin. The heterogeneity between
tumor–endothelial interactions can therefore be explained
on the basis of particular adhesion molecule patterns of dif-
ferent tumor cells. In summary, the adhesion of tumor cells
to activated HUVECs seems to be mediated by an upregula-
tion of adhesion molecules and displays heterogeneity
between different tumor cells.

Microvascular Endothelium

Although several studies of the influence of cytokines on
tumor cell adhesion to HUVECs have been performed, stud-
ies using microvascular endothelium are limited. However,
tumor cell adhesion does not occur in the macrovasculature;
it occurs in the microvasculature. Because of the hetero-
geneity between microvascular and macrovascular cells, it
is a prerequisite to use the correct endothelial cell type in
studies investigating endothelial pathophysiology. Further-
more, HUVECs are fetal cells, which may involve other
characteristics compared to normal cells.

Therefore, we studied the influence of proinflammatory
cytokines on tumor cell adhesion to microvascular endothe-
lial cells. In this model, we used human microvascular
endothelial cells of the lung (HMVEC-L). We investigated
the adhesion of two human colon carcinoma cell lines,
HT29 and Caco2. Stimulation of HMVEC-L with the proin-
flammatory cytokines TNF-a and IL-1b, but not IL-6,
increased adhesion of both tumor cell lines to HMVEC-L

Primary tumour Vessel ingrowth Detachment & 
Vessel Penetration
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Figure 1 A schematic reproduction of the metastasis process. Tumor
cells first have to detach from the primary tumor, invade the blood circula-
tion, subsequently adhere to the endothelium within a distant organ and
finally invade and multiply to form a metastasis. (see color insert)
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significantly. The enhancement is concentration dependent,
with maximal increase at 1ng/mL TNF-a or 10ng/mL IL-1b
(Figure 2). Furthermore, tumor cell adhesion shows time
dependence. Enhancement started after 2 hours of preincu-
bation of the HMVEC-L monolayer with the cytokines.
Maximal adhesion was achieved after 12 hours, and adhe-
sion declined thereafter (Figure 2). This outcome differs
from results obtained with HUVEC studies, in which adhe-
sion had already peaked after 4 hours of preincubation, fol-
lowed by a decline.

Another difference between HUVECs and HMVEC-L is
E-selectin dependence in tumor cell adhesion. Cytokine-
stimulated HUVECs demonstrate E-selectin dependent
adhesion of colon carcinoma cells. However, an E-selectin
antibody did not inhibit the adhesion of both colon carci-
noma cells to stimulated HMVEC-L.

Unfortunately, as far as we know, there are no other
reports on the adhesion of colon carcinomas to microvascu-
lar endothelium in vitro. However, there are a few reports
regarding other tumor cell types. Kwang et al. [2] found 
differences between macrovascular and microvascular
endothelial cells in melanoma cell–endothelial cell adhe-
sion. The binding of melanoma cells to HUVECs occurs via
VLA-4 on melanoma cells and VCAM-1 on cytokine-
stimulated HUVECs. However, the binding of melanoma
cells to cytokine-stimulated human dermal microvascular
endothelium (HDMEC) could not be inhibited by a VCAM-
antibody. Therefore, another mechanism must be responsi-
ble for the binding to HDMEC.

Endothelial cells and tumor cells are both exposed to
proinflammatory cytokines during surgical trauma. How-
ever, stimulation of colon carcinoma cells does not enhance
the adhesion to endothelial cells. Therefore, the mechanism
of enhanced tumor cell endothelial cell interactions under
influence of proinflammatory cytokines seems to be depend-
ent on endothelial changes. Although information about
tumor cell interactions with the microvasculature is scarce,
it is obvious that using the correct endothelial cell type
studying the metastasis process is a prerequisite.

In Vivo Studies

To validate the hypothesis that surgically derived
cytokines accelerate metastasis of colon carcinomas, in vivo
experiments were carried out. These experiments were car-
ried out in different tumor systems: human tumors in nude
mice, murine or rat tumors in syngeneic mice or rats, respec-
tively, and tumors that formed metastases to liver, lung, or
intraperitoneal dissemination.

Injection of the proinflammatory cytokines TNF-a or IL-
1b before tumor cell injection in experimental animals pro-
moted formation of metastases. This effect was also found
when animals received surgical stress instead of proinflam-
matory cytokines prior to tumor cell injection. In these 
animals serum levels of proinflammatory cytokines were
elevated after surgery. Administering antibodies against the
cytokines inhibited the enhanced metastasis after surgery.
For example, we performed a study in which rats underwent
a hemihepatectomy, ileum resection, or sham operation after
injection of CC531 rat colon carcinoma cells. After 3 weeks,
the animals were killed. Tumor recurrence in the lung was
significantly higher in hemihepatectomy and ileum resection
groups compared to sham groups, indicating that surgical
trauma influences the metastasis process. Studies comparing
laparotomy versus laparoscopy show the relation between
the degree of surgical trauma and metastasis, since less
tumor recurrence was found after laparoscopy than after
laparotomy.

From these in vivo studies we can conclude that surgery-
derived cytokines play a major role in tumor recurrence.
However, cytokine pretreatment did not induce metastasis
by tumor cell lines that were not metastatic, nor did it
change their metastatic homing, indicating that cytokines
quantitatively modulate the metastasis process without
changing the intrinsic metastatic properties of tumor cells.

Because tumor cell adhesion to the endothelium seems to
be an important step in metastasis, experimental studies
have been performed to investigate the role of endothelial
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Figure 2 Tumor cell adhesion to HMVEC-L. HMVEC-L were pre-incubated for varying times (in hours) with 
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adhesion molecules in enhanced metastasis. In these studies,
antibodies against adhesion molecules on tumor cells or on
endothelial cells were administered to animals prior to sur-
gery and indeed inhibited the enhanced metastasis.

Another mechanism of enhanced tumor recurrence after
surgery may be the accelerated growth of tumor cells 
under the influence of surgery-derived mediators, such as
cytokines and growth factors. However, several studies 
contradict the hypothesis that enhanced growth of tumor
cells is responsible for accelerated metastasis formation
after surgery. Therefore, acceleration of metastasis appeared
to be independent of the effect of the cytokine on the pri-
mary tumor growth.

These in vivo studies demonstrate a relation between 
surgery and accelerated metastasis via the release of proin-
flammatory cytokines. These cytokines induce adhesion
molecules on the vascular endothelium, causing increased
tumor cell adhesion.

Adhesion Molecules

Because of the observed time dependence in tumor–
endothelial cell interactions, a role of protein synthesis 
leading to the induction or upregulation of adhesion mole-
cules is suggested in the enhanced tumor cell adhesion.

In vitro studies using HUVECs revealed the importance
of the adhesion molecules ICAM-1, VCAM-1, and E-
selectin in tumor cell–endothelial cell interactions. For gas-
trointestinal carcinomas such as colon, gastric, and pancreas
carcinoma, E-selectin seems to be the major adhesion mole-
cule in cytokine-stimulated endothelial interactions.

For HUVECs it is known that under the influence of
proinflammatory cytokines, adhesion molecules are
inducted or upregulated. In resting conditions HUVECs lack
E-selectin and VCAM-1 expression. By proinflammatory
cytokines such as TNF-a, E-selectin is rapidly synthesized
and expressed on HUVECs after 4 hours of stimulation,
with peak values between 4 and 6 hours. VCAM-1 expres-
sion reaches peak values after 6 to 12 hours of stimulation,
and expression declines thereafter. ICAM-1 is constitutively

expressed on HUVECs but is upregulated by TNF-a after 8
hours, remaining high for approximately 24 hours.

Only a few reports regarding the influence of cytokines
on adhesion molecule expression on microvascular endothe-
lium are available.

On HMVEC-L, E-selectin is rapidly expressed after
TNF-a and IL-1b stimulation, with peak expression after 8
hours, followed by a decline (Figure 3). ICAM-1 expression
slowly increases, with enhancement still present 24 hours
after starting stimulation with TNF-a and IL-1b. The 
same kinetics, but less pronounced, is observed for 
VCAM-1 expression. IL-6 does not increase E-selectin
expression or ICAM-1 or VCAM-1 expression. Both E-
selectin and ICAM-1 expression are correlated with
cytokine concentration; the expression increases with
increasing concentration.

Adhesion molecule expression in relation to cytokine
stimulation is also described for human intestinal, dermal,
and CNS microvascular endothelial cells. These studies
show induction of the adhesion molecules ICAM-1,
VCAM-1, and E-selectin largely similar to HUVECs,
although there are discrepancies in time and extent of
expression. Other studies show the existence of organ spe-
cific adhesion molecules. For example, the group of Pauli
[3] reported a new lung-specific adhesion molecule that
mediated lung metastasis of murine melanomas.

The influence of proinflammatory cytokines on the
expression of adhesion molecules on tumor cells is
described only in few reports. These reports found only
minor changes that were not impressive enough to cover the
enhancement in tumor cell endothelial cell interactions
under influence of cytokines.

The kinetics of E-selectin expression on HMVEC-L are
conflicting with the adhesion assays, because maximal E-
selectin expression is seen after 8 hours of stimulation,
whereas maximal adhesion of colon and pancreas carcinoma
cells occurs after 12 hours of stimulation. These results
exclude E-selectin as the principal adhesion molecule
responsible for the enhanced adhesion. And since adhesion
of both colon and pancreas carcinoma cells to HMVEC-L
was not inhibitable by an E-selectin antibody, it is more
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Figure 3 Kinetics of adhesion molecule expression on HMVEC-L assessed by EIA. HMVEC-L monolayers were pre-incubated
with TNF-a or IL-1b for varying times. Data represent mean absorbance values (OD 405 nm) ± SD.
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likely that another adhesion molecule or complex of adhe-
sion molecules is responsible for the enhanced adhesion.

Discussion

The studies just mentioned give compelling evidence that
interactions between tumor cells and the endothelium play a
pivotal role in metastasis formation to distant sites, involv-
ing a multiplicity of adhesion molecule complexes. These
adhesive interactions are susceptible to regulation by proin-
flammatory cytokines, which are capable of causing tumor
cell arrest in the microvasculature and strongly influence the
outcome of the metastatic process.

Comparing the results obtained with macrovascular cells
with those obtained with microvascular cells, there are dis-
crepancies. According to Paget’s “seed and soil” hypothesis,
certain tumor cells have their preferential organs to metasta-
size to, which cannot be explained by simple anatomical 
or mechanical hypotheses. Each organ microenvironment
has different characteristics, such as a different pattern of
endothelial adhesion molecules, reacting in particular ways
to stimuli. This can explain typical metastasis patterns for
specific tumors. Therefore, it is a prerequisite to study
endothelial cells derived from the vascular bed of interest
rather than extrapolate from results obtained with HUVECs.

Most studies are performed under static conditions.
However, the metastatic process is a dynamic one. Tumor
cells circulating in the vasculature encounter shear forces
that are associated with the blood flow. These shear forces
may prevent tumor cell and endothelial cell interactions that
could occur under static conditions. The studies mentioned
earlier use culture systems lacking shear forces. Neverthe-
less, useful data have been acquired with static assays, pro-
viding evidence that adhesive interactions are susceptible to
regulation by environmental stimuli such as cytokines. Fur-
thermore, tumor cell endothelial cell interactions take place
in the microvasculature where the role of shear forces is lim-
ited, since blood flow in the microvasculature is low.

Dynamics are not only related to blood flow. The inflam-
matory response is a dynamic process involving a whole
range of mediators. Those mediators can affect each other,
resulting in a complicated network. Stimulation of endothe-
lial cells with proinflammatory cytokines not only bring
about the induction of adhesion molecules; endothelial cells
are also triggered to release mediators themselves. The pro-
duction of endothelial proinflammatory cytokines therefore
will enhance the inflammatory state, leading to a vicious cir-
cle. Not only endothelial cells can produce proinflammatory
cytokines; tumor cells can as well. Research regarding the
issue whether tumor cells produce enough cytokines to stim-
ulate endothelial cells is contradictory. Some reports claim
that tumor cell–derived cytokines indeed stimulate endo-
thelial cells, resulting in increased tumor cell adhesion,
whereas others could not detect such a stimulative effect.

Other mediators are released during the inflammatory
response and tissue injury, such as reactive oxygen species,

chemokines, prostaglandins, and growth factors. Moreover,
circulating cells, such as monocytes, neutrophils, plate-
lets, and erythrocytes, may prevent or support tumor
cell–endothelial cell interactions. All these factors produce
dynamic interactions that may influence the metastasis
process.

The apparent relationship between the inflammatory
response after surgical trauma and distant tumor recurrence
necessitates further unraveling of the mechanisms involved.
This may bring about a treatment modality to reduce distant
recurrences and benefit a significant proportion of patients
in terms of survival or quality of life.

Glossary

Cell adhesion molecule: Although this could mean any molecule
involved in cellular adhesive phenomena, it has acquired a more restricted
sense, namely a molecule on the surface of animal tissue cells, antibodies
against which specifically inhibit some form of intercellular adhesion.

Colon cancer: Disease in which malignant (cancer) cells are found in
the tissues of the colon.

Microvascular endothelium: Comprises of a layer of thin flattened
cells lining the inside surfaces of small blood vessels, like arterioles,
venules and capillaries.

Proinflammatory cytokines: Primarily produced by white blood cells
(monocytes and macrophages); has an antineoplastic effect but causes
inflammation.
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The vascular involvement is unusual in that it includes
arterial structures of all sizes and venous structures as well.
The variety of vascular beds affected allows for a diversity
of involved organs, but the eyes, mouth, skin, lungs, joints,
brain, genitals, and gastrointestinal tract are the most com-
monly reported systems.

Behçet’s is one of only a few of the vasculitides in which
a genetic predisposition has been described. The presence of
the gene, HLA-B51, is a risk factor for development of the
disease. Importantly, many people possess this gene and do
not develop the disease. In fact, familial cases are not the
rule and represent only about 5 percent of the total cases.
Therefore, additional factors, such as environmental expo-
sures, must play a large role. In fact, the mechanism for
development of the disease is not understood.

Buerger’s Disease

Also known as thromboangiitis obliterans, Buerger’s dis-
ease was initially described in 1908. It is characterized by
acute inflammation and thrombosis of arteries and veins,
usually affecting the hands and the feet. The classic patient
is a young male who is a heavy smoker. It most commonly
occurs in Southeast Asia, Orient, India, and the Middle East;
Buerger’s disease does not commonly occur in African-
Americans.

The disorder causes manifestations of peripheral vascular
occlusive disease including claudication, rest pain, and the
development of ulcerations. Despite the severity of the
extremity manifestations that can develop, Buerger’s usu-
ally spares other organ systems. The pathophysiology of this
organ distribution is not known.

Introduction

Vasculitis is an inflammatory disorder that affects blood
vessels in characteristic locations throughout the body. More
than 30 types of vasculitis have been described by separate
names. Although vasculitis has a characteristic distribution
based on the affected vascular structures, it remains a sys-
temic disease with systemic manifestations. Patients present
with fever, weight loss, fatigue, tachycardia, and diffuse
“aches and pains.” In addition to these constitutional symp-
toms, almost every organ system can be affected.

Unfortunately, the cause of many of the disorders dis-
cussed in this chapter is unknown. It is clear, though, that the
immune system plays a large role in the tissue damage
caused by vasculitis. Inflammation in the affected blood ves-
sels leads to critical stenosis creating an end-organ destruc-
tive process.

This chapter provides an overview of some of the 
most common vasculitides. In addition, a review of the
mechanism of the immunologic development of vasculitis
will be discussed.

Common Vasculitides

Behçet’s Disease

This triad of aphthous oral ulcers, genital lesions, and
recurrent eye inflammation was first described by a Turkish
dermatologist, Hulusi Behçet, in the 1930s. Patients are
most commonly affected in the Far East and Mediterranean
regions. In fact, it is the leading cause of blindness in Japan.
This disease occurs infrequently in the United States.

Copyright © 2006, Elsevier Science (USA).
1011 All rights reserved.
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The association with tobacco use, including smokeless
tobacco, is crucial for the development of this disease. It is
postulated that the mechanism is autoimmune in nature and
triggered by a factor in the tobacco. Interestingly, anti-
inflammatory medications and anticoagulation lack efficacy
in treating Buerger’s disease; abstinence from tobacco use is
the only effective therapy.

Central Nervous System Vasculitis

Many forms of vasculitis can involve the central nervous
system. Central nervous system vasculitis (CNSV) is a spe-
cific form of vasculitis in which the disease is confined to
the central nervous system and no infectious etiology can be
identified. CNSV can be difficult to diagnose because the
symptoms of the disease are subtle and a brain biopsy is
required for accurate diagnosis. The diagnosis can sometime
be suggested findings on magnetic resonance angiography
(MRA).

CNSV is also known as isolated angiitis of the central
nervous system (IACNS) and granulomatous angiitis of the
nervous system (GANS). The current preferred name of the
disorder is primary angiitis of the central nervous system
(PACNS). This disease process affects the small and
medium blood vessels of the brain and spinal cord. Some
patients appear to have a milder form of the disorder that is
described as an angiopathy rather than an arteritis, in other
words, benign angiopathy of the central nervous system
(BACNS).

PACNS occurs in an equal distribution of men and
women and can occur in any age group. It is most common,
though, in the fifth decade. BACNS occurs in young women
with a history of migraines. Although the exact mechanism
is unclear, these patients tend to have exposure to caffeine,
nicotine, and oral contraceptive medications.

The pathophysiology is not understood. It is presumed
that infectious agents, such as a viral infection, may stimu-
late the inflammatory process. This initial process then
somehow becomes self-sustaining. It appears that genetics
do not play a role in the development of CNSV.

Churg-Strauss Syndrome

Churg-Strauss is a systemic vasculitis described in 1951
by Jacob Churg and Lotte Strauss. They reported a syn-
drome combining asthma, eosinophilia, fever, and accompa-
nying vasculitis of various organ systems. This disease
shares features with polyarteritis nodosa (PAN) but can be
differentiated by the presence of granulomas and the abun-
dance of eosinophils. It affects men and women equally and
begins in middle age with development of a new-onset diag-
nosis of asthma.

The cause is unknown, but appears to be multifactorial.
Although genetics may play a small role in the disease, it
appears that two individuals within a family unit are never

affected. Environmental factors and infectious etiologies
may contribute, but have not been definitively implicated in
the causation of the disease.

Cryoglobulinemia

This name literally means cold antibody in the blood.
Cryoglobulinemia is a disease state in which antibodies 
precipitate in the blood under cold conditions. These
immunoglobulins resorb upon rewarming. Hepatitis C 
is a likely initiating event for the development of these 
antibodies.

Three types of antibodies exist in cryoglobulinemia.
Type I is a monoclonal antibody that does not reflect
rheumatoid factor activity. Because type I antibodies do not
commonly activate complement, it takes a high level of anti-
body to develop a hyperviscosity syndrome. Types II and III
antibodies are rheumatoid factors, meaning that they bind to
the Fc fragment of IgG. In type II, the rheumatoid factor is
monoclonal. In type III, it is polyclonal. It is understood that
most patients with type II or III antibodies have an underly-
ing diagnosis of hepatitis C.

Treatment depends upon the type of antibody present.
Severe hyperviscosity requires plasmapheresis and the 
treatment of any underlying malignancy. Types II and III
cryoglobulinemia usually responds to corticosteroid ther-
apy, cyclophosphamide, or both.

Giant-Cell Arteritis

Giant-cell arteritis, also known as one of its variants,
temporal arteritis, is the most common form of vasculitis in
adults. This disease is a panarteritis of medium- and large-
sized arterial structures, especially the extracranial branches
of the carotid artery. This form of vasculitis causes facial
pain, headaches, joint pain, fever, difficulties with vision,
and the possibility of permanent blindness in one or both
eyes. Women are affected three times more commonly than
men. Most patients are in the eighth decade of life with
onset of the disease.

Although the underlying reason for developing giant-cell
arteritis is unclear, immunologic mechanisms have been
well defined and will be discussed in more detail later in this
chapter. Briefly, the immune system inappropriately attacks
the target arteries and leads to significant inflammation with
the accompanying symptoms. Laboratory blood tests are
nonspecific, but almost every individual afflicted with tem-
poral arteritis has an elevated erythrocyte sedimentation rate
(ESR). A definitive diagnosis is made by temporal artery
biopsy. If clinical suspicion is high and the initial biopsy is
negative, the contralateral vessel can be biopsied for diag-
nosis. Prompt initiation of corticosteroid therapy is manda-
tory. Biopsies will likely remain positive for up to 2 weeks
after initiation of therapy, and corticosteroid treatment
should not be withheld while awaiting biopsy.
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Polyarteritis Nodosa

Polyarteritis nodosa (PAN) was initially described in
1866 as periarteritis nodosa. The name was changed to rec-
ognize the inflammation that occurred throughout the entire
arterial wall. PAN is also known as “systemic necrotizing
vasculitis.” It is a disease of small and medium sized 
arteries that commonly develops in the fourth and fifth
decades. It is twice as common in men as compared to
women. Once again, the cause is unknown. Hepatitis B and
C are likely underlying causes of PAN, explaining the high
incidence of the condition in substance abusers.

PAN can affect nearly every organ, but has a predilection
for the nerves, skin, kidney, and gastrointestinal tract. A
large number of patients present with hypertension and an
elevated ESR. Once again, there is no specific laboratory
test to confirm the diagnosis of PAN. Urinalysis may reveal
proteinuria in patients with affected kidneys.

The American College of Rheumatology (ACR) has des-
ignated 10 criteria that are diagnostic of PAN and assist with
distinguishing it from other forms of vasculitis. Patients
must have at least three of the following criteria to be given
the diagnosis:

1. Weight loss of more than 4kg since beginning of illness
2. Livedo reticularis
3. Testicular pain or tenderness
4. Myalgias, weakness, or leg tenderness
5. Mononeuropathy or polyneuropathy
6. Development of hypertension
7. Elevated blood urea nitrogen or creatinine unrelated to

dehydration or obstruction
8. Presence of hepatitis B surface antigen or antibody in

serum
9. Arteriogram demonstrating aneurysms or occlusions of

the visceral arteries
10. Biopsy of small or medium-sized artery containing

granulocytes

Confirmation of the diagnosis requires a biopsy specimen
that includes small or medium-sized arteries. Also, a mesen-
teric arteriogram with microaneurysms may be diagnostic,
but arteriography is usually reserved for situations in which
there is not a symptomatic site from which to obtain a
biopsy. Without treatment, most patients die within 2 to 5
years of the initial diagnosis. A combination of cyclophos-
phamide and prednisone has altered the course to a survival
of 70 percent over 10 years.

Takayasu’s Arteritis

Mikito Takayasu first described the disease in 1908 as an
abnormal appearance of the blood vessels on retinal exami-
nation. Takayasu’s arteritis is commonly known as “pulse-
less disease” because of the difficulty in palpating peripheral
pulses secondary to the multiple arterial stenoses. The usual
patient is a woman under the age of 40. In fact, there is a 9 :1
distribution of women to men affected by Takayasu’s. In

addition, it appears to be more common in Asian women.
Overall, it is a very rare disease with only two to three cases
per 1 million people.

Takayasu’s involves the larger arteries of the body. In
fact, the aorta and its major branches are the most com-
monly afflicted vessels. The syndrome is clinically divided
into two phases: (1) a systemic phase and (2) an occlusive
phase. In the systemic phase, patients have classic constitu-
tional symptoms associated with inflammatory diseases.
Conversion to the occlusive phase occurs as patients pro-
ceed to chronic arterial stenoses leading to abnormal perfu-
sion. It can be exceptionally difficult to obtain an accurate
blood pressure in these patients using the standard cuff tech-
nique in the arms. Pulmonary arteries may also be affected
by Takayasu’s, and this arterial bed can develop beading of
the vessels, occlusions, and aneurysms.

The exact cause of this arteritis is unknown. A hypothe-
sis has been proposed that patients with a certain genetic
predisposition develop the disease after a specific exposure
occurs, such as a viral or bacterial infection. Anemia and 
an elevated erythrocyte sedimentation rate are markers 
of active disease. The diagnosis can be made by standard
contrast arteriography or magnetic resonance angiography.
The vast majority of patients respond in the systemic phase
to corticosteroid therapy. If surgical intervention is required
for complications of the disease and tissue is sent for patho-
logic analysis, the artery wall appears identical to that in
giant-cell arteritis. Surgical interventions are usually
reserved as a treatment modality until the disease is in an
inactive state.

Wegener’s Granulomatosis

A German medical student, Heinz Klinger, was the first
to actually describe this disease in 1931. A few years later,
Friederich Wegener, a German pathologist, reported three
additional cases and recognized the disorder as a form of
vasculitis. It occurs in an even distribution between sexes
and in people of all ages, but is more common in the 
40-year-old age group. As with the other vasculitides,
Wegener’s can affect any organ in the body. The most com-
mon sites of involvement are the upper respiratory tract,
lungs, and kidneys.

The diagnosis of Wegener’s can be made by a blood test
or direct biopsy of the affected organ. Anemia, mild leuko-
cytosis, and an elevated erythrocyte sedimentation rate are
nonspecific markers of the disease. Anti-neutrophil cyto-
plasmic antibody (ANCA) is the blood test used to diagnose
Wegener’s, specifically C-ANCA. This agent is directed
against serine proteinase-3 and is relatively sensitive and
highly specific for Wegener’s. If positive, the test is useful
to diagnose the disease early and to allow rapid institution of
therapy, but it can be inaccurately interpreted and lead to
misdiagnosis and mistreatment. Even with positive results
from an ANCA, a biopsy proven diagnosis is still prudent.
Lung biopsy and kidney biopsy are commonly performed in
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an attempt to confirm the diagnosis. The pathologic speci-
men is considered positive if a triad of granulomata, vas-
culitis, and tissue necrosis are observed.

Wegener’s was almost uniformly fatal until the 1970s.
Now, it is well treated with a combination of cyclophos-
phamide and prednisone. Even when successfully treated
initially, patients can develop “flares” of the disease again in
the future. With the described regimen, more than 90 per-
cent of patients are successfully managed.

Immunologic Mechanisms of Disease

Giant-cell, or temporal, arteritis has provided the basis
for a majority of the understanding of the immunologic
mechanisms in the destructive processes of vasculitis. Three
key observations have recently been made in defining this
process. The first is that this vasculitis is a T-cell-dependent
process. The second is that T-cell activation in the nonlym-
phoid environment of the arterial wall requires the activa-
tion of antigen-presenting cells, otherwise known as
dendritic cells. And the third observation is that the blood
vessel determines the site specificity of giant-cell arteritis.

The CD4+ T cell is the predominant cell in the vasculitic
lesion. These data arise from animal models using mouse
chimeras. It is also supported by observations in humans
that clonally expanded populations of CD4+ T cells from
isolated vascular lesions have identical receptors.

This concept of a T-cell response leading to arterial injury
and the initiation of giant-cell arteritis is dependent on three
crucial events: (1) T cells arrive and gain access to a site in
which they do not normally reside; (2) there is an inciting
antigen that is accessible to these T cells; and (3) antigen-
presenting cells that are capable of T-cell stimulation go
through a differentiation process. The site of entry for T
cells in giant-cell arteritis is thought to be the vasa vasorum,
but, before T-cell entry, dendritic cells play a large role. In
fact, endothelial cells and dendritic cells together lead to
recruitment of T cells into the vessel wall.

Dendritic cells were only recently recognized to reside in
medium-sized vessels, and they appear to be isolated to the
adventitia of these vessels. In healthy arteries, these cells
remain immature and help maintain T-cell unresponsive-
ness. In fact, if T cells encounter antigen on an immature
dendritic cell, an inhibitory signal is provided to the T cell.
Therefore, one of the postulated roles of dendritic cells in
the adventitial location is to prevent the activation of T cells.
This finding of an immature dendritic cell is not seen in
arteries of patients with giant-cell arteritis. Such lesions
have mature, activated dendritic cells. These mature den-
dritic cells now foster and activate T cells as opposed to the
unresponsiveness in their immature state. Therefore, it is
reasoned that the activation of dendritic cells is an initiating
step in the development of giant-cell arteritis.

A difference in the activated dendritic cells seen in 
temporal arteritis versus other inflammatory disorders also
explains the pathophysiology of the disease. Usually, acti-

vated dendritic cells migrate to the regional lymph nodes
and stimulate other cells by the production of chemokines
when they reach that location. This function does not occur
in temporal arteritis in which the dendritic cells stay local-
ized to the arterial wall and elaborate chemokines activating
migration of cells to the affected vessel.

The formation of granulomas is dependent on T cells and
is a result of their response to indigestible antigens. It also
appears that interferon-g is required for the development of
a granuloma. The media of the arterial wall is the location of
the formation of granulomas in temporal arteritis. This
development is dependent on the production of interferon-g
by T cells located in the adventitia of the arterial wall. The
granulomatous reaction can wall off immunogens, but leads
to damage of the surrounding tissue. Tissue necrosis that
occurs from the release of lytic enzymes is seen in other
vasculitides, such as Wegener’s granulomatosis and Churg-
Strauss syndrome. Interestingly, necrosis is not a feature of
giant-cell arteritis, and its presence excludes this diagnosis.
Thinning of the arterial wall can occur and has been impli-
cated in the development of aneurysmal formation in these
patients.

The chief target of oxidative attack in patients with giant-
cell arteritis is the medial smooth muscle cell. In normal
blood vessels, the media is inaccessible to inflammatory
cells because of the lack of capillaries in this location. The
formation of neocapillaries in an inflamed artery leads to 
the recruitment of cellular activity causing arterial damage.
The cell responsible for this response is the macrophage.

Macrophages in the media of blood vessels produce reac-
tive oxygen intermediates resulting in the oxidative attack
just mentioned. Oxygen-derived free radicals injure tissue
through several mechanisms, the most important of which is
the oxidation of membrane lipids. This results in structural
disintegration of the cell and cellular death. Another mecha-
nism is the interruption of intracellular signaling pathways.
This interruption can affect the balance between the destruc-
tive and protective mechanisms characteristic of the pattern
of response to injury in giant-cell arteritis. The usual course
of the injury process is to cause intimal hyperplasia with
resultant ischemic complications (Figure 1). The most
feared complication of temporal arteritis, blindness, is pro-
duced by severe vascular stenoses caused by the oxidative
process of injury to nutrient arteries. The variable response
seen among patients is not well understood.

Conclusions

Vasculitic disease remains poorly understood for the
majority of the subtypes. Interestingly, therapeutic regimens
have been developed that can significantly alter the course
of the diseases despite a lack of advancement in full under-
standing of the pathophysiology of the vasculitis process. It
is hoped that the growing knowledge of the inflammatory
mechanisms seen in giant-cell arteritis will further assist
with the management of all types of vasculitis.



Figure 1 Adaptive immune responses in vasculitis and the consequences of arterial-wall injury. (A) Activation and trapping of dendritic cells in the arte-
rial adventitia generate the conditions required for the recruitment and stimulation of antigen-specific T cells. CD4+ T cells that enter the microenvironment
of the arterial wall interact with dendritic cells and begin secreting cytokines. Interferon-g is a critical cytokine that regulates the differentiation and func-
tion of macrophages. The functional commitment of the macrophages in the vascular infiltrates is closely linked to their location in the arterial wall.
Macrophages in the adventitial layer supply the inflammatory cytokines interleukin-1 and interleukin-6. Macrophages in the media secrete metallopro-
teinases and play a critical part in oxidative injury through the production of reactive oxygen intermediates. (B) Three aspects of oxidative damage in 
the media. Protein nitration occurs in endothelial cells lining neocapillaries. Toxic aldehydes are formed in the process of lipid peroxidation, and smooth-
muscle cells undergo apoptosis. In parallel, reactive oxygen intermediates also trigger cellular activation, as exemplified by the induction of aldose reduc-
tase. The response of the artery to injury is shown in panels C and D. Arteritis does not necessarily result in luminal stenosis and may proceed without com-
promising blood flow (C). In patients with ample production of platelet-derived growth factor and vascular endothelial growth factor, rapid and exuberant
intimal hyperplasia ensues, causing lumen-occlusive arteritis (D). Accordingly, the clinical presentation of arteritis may or may not include ischemic com-
plications. From Weyand, C. M., and Goronzy, J. J. (2003). Medium- and large-vessel vasculitis. N. Engl. J. Med. 349(2), 160–169.
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Based on these data, advocates of early aggressive resus-
citation argued that the need for increasing cardiac output
and oxygen delivery, to maintain microvascular perfusion
and oxygenation, exceeds any risk of accentuating hemor-
rhage, and therefore trauma victims in hypotensive hemor-
rhage should receive large volumes of fluids as early as
possible.

Data published by Stern et al. support Wiggers’s obser-
vations that severe hemorrhagic hypotension left untreated
for several hours will progress to end-organ dysfunction and
ultimately death. However, substantial periods of moderate
hypotension (MAP 50 to 60mmHg), such as the interval
from time of injury to the time of operative intervention, can
be tolerated effectively without resulting in significant per-
manent microvascular damage and end-organ failure.

These fixed-pressure (Wiggers) and fixed-volume models
of hemorrhagic shock were developed and refined over the
past century and have served as a basis for developing the
standard therapeutic approaches of aggressive fluid therapy,
whereas studies using uncontrolled hemorrhage models that
have emerged more recently have been used increasingly
over the past decade.

The model of uncontrolled continuing hemorrhage was
assumed to be more relevant to the clinical scenario of
trauma casualties with internal bleeding that cannot be
effectively controlled in the prehospital environment.

The fundamental problem in patients with exsanguinat-
ing hemorrhage is a bleeding source that cannot be readily
controlled. In this situation the common practice of “raising

Clinical as well as laboratory studies on hemorrhagic
shock have questioned the initial therapeutic goal of nor-
malizing systemic blood pressure by isotonic or hypertonic
crystalloid solutions.

The current regimen of prehospital fluid administration
consists of using massive volumes of isotonic crystalloid
solutions such as Ringer’s lactate administered as rapidly as
possible. These recommendations for the management of
trauma victims who are hypotensive from acute hemorrhage
are based on the interpretation of data from studies con-
ducted beginning in the 1940s. These classic studies utilized
a Wiggers model of hemorrhage in which animals were bled
from an intravascular catheter into a reservoir and main-
tained at a prescribed level of hypotension prolonged 
periods of time prior to initiating resuscitation. When the
animals were subjected to several hours of hypotension that
included a short period of severe hypotension (mean arterial
pressure of 30 to 40mmHg) they developed microvascular
damage, termed “irreversible shock,” which ultimately led
to death of the animals despite what was considered appro-
priate resuscitation. This prolonged period of hemorrhagic
hypotension was associated with the development of micro-
vascular injury with marked extracellular fluid deficit that
could be corrected only by the administration of isotonic
crystalloids in volumes 2 to 3 times the estimated blood loss
to achieve survival. This was the basis of the current well
known dogma “3 to 1 rule” for the treatment of hemorrhagic
hypotension, which was adopted by the ATLS for the treat-
ment of trauma casualties.

Copyright © 2006, Elsevier Science (USA).
1021 All rights reserved.
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blood pressure” makes no clinical sense because this action
is likely to increase blood pressure, reduce vasoconstriction,
and accelerate the rate of bleeding.

The goal of therapy in traumatic internal hemorrhage
leading to severe hemorrhagic shock was therefore altered
to rapid evacuation to a trauma center, termed “scoop and
run,” and development of therapies aimed at buying time
until surgical control of bleeding is possible.

The goal of deliberate underresuscitation was recognized
as early as World War I by Cannon, who wrote in 1918:

Injection of fluid that will increase blood pressure has dan-
gers in itself. Hemorrhage in a case of shock may not have
occurred to a marked degree because blood pressure has
been too low and the flow too scant to overcome the obsta-
cle offered by the clot. If the pressure is raised before the
surgeon is ready to check the bleeding that may take place,
blood that is sorely needed, will be lost.

More than 30 years ago, Milles et al. and Shaftan et al.
observed that spontaneous control of arterial hemorrhage
depends on clot formation and a fall in blood pressure. 
Animals subjected to arterial injury and subsequently made
normotensive with either fluid resuscitation or vasopressor
infusion experienced larger hemorrhage volumes, longer
hemorrhage durations, and a higher incidence of rebleeding
compared to animals subjected to a similar injury but left
untreated and hypotensive.

In 1988 two types of experimental hemorrhagic shock
were defined: controlled hemorrhagic shock, in which
bleeding was induced through an arterial catheter that was
occluded immediately after hemorrhage (as in Wiggers-
type models); and uncontrolled hemorrhagic shock, in
which internal abdominal blood loss was induced by injury
to major intra-abdominal blood vessels (ileocolic artery). In
this model blood loss stopped only after blood pressure was
markedly reduced with vasoconstriction and temporary clot
formation. Bolus small-volume hypertonic saline infusion 
in this rat model of uncontrolled hemorrhagic shock or in
uncontrolled hemorrhage induced by rat tail resection led to
resumed blood loss from the injured blood vessels, hemody-
namic deterioration, and increased mortality compared to no
resuscitation.

These results were later confirmed by Bickell et al. in
1992 in other animal models such as a pig model with an
acute aortotomy.

The mechanisms suggested for increased bleeding fol-
lowing bolus fluid resuscitation in uncontrolled hemorrhagic
shock include increased blood pressure, vasodilatation, and
disruption of an early unstable thrombus followed by a fatal
secondary hemorrhage. In addition, rapid intravenous infu-
sion of crystalloid may promote hemorrhage by diluting
coagulating factors and by lowering blood viscosity in the
microvasculature, thereby decreasing the resistance to flow
around an incomplete thrombus. Shaftan et al. described
direct observations regarding the effect of blood pressure
elevation on clot formation. They noted that following blood
vessel injury and hypotension a large but “soft and jelly

like” extramural clot was formed that surrounded the vascu-
lar defect. As time elapsed the clot was observed to become
more palpably firm. With fluid resuscitation and blood 
pressure elevation, the margins of the clot began to leak, 
and rebleeding subsequently occurred. This gross and visual
description is consistent with light and electron microscopic
observations that transformation of an initially friable unsta-
ble clot to a more rigid hemostatic plug requires the forma-
tion and deposition of a significant amount of fibrin, which
occurs in an intact coagulation system after at least 20–30
minutes. Therefore, it is not surprising that resuscitation
strategies that result in early increase in blood flow and
blood pressure would present a higher risk of accentuating
ongoing or initiating new hemorrhage.

Following these animal studies of uncontrolled hemor-
rhage, Bickell et al. published in 1994 a clinical study in
patients with penetrating torso injury, comparing those who
received delayed fluid resuscitation only after the source of
hemorrhage was controlled to patients receiving immediate
fluid resuscitation according to the ATLS guidelines. It was
found that delayed resuscitation was followed by improved
survival of 70 percent compared to 62 percent in the early
treatment group.

These results went against the conventional dogma that
early prompt administration of large volumes of intravenous
crystalloids improves outcome in trauma patients.

Subsequently more sophisticated animal studies in mod-
els of uncontrolled hemorrhage by Kowalenko et al. in 1992
suggested that fluid resuscitation to a mean arterial pressure
of 40 to 60mmHg improved microvascular perfusion opti-
mally to a sufficient level to improve survival compared to
over- or underresuscitation and gained sufficient time until
the bleeding can be surgically controlled. This was termed
hypotensive resuscitation.

Most laboratory models and clinical observations of
uncontrolled hemorrhagic shock in trauma casualties were
studied in large-vessel injury models and did not incorporate
solid-organ tissue injury that may be a critical variable in
blood loss and survival.

In an effort to more accurately simulate the tissue dam-
age and the rapid blood loss clinically seen in severe blunt
abdominal trauma, animal models of solid organ injury, with
a standardized liver injury in rats, lethal hemorrhagic shock
in a swine liver injury model, and massive splenic injury in
rats have been developed. In these models, animal survival
was critically determined by the severity of injury, rate 
of blood loss, and the type of fluid that was used for 
resuscitation.

Matsuoka et al., using a standardized model of liver
injury of uncontrolled hemorrhagic shock, claimed that
large-vessel-injury animal models are relevant only to a
small segment of penetrating injuries but not to most
patients with blunt abdominal trauma with solid organ
injury. In this liver-injury model the infusion of hypertonic
saline or large volumes of isotonic solutions maintained 
circulatory stability in spite of increased bleeding with no
increased mortality.
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Further studies in uncontrolled hemorrhage following
solid-organ injury were performed in a rat model of massive
or moderate splenic injury. In this model bolus infusion of
large volumes of normal saline, Ringer’s lactate, or hydrox-
yethyl starch was followed by increased bleeding and
increased mortality similar to large-vessel injury, whereas
hypertonic saline (HS) infusion in this model of solid organ
injury did not increase blood loss or mortality.

The clinical use of HS solutions for the resuscitation of
trauma patients has been debated for many years. Although
HS has been approved for use throughout Europe, North
America, and South America, a clear endorsement for its 
use has not emerged. The few large studies on prehospital
administration of HS and dextran (HSD) have not demon-
strated a significant survival advantage. Proponents of using
these solutions cite beneficial physiologic responses seen
with HSD. Those opposed to using HSD express concern
over its application in settings of uncontrolled hemorrhage
because of a propensity to increase bleeding.

HS rapidly improves blood pressure and cardiac output
in the severely injured patient. This is generally attributed to
its ability to draw water into the vascular space, leading to
increase in plasma volume. The beneficial effects of HS are,
however, transitory because it increases microvascular per-
meability by shrinkage of endothelial cells leading to open-
ing gap junctions. Dextran was therefore added to prolong
its ability to hold water in the vascular space. The reflection
coefficient of dextran (0.8), which is similar to that of albu-
min (0.9), provides the oncotic driving force for water flow
through the newly expanded gap junctions into the vascular
space.

The difference in the response to hypertonic saline in
uncontrolled hemorrhagic shock, between large-vessel
injury and solid-organ injury, is not readily explained. HS
infusion in large-vessel injury leads to increased blood loss,
probably by dislodgement of the temporary clot formed in
the injured large vessel induced by the temporary increase 
in blood pressure. It is hypothesized that in solid organ
(hepatic or splenic) injury the multiple small clots that 
were formed in the small-caliber vessels throughout the
parenchyma of the injured organ cannot presumably be dis-
lodged by the increase in blood pressure, and thus rebleed-
ing is not initiated, and the net effect of the increase in
plasma volume by the fluid shift into the circulation caused
by HS is manifested.

In a further study aimed at simulating more closely the
clinical scenario of uncontrolled hemorrhagic shock follow-
ing solid-organ injury treated by isotonic solutions, slow
continuous volume infusion of Ringer’s lactate combined
with splenectomy was used to treat massive splenic injury.
In this model of uncontrolled hemorrhagic shock, continu-
ous infusion of moderate volumes of crystalloid or colloid
solutions resulted in less blood loss and improved hemody-
namics and survival when compared to no fluid infusion.

These results were later confirmed by direct comparison
of rapid bolus infusion of large volumes of Ringer’s lactate
(RL) with splenectomy to slow continuous infusion and

splenectomy in the rat model of uncontrolled hemorrhagic
shock after massive splenic injury. It was found that contin-
uous infusion of RL combined with splenectomy resulted in
significantly less blood loss and improved survival com-
pared to bolus infusion of RL or untreated animals. Another
significant finding of this study was that bolus as well as
continuous infusion of small-volume hypertonic saline 
(5mL/kg NaCl 7.5%) did not increase blood loss in this
model of solid-organ injury and resulted in improved sur-
vival compared to untreated animals.

Similar results were also observed by Stern et al. in a
swine model of uncontrolled hemorrhagic shock induced by
large-vessel injury (4-mm aortic tear). In this model of near-
lethal uncontrolled hemorrhage slow infusion of HSD (7.5%
NaCl/6% dextran-70) restored cardiodynamics while mini-
mizing hemorrhage volume and mortality. Rapid infusion 
of HSD in this model led to an immediate rise in aortic 
pressure and flow within 1 minute leading immediately to
rebleeding from the aortic tear.

Conclusion

Resuscitation strategies of bolus large-volume resuscita-
tion with isotonic solutions in uncontrolled hemorrhagic
shock induced by large-vessel injury, as well as solid-organ
injury, result in early abrupt increase in blood pressure and
microvascular blood flow, which lead to clot dislodgement
and increased rebleeding from large and small injured blood
vessels, hemodynamic deterioration, and increased mortal-
ity. Limited continuous volume resuscitation titrated to
achieve optimal microvascular perfusion and pressure that is
sufficient to maintain organ viability until the bleeding
source can be surgically controlled (termed hypotensive
resuscitation) results in less blood loss and improved 
survival.

Bolus hypertonic saline resuscitation in uncontrolled
hemorrhagic shock following large-vessel injury also results
in increased blood loss, hemodynamic instability, and
increased mortality. Bolus infusion of HS in this setting of
acute hemorrhagic shock should therefore be avoided. Bolus
as well as continuous HS resuscitation following solid-
organ injury does not increase blood loss from the injured
organ and leads to improves hemodynamics and survival.

Glossary

Controlled hemorrhage: hemorrhage that was topped
Fluid resuscitation: infusion of fluids to improve hemodynamics
Hypertonic saline: NaCl—7.5%
Large-vessel injury: damage to blood vessels larger than 3mm
Solid-organ injury: injury to intra-abdominal organs
Uncontrolled hemorrhage: hemorrhage that was not occluded
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ently to I/R and use distinctly different mechanisms to con-
tribute to delayed PC in the myocardium. Thus, both in vivo
and in vitro approaches have been used to address the mech-
anisms involved in the development of delayed PC. In vivo
studies generally involve an initial series of short I/R chal-
lenges to the heart followed 24 hours (or later) by a more
prolonged I/R challenge (Figure 1A). The in vitro
approaches simulate I/R by targeting the oxygenation
aspects of I/R. Typically isolated cardiac myocytes are
exposed to anoxia (or hypoxia) and, subsequently, reoxy-
genated (anoxia/reoxygenation; A/R) (Figure 1B).

Initiating Molecules

Reactive oxygen metabolites (ROM) are generated
within cells as a normal consequence of aerobic metabo-
lism. Mammalian cells contain antioxidant enzymes (cata-
lase, SOD, and so on) to scavenge and neutralize these
oxidants. It is generally believed that the oxidant production
after an I/R challenge overwhelms the detoxifying capacity
of the endogenous antioxidants and initiates tissue injury.

The following lines of evidence support a role for ROM
in the initiation of delayed PC in vivo. An I/R challenge to
the heart in situ results in the local generation of oxidants.
Administration of antioxidants during the initial I/R 

Introduction

Reperfusion of ischemic myocardium results in patho-
logical changes in the heart, such as myocardial stunning, an
acute inflammatory response, and infarction. Paradoxically,
pretreatment of the heart with an ischemia–reperfusion (I/R)
challenge confers protection against a subsequent I/R insult.
This phenomenon, referred to as ischemic preconditioning
(PC), has two distinct phases based on the time course and
mechanisms involved. An early phase of PC occurs within
minutes after the initial I/R challenge and persists for only a
few hours. This early PC is independent of protein synthesis
and, thus, relies on activation of existing effector molecules.
There is also a later phase of PC, which becomes apparent
24 hours or later after the initial I/R challenge and persists
for up to several days (delayed PC). Delayed PC is depend-
ent on protein synthesis and, thus, represents a genetically
mediated adaptive response. Herein, we will focus on some
of the proposed mechanisms involved in the development of
delayed PC with respect to the initiating (reactive oxygen
metabolites), signaling (nuclear transcription factors), and
effector (nitric oxide synthase and superoxide dismutase)
components.

The heart is a complex organ consisting of different cell
types with specialized functions (myocytes, endothelial
cells, and so on). These individual cells may respond differ-

Copyright © 2006, Elsevier Science (USA).
1027 All rights reserved.
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challenge prevents the development of delayed precondi-
tioning with respect to myocardial stunning and infarct size.
Local administration of oxidant-generating chemicals
(rather than an initial I/R challenge) can induce the devel-
opment of delayed PC.

In vitro studies indicate that an oxidant stress is also
important in initiating the development of delayed PC in
isolated cardiac myocytes. Exposure of myocytes to a mild
A/R challenge (30/30 minutes) induces (1) an oxidant stress

and (2) the rapid development of a proinflammatory 
phenotype (these myocytes can promote PMN transendo-
thelial migration). Interestingly, the in vitro studies have
uncovered an important communication link between
myocytes and endothelial cells, that is, the A/R-induced
increase in myocardial oxidant stress is transferred to the
adjacent endothelial cells and contributes to the PMN
transendothelial migration [1]. When cardiac endothelial
cells derived from mice overexpressing Mn-SOD are used

Figure 1 Current hypotheses based on in vivo (A) and in vitro (B) studies on the mechanisms
involved in the development of delayed preconditioning. (A) In vivo studies involve an initial series
of short ischemia–reperfusion (I/R) challenges (e.g., six cycles of 4-minute coronary artery occlusion
followed by 4-minute reperfusion) and 24 hours later challenged with a more prolonged period of I/R
(e.g., 30-minute period of occlusion and one 24-hour period of reperfusion). (B) In vitro studies
involve exposing isolated cells to a 30-minute period of anoxia, reoxygenating them (A/R), and 24
hours later subjecting these cells to the same A/R protocol. See text for the lines of evidence sup-
porting the proposed initiating (e.g., oxidants), signaling (nuclear transcription factors), and effector
(NOS and SOD) components of the development of delayed preconditioning.
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in assays, the A/R-challenged myocytes no longer induce an
oxidant stress in the adjacent endothelial cells and the
myocytes no longer promote PMN transendothelial migra-
tion (Figure 2). A more severe A/R challenge (1 hour of
anoxia) can also induce cell death in some of the myocytes.
If the myocytes are pretreated with a mild A/R challenge 24
hours earlier, (1) the subsequent A/R challenge does not
result in an oxidant stress, (2) a proinflammatory phenotype
does not develop, and (3) there is less cytotoxicity (delayed
PC). Delayed PC can also be induced by pretreatment of the
myocytes with H2O2 rather than an A/R challenge. Finally,

delayed PC can be prevented by pretreating the myocytes
during the initial A/R challenge with an antioxidant.

Taken together, both in vivo and in vitro studies indicate
that induction of an oxidant stress during the initial I/R or
A/R challenge plays an important role in initiating the
development of delayed PC (Figure 1).

The source of the ROM within the myocytes is not clear
and appears to be controversial. There are three isoforms of
NOS in the myocardium: endothelial NOS (eNOS), neur-
onal NOS (nNOS), and inducible NOS (iNOS). Of these
three isoforms, eNOS appears to be involved in the initiation

Figure 2 Endothelial cell oxidant stress (top) and PMN transendothelial migration (bot-
tom) induced by supernatants from A/R-conditioned myocytes was diminished when endothe-
lial cells derived from hearts of Mn-SOD overexpressing mice were used. From Rui et al.
(2001). Am. J. Physiol. Heart Circ. Physiol. 281, H440–H447.
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of delayed PC in the heart. Brief periods of I/R challenge 
are associated with NO biosynthesis, the most likely 
source being eNOS. Based on pharmacological approaches,
NO generated by eNOS appears to play a role in initiating
delayed PC in the heart with respect to stunning and infarc-
tion. Administration of nonspecific NOS inhibitors (but not
specific iNOS inhibitors) prior to the initial I/R challenge
prevents delayed PC. Conversely, local administration of
NO donors (rather than an initial I/R challenge) can induce
delayed PC. Taken together, these observations suggest 
that NO derived from eNOS initiates the development of
delayed PC (presumably via the generation of ROM). In
vitro studies using isolated cardiac myocytes are not in
agreement with the in vivo studies. The initial A/R challenge
does not result in the production of NO, and pharmacologi-
cal blockade of NO synthase does not prevent the oxidant
stress induced by the initial A/R challenge. Furthermore, the
initial A/R challenge can still induce an oxidant stress in car-
diac myocytes isolated from eNOS deficient mice. Similar
results have been noted with cardiac endothelial cells, that
is, the initial A/R challenge induces an oxidant stress in
endothelial cells harvested from eNOS-deficient mice.

Signaling Molecules

Of the potential nuclear transcription factors that could
be involved in the development of delayed PC, NFkB has
received the most attention. ROM can activate NFkB,
thereby allowing it to translocate to the nucleus. Increased
levels of NFkB have been noted in nuclear extracts obtained
from hearts subjected to I/R, an effect prevented by the
administration of an antioxidant during the I/R challenge.
Furthermore, pharmacological prevention of NFkB activa-
tion and translocation to the nucleus abrogates the develop-
ment of delayed PC with respect to myocardial stunning and
infarction. In vitro studies are in general agreement, that is,
an initial A/R challenge imposed on cardiac myocytes
results in the mobilization of NFkB to the nucleus. A simi-
lar observation was noted using isolated human umbilical
vein endothelial cells (HUVECs). Pharmacological preven-
tion of NFkB activation or translocation to the nucleus after
the initial A/R challenge to cardiac myocytes prevented the
development of delayed PC with respect to (1) an oxidant
stress and (2) the development of a proinflammatory pheno-
type. That is, under these conditions, the oxidant stress and
myocyte-mediated PMN transendothelial migration was 
the same after the initial and second A/R challenges. In
HUVECs, introduction of an oligonucleotide with consen-
sus binding sites for NFkB during the first A/R challenge
prevented the development of delayed PC with respect to
PMN adhesion to HUVECs. Thus, both in vivo studies and
in vitro studies support a role for NFkB as an important sig-
naling transcription factor in the development of delayed PC
(Figure 1).

In vitro studies have also uncovered a potential role for
another nuclear transcription factor in delayed PC in cardiac

myocytes. After the initial challenge there was an increased
accumulation of AP-1 in the nucleus. Furthermore, intro-
duction of an oligonucleotide containing binding sites for
AP-1 during the first A/R challenge prevented the develop-
ment of delayed PC with respect to (1) myocyte oxidative
stress and (2) myocyte-mediated PMN transendothelial
migration (unpublished observation).

Effector Molecules

Superoxide Dismutase (SOD)

Administration of antioxidant enzymes (e.g., SOD, cata-
lase) can ameliorate I/R-induced myocardial injury. Thus, it
has been proposed that an increase in the antioxidant status
of the heart can contribute to the development of delayed
PC. Of the endogenous antioxidants that are upregulated
after an I/R challenge, SOD (particularly Mn-SOD) has
received the most attention. Overexpression of Mn-SOD
(transgenic mice) results in a reduction in the I/R-induced
myocardial infarct size. Furthermore, endogenous Mn-SOD
protein and activity are increased in the myocardium during
the development of delayed PC. There appears to be a direct
correlation between the increase in myocardial Mn-SOD
activity and the reduction in infarct size. Finally, inhibition
of Mn-SOD protein synthesis and activity by the use of an
antisense approach prevents the development of delayed PC
with respect to infarct size. In isolated cardiac myocytes,
Mn-SOD, but not Cu/Zn-SOD, activity is increased 24
hours after the initial A/R challenge. Pretreatment of the
myocytes with a Mn-SOD antisense oligonucleotide prior to
the initial A/R challenge (to prevent Mn-SOD synthesis)
prevents the increase in SOD activity typically observed 24
hours after the initial A/R challenge. In addition, this proce-
dure also prevents the development of delayed PC with
respect to (1) PMN transendothelial migration and (2)
myocyte death. Collectively, these in vivo and in vitro
observations provide strong support for the contention that
the development of delayed PC is dependent on the induc-
tion of Mn-SOD (Figure 1).

The in vitro studies have also provided some strong evi-
dence favoring a role for NFkB as the nuclear transcription
factor involved in upregulating Mn-SOD. Pharmacological
inhibition of NFkB activation or translocation during the
initial A/R challenge prevents the induction of Mn-SOD. 
In addition, this maneuver prevents the development of
delayed PC with respect to (1) myocyte oxidative stress and
(2) myocyte-mediated PMN transendothelial migration.

Nitric Oxide Synthase (NOS)

Of the three isoforms of NOS (eNOS, nNOS, and iNOS),
eNOS and iNOS appear to be involved in the development
of delayed PC in the heart.

The iNOS isoform appears to play an important role as an
effector molecule in the development of delayed PC at the
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whole organ level (Figure 1A). NO production is increased
in the myocardium at 24 hours after the initial I/R challenge.
Message levels of iNOS are increased within 3 hours after
the initial I/R challenge, and iNOS protein and activity are
increased at 24 hours. By contrast, eNOS protein and activ-
ity are unaltered at 24 hours after the initial I/R insult.
Administration of selective iNOS inhibitors during the sec-
ond I/R challenge prevents delayed PC with respect to both
myocardial stunning and infarction. Finally, delayed PC
(infarct size) is abrogated in iNOS-deficient mice [2].

In vitro studies have yielded strikingly different con-
clusions regarding the role of eNOS and iNOS as effector
enzymes in the development of delayed PC [3]. The initial
challenge of myocytes derived from iNOS-deficient mice
resulted in an increase in myocyte oxidative stress. If these
myocytes were pretreated with an A/R challenge 24 hours
earlier, the second A/R challenge did not induce an increase
in myocyte oxidant stress (delayed PC). In a similar fashion,
the initial challenge of myocytes derived from eNOS-
deficient animals resulted in an increase in myocyte oxidant
stress. However, an A/R challenge imposed 24 hours 
after an initial A/R challenge to myocytes from eNOS-
deficient mice still resulted in an increase in myocyte oxi-
dant stress (no delayed PC). Identical results were obtained
using isolated cardiac endothelial cells, rather than
myocytes in the in vitro assays, that is, delayed PC (with
respect to an oxidant stress) could be demonstrated in
endothelial cells derived from iNOS-deficient mice, but not
in those derived from eNOS-deficient mice. In myocytes
derived from wild-type mice, mRNA for eNOS, but not
iNOS, increased after the initial A/R challenge. Similarly,
mRNA for eNOS increased after an A/R challenge imposed
on myocytes derived from iNOS-deficient mice. Taken
together these findings indicate that eNOS-derived NO is a
prerequisite for the development of delayed PC in isolated
cardiac myocytes (Figure 1B).

The reason for the disparate results between in vivo and
in vitro studies regarding the isoform of NOS (iNOS versus
eNOS) serving as an effector enzyme in delayed PC is not
entirely clear. However, one possible explanation deserves
comment. The in vivo studies targeted the heart in situ with
an intact systemic circulation, while the in vitro studies used
cardiac myocytes isolated from their natural external milieu.
Based on studies of the systemic inflammatory response
syndrome, it is quite possible that multiple I/R challenges to
the heart in vivo would result in the systemic accumulation
of cytokines, which in turn would impinge upon the heart
during the 24-hour hiatus before the second I/R challenge.
Although I/R, per se, is a weak stimulus for induction of
iNOS, cytokines are potent stimuli for induction of iNOS.
Thus, in the in vivo studies it is quite possible that cytokines
contributed to the I/R-induced iNOS upregulation. Such an
effect would be precluded in the in vitro studies. Further,
studies are warranted to directly assess this possibility.

The in vitro studies have also provided evidence sup-
porting a role for AP-1 in upregulating eNOS protein and
activity. Pretreatment of cardiac myocytes with an oligonu-

cleotide that contains binding sites for AP-1 (prevention of
AP-1 translocation to the nucleus) during the initial A/R
challenge abrogates the A/R-induced upregulation of eNOS.
In addition, this maneuver prevents the development of
delayed PC with respect to (1) myocyte oxidative stress 
and (2) myocyte-induced PMN transendothelial migration
(unpublished observation).

Interaction between NOS and SOD

The in vitro studies indicate that both eNOS and Mn-
SOD appear to be critical effector enzymes in the develop-
ment of delayed PC. These two enzyme systems may be
acting in concert. In myocytes isolated from either 
iNOS-deficient mice (which developed delayed PC) or
eNOS-deficient mice (which did not develop delayed PC),
Mn-SOD protein increased to the same extent 24 hours after
the initial A/R insult. However, in myocytes isolated from
iNOS-deficient mice Mn-SOD activity was increased,
whereas in myocytes derived from eNOS-deficient mice
Mn-SOD activity was not affected. Collectively, these
observations indicate that NO derived from eNOS is modu-
lating the activity of Mn-SOD, but not affecting its tran-
scription [3]. The exact mechanism(s) by which
eNOS-derived NO is modulating Mn-SOD activity under
these conditions is not entirely clear and warrants further
attention.

Summary

A significant amount of progress has been made in under-
standing the mechanisms involved (initiating, signaling, and
effector components) in the development of delayed PC in
the heart. In general, the results of in vivo and in vitro stud-
ies tend to be congruent. However, there are some important
differences worth noting. In terms of the initiating mole-
cules, ROM generated during the initial stress are critical to
the development of delayed PC. However, the source of the
ROM after an I/R (or A/R) challenge is not clear, that is, in
vivo studies suggest that NO derived from eNOS generates
the ROM, while the in vitro studies do not agree with this
notion. In terms of the effector molecules, both NOS and
Mn-SOD have been implicated as playing important roles.
Indeed, there is some indication that these two enzyme sys-
tems may act in concert in the development of delayed PC.
The only serious controversial issue is whether iNOS or
eNOS is the isoform involved, that is, in vivo studies favor
a role for iNOS, whereas in vitro studies favor a role for
eNOS. In terms of the signaling molecules that link the ini-
tiating factors (ROM) and the effector molecules (NOS and
SOD), both in vivo and in vitro studies agree that NFkB is
pivotal. However, the in vivo studies indicate that NFkB is
important in the upregulation of iNOS, whereas the in vitro
studies suggest that this transcription factor upregulates 
Mn-SOD. In vitro studies have also implicated a role for
AP-1 as a potentially important nuclear transcription factor
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in delayed PC. Further complementary in vivo and in vitro
studies are warranted to resolve these issues in order 
for clinical applications of these bench studies to be fully
realized.
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processes. Capillary angiogenesis is crucial to increasing
blood flow in chronically ischemic tissues, and statin effects
on the endothelium have been shown to alter this process as
well. Thus, the vasculoprotective effects of statins serve to
maintain the integrity of the microvasculature, particularly
its endothelial lining, allowing it to perform its central func-
tion of controlling local blood flow and exchange of nutri-
ents with the interstitial space, while preventing edema
formation and the efflux of inflammatory cells.

This review will begin with a discussion of the molecu-
lar mechanisms mediating the pleiotropic actions of statins.
Then, those effects with particular relevance to the micro-
circulation will be summarized, followed by an overview of
the potential clinical applications.

Mechanisms of Action

HMG-CoA Reductase Inhibition and 
Protein Prenylation

The molecular mechanism(s) involved in many of the
cholesterol-independent effects of statins have not been
completely characterized. Most of these can be reversed by
provision of supplemental mevalonate, indicating that inhi-
bition of HMG-CoA reductase is responsible. The genera-
tion of mevalonate is the rate-limiting step in cholesterol
synthesis (Figure 1). The next step is isopentenyl pyrophos-
phate (IPPP), which has an unknown function in mam-
malian cells but can modify tRNA. IPPP is the precursor of
the isoprenoid compounds, farnesylpyrophosphate (FPP; C-
15) and geranylgeranylpyrophosphate (GGPP; C-20). These
lipid intermediates are required for post-translational modi-
fication of certain proteins by forming cysteine thioethers at
their carboxy termini. Prenylated proteins include the Ras
and Rho families of small GTP-binding signaling mole-
cules. Prenylation allows localization to the cytoplasmic

Introduction

The statin group of drugs has revolutionized the treat-
ment of coronary atherosclerosis since their introduction
nearly two decades ago. By competitively inhibiting the
rate-limiting enzyme in cholesterol biosynthesis, 3-
hydroxy-3-methylglutaryl (HMG)-CoA reductase, intrahep-
atic cholesterol is reduced, thereby leading to an increase in
low-density lipoprotein (LDL) receptor expression and con-
sequent enhanced endocytosis of plasma LDL cholesterol.
Older therapies for hyperlipidemia, although capable of
lowering cholesterol, did not have a significant impact on
clinical outcomes in cardiovascular disease. The beneficial
effects of statin therapy correlate poorly with reductions in
serum cholesterol. In addition, improvements in clinical out-
comes have been noted well before any changes in lipid lev-
els. These observations led to the hypothesis that statins
have vasculoprotective effects independent of cholesterol
lowering [1]. In 1996, the first such mechanism to be eluci-
dated was the inhibition of vascular smooth muscle cell
(VSMC) proliferation, followed in 1998 by the discovery
that statins increase the expression and activity of endothe-
lial nitric oxide synthase (eNOS) in vascular endothelial
cells (EC). Since that time a host of other, so-called
pleiotropic actions have been described, making this phar-
macologic class of agents the target of intensive research
efforts in a broad variety of disease states.

The microvascular endothelium plays a critical role in
the regulation of regional blood flow, and endothelial dys-
function is central to many cardiovascular diseases. Several
beneficial effects on the endothelium are induced by statins
that maintain adequate tissue perfusion, such as enhanced
eNOS and fibrinolytic activity. The microvascular endothe-
lium is a major target, as well as a source of oxidant and
immune/inflammatory-induced injury. HMG-CoA reductase
inhibitors possess potent antioxidant and anti-inflammatory
properties that may prove beneficial in diverse pathologic

Copyright © 2006, Elsevier Science (USA).
1035 All rights reserved.
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surface of cell membranes where they can respond to
upstream signals by converting from the inactive GDP-
bound state to the active GTP-bound state, thereby transmit-
ting a downstream signal (Figure 1). Intrinsic GTPase
activity converts it back to the inactive GDP-bound state,
releasing the bound downstream effector and allowing
another cycle of signal transduction [2]. The Rho family
(Rho, Rac, Cdc42, and others) is preferentially geranylger-
anylated by the enzyme geranylygeranyl transferase
(GGTase), whereas Ras is selectively farnesylated by farne-
syl transferase (FTase). Many of the vascular actions of
statins are antagonized by GGPP, but not FPP and mimicked
by GGTase inhibitors, suggesting that inhibition of GGPP
synthesis and Rho prenylation underlies these effects.

Functions of Rho-GTPases

The Rho family of small G-proteins are best known for
their ability to mediate actin cytoskeletal reorganization.
Rho activation promotes actin polymerization and myosin
light chain phosphorylation, which lead to the formation of
contractile actomyosin stress fibers. Rho-kinase (ROCK) is
an important downstream effector of this process, which
leads to intercellular gap formations between EC with dis-
ruption of barrier function and enhanced tone in VSMC. Rac
activation produces lamellipodia and membrane ruffles and
Cdc42 induces filopodia formation. Rho proteins are thus
critical for many actin cytoskeleton-dependent processes,
such as cell migration, adhesion, phagocytosis, and cytoki-
nesis. Rho proteins can regulate gene expression via activa-

tion of c-jun N-terminal kinase (JNK), p38 mitogen—acti-
vated kinase and the transcription factors, serum response
factor (SRF), and nuclear factor kB (NFkB). The Rho-
GTPases are also required for G1 cell cycle progression,
either through direct effects on gene transcription or due to
their effects on the cytoskeleton.

Effects of Statins on the Microvasculature

Enhanced eNOS Activity

Nitric oxide (NO) generated by the enzyme NO synthase
III (eNOS) constitutively expressed in EC plays a major role
in the maintenance of adequate perfusion within the micro-
circulation. eNOS activity is enhanced in response to shear
stress in the precapillary arterioles, mediating VSMC 
relaxation and increased blood flow. NO also has potent
antiplatelet properties and inhibits leukocyte–endothelial
cell adhesion, particularly in postcapillary venules, thereby
maintaining blood flow.

Statins increase EC eNOS protein levels in a time- and
concentration-dependent manner. As little as 0.1 mmol/L of
simvastatin induces a nearly twofold increase in eNOS
expression after 48 hours. A post-transcriptional mechanism
is involved since eNOS mRNA stability increases without
changes in gene transcription. Statins prevent the downregu-
lation of eNOS induced by hypoxia and oxidized LDL.
These effects are reversed by provision of either mevalonate
or GGPP. Statin treatment also rapidly (within 1 hour)

HMG CoA
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Figure 1 Statin effects on the microvasculature. Effects of statins that target the endothelium and
inflammation are critical to their vasculoprotective action. Although specific mechanisms remain to be
fully elucidated, inhibition of geranylgeranylation is thought to play an important role. Rho is inhibited by
statins, attenuating actin stress fiber formation. Although inhibition of Rac membrane translocation
accounts for decreased ROS production, increased Rac activation by statins is associated with enhanced
cortical actin and barrier protection (see text). (see color insert)
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enhances NO production by endothelial cells without neces-
sarily affecting eNOS protein levels [3]. This increase in
eNOS activity is mediated by phosphorylation of eNOS at
Ser1177, which in turn is dependent on statin-induced eNOS
association with the chaperone Hsp 90 and activation of 
the protein kinase Akt/PKB. Statin treatment also reduces
caveolin abundance and the consequent inhibitory effect on
eNOS.

Effects on iNOS

The role of inducible NOS II (iNOS) in the microcir-
culation is controversial. Whereas large quantities of NO
contribute to hypotension in septic shock and can induce
nitrosative tissue damage, there is evidence that iNOS-
derived NO attenuates leukocyte–endothelial adhesion.
Statins (1–10 mM) enhance cytokine-mediated induction of
iNOS in VSMC and perhaps other cell types. In contrast,
reduced iNOS induction by cytokines is noted in EC and
macrophages.

Statins as Antioxidants

A critical balance exists between NO and superoxide
(O2

-). Under physiologic conditions, NO levels are 1,000
times those of O2

-, and the normal antioxidant mechanisms
are able to detoxify small amounts of reactive oxygen
species (ROS). During ischemia–reperfusion and inflamma-
tory disorders, these defenses are overwhelmed and oxidant-
mediated injury ensues, including peroxidation of cell
membranes, impaired NO bioactivity, induction of leuko-
cyte–endothelial adhesion, and thrombosis. Oxidative stress
also contributes to the pathogenesis of chronic vascular dis-
eases such as atherosclerosis, diabetes, and hypertension.

The NADPH oxidase is a major source of O2
- within the

vascular wall, and Rac-GTPase is an important regulator of
this enzyme in EC, VSMC, and phagocytes. Statins block
the translocation of GTP-bound Rac to the membrane, con-
sequently reducing transcription of critical NADPH sub-
units and vascular wall production of ROS in response to
various stimuli, such as angiotensin II and PKC agonists. An
increase in catalase expression has also been observed in
aortic walls of spontaneously hypertensive rats treated with
statins [4]. A direct scavenging effect of fluvastatin on
hydroxyl and superoxide radicals has been described, pro-
viding another antioxidant mechanism of statins.

Effects on Other Vasoactive Mediators

Statins inhibit the production of endothelin-1 and the
expression of angiotensin receptor I. Beyond their effects on
vasomotor tone, these mediators are involved in leukocyte
adhesion, thrombosis, and oxidant generation. Adenosine
synthesis by EC is enhanced by statins through inhibition of
ecto-5¢-nucleotidase endocytosis, resulting in increased

activity. The activity of this enzyme is normally increased in
response to hypoxia and has been implicated in myocardial
ischemic preconditioning.

Regulation of the Endothelial Cytoskeleton by Statins

The primary function of the Rho signaling proteins is
regulation of the cytoskeleton. In the endothelium,
cytoskeletal filament rearrangement determines barrier
function. In response to certain stimuli, such as thrombin,
RhoA is activated and localized to the membrane. Rho-
kinase is consequently activated, leading to the formation of
actin stress fibers, focal adhesions, intercellular gap forma-
tions, and disruption of EC barrier function. Simvastatin (5
mM for 16 to 24 hours) attenuates thrombin-induced disrup-
tion of barrier function by roughly two thirds in both sys-
temic and pulmonary EC and reduces vascular leakage in
hyperlipidemic animals. Morphologically, ECs demonstrate
reduced stress fibers at baseline and in response to thrombin
(Figure 2).

In addition, we have observed cortical actin ring
enhancement associated with increased translocation of 
cortactin to the cell periphery in statin-treated pulmonary
EC that persists after thrombin stimulation. This effect has
previously been shown to be mediated by Rac activation
through Edg receptor agonists, such as sphingosine 1-
phosphate and shear stress. Indeed, statins increase 
GTP-bound (activated) Rac in whole-cell lysates, whereas
membrane-bound Rac is reduced. Prenylation of Rac is
required for its attachment to membranes and activation of
certain downstream effectors such as NADPH oxidase, but
also reduces its binding to Rho-GDI (guanine nucleotide
dissociation inhibitor), which normally maintains Rac in its
inactive GDP-bound state [5]. Statins may also alter various
guanine nucleotide exchange factor proteins (GEPs) or
GTPase-activating proteins (GAPs) that positively regulate
Rho family activity. Thus, some functions of Rac, such as its
effects on cytoskeletal rearrangement, may not require
membrane localization and these may be increased in
response to statin treatment.

Statin Effects on Vascular Wall Cell 
Proliferation and Survival

As a result of inhibition of GGPP synthesis, statins
inhibit cell proliferation and induce apoptosis. Simvastatin
and other lipophilic statins, at concentrations of 1 to 10 mM,
suppress proliferation and migration of both systemic and
pulmonary VSMC in the presence of serum or growth fac-
tors such as PDGF. A direct effect on the cytoskeleton or
changes in gene expression could underlie the antiprolifera-
tive effects of statins, such as an upregulation of the 
cyclin-dependent kinase inhibitor p27kip1. In serum-free
conditions, statins induce apoptosis in a concentration
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dependent manner with as little as 0.5 mM having an effect.
Downregulation of Bcl-2 and consequent caspase activation
may mediate apoptosis.

Moderate to high concentrations of statins (> 0.1mM
atorvastatin) similarly inhibit EC proliferation and migra-
tion and induce apoptosis, thereby impairing angiogenesis.
In contrast, low concentrations (0.01 to 0.05 mM) enhance
VEGF release, upregulate VEGF receptor 2, induce prolif-
eration, inhibit hypoxia-induced apoptosis, and increase EC
migration by up to 75 percent. These actions promote capil-
lary tube formation in vitro, that is, angiogenesis, similar 
to VEGF stimulation. In mice, inflammation induced 
angiogenesis is enhanced by low dose (0.5mg/kg/day) 
atorvastatin, whereas high-dose therapy (2.5mg/kg/day) is
inhibitory and also reduces tumor angiogenesis [6]. The
high-dose antiangiogenic properties of statins are reversed
by GGPP, indicating that inhibition of Rho prenylation is
responsible. The mechanisms mediating EC survival in
response to low concentrations of statins are not completely
understood. They are reversed by mevalonate, but not by
Rho-kinase inhibitors. The proangiogenic effects of statins
are linked to phosphorylation and activation of Akt at serine
473 and subsequent eNOS Ser1177 phosphorylation and
activation, which are observed at very low concentrations
(0.0001mM atorvastatin) and remain evident with higher
concentrations. Phosphatidylinositol-3-kinase inhibition
reverses low-dose statin effects on EC indicating activation
of the PI3K/Akt pathway. Provision of mevalonate also
blocks statin-inducted Akt activation. Whether GGPP also
blocks low-dose statin effects on ECs is unknown. Activa-
tion of eNOS may be ultimately responsible since NOS 
inhibition by LNMA prevents the EC stimulating effects of

statins in some studies. Importantly, Akt activation is not
observed in VSMCs.

In addition to angiogenesis (sprouting of EC from pre-
existing capillaries), the mobilization and incorporation of
bone-marrow derived endothelial progenitor cells (EPCs) is
a mechanism of postnatal neovascularization. Statins, in a
fashion similar to VEGF, increase circulating EPCs in ani-
mals and humans and activates EPCs (increased adhesion,
proliferation, survival). These actions are also mediated by
activation of the PI3K/Akt pathway, but are not reversed 
by LNMA, GGPP, or Rho-kinase inhibitors. Similar to the
effects on mature ECs, however, mevalonate prevents EPC
differentiation [7].

Investigators have recently begun to dissect the path-
way(s) involved in statin-mediated activation of Akt/PKB 
in endothelial cells [8]. Within 10 minutes of application 
of simvastatin, membrane protrusions (lamellipodia and
filopodia) and ruffles are formed and Akt is translocated
from the nucleus and cytoplasm to these sites, accompanied
by increased phosphorylation of Akt. Mevalonate or choles-
terol repletion prevents these changes, as does PI3K inhibi-
tion. This is in contrast to VEGF-mediated Akt activation,
which is not affected by cholesterol loading. Depletion of
cholesterol from lipid rafts in the membrane may thus
underlie statin-induced Akt activation. Alternatively, the
membrane changes observed are reminiscent of Rac and
Cdc42 activation. As mentioned previously, there is evi-
dence to suggest that statins increase active GTP-bound
Rac, while reducing membrane translocation. Moreover,
Ras, which acts upstream of PI3K, has been found to be acti-
vated by statins, and statin-mediated Akt phosphorylation in
EC is inhibited by overexpression of a dominant-negative

F-actin

vehicle                            simvastatin

control

thrombin

Figure 2 Effect of simvastatin on endothelial cell (EC) cytoskeletal rearrangement. Relative to
vehicle controls, ECs treated with simvastatin (5 mM, 16 hours) demonstrate enhanced cortical actin
(small arrows) and reduced central stress fibers. Additionally, upon thrombin stimulation (1 U, 5 min-
utes) few paracellular gaps are observed in simvastatin-treated cells compared to vehicle controls
(large arrows). Bar = 10 mm. (see color insert)
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Ras mutant. The PI3K/Akt signaling pathway is highly com-
plex, and the exact mechanism of activation by statins is not
clear; however, inhibition of Rho prenylatin may not be pri-
marily responsible.

Anti-inflammatory Effects of Statins

Statins have been shown to possess multiple anti-
inflammatory actions that play an important role in mediat-
ing their vasculoprotective properties. Conditions associated
with impairment of NO availability and increased oxidant
stress, such as hypoxia and ischemia–reperfusion, induce 
an inflammatory endothelial phenotype characterized by
enhanced expression of the surface adhesion molecules, P-
selectin, ICAM-1, and VCAM-1. By enhancing eNOS func-
tion and reducing ROS, statins decrease expression of
adhesion molecules and inhibit leukocyte–EC binding and
transmigration in vitro at concentrations as low as 0.01 mM.
In animal models, statins decrease leukocyte adhesion
within the microvasculature in response to thrombin, 
bacterial toxins, and low-dose LNMA. High-dose LNMA
reverses these effects, and they are not observed in eNOS
knockout mice. Statins may directly inhibit the transcription
factors NF-kB and activator protein-1 (AP-1), and induce
the nuclear receptors PPARa and g which regulate inflam-
matory responses in EC. Anti-inflammatory effects on
leukocytes have also been demonstrated, consisting of
decreased expression of integrins, which mediate binding to
EC, and proinflammatory cytokines.

T-lymphocyte-mediated immune responses are primarily
responsible for allograft rejection after organ transplanta-
tion. An increasingly important role for T cells is now 
being recognized in mediating the inflammatory phenotype
of the microvasculature in response to injurious stimuli 
such as ischemia–reperfusion and hypercholesterolemia.
High concentrations (1 to 10 mM) of simvastatin com-
pletely block interferon-g induction of MHC class II antigen
on microvascular ECs. A similar effect is noted in 
monocytes–macrophages, but not in highly specialized 
antigen-presenting dendritic cells and B-lymphocytes. This
effect is mediated through transcriptional inhibition of 
promoter IV of the MHC II transactivator, CIITA, and is
completely reversed by mevalonate or GGPP. The conse-
quences repressing MHC II induction are an inhibition of 
T-lymphocyte proliferation and IL-2 release upon exposure
to allogeneic EC or macrophages.

All the anti-inflammatory effects of statins just described
are dependent on HMG CoA reductase inhibition, in that
they can be blocked by mevalonate. A novel HMG CoA
reductase–independent mechanism has been demonstrated
consisting of allosteric inhibition of lymphocyte function
antigen-1 (LFA-1) by binding to a novel L-(lovastatin) site
within the molecule, locking it in an inactive state. As a
result, LFA-1 mediated adhesion of leukocytes with the 
corresponding ligand on EC (ICAM-1) is inhibited, as is

lymphocyte costimulation. Based on this discovery,
researchers designed a novel lovastatin-based LFA-1
inhibitor that inhibits T-cell costimulation at concentrations
of around 0.01mM compared with 1 mM for the parent 
compound [9].

Antithrombotic Properties of Statins

Activation of thrombotic processes contributes to
microvascular dysfunction in a variety of disease states 
such as sepsis and ischemia–reperfusion. Statins inhibit
platelet activity by several mechanisms, including increased
endothelial NO and adenosine release and decreased platelet
thromboxane production and cholesterol content. Tissue
factor expression and activity in response to thrombin is
reduced in EC by simvastatin at concentrations as low as
100nM. The fibrinolytic system may also be favorably
affected by statins. An increase in tissue plasminogen acti-
vator and a decrease in plasminogen activator inhibitor type
I in EC in response to statins have been demonstrated, but
these effects require fairly high concentrations and human
studies have been inconsistent.

Potential Clinical Applications of Statins Targeting
the Microvasculature

Cardiovascular Disease

The pleiotropic actions of statins have been postulated 
to account for the impressive clinical benefits observed 
in atherosclerotic cardiovascular disease independent of 
cholesterol lowering. Improved microvascular function
likely contributes to these benefits. Hypercholesterolemia,
diabetes, and hypertension are all associated with impaired
endothelium-dependent vasodilation, which is improved
within days by statin therapy in humans. The stimulation of
angiogenesis by these agents would be expected to promote
the normal adaptive response of the microcirculation to
chronic ischemia. In a murine model of hind limb ischemia,
simvastatin at a dose of 0.1mg/kg promoted new capillary
formation and collateral flow. The microcirculation also
plays an important role in the progression of large vessel
plaques. The vasa vasorum of these arteries is the source of
inflammatory cells that can promote plaque rupture. Statins
may help to stabilize such lesions. Some investigators have
speculated that the anti-angiogenic effects of high-dose
statin therapy, by reducing plaque neovascularization, 
contributes to their clinical efficacy. The role of the anti-
inflammatory effects of statins in atherosclerosis is sug-
gested by the observation that these agents reduce
C-reactive protein, an important risk factor for cardiovascu-
lar events.

Vascular smooth muscle cell hyperplasia and endothe-
lial dysfunction are felt to underlie the pathogenesis of 
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pulmonary hypertension. Statins attenuate and reverse
experimental models of pulmonary hypertension.

Ischemia–Reperfusion Injury (IRI)

An impairment of eNOS activity and increased ROS 
generation, followed by adherence of leukocytes and 
thrombosis within the microvasculature, are key events in
the development of IRI. In multiple studies of cardiac IRI,
pretreatment with statins reduces infarct size and left ven-
tricular dysfunction. Significant protection has also been
demonstrated in animal models of IRI in lung, brain, and
kidney at physiologically relevant doses (e.g., 0.5mg/kg of
simvastatin). In most studies, an important mechanism
appears to be enhancement of NO activity, as NOS antago-
nists reversed the statin effect.

IRI is thought to underlie the pathogenesis of the multi-
ple organ dysfunction syndrome complicating sepsis. A
provocative retrospective study reported a mortality of 6
percent in bacteremic patients taking statins compared with
28 percent in nonusers of statins.

Neurologic Disease [10]

Statins inhibit the migration of lymphocytes across the
blood–brain barrier and attenuate the severity of experimen-
tal autoimmune encephalomyelitis, a model of multiple
sclerosis. A small clinical trial demonstrated a 45 percent
reduction in the number of gadolinium-enhancing lesions on
MRI. Alzheimer’s dementia is becoming increasingly 
recognized as a disorder of the cerebral microcirculation.
Epidemiologic data suggest a 70 percent reduction in the
prevalence of dementia in statin users, and large trials are
currently underway.

Transplant Rejection

The use of pravastatin in heart transplant recipients is
associated with a significant reduction in acute rejection, as
well as transplant coronary vasculopathy. A recent retro-
spective study reported a surprisingly lower incidence of
acute rejection and obliterative bronchiolitis after lung
transplantation. No reduction in renal allograft rejection has
been observed with statin therapy, although statins may
improve survival in these patients by reducing cardiovascu-
lar events.

Pharmacokinetic Considerations

Individual drugs differ in their ability to mediate the 
various pleiotropic effects of statins. The lipophilic agents
(simvastatin, atorvastatin, cerivastatin, fluvastatin, and
lovastatin) have prominent effects on VSMC proliferation
and contractility, whereas the more hydrophilic pravastatin
has minimal effects. A similar difference has been found for
certain actions on leukocytes, such as ROS production and

inhibition of LFA-1. On the other hand, effects targeting EC
have generally been equivalent, when compared. Most 
studies have employed one of the lipophilic statins, and thus
it is not known whether pravastatin would have similar
actions. Because of its hydrophilic nature, pravastatin
requires a specific organic anion transporter, LST-1, for its
uptake into hepatocytes. The distribution of pravastatin to
extrahepatic sites is significantly less than the lipophilic
compounds. For those actions dependent upon HMG Co-A
reductase inhibition, the potency of the various agents will
also depend on their IC50 for this enzyme in a given cell
type. In hepatocytes, the IC50 of simvastatin is 8nM com-
pared with 4.1 and 2.0nM for lovastatin and pravastatin,
respectively. In contrast, the IC50 in myoblasts is 4nM for
simvastatin, compared with 19 and 110nM for lovastatin
and pravastatin, respectively.

The range of serum levels achievable with standard 
clinical doses of atorvastatin or simvastatin is 0.002 to 
0.2mmol/L. Based on in vitro studies, the main non-
cholesterol-lowering effects that would be expected with
these concentrations are those targeting endothelial cells.
These consist of Akt activation, with resultant phosphoryla-
tion and stimulation of eNOS activity and promotion of EC
survival. A reduction in EC adhesion molecule expression
would also be anticipated, an action that largely appears to
be mediated by enhanced eNOS activity. An antiangiogenic
effect may occur with concentrations toward the upper end
of this range.

Conclusion

Statins have proved to be a crucial component of cardio-
vascular disease treatment. Much of their benefit may be
unrelated to their cholesterol-lowering properties. A wide
array of vasculoprotective actions has been described, the
most potent targeting endothelial cells. The relatively strong
safety profile of HMG Co-A reductase inhibitors in humans
makes them an attractive pharmacologic class to study in
other disease processes besides atherosclerosis. Moreover,
delineation of the mechanisms involved in mediating their
pleiotropic effects generates opportunities to develop novel
compounds that can target a more specific pathway, e.g.,
LFA-1 inhibitors, Rho-kinase inhibitors, GGTase inhibitors,
and potentially Akt activators.

Glossary

Actin stress fibers: Intracellular filaments in vascular endothelial cells
formed by polymerization of actin and myosin leading to cell contracture
and disruption of barrier function.

Angiogenesis: The process whereby endothelial cells of existing cap-
illaries proliferate to form new vessels.

eNOS (endothelial nitric oxide synthase): The constitutively
expressed isoform of the enzyme present in vascular endothelial cells and
an important regulator of basal microvascular function.

Pleiotropic effects: A term used to describe the multiple cholesterol-
independent actions of statins on vascular function and structure.
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Prenylation or isoprenylation: Binding of lipid intermediates to 
protein signaling molecules.

Statins: A pharmacological class of drugs that competitively inhibit
the rate rate-limiting enzyme in cholesterol biosynthesis, 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase.
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These series of events involve numerous growth factors and
regulatory molecules that drive various parts of the pathway
while preventing excessive vascular growth or formation of
defective vasculature.

During vasculogenesis, primitive blood vessels originate
from embryonic endothelial stem cells called angioblasts
while the blood cells develop from hematopoietic cells. To
date, little information is available with regard to the nature
of these cells and the factors regulating their appearance 
and survival. They are thought to develop from a common
blood cells/endothelial cell precursor referred to as heman-
gioblast and express VEGF receptor flk-1 as well as fibrob-
last growth factor (FGF) receptors. The key growth factors
involved in vasculogenesis include VEGF and TGF-b1. 
Disruptions of VEGF, flk-1, or TGF-b1 genes result in
embryonic lethality with a failure of endothelial precursors
to differentiate and to form the primary vascular plexus. In
addition, FGF2, IGF-1, and GM-CSF have the ability to
stimulate differentiation and mobilization of angioblasts
from the bone marrow. Whereas vasculogenesis clearly
plays a key role during embryogenesis, the occurrence 
of this process in adult tissues is fairly controversial. 
There appears to be a bone-marrow-derived population of
endothelial precursor cells (EPCs) that under some circum-
stances can contribute to neovascularization.

Once formed, the primary plexus is then transformed by
processes of branching angiogenesis into a primitive vascu-
lar system. The deletion of a single VEGF allele leads to a
profound failure of branching, suggesting that this process is
heavily VEGF-dependent. In addition, VEGF receptor flt-1
and the angiopoietin-1/tie-2 system are also critical for this
series of events. At the same time, the extent of sprouting,
that is, the total number of vascular branches and genera-
tions of branches, is likely regulated by FGFs. This is sug-
gested by a marked reduction in branching of the trachea

Introduction

Disruption of blood flow to tissues leads to reduction in
oxygenation and deterioration of function. In the myocar-
dium this leads to reduction in myocardial contractility with
subsequent development of heart failure. Similar functional
consequences can be observed in other organs. Although the
majority of tissues have the ability to partially compensate
for the reduction in blood supply by stimulation of growth
of new blood vessels, in most cases this response does not
result in full compensation. Thus, in coronary arteries,
chronic occlusions typically result in development of angi-
nal symptoms and, frequently, in chronic myocardial stun-
ning. To date, treatment of such an obstructive coronary
disease relies either on the use of drugs designed to 
reduce, by various means, the oxygen requirement of the
myocardium or on mechanical revascularization procedures
including coronary bypass and various forms of percuta-
neous catheter-based approaches. Recent advances in our
understanding of vessel growth have opened the possibility
of therapeutic angiogenesis, that is, induction of neovascu-
larization in the desired locations designed to restore blood
flow to ischemic tissues. In this chapter we consider biologi-
cal foundations of therapeutic angiogenesis and the current
state of clinical research in this field.

Biology of Angiogenesis

The formation of mature vasculature in the course of
embryonic development includes three distinct sequential
steps—formation of primary capillary plexus from embry-
onic stem cells (vasculogenesis), sprouting of endothelium-
lined vascular structures (angiogenesis), and remodeling of
these structures into fully fledged vessels (arteriogenesis).

Copyright © 2006, Elsevier Science (USA).
1045 All rights reserved.
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and bronchial tree in Drosophila following disruption of its
single FGF gene and by increased arterial branching in mice
overexpressing FGF1.

The differentiation of the primary vascular network into
adult vasculature involves the envelopment of these struc-
tures by vascular smooth muscle and other mural cells,
including pericytes, forming, in larger vessels, tunica media
and tunica adventitia, a process in which platelet-derived
growth factor (PDGF)-BB, TGF-b, Ang-1, and Ang-2
appear to play a role. The differentiation of the forming vas-
culature into arterial and venous systems and the formation
of connections between the two involves the ephrin family
of proteins, whereas development of the lymphatic system
may depend on a specific subset of VEGFs.

Whereas the process of vascular growth in the embryo is
fairly well understood, the process of neovascularization in
the adult is much less clear. There appear to be at least two
and possibly three distinct processes—capillary growth in
ischemic tissues (angiogenesis); growth and remodeling of
preexisting vessels into arterioles and arteries; or de novo
formation of such vessels (arteriogenesis) and formation of
vessels, capillaries, or larger vascular structures from circu-
lating EPCs (vasculogenesis). Although it is superficially
similar to embryonic development, neovascularization in
mature tissues is not well understood. Furthermore, the 
relative physiological importance of various forms of 
arterialization under various pathological conditions is not
established.

The primary stimulus driving angiogenesis is tissue
ischemia, which results in activation of hypoxia-inducible
factor (HIF)-1a that in turn stimulates expression of VEGF,
VEGF receptor flt-1, PDGF-BB, Ang-2, iNOS, and a num-
ber of other genes. Although it is certainly effective in
increasing capillary numbers in ischemic tissues, the contri-
bution of this process to the restoration of perfusion is not
clear.

In contrast to angiogenesis taking place in the ischemic
myocardium (in the case of myocardial ischemia), the for-
mation of epicardial collaterals by the process of arteriogen-
esis occurs in nonischemic areas. Furthermore, this process
has the potential to fully restore the blood flow to the distal
coronary bed, resulting in an effective “biological bypass.”
Therefore, arteriogenesis, and not angiogenesis, is the most
appealing target for a therapeutic intervention. Remarkably,
there is very little understanding of the arteriogenesis
process itself or of the factors that regulate it. For example,
it is not clear whether arteriogenesis proceeds by the
enlargement of preexisting vessels that remodel into arteri-
oles large enough to carry significant volume of blood flow
or by the de novo growth of these vessels. This is a funda-
mental distinction since agents that might affect vascular
remodeling are likely to be very different from agents 
that primarily stimulate endothelial cell proliferation and
migration, although the latter is definitely required for
remodeling as well. The distinction will also have conse-
quences for the preferred site and route of administration of
any such agent. Furthermore, we have only a vague notion

of the stimuli that initiate arteriogenesis and of the growth
factors involved.

Accumulation of blood-derived monocytes/macrophages
appears to be critical to this process, as these cells secrete a
number of growth factors and cytokines involved in
endothelial, pericyte, and smooth muscle cell growth and
differentiation, including VEGF, FGF2, TGF-b, Il-8, and
MCP-1. Animal studies have demonstrated that activation of
monocyte/macrophage accumulation at the arterial occlu-
sion sites when stimulated by MCP-1 leads to a robust 
arteriogenic response that in turn can lead to significant
restoration of tissue perfusion. At the same time, deficiency
of the VEGF-related growth factor PLGF prevents collateral
growth by impairing monocyte recruitment. Furthermore,
monocyte ability to respond to hypoxic stress by increas-
ing their HIF-1a protein levels appears to correlate with 
the extent of coronary collateral development in patients
with advanced coronary artery disease (CAD). The factors
responsible for monocyte recruitment to sites of arterial 
narrowing have not been defined, although shear stress has
been suggested as a potential contributor.

Angiogenic Growth Factors

A large number of genes can influence a process as com-
plex as angiogenesis. At the same time, a smaller number of
proteins have the ability to directly stimulate endothelial cell
proliferation. Traditionally, such proteins have been referred
to as angiogenic growth factors. Among these, VEGFs,
PDGFs, and FGFs have received the greatest attention and
are discussed briefly here.

The VEGF family includes five VEGFs (A–E) and a
closely related protein PlGF (placental growth factor).
VEGF-A (commonly referred to as simply VEGF) was first
isolated as a vascular permeability factor (VPF) and was
subsequently shown to have endothelial cell growth stimu-
latory properties. Four different isoforms are generated by
alternative splicing from a single VEGF-A gene: VEGF206,
VEGF189, VEGF165, and VEGF121. Other rare splice variants
such as VEGF145 probably also exist. VEGF189 and
VEGF205 isoforms possess high avidity for heparan sulfates
and as a result are tightly bound to the cell surface. This
property likely severely limits their therapeutic utility.
VEGF165 and VEGF145 also demonstrate heparan sulfate
binding (significantly less than the other two), whereas
VEGF121 completely lacks the heparan sulfate binding site.

Angiogenic activity of VEGF in large measure is
dependent on release of nitric oxide (NO) as blockade of
NO generation markedly reduces VEGF activity. Whereas
VEGF plays a crucial role in embryonic vascular develop-
ment, its role in adult tissues is less clear, as deactivation of
the VEGF-A gene in mature animals does not lead to signif-
icant vascular defects. This may not be the case, however,
for newly forming vasculature in adult tissues where the 
loss of VEGF leads to a rapid involution of newly formed
vasculature.
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Other VEGF genes include VEGF-C (also known as
VEGF-2), VEGF-B (also known as VEGF-3), VEGF-D, and
VEGF-E. VEGF-C is predominantly involved in lymphan-
giogenesis, whereas VEGF-B may play a role in develop-
ment of coronary capillaries. The functions of VEGF-D and
E isoforms have not been fully established.

VEGF levels are very low in normal tissues and are
exquisitely sensitive to hypoxia and ischemia with even a
transient episode resulting in rapid and substantial increases
in expression. This sensitivity is driven by the hypoxia-
inducible factor (HIF)-1a, a transcription factor with very
short half-life in normal cells that gets rapidly and pro-
foundly extended by the onset of cellular hypoxia. In addi-
tion, VEGF expression in the myocardium is regulated by
tissue stretch, with higher intraventricular pressures induc-
ing significant increases in VEGF expression in a TNFa-
dependent manner.

Although all VEGFs are able to stimulate endothelial cell
proliferation in vitro and in vivo, they are, by themselves,
very weak mitogens. This suggests that biological effects of
these molecules may have a lot more to do with activities
other than direct stimulation of endothelial cell growth. One
such activity is the ability to induce a local inflammatory
response by increasing vascular permeability that leads to
chemoattraction and accumulation of blood-derived mono-
cytes. Other biological activities include stimulation of local
production of nitric oxide, enhancement of monocyte/leuko-
cyte adhesion to the endothelium, activation of tissue digest-
ing enzymes such as matrix metalloproteinases (MMPs),
and stimulation of expression of growth factors such as
FGF2. Finally, VEGF may also play an important role in
stimulation of bone marrow release of endothelial precursor
cells.

Platelet-derived growth factors constitute a four-gene
family. Whereas PDGF A and B have been extensively 
studied, comparatively little is known about PDGF C and D.
The A and B chains can form homodimers (AA or BB) or a
heterodimer (AB), which have distinctly different properties
and biological activities. PDGFs act by binding to high-
affinity tyrosine kinase receptors (PDGF-R) that are com-
posed of two chains, PDGF-Ra and PDGF-Rb, which can
also form either homodimers (aa or bb) or a heterodimer
(ab). PDGF-AA binds only to PDGF-Raa and PDGF-BB
binds to all three PDGF receptors, whereas PDGF-AB is
limited to aa or ab. Homozygous disruptions of either
PDGF-B or PDGF-b receptor have shown that PDGF-B is
responsible for vascular maturation. Respective knockout
mice die late in gestation with abnormal kidney glomeruli
and vascular wall abnormalities that are particularly promi-
nent in the brain and the heart and are related to insufficient
recruitment and organization of pericytes and smooth 
muscle cells. The PDGF-A and PDGF-a knockouts show
less overlapping phenotypes with less specific vascular
pathology.

PDGF-BB appears to be a potent angiogenic growth fac-
tor with the ability to induce formation of both capillaries
and larger vessels. However, in addition to its angiogenic

activity, PDGF-BB has also been implicated in the forma-
tion of intimal hyperplasia following arterial injury and in
progression of atherosclerosis. These aspects of PDGF-BB’s
activity profile raise concerns that therapeutic benefits of
application of this growth factor in the setting of atheroscle-
rotic cardiovascular disease might be offset by stimulation
of restenosis and atherosclerosis.

Fibroblast growth factors are a 23-member family of
closely related proteins. One of the key differences between
various FGFs is the presence or absence of the leader
sequence required for conventional peptide secretion
(absent in FGF 1 and 2 but present in FGF 4 and 5 and most
other FGFs) and the difference in affinity for various iso-
forms of FGF receptors. All FGFs demonstrate high affinity
for heparan sulfates recognizing specific sequences in gly-
cosaminoglycan chains. For most FGFs, their ability to bind
cell surface and matrix heparan sulfates serves both to pro-
long effective tissue half-life and to facilitate binding to 
corresponding high-affinity receptors. A pattern of specific
FGF-FGF receptor and FGF–heparan sulfate interactions
probably accounts for differences in activity of various
FGFs.

In cell culture as well as in vivo studies, FGF-1,2,4 and 5
are potent mitogens for cells of mesenchymal, neural, and
epithelial origin, including all cell types found in the vascu-
lar wall (endothelial cells, smooth muscle cells, and peri-
cytes). FGF2, and probably other FGFs, also is able to
activate nitric oxide release, to induce synthesis of plas-
minogen activator and matrix metalloproteinases, and to
stimulate smooth muscle cell and monocyte chemotaxis.
One interesting aspect of FGF2 biology is the synergy of its
biological activity with VEGF. A combination of FGF2 and
VEGF is far more potent in inducing angiogenesis in vitro
and in vivo than either growth factor alone. Furthermore,
FGF2 induces VEGF expression in smooth muscle and
endothelial cells.

Both FGF1 and FGF2 are present in the normal
myocardium (as well as other tissues) where their expres-
sion is not significantly affected by hypoxia, tissue
ischemia, or hemodynamic stress. However, despite signifi-
cant levels of FGFs in normal tissues, the growth factors do
not appear to be biologically active. In part this lack of
activity may be due to their sequestration in the extracel-
lular matrix by virtue of binding to the heparan sulfate–
carrying proteoglycan perlecan that would make them
unavailable to cell surface receptors. In addition, normal tis-
sues demonstrate low levels of expression of FGF receptors
FGF-R1, R2, and syndecan-4. Thus, unlike VEGF, where
biological activity appears to be driven by the amount of the
ligand present, FGF activity is likely controlled by the level
of expression of FGF receptors and their ability to bind the
ligand.

Among other angiogenic growth factors, angiopoietins
and hepatocyte growth factor (HGF) may also play 
particularly important biologic and therapeutic roles. The
angiopoietin family consists of four members. Overexpres-
sion of Ang-1 in the skin leads to a striking increase in 
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vascularization that is characterized by a pronounced
increase in the vessel size with only a modest increase in the
vessel number. A combined VEGF/Ang-1 overexpression
leads to a very pronounced increase in vascularity that, in
contrast to overexpression of VEGF alone, does not exhibit
increased vascular permeability. These findings suggest that
Ang-1 plays a role in stabilizing the existing vessel in a yet
undefined manner.

The role played by Ang-2 in angiogenesis in adult tissues
is not clear. Whereas its overexpression during embryonic
development leads to early mortality with morphological
defects resembling those of Ang-1 and Tie-2 knockouts,
induction of ischemia in adult hearts led to a rapid initial rise
in Ang-2 expression that equally rapidly declines while
Ang-1 expression shows a gradual increase. These observa-
tions suggest that Ang-2 might provide a destabilizing 
signal necessary for the initiation of angiogenic response.

HGF, also known as the scatter factor, is a powerful
endothelial cell mitogen. HGF and its receptor c-met are
essential for the normal embryonic development, but are not
primarily involved in the development of cardiovascular
system. However, the HGF/c-met expression is markedly
upregulated in ischemic hearts, and the lack of this increase
in expression correlates with poor native collateral develop-
ment. HGF has a robust angiogenic effect in vivo, which
may at least in part be mediated by stimulation of VEGF
expression. For use as a therapeutic agent, the definite pro-
oncogenic properties of HGF and c-met are a major concern.
Transgenic overexpression of HGF leads to a variety of
tumors of mesenchymal and epithelial origin, and mutations
in the tyrosine kinase domain of MET that lead to its con-
stitutive activation produce papillary renal carcinomas.

Therapeutic Applications of 
Angiogenesis Concepts

The concept of using angiogenic growth factors as a
treatment for occlusive coronary artery and peripheral vas-
cular disease has been extensively tested in both animal and
clinical studies. Although in principle the concept appears to
be correct, a number of significant challenges prevented an
easy transition from successful animal to human usage. In
chronic-ischemia large-animal models of myocardial angio-
genesis, single-bolus intracoronary, periadventitial, or
intrapericardial administration of several growth factors
including FGF1, FGF2, VEGF165, and PDGF-BB enhanced
neovascularization and restored blood flow in the ischemic
territory to essentially normal levels. Likewise, gene therapy
approaches have been used with equal success including
intracoronary injections of FGF-4, FGF-5, VEGF121, and
VEGF165 adenoviruses and VEGF165 plasmid.

Similar success has been seen in studies that utilized a
hind limb ischemia model. In these studies, an occlusion of
the femoral artery is typically associated with a severe
reduction in blood flow to the ipsilateral limb. Treatment

with angiogenic growth factors accelerates recovery and, in
some cases, preserves tissue loss in the foot and the distal
ankle.

At the same time, clinical trials have been less suc-
cessful in demonstrating benefits of therapeutic angio-
genesis. Whereas the initial series of open label studies 
testing VEGF165, FGF1, and FGF2 all demonstrated signifi-
cant improvement in every parameter measured, including
measures of myocardial perfusion and ventricular function,
larger randomized double-blind trials have shown similarly
significant improvements in both placebo and treatment
groups. These results suggest the presence of a large placebo
effect as well as a potential for a significant improvement in
the control group.

The efficacy of VEGF165 treatment was tested in the
VIVA trial in which the protein was given by a combination
of an intracoronary and intravenous infusion. The trial
enrolled 178 “no-option” patients with stable exertional
angina, who were randomized to receive placebo, low-dose
recombinant human VEGF (17ng/kg/min), or high-dose
rhVEGF (50ng/kg/min) by intracoronary infusion on day 0,
followed by intravenous infusions on days 3, 6, and 9.
Assessment of exercise capacity, angina class, quality of
life, and myocardial perfusion were performed 60 and 120
days later. The primary end point, change in exercise tread-
mill test (ETT) time from baseline to day 60, showed
equally significant improvements in all three. Angina class
and quality of life were also significantly improved within
each group, with no difference among groups.

The therapeutic efficacy of FGF2 was studied in several
trials. A single bolus protein intracoronary administration of
FGF2 protein was tested in the double-blind, randomized,
placebo-controlled trial (FIRST). The 337 patients were ran-
domized to an intracoronary injection of rFGF2 (0.3, 3, or
30mg/kg) or placebo. Efficacy was evaluated at 90 and 180
days by exercise tolerance test, SPECT imaging, and 
quality-of-life questionnaires. Similar to the VIVA finding,
exercise tolerance was increased at 90 days in all groups 
but was not significantly different between the placebo 
and FGF2-treated groups. rFGF2 treatment reduced angina
symptoms with the differences more pronounced in highly
symptomatic patients. However, none of the differences
were significant at 180 days because of continued improve-
ment in the placebo group.

The concept that the prolonged presence of FGF2 in tis-
sues would be superior to a single bolus therapy was tested
in a small trial of a heparin alginate sustained-release FGF2
formulation implanted into the unrevascularizable but viable
myocardium at the time of coronary artery bypass grafting.
Twenty-four patients were randomized to implantations of
10 heparin-alginate capsules containing 0, 10, or 100 mg of
FGF2. At 3-month follow-up, there was a significant reduc-
tion in the occurrence of angina in the high-dose rFGF2-
treated patients compared to other groups. Remarkably, this
benefit was preserved after 3 years of follow-up.

An alternative to achieving sustained local levels of a
growth factor involves a gene transfer. This approach was
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used in the AGENT trial that examined the therapeutic effi-
cacy of adenoviral FGF-4 therapy. Seventy-nine patients
were randomized to a single IC infusion of placebo (n = 19)
or Ad5-FGF4 (n = 60). Overall, patients receiving Ad5-
FGF4 tended to have greater improvements in exercise time
at 4 weeks. Improvement was the greatest in patients with
more severe baseline impairment in exercise capacity. Inter-
estingly, patients with low baseline anti-adenoviral antibody
titers showed a significantly better response than patients
with high levels of antibodies. The safety and feasibility of
catheter-based local intracoronary VEGF165 gene transfer in
the prevention of in-stent restenosis and in the treatment of
chronic myocardial ischemia were recently also studied.
Although this procedure had no effect on the extent of
restenosis, adenoviral but not plasmid-based gene transfer
resulted in increased myocardial perfusion as determined by
SPECT imaging 6 months later, after percutaneous interven-
tions. The significance of this finding is not clear, as the
patients were not randomized to assess this specific end
point. Furthermore, there was no difference in nitrates
requirement and exercise time in all study groups. Two other
gene transfer trials, one involving adenoviral VEGF121
(REVASC trial) and one plasmid-based VEGF165 (Euroin-
ject One trial), reported essentially negative results. Yet
another trial examined the utility of plasmid-based gene
transfer by direct intramyocardial injections of VEGF2 plas-
mid in 27 inoperable patients with class III or IV angina.
Twelve weeks after injection, there was a significant
improvement in the angina class in the VEGF2 versus
placebo-treated patients. However, the small size of the trial
with a particularly small control group and the absence of
the usual placebo effect (likely another reflection of the
small trial size) make efficacy conclusions tenuous.

Assessment of Current Experience

Although one may conclude from this description of 
clinical trials that therapeutic angiogenesis has been pretty
much a dismal failure, it can and should be argued that such
a conclusion is premature. Indeed, a number of factors likely
have influenced these outcomes and the lessons learned
should facilitate future studies.

Perhaps one of the biggest reasons for failure is that none
of these trials has explicitly addressed the arteriogenesis
versus angiogenesis issues in trial design, drug delivery, or
evaluation. Indeed, VEGFs are not primarily arteriogenic
and, given the typically short duration of tissue residence
following protein injection or expression after adenoviral or
plasmid-based transfer in the myocardium, the negative
results are not surprising. Similarly, although FGFs are arte-
riogenic, the short duration of tissue exposure following
protein or adenoviral-based transfer likely limited their effi-
cacy. No trial to date has evaluated the efficacy of what cur-
rently appears to be the most potent arteriogenic growth
factor, PDGF-BB, whether given in combination with FGF2
or not.

Indeed, it could be argued that augmentation of mono-
cyte accumulation at the site of desired arteriogenesis could
be the most effective therapeutic strategy. In that regard it
should be noted that a small clinical trial that evaluated 
GM-CSF infusions in patients with CAD reported positive
results. Yet another approach may involve administration of
MCP-1, a potent monocyte chemoattractant. The side effects
of such strategies, however, have not been evaluated.

Another very important issue is the length of exposure of
tissues to the therapeutic agent, such as a growth factor. This
has been brought into a stark focus by the study of Dor et al.
showing that 32-day duration of expression of VEGF165 in
mouse myocardium is needed for induction of stable vessel
growth, whereas a shorter time course (12 days) had no last-
ing effect. These numbers likely translate into much longer
time intervals in patients. In light of these considerations it
is interesting that the trial demonstrating the most benefit
involved prolonged sustained-release delivery of FGF2.

An issue closely related to the length of tissue exposure
is the means of delivery and the formulation used for the
growth factor administration. Preclinical studies have
clearly demonstrated minimal tissue deposition and the fast
washout of growth factors given by an intracoronary route.
The efficiency of adenoviral transfer by this method appears
to be equally dismal. In contrast, intramyocardial injections
result in much higher local concentrations and increased
duration of tissue exposure to the agent. However, it is
unlikely that intramyocardial protein therapy in the absence
of sustained-release polymer formulations will be effective.
Furthermore, it is unclear if the adenoviral or the plasmid-
based gene transfer produces a length of expression long
enough for the therapeutic effect to take place.

Finally, patient selection also presents an important chal-
lenge. It has become abundantly clear that populations under
study demonstrate a very significant placebo effect as well
as spontaneous improvement even in such “hard” end points
as myocardial blood flow and function. In addition, the
choice of “no-option” patients in clinical trails to date may
have inadvertently selected a particularly resistant popula-
tion with a failure of the native angiogenic response due to
any number of defects in the angiogenic cascade. This prem-
ise is illustrated by the differences in response to hypoxia of
monocytes selected from patients with CAD that correlated
with the prevalence of coronary collaterals.

Summary

Therapeutic angiogenesis has evolved markedly over the
past decade. Although the initial clinical experience has
been rather disappointing, the wealth of basic and preclini-
cal data strongly suggests that this ultimately will be an
effective therapeutic strategy. One novel approach to this
therapy that has not yet received vigorous clinical testing
involves the use of EPC. This can be achieved either by
stimulation of their release (for example, with the use of
agents such as GM-CSF) or by physical extraction of such
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cells from the bone marrow followed by their injection into
the target tissues. This and other strategies will undoubtedly
be tested in the coming years.

Glossary

Angiogenesis: Growth of capillaries or capillary-like structures (blood
vessels with a single endothelial wall layer).

Arteriogenesis: Growth of arterioles or arteries (blood vessels with
more than one wall layer).

Gene therapy: Means of transfer of gene encoding for a desired
growth factor to a host organism.

Growth factor: A protein capable of induction blood vessel growth.
Vasculogenesis: Growth of blood vessels from circulating precursor

cells.
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surface determinants, promising specific delivery of protein
and genetic therapeutic agents to selected subcellular com-
partments of endothelial cells localized in resting or altered
vasculature.

Means for Improvement of Pharmacokinetics and
Vascular Delivery of Drugs

Design of most drug or gene delivery strategies pursues
protection of therapeutic cargoes from inactivation en route,
reduction of interaction with nontarget cells, and providing
a sufficient circulation time to permit accumulation in the
target [1]. These goals can be achieved by loading of thera-
peutic cargoes into vehicles, either natural (blood cells,
albumin, lipoproteins, viruses) or artificial (polymers, lipo-
somes, nanoparticles). Vehicles separating cargoes from
blood (polymer shells, liposomes) help to minimize their
systemic adverse effects. In general, the diameter of vehi-
cles and carriers for drug and gene delivery in microvascu-
lature is less than 300 to 500nm, that is, a size that provides
free circulation through capillaries in the vascular system
and, in some cases, permits intracellular delivery into
endothelial cells.

Liposomes, bilayer vesicles formed from phospholipids,
represent versatile vehicles (size from 50nm to microns)
and are good carriers for small hydrophobic drugs [1, 2].
Liposomes containing positively charged phospholipids
(cationic liposomes) are potentially useful for gene delivery,

Introduction

Endothelial cells control vascular tone, permeability,
angiogenesis, and interactions of blood with tissues and thus
represent a key therapeutic target in treatment disease con-
ditions including inflammation, thrombosis, oxidant stress,
angiogenesis, acute lung injury, tumor growth, immune dis-
orders, diabetes, hypertension, and atherosclerosis. Agents
useful for diagnostic, prophylactic, and therapeutic inter-
ventions in endothelial cells in these conditions include
label compounds (isotopes), antioxidants, fibrinolytics, 
anticoagulants, anti-inflammatory agents, pro- and anti-
angiogenic mediators, NO donors, and other drugs. In 
theory, proteins performing some of these functions and
genes encoding these proteins can be employed as highly
potent and specific “natural” therapeutic agents.

Alas, most exogenous proteins, genetic materials, imag-
ing agents, and drugs are rapidly cleared from blood and
lack specific affinity to endothelium. Thus, an inadequately
low percent of active agents is delivered to the target cells,
while a major fraction of injected drugs is a potentially dan-
gerous waste. Multiple injections of high doses to achieve
and sustain a therapy cause side effects. Therapeutic pro-
teins and genetic materials have specific shortcomings—a
high propensity for immune reactions, inactivation by
inhibitors and enzymes (proteases, nucleases), and the
necessity of specific subcellular localization. This chapter
briefly describes strategies for optimization of endothelial
delivery of drugs. It focuses on targeting to endothelial 
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since they form condensed complexes with DNA, thus 
protecting it from inactivation and facilitating intracellular
delivery [1, 3]. Micro- (0.5- to 50-mm diameter) and nano-
(100 to 500nm diameter) vehicles and carriers consisting of
biocompatible, biodegradable polymers [e.g., poly(lactic
acid)] are being designed for drug delivery [1]. Delivery of
anticancer agents due to enhanced permeation of tumor vas-
culature and prolonged retention of extravasated materials
in the tumor due to poor lymphatic drainage is an active area
of exploration for polymer nanocarriers loaded with antibi-
otics. Loading of large doses of active large hydrophilic
drugs (e.g., proteins) into liposomal or polymer vehicles is a
more challenging and not fully accomplished goal.

Unless specific countermeasures are undertaken, some
drugs and most drug vehicles and carriers are rapidly
cleared from the bloodstream and activate host defense 
systems. For example, complement activation may cause
liposome destruction, uptake by phagocytes, and genera-
tion of proinflammatory mediators (e.g., cytokines). These 
concerns are especially acute when antibodies are used 
for vascular targeting, since their Fc fragments initiate
defense reactions including activation of complement, blood
cells, and phagocytes. Macrophages have receptors for 
Fc fragments of immunoglobulins and components of 
complement that serve for docking and endocytosis of 
objects coated (opsonized) with antibodies or complement.
Macrophages in the liver, bone, and spleen have good access
to circulation and effectively eliminate liposomes, viral par-
ticles, and even larger drug vehicles (several micrometers in
diameter).

Elimination of interaction with Fc receptors, attainable
by utilization of antigen-binding domains of antibodies (Fab
and single-chain, scFv fragments) helps to reduce some of
these untoward effects and prolong circulation time. On the
other hand, attachment of poly(ethylene glycol) (PEG, a
hydrophilic linear polymer) to proteins, liposomes, poly-
mers, and viral particles creates a “PEG brush” on the sur-
face of these carriers. PEG attracts water, which prevents
aggregation of particles and reduces their accessibility for
antibodies, complement, phagocytes, and immune cells.
PEG-ylation markedly prolongs circulation time of drugs
and drug–carrier complexes and minimizes immune reac-
tions and other side effects associated with recognition by
host defense—“stealth technologies” [1]. A few types of
FDA-approved stealth PEG liposomes are currently in clin-
ical studies. The stealth effect increases proportionally to
length and number of PEG molecules attached to a protein,
DNA, or liposome; the more dense the PEG brush, the more
profound the stealth effect. However, an excessive PEG
coupling inactivates protein and genetic therapeutic agents,
whereas incorporation of PEG moieties into more than 10
percent of liposomal phospholipids destabilizes lipid bilayer
and destroys liposomes. Design of synthetic, totally PEG-
coated vesicles consisting of di-block PEG copolymers with
structural biocompatible polymers such as poly(lactic acid)
is an attractive novel technological avenue to produce inert,
long-circulating vehicles for drug delivery.

Passive Drug Delivery to Microvasculature

Circulation of a drug encapsulated in a vehicle or conju-
gated with a carrier creates a relatively homogenous level in
the blood. Only a small fraction accumulates in the area of
therapeutic interest. One approach to improve delivery of a
drug to vascular areas of interest is to load it into large vehi-
cles (e.g., microspheres with diameters 20 to 50 mm) that
mechanically lodge in the precapillary arterioles, creating an
elevated local level of a drug or imaging agent. For exam-
ple, clinically used albumin microspheres labeled with 
technetium-99, indium-111, or other isotopes can be visual-
ized in a gamma-camera and thus help to image perfusion of
blood vessels downstream from the injection site: pul-
monary circulation after injection via intravenous route,
coronary or cerebral vasculature after injection via the coro-
nary or carotid artery routes, or other microvascular beds
after infusion into afferent arteries.

A similar principle, lodging in the precapillary and capil-
lary vascular bed in an organ of interest, is being also
explored in the context of gene therapy. Thus, cationic lipo-
somes complexed with negatively charged plasmid DNA
rapidly form multimicrometer aggregates in blood, which
lodge downstream the injection site. This technique has
been employed for a transgene expression in the lungs and
in angiogenic endothelial cells in tumors [3]. Further, infu-
sion via vascular catheters inserted in the arteries supplying
a pathologically altered organ creates a high local level of
therapeutics or genetic materials, promoting their delivery
to or beyond endothelium in the area of interest.

However, mechanical or electrostatic retention of small
aggregates affords no selective delivery of cargoes into cer-
tain cell types (e.g., endothelial cells), nor any control over
subcellular localization of the delivered cargoes. In addition,
perfusion rapidly removes drugs released from a lodged
vehicle or carrier, reducing the time of contact with target
cells that is necessary for binding and uptake. In some cases,
use of the catheters permitting temporarily cessation of 
perfusion in the site of delivery helps to circumvent this
problem. However, interruption of blood flow creates
ischemia and activates flow-sensitive endothelium, causing
potentially harmful side effects.

Targeted Drug Delivery to Endothelial 
Surface Determinants

Stealth liposomes, protein carriers, and other delivery
systems prolong the circulation time of drugs and may
enhance their cellular uptake, but do not confer an affinity to
vascular endothelium. Thus, the major fraction of injected
materials ends up in the liver, not in the endothelial cells. In
order to facilitate targeting, cargoes or their carriers can be
conjugated with affinity moieties that bind to endothelial
cells. Immunostaining of tissues, in vivo selection of peptide
ligands using phage display, and tracing labeled antibodies
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in animals helped to identify endothelial determinants
potentially useful as targets [4–6].

No universal or ideal affinity carrier, however, suits 
all therapeutic needs. Specific therapeutic goals require 
different secondary effects mediated by binding to the
endothelium, drug targeting to different subpopulations of
endothelial cells (e.g., resting versus inflammation-engaged
endothelium), and to diverse cellular compartments. Tar-
geted delivery of antioxidants, antithrombotics, or NO
donors to normal or resting endothelial cells can be useful
for either prophylaxis or therapies. On the other hand, spe-
cific recognition and drug delivery to abnormally activated
or pathologically altered endothelium might permit more
specific means for treatment of such maladies as localized
tumor growth and inflammation. Inhibition of some
endothelial antigens leads to harmful adverse effects. For
example, blocking a constitutive endothelial antigen throm-
bomodulin may aggravate thrombosis. In addition, patho-
logical conditions suppress expression of some endothelial
antigens.

The pulmonary vasculature comprises a preferred target
for vascular drug delivery to endothelium, because (i) it is
the first major capillary network encountered by intra-
venously injected drugs; (ii) it contains roughly one-third of
the endothelium in the body; (iii) it is exposed to the entire
cardiac output of venous blood; and (iv) a relatively slow
blood perfusion rate through high-capacity, low-resistance
pulmonary vessels kinetically favors binding of ligands to
endothelium. Therefore, affinity carriers recognizing panen-
dothelial determinants (e.g., antibodies directed against con-
stitutive cell adhesion molecules) tend to accumulate in the
lungs after systemic administration. Because of its accessi-
bility to external insults from the airways and its function as
a filter for blood clots, debris, activated white blood cells,
drugs, and toxins, pulmonary vasculature represents an
important therapeutic target [5].

Panendothelial Surface Determinants Candidates 
for Targeting

Constitutively expressed determinants are good candi-
dates for targeting either normal or pathologically altered
endothelium. For example, platelet-endothelial adhesion
molecule-1 (PECAM, CD31) is a panendothelial transmem-
brane Ig superfamily glycoprotein, predominantly localized
in the sites of cellular contacts in the endothelial monolayer.
Platelets and white blood cells also express PECAM, but at
levels that are orders of magnitude lower than endothelial
cells. PECAM is involved in the cellular recognition, adhe-
sion, signaling, and transendothelial migration of leuko-
cytes, key in pathogenesis of many disease conditions.
Blocking PECAM by anti-PECAM suppresses inflamma-
tion and protects organs against leukocyte-mediated oxida-
tive stress. Therefore, anti-PECAM targeting may provide
secondary benefits for management of inflammation, per-

haps by attenuation of leukocyte transmigration. PECAM 
is abundant in endothelial cells, which express millions of
anti-PECAM binding sites. In addition, PECAM is a stable
endothelial cell antigen: cytokines and ROS do not down-
regulate its expression and surface density on the endothe-
lium. This permits a robust PECAM-targeted drug delivery
to either normal or pathologically altered vasculature, for
either prophylaxis or therapies. Endothelial cells bind 
anti-PECAM without internalization, but readily internalize
multimeric anti-PECAM complexes within 100- to 350-nm
diameter via a novel internalization pathway different from
clathrin- and caveoli-mediated endocytosis, namely CAM-
mediated endocytosis (common for PECAM-1 and ICAM-
1). Thus, by rational design of anti-PECAM conjugates of a
proper size, one can achieve either intracellular or surface
targeting to endothelium [5]. An active reporter enzyme, b-
galactosidase, conjugated to anti-PECAM has been shown
to accumulate intracellularly in the pulmonary endothelium
as soon as 10 minutes after IV injection in mice and pigs.
Targeting of anti-PECAM/catalase conjugate protects pul-
monary vasculature against acute oxidant stress in mice and
rats [7].

Intercellular adhesion molecule-1 (ICAM-1, CD54) is
another Ig superfamily surface glycoprotein with a short
cytoplasmic domain, a transmembrane domain, and a large
extracellular domain. It is normally expressed by endothe-
lial cell at relatively high surface density (2 ¥ 104 to 2 ¥ 105

surface copies per cell). Some other cell types also express
ICAM, yet the major fraction of blood-accessible ICAM is
exposed on the luminal surface of endothelium. Robust and
specific binding of ICAM antibodies and anti-ICAM conju-
gates to vascular endothelium after intravenous administra-
tion has been documented in animals. Pathological stimuli,
such oxidants, cytokines, abnormal shear stress, and
hypoxia, stimulate surface expression of ICAM by endothe-
lial cells. Thus, inflammation and other pathological condi-
tions do not suppress, but rather markedly facilitate ICAM
targeting. ICAM, a counter-receptor for integrins on leuko-
cytes, supports their adhesion to endothelial cells and thus
contributes to inflammation. In addition, ICAM serves as a
natural ligand for certain viruses. ICAM may also serve as a
signaling molecule, yet the significance of this signaling
remains to be more fully elucidated. ICAM antibodies 
suppress leukocytes adhesion, thus producing anti-
inflammatory effects in animal models and clinical patho-
logical settings associated with vascular injury, such as
acute inflammation, ischemia–reperfusion, and oxidative
stress. The anti-inflammatory effect of multivalent anti-
ICAM conjugates may be even more potent because of the
higher affinity/valency of the conjugate binding and down-
regulation of surface ICAM due to internalization via CAM-
mediated endocytosis (which was described earlier for
PECAM). Thus, subcellular localization of anti-ICAM con-
jugates can be controlled by their size: Anti-ICAM carriers
permit targeted delivery of antithrombotic agents to the
endothelial surface and antioxidant enzymes to the endothe-
lial interior [5].
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Angiotensin-converting enzyme (ACE) is a transmem-
brane glycoprotein expressed on the endothelial luminal 
surface, which converts Ang I into Ang II to induce 
vasoconstricting, pro-oxidant, and proinflammatory activi-
ties. Pulmonary vasculature is enriched in ACE: Nearly 100
percent of endothelial cells in the alveolar capillaries are
ACE positive, whereas 10 to 15 percent in the extrapul-
monary capillaries are ACE-positive. Radiolabeled anti-
ACE and reporter compounds conjugated with anti-ACE
accumulate in the lungs after injections via diverse routes in
animals and humans. Anti-ACE does not cause acute harm-
ful reactions in animals and humans. ACE antibodies sup-
press its activity; this might enhance therapeutic utility of
the targeting and provide beneficial effects in conditions
associated with vascular oxidative stress, ischemia, and
inflammation. Endothelial cells internalize anti-ACE that
may deliver drugs intracellularly. Anti-ACE-conjugated
antioxidant enzymes, such as catalase, accumulate in rat
lungs in vivo and protect perfused rat lungs against H2O2.
Proinflammatory agents suppress ACE expression and may
inhibit therapeutic targeting directed to ACE, yet anti-ACE
is a good candidate for targeting to the pulmonary endothe-
lium for a prophylactic use and for gene delivery [8, 9].

Targeting Specific Vascular Areas

Injecting of anti-CAM conjugates via catheters inserted
in a conduit artery facilitates local delivery in the down-
stream vascular area. Local delivery may also be enhanced
by surface endothelial determinants enriched in particular
vascular areas or in focal pathological processes.

For example, endothelium contains surface determinants
localized to cholesterol-enriched plasma membrane
microdomains, including caveoli. Ligands of these determi-
nants accumulate in the pulmonary vasculature after intra-
venous injection in rats, then enter and traverse endothelial
cells [4]. The functions and human counterparts of these
caveoli-localized determinants, interesting candidates for
drug delivery, are not known.

Cerebral endothelium is an especially important and 
difficult target. Carrier antibodies and peptides directed 
to surface determinants relatively enriched in cerebral
endothelium, including receptors for transferrin, insulin, and
some growth factors, permit delivery of reporter compounds
and genes into the brain in animals. Some of these receptors
apparently permit transendothelial delivery into the brain
tissue and neurons [10].

Endothelial cells exposed to inflammatory mediators 
and abnormal shear stress show cell surface expression 
of P-selectin, normally stored intracellularly and mobilized
rapidly to the surface, and E-selectin, which is newly syn-
thesized by activated endothelium. Thus, selectins are tran-
siently exposed on the surface of stressed endothelial cells.
Experiments in cell cultures and limited animal studies
show that selectins may permit targeting of drugs to
cytokine-activated endothelium [2]. However, kinetics and

persistence of selectin exposure upon endothelial activation
are difficult to follow even in animal studies, where exact
initiation of cytokine activation could be easily controlled;
thus the transient character of surface exposure hinders tar-
geting of selectins. Further, even at the activation peak,
selectins are exposed at relatively low surface densities;
hence, robustness of the targeting may be suboptimal for
therapeutic interventions requiring delivery of large doses.
However, it may suffice for diagnostic visualization of
inflammation foci [11] and, perhaps, for gene delivery [12].

Endothelial cells in solid tumors also represent an espe-
cially important and challenging target for delivery of
agents designed to visualize tumors, inhibit angiogenesis, or
eradicate malignant cells. Tumor vasculature is character-
ized by numerous morphological abnormalities. Endothelial
cells in tumor vessels expose abnormal determinants 
including VCAM, selectins, integrins, apoptosis markers,
and receptors for growth factors [13]. Targeting these deter-
minants in tumors might be useful to accomplish two goals:
(i) delivery of antitumor agents to the proper malignant cells
using, for example, PEG-immunoliposomes or polymers
loaded with taxol or doxorubicin; and, (ii) inflicting damage
in the tumor vasculature leading to thrombosis, infarction
and starvation of malignant cells [14].

Targeting of Genetic Materials and Viruses 
to Endothelial Cells

Delivery of protein therapeutics affords very fast but
transient effects due to inevitable degradation. Selective and
safe transfection of endothelial cells with genes encoding
therapeutic proteins may help to overcome this problem and
bring about new means for treatment of diverse disease con-
ditions, acute (thrombosis, respiratory distress syndrome,
stroke, inflammation) and chronic (tumor growth, systemic
and pulmonary hypertension, atherosclerosis, diabetes).
However, endothelial cells are difficult to transfect even in
cell cultures; the challenges of implementation of this goal
in vivo are formidable [3, 10, 12, 15].

Nonviral vehicles for gene delivery (e.g., cationic lipo-
somes) are generally viewed as safer than viral means, yet
the latter offer more effective and prolonged transgene
expression. However, both nonviral and viral vehicles have
no tropism to endothelium, whereas nontarget cells may
take up circulating liposomes and/or express high levels of
receptors for viruses (e.g., hepatic cells). Thus most trans-
gene proteins are produced predominantly in liver and other
tissues, which are at risk of toxicity due to inadvertent 
transduction. Targeting of either nonviral or viral carriers 
of genetic materials to endothelial determinants, for ex-
ample using monoclonal antibodies to ACE, PECAM-1, or
selectins conjugated to the liposomes or viral particles,
might enhance effectiveness of transfection of endothelial
cells and help to reduce side effects [9, 12]. Coupling of arti-
ficial affinity moieties (antibodies or peptides) to rationally
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selected viral determinants also blocks their function of
receptor-mediated docking to nontarget cells, thus altering
viral tropism (viral retargeting) and permitting partially
reduced side effects [9].

Identification and utilization of promoters for PECAM-1,
Flt-1 (a receptor for vascular endothelial growth factor), and
other endothelium-specific proteins also enhances speci-
ficity of transfection of vascular endothelium [15]. Loading
genetic materials driven by endothelial-specific promoters
into vehicles utilizing affinity carriers directed to endothelial
surface determinants synergistically combines advantages
of transductional and transcriptional targeting [9]. For ex-
ample, successful specific gene expression in the pulmonary
endothelium was achieved using ACE antibody–conjugated
adenoviruses driven by an endothelium-specific Flt-1 pro-
moter (Figure 1).

Viral retargeting can be attained either by chemical con-
jugation of targeting antibodies or peptides to the surface of
viral capsid or by genetic incorporation of these affinity
moieties into the capsid structure. Genetic retargeting
approaches have to a large extent been limited by the struc-
tural constraints of viral capsid proteins: Only a few rela-
tively small ligands have been inserted without disruption of
the viability of the virus. Efforts are currently underway to

incorporate bigger single-chain fragments of antibodies
(scFv) directed against identified vascular targets into viral
capsid and/or to use phage panning in vivo to define unique
vascular addresses for specific vascular beds [6].

Conclusion

Diagnostic and therapeutic cargoes including enzymes
and genetic materials can be delivered to endothelial cells
using diverse vehicles, natural (viruses, blood components)
and synthetic (liposomes, nanoparticles). Affinity carriers
that bind to specific endothelial determinants selectively and
avidly permit targeting of reporter and therapeutic cargoes
to endothelial cells in experimental studies in cell cultures
and laboratory animals. A growing number of surface deter-
minants, expressed predominantly or selectively in diverse
normal and pathological vascular areas and types of vessels,
are being identified. Affinity carriers for endothelial target-
ing include monoclonal antibodies and their fragments, pep-
tides, growth factors, hormones, and nutrients. In addition to
function of targeted delivery, some carriers provide addi-
tional means to control rate of internalization and subcellu-
lar or transcellular traffic, which is especially important in
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Figure 1 Enhancement of specificity and effectiveness of a model transgene expression in pulmonary
endothelium in rats using combined transductional and transcriptional targeting of adenoviral gene delivery.
Rats were injected intravenously with adenoviral vectors carrying the luciferase reporter gene, and 3 days later
organs were harvested and luciferase activity determined. (A) Untargeted vector, AdCMVLuc, showing domi-
nant transgene expression in liver and spleen due to biological tropism of the virus to cells in these organs
expressing receptors for viral capsid proteins. (B) Conjugation of ACE antibody Fab fragments to these virus
surface proteins blocks their binding to hepatic and splenic receptors and endows the virus with affinity to
endothelial cells. This provides targeting to endothelial cells and enhanced pulmonary and reduced hepatic gene
expression (note log scale). (C) AdfltLuc virus, containing an endothelium-specific promoter Flt-1, but lacking
specific affinity to endothelial cells, provides ineffective gene expression in all organs. (D) Conjugation of
AdfltLuc with anti-ACE restores transgene expression levels in lungs, but still further reduces expression in
nontarget liver and spleen, thereby improving selectivity lung/liver ratio net 300,000-fold. RLU, Relative light
units. (Adapted from Ref. [9].) (see color insert)
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case of gene and enzyme replacement therapies. Several
promoters specific for resting or pathologically altered
endothelial cells are being identified; utilization of these
promoters in gene delivery means greatly enhanced effec-
tiveness and specificity of endothelial transfection of
reporter and potentially therapeutic proteins. Ongoing
investigations will characterize the practical feasibility of
translation of these promising concepts to the clinical
domain.

Glossary

Angiotensin-converting enzyme (ACE): A transmembrane endothe-
lial glycoprotein, an ectopeptidase that controls activity of the vasoactive
peptides angiotensin and bradykinin, a determinant for targeting pulmonary
endothelium.

Caveoli: Specialized cholesterol-rich domains in the endothelial
plasma membrane that form characteristic flask-shaped invaginations and
serve as sensing, signaling, and endocytotic compartments. Caveoli repre-
sent a unique target for delivery of drugs and genes into and through
endothelial cells.

Flt-1: Type 1 receptor for vascular endothelial growth factor (VEGFR-
1), an endothelial cell–specific receptor. Flt-1 promoter is useful for driving
endothelium-specific gene transfection.

Intercellular adhesion molecule-1 (ICAM-1): A transmembrane
endothelial glycoprotein that facilitates leukocytes adhesion, a determinant
for targeting pulmonary and systemic endothelium, either resting or patho-
logically altered.

Liposome: An artificial vehicle suitable for drug or gene delivery, a
phospholipid vesicle (100 to 1,000 nm in size) that can be loaded with 
various hydrophilic and hydrophobic drugs into the aqueous interior or
phospholipid membrane of the liposome, respectively.

Luciferase gene: The gene for an enzyme that catalyzes a reaction that
emits light (e.g., as in firefly luciferase) that can be detected in a lumi-
nometer. It is a common, sensitive reporter gene assay used in gene deliv-
ery studies.

Platelet-endothelial adhesion molecule-1 (PECAM-1): A transmem-
brane endothelial glycoprotein that facilitates leukocyte transmigration
from blood to tissues, a determinant for targeting resting endothelium.

Poly(ethylene glycol) (PEG): A linear organic polymer. PEG conjuga-
tion to proteins, liposomes, and cells forms a hydrophilic shell around these
objects that repels opsonins and defense cells. PEG-ylation reduces
immune reactions and elimination of the injected materials (“stealth 
technology”).

Selectins: Selectins P and E, surface adhesion molecules involved in
leukocyte rolling on endothelium, transiently expressed on the surface of
pathologically altered endothelial cells, for example, in inflammation foci;
candidates for selective targeting of pathological vasculature.

Targeting moiety: A molecule (usually, antibody) that specifically
binds to characteristic surface determinants in cells, organs, or areas of
interest. Being attached to a drug molecule or drug vehicle, such a mole-
cule enhances their accumulation in therapeutic targets.

Vascular endothelial growth factor (VEGF): A multifunctional pro-
tein that facilitates vascular permeability and stimulates vascular prolifera-
tion and angiogenesis.

VCAM-1: Vascular cell adhesion molecule-1 is a proinflammatory
adhesion molecule expressed on endothelial and other cells altered by
cytokines, oxidants, and other pathological mediators.

Vector: A vehicle to achieve gene delivery.
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use—for example, into insights into cellular function such
as the characterization of the role of gene products in normal
physiology and pathological disease.

Initially developed through data obtained through the
Human Genome Project, DNA microarrays have emerged as
a key, powerful technology that has related gene sequence
information to functional insights into biological mecha-
nisms. High-density DNA probe arrays are fast transforming
gene-based biomedical research and are becoming routine
tools for the high-throughput analysis of gene expression in
a wide range of biological systems. Although a number of
approaches can be taken when implementing microarray-
based studies, all are capable of providing important insights
into biologic function. Microarrays will continue to have a
significant impact on research, especially in terms of identi-
fying transcripts whose expression is enriched in one cell
type as compared to another, either in the resting state of the
cell, or in the response to external stimuli.

The Gene Chip

A so-called gene chip is actually a silicon or glass slide to
which DNA is bound. The glass slide has an inherent adhe-
siveness for DNA that is enhanced with a coating of polyly-
sine or saline. DNA is “spotted” on the glass under precise
positional control using specialized equipment. Photolitho-
graphic DNA synthesis has enabled the large-scale produc-
tion of GeneChip probe arrays containing hundreds of
thousands of oligonucleotide sequences on a glass “chip”

Introduction

The constellation of mRNAs that are selectively and dif-
ferentially expressed in a cell or tissue is a critical determi-
nant of its specific structure or function. Microarray
technology has transformed the study of biology by permit-
ting the analysis of the global pattern of mRNA expressed 
in cells and tissues of interest. This technology has resulted
in novel insights into cell and tissue function. mRNAs
expressed are reverse transcribed into labeled cDNA probes,
which are then hybridized onto glass slides, more commonly
known as gene chips, and analyzed in chip readers. This
genome-wide transcriptional profiling of individual cell
types allows the identification of genes that are expressed
preferentially in one cell type as compared to another. In
addition, genes that are responsive to external stimuli in a
cell type–specific response can also be identified. This arti-
cle summarizes DNA microarray technology and its appli-
cations and includes a summary of recent uses of DNA
microarray technology to study the microvasculature.

Background

The recent sequencing of the human genome has opened
a new era in biomedical research. However, the creative
energy expended on the completion of this task has now
been necessarily refocused on a central, essential question,
namely how to properly convert the dry, linear sequence
data generated by the Human Genome Project into practical

Copyright © 2006, Elsevier Science (USA).
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about 1.5cm2 in size. Up to 400,000 distinct sequences can
be placed on one slide. The manufacturing process inte-
grates solid-phase photochemical oligonucleotide synthesis
with lithographic techniques similar to those used in the
microelectronics industry. Because of their very high infor-
mation content, GeneChip probe arrays are finding wide-
spread use in the hybridization-based detection and analysis
of mutations and polymorphisms (“genotyping”), and in a
wide range of gene expression studies. Commercial chips
can be purchased; alternatively, with the appropriate equip-
ment, the laboratory can manufacture chips to its own spec-
ifications. Some of the commercial chips contain multiple
copies of the same oligonucleotide, and this arrangement
can enhance the validity of the obtained result.

Detection of Genes on the Chip

To estimate the relative expression levels of each gene
within a particular cell type or tissue, total cellular RNA is
extracted by standard techniques and reverse transcribed
into radiolabeled (for example, with 32P or 33P-UTP) or flu-
orescently labeled (for example, with Cy-3 or Cy-5-UTP)
cDNA probes. These probes are then hybridized to the chips.
Fluorescently labeled probes are more commonly used as
they are convenient and quantitative and can be measured
with more precision using commercially available 
equipment.

After the hybridization of the probes, slides are scanned
by laser. The laser causes the excitation of fluorescently
labeled cDNA probes. Only the spots representing mRNAs
in the sample give emission signals. The emission is meas-
ured using a scanning confocal laser microscope, and the
fluorescence data at each and every spot are analyzed by
appropriate software. The absence of fluorescence in a spe-
cific spot means that complementary mRNA is not present in
the sample. If the fluorescence is present, the intensity of the
signal obtained is a measure of the level of particular mRNA
in the examined cell population.

Usually an investigator wants to compare mRNA abun-
dance between two different samples (or a sample and a con-
trol). In this case, cDNAs from the sample and a control are
labeled with two different fluorescent dyes (e.g., red label
for the cDNAs from the sample and a green label for
the control), and these two cDNA populations are allowed 
to hybridize to the same microarray slide. If a particular
mRNA from the sample is in abundance, the spot with a
complementary probe will be red; if the concentration of the
particular mRNA is higher in the control, the spot will be
green. If both samples contain the same amount of a given
mRNA, the spot will be yellow. Thus one can draw conclu-
sions about the relative expression levels of the genes based
on the colors and fluorescence intensities of the microarray
spots. However, some commercially available systems per-
mit the hybridization of only one sample per chip. In this
case, data from one chip are compared with data from other
different chips using appropriate software. Thus, the relative

expression levels of genes in one cell type and another cell
type can be compared directly.

Data Analysis

Often the amount of data generated by gene chip 
analysis is overwhelming. Conventional genomic analysis
involves the description of the position of genes on chromo-
somes and does not per se lead to functional insights into
cell or tissue function. However, gene arrays allow for the
simultaneous measurement of all transcribed RNA, and
hence of all active genes, in any one state of activity or dif-
ferentiation. This pattern of mRNA expression is termed an
expression profile. The collective constellation of proteins
that are selectively and differentially expressed in a cell or
tissue is a critical determinant of its structure or function.
There are many possible applications for the analysis of this
profile; for example, transcripts that are cell-type specific or
possess a cell type–specific response to a particular stimulus
can be identified.

DNA array analysis permits the organization of
expressed genes into clusters based on their differential
expression patterns. For example, a large number of whole-
genome observations in the yeast cell have been compared
using several different experimental conditions and a tem-
plate in which many thousands of measurements can be con-
veniently displayed. This model takes advantage of the fact
that color-coded probes were hybridized to the array, and
that the intensity of the color is directly correlated with
expression levels of the different transcripts. Based on the
relative intensity of expression of each gene, genes are 
clustered in hierarchies based on their similarities and 
differences in expression across the various experiments, 
for example in relation to cell cycle regulation. Such 
tabulations allow unforeseen correlations to take place.
Grouping genes according to known function may also 
help the functional interpretation of the results, especially
when a gene identified has been little studied, and hence the
total functions of the gene in question may not be fully
appreciated. These analyses may be facilitated by computer
programs and algorithms especially designed for these
applications.

Limitations of the Technology

DNA microarrays are a powerful tool for monitoring
thousands of transcript levels simultaneously. However,
many transcripts important to function have low expression
levels or are expressed in relatively few cells, making them
difficult to detect in the complex background of whole tis-
sue. Thus, more reliable results may be obtained using 
cultured cells than tissue samples. In addition, gene chips
generally only reliably detect medium- to high-abundance
transcripts because detection of low-abundance transcripts,
many of which have great relevance to biological function,
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is inconsistent. Thus, it may still be necessary to identify
low-abundance transcripts important for cell-type or tissue-
type function by alternative methods, such as by subtractive
hybridization or differential display approaches. Finally, it is
essential to confirm experimental conclusions derived from
data generated by array analysis using additional, more sen-
sitive methods, such as real-time polymerase chain reaction
technology.

The Use of Arrays to Study the Vasculature

Microarray technology has been successfully used in
several studies regarding the vasculature, including the
identification of cell-type enriched transcripts, the basis of
pathological disease, and the external response to stimuli in
a cell type–specific fashion.

For example, microarray technology has been success-
fully used to investigate the mechanism of cell-type resist-
ance to apoptotic effects of the fatal disease idiopathic
thrombotic thrombocytopenic purpura (TTP) [1]. TTP is 
a disease characterized by the apoptotic injury of all
microvascular endothelial cells (MVECs) except those of
pulmonary origin. Oligonucleotide gene chip techno-
logy identified genes differentially overexpressed in TTP-
resistant (lung) MVECs relative to TTP-sensitive (skin)
MVECs and hence that may contribute to the resistance of
lung MVECs to be resistant to apoptosis induced by TTP
plasma. This study showed that exposure of cells to 
TTP plasma yielded 157 genes that were overexpressed in
primary human lung MVEC, including specific pro-survival
signals such as the TRAIL antagonist, osteoprotegerin, 
and the vascular endothelial growth factors, VEGF/VPF 
and VEGF-C, and their receptors, VEGFR-2 (KDR) and
VEGFR-3 (Flt4) [1].

Similar studies identified genes overexpressed in angio-
genesis. Angiogenesis is a key process in a variety of human
diseases, including cancer. The ability to target selectively
the tumor vasculature is potentially useful for the diagnosis
and treatment of cancer. Tumor endothelial cells (TECs), in
contrast to normal endothelial cells, are resistant to apopto-
sis, are proadhesive for renal carcinoma cells, and are able
to grow and organize in the absence of serum in persistent
capillary-like structures [2]. cDNA array technology was
recently used to identify markers specific for TECs [2, 3]. In
one study, IGFBP-3 was found to be restricted exclusively
to ECs, indicating that IGFBP-3 is a potential novel marker
of angiogenesis. In another study, expression of angiopoi-
etin-1 and vascular endothelial growth factor (VEGF)-D and
the Akt survival pathway were markedly upregulated in
TECs. These results suggest the possibility of using IGFBP-
3, VEGF-D, or the Akt pathway as therapeutic targets for
antiangiogenic strategies.

DNA array technology has been recently used to estab-
lish a molecular link between hyperhomocystinemia
(HHCy) and atherosclerosis. Microarray analysis showed
that homocysteine (Hcy) was linked to cholesterol dysregu-

lation by showing that Hcy treatment of human umbilical
vein endothelial cells (HUVECs) resulted in the upregula-
tion of 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR), an enzyme involved with cholesterol synthesis
[4]. Further biochemical analysis performed in this study
confirmed that Hcy resulted in an increase in cellular cho-
lesterol levels, suggesting a novel solid explanation for the
observed proatherogenic effect of Hcy.

In addition, gene array systems were used to study the
cellular response of endothelial cells to external stimuli. In
one study, the response of human dermal microvascular
endothelial cell (DMVEC) cultures to infection by Kaposi’s
sarcoma (KS)-associated herpesvirus (KSHV) was ana-
lyzed [5]. Significant dysregulation was shown of several
cytokine-related genes or receptors, as well as endothelial
cell and macrophage markers and other genes associated
with angiogenesis or transformation. Microarrays have also
been used to analyze changes in gene expression following
stimulation of myometrial microvascular endothelial cells
(MMECs) with vascular endothelial growth factor (VEGF).
In this study, a total of 110 genes were identified as upregu-
lated by VEGF, the vast majority of which (81%) were 
not previously reported as upregulated by VEGF or by
angiogenesis [6].

Functionality

Ultimately, of course, it is essential to determine func-
tionality of the overexpressed transcript. These analyses 
can take the form of overexpressing the encoded protein 
of interest, either transiently or stably in cell lines or by the
generation of transgenic mice. The advent of siRNA makes
it substantially more accessible, without necessarily having
to generate knockout mice in which the gene of interest has
been removed, to assess the effect of eliminating the expres-
sion of the transcript in question. Whether overexpression or
knockout technology is used, it is necessary to possess a 
sufficiently robust assay to assess the effect of modifying
expression of the protein of interest. Such assays might
range from a global mRNA expression array analysis of
mutant and wild-type cells to a promoter- or polymerase
chain reaction–based assay to specifically assess the role of
a protein in a specific cellular outcome of interest.

Conclusion

In summary, microarray technology creates an exciting
new challenge in experimental design and control and in
data handling and interpretation. However, the power of this
technology is its ability to assign previously unknown genes
to functions and to discover new functions for known genes
or in clinical medicine to identify targets around which to
develop cell-type specific therapies. The place of microarray
technology in the whole lexicon of molecular and genetic
approaches is not yet fully developed or defined. However,



1068 PART V New Research Modes and Procedures

microarray systems can be expected to invigorate research
into the microvasculature for many years to come.

Glossary

Expression profiling: Using gene microarray or gene chip technology
to assess the overall transcriptional state of a cell or tissue.

Gene chip: A silicon or glass slide upon which cDNA or oligonu-
cleotides have been placed, also known as a microarray.
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second part highlights new biological insights derived from
the application of DNA microarray and SAGE in the 
gene expression profiling of EC. The epilogue contains 
perspectives.

DNA Microarray and SAGE Technologies

A. DNA Microarray Technology

DNA microarray was derived from an initial report in the
mid-1970s (Burgess, 2001) that gene expression could be
monitored by nucleic acid molecules attached to a solid 
support. There are two common types of DNA microar-
rays: oligonucleotide microarrays and cDNA microarray.
Oligonucleotide microarrays [5, 8] use photolithography or
ink-jet technology to synthesize oligonucleotides in situ, 
on silicon wafers. High-density-oligonucleotide micro-
arrays from Affymetrix, http://www.affymetrix.com, are
examples of the use of photolithography technology. 
Similarly, procedures developed by Rosetta Inpharmatics,
http://www.rii.com, and licensed to Agilent Technologies
represents an example of the use of ink-jet technology.
Alternatively, presynthesized oligonucleotides can be
printed onto glass slides. Methods based on synthetic oligo-
nucleotides offer the advantage that sequence information
alone is sufficient to generate the DNA to be arrayed;
cDNAs do not have to be produced. Affymetrix (Santa

Introduction

The endothelium is the largest organ in the body, consist-
ing of endothelial cells (ECs) lining every blood vessel. 
Historically ECs were considered to be merely an inert
structural component of vasculature to form a semiperme-
able barrier between the blood and the interstitium of each
organ. Currently it is widely appreciated that ECs function
in a multitude of physiologic processes, including the con-
trol of cellular trafficking, the regulation of vasomotor tone,
the maintenance of blood fluidity, and the growth of new
blood vessels [1, 2]. Endothelial cell heterogeneity has been
recognized at the level of morphology, function, antigen
composition, and signaling network [3]. Genetic determi-
nants and environmental cues may critically regulate
endothelial cell heterogeneity and contribute to its normal
function and its response to pathophysiological stimuli.
With the full human genome sequence in hand [4] and the
advent of new powerful DNA microarray technology [5, 6]
and serial analysis of gene expression (SAGE [7]), the
research paradigm has been shifted from the traditional
search for a single or a few specific genes to the current
understanding of the biochemical and molecular functioning
of hundreds and thousands of genes and how complicated
networks of interaction determine the normal function of
ECs and lead to the dysfunction of ECs and pathogenesis of
various human diseases. In this chapter, the first part synop-
sizes DNA microarray and SAGE technologies and the 

Copyright © 2006, Elsevier Science (USA).
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Clara, CA, USA) has pioneered the use of this form of array
production with the development of the GeneChip. Their
newest GeneChip, Human Genome U133 Plus 2.0 Array,
contains more than 54,000 probe sets representing approxi-
mately 39,000 well-characterized human genes on a single
microarray. The GeneChip Mouse Genome 430 2.0 Array
covers the mouse genome representing more than 34,000
well-substantiated mouse genes, and Rat Genome 230 
2.0 Array can analyze the expression level of more than
28,000 well-substantiated rat genes. These newly empow-
ered GeneChips will facilitate the gene expression profiling
of human diseases in animal models. A typical oligonu-
cleotide microarray operational schema is illustrated in 
Figure 1A.

The cDNA microarray [6], another type of DNA microar-
ray, is created using a precise xyz robot that is programmed
to spot cDNA samples onto a solid substrate, usually a glass
microscope slide, in a high-density pattern. cDNA arrays are
also produced on nylon membranes but with spots of larger
size in a lower-density pattern. Patrick Brown’s laboratory
at Stanford University created the first xyz arrayer, and
instructions on how to build an arrayer can be found on 
their Web site (http://cmgm.stanford.edu/pbrown/, Table I). 
Many companies now produce cDNA microarrayers com-
mercially. These machines differ primarily in the way the
spot is placed on the substrate. Spotted arrays allow a
greater degree of flexibility in the choice of arrayed ele-
ments, particularly for the preparation of smaller, cus-
tomized samples. Accordingly, cDNA gridded arrays have
been the technique most frequently used. With prices for
oligonucleotide synthesis becoming more reasonable for
large-scale studies, spotted long-oligonucleotide arrays
could be a viable alternative to full-length cDNA array. A
typical cDNA microarray operational schema is illustrated
in Figure 1B.

Data analysis is the most demanding and challenging part
in the use of microarray tools. This stems from at least three

reasons: (1) an unprecedented volume of data; (2) lack of
complete functional annotations of all genes in humans, 
animals, and other organisms; and (3) the fact that no
method, strategy, or software program is universally suited
to reveal the same biologically meaningful knowledge in all
data sets, although increasing number of software tools are
available. Different biological insights may be uncovered by
different approaches to analyze the same data set. Within the
scope of this chapter, we only briefly describe basic steps
and principles in microarray data analysis: data normaliza-
tion, comparison analysis, and clustering analysis. The
reader can refer to several Web sites listed in Table I to
obtain in-depth information on the microarray technology
and data analysis. Data normalization attempts to identify
the biological information by removing the impact of non-
biological influence on the data, and by correcting for sys-
tematic bias in expression data. Systematic bias can be
caused by differences in mRNA amounts and labeling effi-
ciencies, uneven hybridization, scanner malfunction, print-
ing and tip problems, different concentrations of DNA on
the arrays (reporter bias), and other microarray batch bias as
well as experimenter-related issues. There are several tech-
niques that widely used to normalize gene expression data
such as total intensity normalization, linear regression, ratio
statistics, and locally weighted scatter-plot smoothing
(LOWESS) or locally weighted regression (LOESS) correc-
tion [9]. Two common approaches have been used for the
comparison analysis to select the differentially expressed
genes. Earlier studies used arbitrary cutoff values such as
twofold increase or decrease after the data normalization
without the justification of theoretical background. Newer
approaches apply parametric statistical tests such as Stu-
dent’s t-test and ANOVA or nonparametric tests such as the
Mann–Whitney U test or the Kruskal–Wallis test for every
individual gene. One caveat for statistical analysis of
microarray data is that the number of replicates is usually
low because of the costs of microarray experiments, thereby

Table I A Selection of DNA Microarray, SAGE Technology, and Data Information on the Internet.

Web site URL Feature

DNA Microarray
Stanford University cmgm.stanford.edu/pbrown The Brown lab’s complete guide to microarraying for the molecular biologist

TREX pga.tigr.org/software/ Microarray software, freely downloadable

Affymetrix www.affymetrix.com Oligonucleotide microarray technology, product, and data analysis guides

HOPGENE www.hopkins-genomics.org/ Gene expression data on 10 different cardiopulmonary diseases and some software

PGA pga.lbl.gov/resources/PGA/ NHLBI Program for Genomic Applications resources include microarray software and 
data collections

NCBI www.ncbi.nlm.nih.gov/geo/ The Gene Expression Omnibus (GEO) is a public gene expression data repository

EMBI-EBI www.ebi.ac.uk/ArrayExpress Another public gene expression data repository

SAGE
SAGEnet www.sagenet.org SAGE introduction, software, protocols, references, and links to other SAGE resources

SAGEmap www.ncbi.nlm.nih.gov/SAGE Online SAGE data analysis, tag to gene mapping, download CGAP SAGE data, 
submitting SAGE data to GEO

Genzyme Molecular www.genzyme.com/sage/ SAGE technology and oncology applications information for commercial users



Figure 1 Schematics of DNA microarrays and SAGE. (A) Schematic of oligonucleotide microarray. RNA from different tissues or cell populations is
used to generate double-stranded cDNA carrying a transcriptional start site for T7 DNA polymerase. It is followed by in vitro transcription, during which
biotin-labeled nucleotides are incorporated into cRNA molecules. Each target sample is hybridized to a separate probe array, and target binding is detected
by staining with a fluorescent dye coupled to streptavidin. Signal intensities of probe array element sets on different arrays are used to calculate relative
mRNA abundance for the genes represented on the array. (B) Schematic of cDNA microarray. RNA from different tissues or cell populations is used to syn-
thesize single-stranded cDNA in the presence of nucleotides labeled with two different fluorescent dyes (for example, Cy-3 and Cy-5). Both samples are
mixed in a small volume of hybridization buffer and hybridized to the array surface, usually by stationary hybridization under a coverslip, resulting in com-
petitive binding of differentially labeled cDNAs to the corresponding array elements. High-resolution confocal fluorescence scanning of the array with two
different wavelengths corresponding to the dyes used provides relative signal intensities and ratios of mRNA abundance for the genes represented on the
array. (C) Schematic of SAGE. Poly(A)+RNA is isolated by an oligo-dT column and double-stranded cDNA is synthesized. It is followed by an anchoring
enzyme digestion (e.g., NlaIII), ligated to linkers, PCR amplification, concatenation, cloning into a sequencing vector, and DNA sequencing. The sequenc-
ing files are used to extract the numbers of SAGE tags in a digital format, which can reveal the difference in expression copies of interested genes between
the diseased sample and a normal control. A relatively detailed description of the SAGE procedure is provided in the text. (see color insert)
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leading to inaccurate estimate of variance. It is highly rec-
ommended that at minimum triplicate independent biologi-
cal samples be analyzed for each condition. Clustering
analysis [10] can identify the patterns of gene expression
and grouping genes into expression classes, thus providing
much greater insight into their potential biological relevance
than simple lists of up- and downregulated genes. Clustering
approaches can be divided into unsupervised learning and
supervised learning. Unsupervised learning analyzes data
without a priori input on genes or cases. It can be used for
class discovery. The technique includes feature determina-
tion using principal component analysis, cluster determina-
tion using nearest neighbor clustering, self-organizing map,
k-mean clustering, or one- and two-dimensional dendro-
grams, and network determination using Boolean, Bayesian,
or relevance networks. Supervised learning analyzes data
based on existing biological information about specific
genes that are functionally related to “guide” the clustering
algorithm. It can be used for class prediction. The technique
includes single feature determination using nearest-neighbor
or t-test, and multiple feature determination using decision
trees, neural networks, or support vector machines. Cluster-
ing can also be classified into hierarchical clustering and
nonhierarchical clustering. The former is used to visualize a
set of samples or genes by organizing them into a phyloge-
netic tree, often referred as a dendrogram. The latter, such as
k-mean clustering, is used to partition objects into different
clusters without trying to specify the relationship between
individual elements. The computer tools necessary to ana-
lyze the data are rapidly evolving and no clear consensus
exists as to the best method for revealing patterns of gene
expression, so complementary methods may be helpful in
analyzing a single data set. Many studies have demonstrated
that analysis of microarray data holds great promise for
identifying early disease markers, classifying disease
groups, revealing signal transduction pathways, and provid-
ing therapeutic insights. Several examples are provided in a
later section.

SAGE Technology

SAGE was originally developed by Velculescu et al. [7].
Two basic principles underlie the SAGE methodology: (1) a
short sequence tag (10bp) in a defined position in the cDNA
that contains sufficient information to uniquely identify a
transcript; and (2) the concatenation of tags that allows for
efficient sequence-based analysis of transcription. The
schematic of the SAGE procedure is depicted in Figure 1C.
Briefly, poly(A)+ RNA is isolated by oligo-dT column chro-
matography. cDNA is synthesized from poly(A)+ RNA
using a primer of biotin-5¢-T18-3¢. The cDNA is cleaved with
an anchoring enzyme (e.g., NlaIII), and the 3¢-terminal
cDNA fragments are bound to streptavidin-coated beads. An
oligonucleotide linker containing recognition sites for a tag-
ging enzyme (e.g., BsmFI) is linked to the bound cDNA.
The tagging enzyme is a class II restriction endonuclease
that cleaves the DNA at a constant number of bases 3¢ to the
recognition site. This results in the release of a short tag plus

the linker from the beads after digestion with BsmFI. The 3¢-
ends of the released tags plus linkers are then blunted and
ligated to one another to form 102bp linked ditags. After
PCR amplification of the 102-bp ditags, the linkers and tags
are released by digestion with the anchoring enzyme. The
26-28mer tags are then gel purified, concatenated, and
cloned into a sequence vector. Sequencing the concatemers
enables individual tags to be identified and the abundance 
of the transcripts for a given cell line or tissue to be 
determined.

Although SAGE has become an extremely powerful
technique for global analysis of gene expression, its require-
ment for a large amount of input mRNA (2.5 to 5.0 mg,
which is equivalent to 250 to 500 mg total RNA) limits its
utility. Several laboratories have attempted SAGE gene pro-
filing using smaller amounts of RNA, but these attempts
have all involved either PCR amplification of starting cDNA
materials, such as SAGE-Lite and PCR-SAGE, or PCR
reamplification of SAGE ditags generated by a first round 
of PCR amplification such as microSAGE and SAGE 
adaptation for downsized extracts. These additional PCR
amplifications potentially introduce bias and compromise
the quantitative aspects of the SAGE method. A recently
modified method, miniSAGE, was successfully applied to
profile gene expression of human fibroblasts from 1 mg total
RNA without extra PCR amplification [11]. Invitrogen
(www.invitrogen.com) developed a convenient I-SAGE kit,
which packages all necessary quality controlled reagents
together, enough for 5 SAGE library syntheses. These 
modifications have contributed to the broad application of
SAGE. Saha et al. [12] developed a longSAGE method that
generates 21-bp tags, instead of 14-bp, from the 3¢ ends of
transcripts. This method is similar to the original SAGE
approach, but uses a different type IIS restriction endonu-
clease (MmeI) and incorporates other modifications to pro-
duce longer transcript tags. More than 75 percent of 21-bp
tags, but not 14-bp tags, can be uniquely assigned to the
human genome based on actual sequence information from
approximately 16,000 known genes, although 14-bp tags do
allow such assignment to ESTs and previously characterized
mRNAs.

Analyses of SAGE data such as quality control, normal-
ization, and cross-library comparison are relatively easier
than those of DNA microarray data, because the DNA
sequence file is the only common form of SAGE data output
in a digital format. Because of the space limitation, no
detailed description on SAGE data analysis is presented.
Three major Web sites for SAGE technology, software, and
data information are listed in Table I. SAGE 2000 software
(Dr. K. Kinzler, Johns Hopkins University, Baltimore, MD,
http://www.sage.org) can be used to extract SAGE tags, 
tabulate tag counts, and remove duplicate ditags, linker
sequences and 1-bp variation sequences. It is freely avail-
able to academic users. SAGE commercial inquiries should
be directed to Genzyme (Genzyme Corporate, Cambridge,
MA, http://www.genzyme.com/sage/). Several other SAGE
software products are also available, such as the Expression
profile viewer (ExProView, Dr. M. Larsson, Royal Institute
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of Technology, Stockholm, Sweden, http://www.biochem.
kth. se/exproview), eSAGE (Dr. E. H. Margulies, University
of Michigan, Ann Arbor, MI), USAGE (Dr. A. H. van 
Kampen, Academic Medical Center, Amsterdam, The
Netherlands, http://www.cmbi.kun.nl/usage/), POWER_
SAGE (Dr. M. Man, PGRD, Ann Arbor, MI), and SAGE
Genie (Dr. G. J. Riggins, Duke University, Durham, NC).
Similar analysis strategies on gene expression patterns to
pathways and networks of microarray data have been also
applied to the analysis of SAGE data. The latest example
illustrated the power of high-throughput gene expression
profiling SAGE data. Buckhaults et al. [13] combined super-
vised and unsupervised clustering methods to generate a
gene expression-based classification map of five genes iden-
tified from the training set of 21,321 unique SAGE tran-
script tags derived from 11 libraries. This map correctly
categorized adenocarcinoma of the ovary, breast, colon, and
pancreas. It may provide a practical approach to determine
tumor type in cases of metastatic carcinoma of clinically
unknown origin.

Comparison between DNA Microarray and 
SAGE Technologies

DNA microarray and SAGE are the two most popular
platforms for the gene expression profiling; however, each
technology has its pros and cons. Table II lists several major
differences between microarray and SAGE technology.
Because the preparation of microarrays requires prior
knowledge of the sequence of the gene transcripts to be ana-
lyzed, an advantage of SAGE is that it can identify novel
genes and can be used to analyze gene expression in organ-
isms whose genomes are largely uncharacterized. This is a
serious limitation for microarrays, even for organisms with
completely sequenced genomes such as humans, because
genome annotation and gene prediction remains technically
challenging. There are additional advantages to SAGE.
SAGE provides data in the digital format, whereas 
microarray data are analog. Although SAGE data are
directly comparable, the differences in microarray formats
and normalization methodologies make direct comparison
of data sets between microarray platforms somewhat diffi-
cult. SAGE not only can accurately determine the absolute
abundance of mRNAs but also can detect even slight differ-

ences in expression levels between samples. Microarray is
only reliable in detecting genes whose expression differ-
ences are relatively large. Setup cost for SAGE is low. It
does not require expensive instruments other than a DNA
sequencer, which is available at most institutions. Microar-
rays need expensive robotic arrayers and scanners, presently
available only in core facilities of major institutions.
Microarrays, on the other hand, are relatively easy to use
and more suitable for high-throughput applications. Also,
SAGE requires several enzymatic manipulation steps,
which are relatively taxing, especially for the novice—
although Invitrogen has recently marketed a kit, the I-SAGE
kit, which helps the new SAGE users. Finally, although the
cost of DNA sequencing keeps falling, the relative high cost
for sequencing a SAGE library is still a concern for poten-
tial SAGE users. Despite the great power of SAGE using
10-bp tags as a transcript identifier, a small percentage of
tags are ambiguous. A single tag may identify multiple
genes, or multiple tags may identify a single gene. This
remains a challenge for identifying genes. A technique
involving generation of longer cDNA fragments from
SAGE tags for gene identification (GLGI), developed by Dr.
S. M. Wang at the University of Chicago, has alleviated this
problem by the simultaneous conversion of a large number
of SAGE tags into corresponding 3¢ cDNAs and the efficient
identification of the correct genes for SAGE tags with mul-
tiple matches. Since microarrays use well-characterized
immobilized sequences (cDNAs or oligonucleotides), iden-
tification of expressed genes is much easier.

The choice of gene expression technique is determined
by the question being asked. Expression profiling of hun-
dreds of disease samples is certainly more efficient using
microarrays. SAGE, however, seems to be a better choice
for the identification of new genes, especially in the analysis
of previously uncharacterized organisms. SAGE also pro-
vides for more sensitive quantification of gene expression.
Regular 14-bp tag SAGE is still useful for the quantification
of mRNA level, whereas 21-bp tag SAGE (LongSAGE) is
more suitable for the identification of new genes.

Application of DNA Microarray and SAGE to the
Gene Expression Profiling of Endothelial Cells

DNA microarray and SAGE have been employed to pro-
file gene expression patterns in endothelial cells of different
types with or without a perturbation. Selected publications
on these applications are listed in Table III. Here we do not
intend to review the subject in a comprehensive and exhaus-
tive way; rather we highlight some successful examples that
have emerged from their application into the gene expres-
sion profiling of endothelial cells.

Identifying Endothelial Cell–Specific Genes and EC
Phenotypically Specific Genes

The endothelium plays a pivotal role in many phy-
siological and pathological processes and is known to be an

Table II Differences between SAGE and
Microarray Technology.

Parameters SAGE Microarray

New gene identification Yes No

Data format Digital Analog

Sensitivity Higher Lower

Setup cost Low High

Operation procedure Relatively cumbersome Simpler

Application to multiple Higher sequencing cost Economical
samples involved



1074 PART V New Research Modes and Procedures

exceptionally active transcriptional site. Databases with the
depository of gene expression data such as Gene Expression
Omnibus (GEO, NCBI), SAGEmap (NCBI), and ArrayEx-
press (EMBI-EBI) have made possible the in silico cloning
of novel endothelium-specific genes. Huminiecki and 
Bicknell [39] combined SAGE library subtraction with the
UniGene/EST approach and reverse transcription poly-
merase chain reaction to examine endothelial cell–specific
genes. Four novel genes were identified and labeled:
endothelial cell–specific molecules (ECSM) 1 to 3 and
magic roundabout (similar to the axon guidance protein
roundabout). Magic roundabout is a new member of the
roundabout receptor family that is endothelial specific and
expressed at sites of active angiogenesis. A novel endothe-
lial protein disulfide isomerase (EndoPDI) is highly
expressed in ECs, and it has a protective effect only in
endothelial cells exposed to hypoxia. The loss of EndoPDI
expression under hypoxia caused a significant decrease in
the secretion of adrenomedullin, endothelin-1, and CD105,

molecules that protect endothelial cells from hypoxia-
initiated apoptosis. The identification of an endothelial PDI
further extends this increasing multigene family, and
EndoPDI, unlike archetypal PDI, may be a molecule with
which to target tumor endothelium. Ho et al. [40] also iden-
tified 64 pan-endothelial markers by combined database
mining and microarray analysis. Similarly, St. Croix et al.
[38] identified 93 panendothelial markers (PEMs) that were
expressed at levels at least twentyfold higher in ECs in vivo
compared with nonendothelial cells in culture by filtering
approximately 1.8 million SAGE tags from a variety of cell
lines. Identification of PEMs by this database search and
analysis paved the way for their subsequent identification of
tumor endothelial markers (see later section). Identification
of endothelial cell–specific genes will contribute to advance
our understanding of EC biology and to elucidate potential
pharmaceutical targets.

There is an increasing appreciation that endothelial cells
in different vascular beds differ from one another in struc-

Table III Publications on Human EC Using DNA Microarray (a) and SAGE Technologies (b).

Cell Source Model Major Findings Ref.

a. Using Microarray Technology
HAEC + Laminar shear stress for 24 hours Genes for inflammation and proliferationØ [14]

Tie2 and Flk-1, MMP-1

HCAEC + Cigarette smoke condensate Matrix degradation enzyme≠ [15]
Proinflammatory cytokines≠

+ Nicotine Expression of PIP kinase, DG kinase NF-kB- and cAMP- [16]
responsive genes changed

+ IL-1b 209 genes’ expression changed [17]
+ TNF-a

HMVEC + Hypoxia Adenosine RA2B≠ [18]

HUVEC + LPS Pro- and anti-inflammatory genes≠ [19]
+ IL-1b 33 genes changed [20]
+ TNF-a 58 genes changed
+ TNF-a ICAM-1, TRAF1≠ [21]
+ Demethoxycurcumin MMP-9Ø [22]
+ VEGF Many genes regulated [23]
+ Laminar shear stress or turbulent SS Distinctive gene expression patterns associated with phenotypes [24]
+ Shear stress KFL2≠ [25]
+ Shear stress CytoP450 1A1 &1B1≠ [26]

Endothelin-1, MCP-1Ø
+ Homocysteine HMG-COA reductase≠ [27]
+ E coli Braun Lipoprotein Gene expression pattern like that induced by LPS [28]
+ LPS MCP-1, IL-8≠ [29]
+ TF Ets-1 Neurophilin-1≠ [30]

HEC + Native HDL3 Oxidized HDL3 MMP1, MMP14 ≠ PAI-1 and MMP-1≠ [31]

EPC + Atorvastatin Cyclin≠, p27Kip1Ø [32]

Lymphatic EC Compared to MVEC-S Identification of lymphatic EC specific genes [33]

Myometrial MVEC + VEGF BDGF, oxytocin R, estrogen sulfotransferase≠ [34]

b. Using SAGE Technologies
HUVEC + Transfected c-MYC 216 tags up, 260 tags down [35]

HUVEC + Oxidized LDL 56 genes up or down ≥ 5-fold [36]

HMVEC + VEGF 52,579 tags (-VEGF), 58,004 tags (+VEGF) SAGEmap, NCBI

Brain AEC Aneurysm Expression of many genes changes [37]

EC from colorectum Tumor 46 genes up, 39 genes down in tumor [38]
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ture and function. To examine whether differential gene
expression may underlie the phenotypic heterogeneity
among different vascular beds will provide a powerful foun-
dation for designing vascular bed-specific therapies. Tran-
scriptional profiling studies by Hirakawa et al. [41] revealed
increased expression of several extracellular matrix and
adhesion molecules including versican, collagens, laminin,
and N-cadherin, and of the growth factor receptors endoglin
and vascular endothelial growth factor receptor-1/Flt-1 in
blood vascular ECs but not in lymphatic ECs, whereas 
cultured lymphatic ECs but not blood vascular ECs
expressed the lymphatic markers Prox1 and LYVE-1 and
formed LYVE-1-positive vascular tubes after implantation
in vivo. These results demonstrate that some lineage-
specific genes are only expressed during distinct develop-
mental stages. This study identified new molecular markers
for blood vascular and lymphatic endothelium with impor-
tant implications for future studies of vascular development
and function. In humans, endothelial barrier properties 
are not uniform throughout the pulmonary vasculature, 
with greater macromolecule diffusion in postcapillary
venules compared to pulmonary arterioles in whole-lung
models, whereas cultured microvascular endothelial cell
exhibit tenfold higher barrier properties than macrovascular
ECs measured by electrical resistance across monolayers.
Other differences between them also exist. Gene expression
profiling of ECs from 28 large vessels and 25 microvascular
ECs by Chi et al. [42] found that pervasive differences in
gene expression patterns distinguish the ECs of large vessels
from microvascular ECs. The distinct gene expression pat-
terns are likely to be related to the characteristic differences
in physiological functions of these vascular channels. Large-
vessel ECs differentially express several genes involved
in the biosynthesis and remodeling of ECM, such as
fibronectin, collagen 5a1, collagen 5a2, and osteonectin.
These genes of high-level expression may be responsible 
for the relatively thick vascular wall of the large vessels.
Microvascular ECs express higher levels of basement mem-
brane protein genes, such as laminin, collagen 4a1, collagen
4a2, and collagen 4a-binding protein and ECM-interacting
proteins, such as CD36, a1 integrin, a4 integrin, a9 inte-
grin, and b4 integrin, perhaps related to the intimate associ-
ation of microvascular ECs with the basement membrane
and ECM. These may account for the higher barrier proper-
ties of the microvasculature. Chi et al. [42] also reported 
that ECs from different blood vessels and microvascular
ECs from different tissues have distinct and characteristic
gene expression profiles. Hey2, the human homolog of the
zebrafish gene gridlock, was selectively expressed in arterial
ECs, whereas several genes critical in the establishment of
left/right asymmetry were expressed preferentially in
venous ECs, suggesting coordination between vascular dif-
ferentiation and body plan development. Tissue-specific
expression patterns in different tissue microvascular ECs
suggest they are distinct differentiated cell types that play
roles in the local physiology of their respective organs and
tissues.

Deciphering New Molecular Mechanisms from the
“Signature” Gene Expression Profile

DNA microarray and SAGE have been employed in ECs
to reveal previously unrecognized molecular mechanisms 
of pharmaceutical actions, disease risk factors, and biome-
chanical stimuli with physiological and pathophysiological
relevance. Joyce et al. [43] defined new mechanisms of
human protein C in modulating inflammation and apoptosis
in HUVECs treated with the recombinant activated protein
C based on the gene expression pattern using Hu6800
oligonucleotide arrays of the Affymetrix (Santa Clara, CA).
Human protein C is a natural anticoagulant factor, and the
recombinant activated form of the molecule, recombinant
human activated protein C (rhAPC, Xigris), was approved
by FDA for treatment of severe sepsis. Because of the 
pathophysiologic role of endothelial dysfunction in severe
inflammatory disease and sepsis, the authors explored the
possibility that rhAPC might directly modulate endothelial
function, independent of its anticoagulant activity. Using
broad transcriptional profiling, they demonstrated that
rhAPC directly modulates patterns of endothelial cell gene
expression clustering into anti-inflammatory and cell sur-
vival pathways. rhAPC directly suppressed expression of
p50 and p52 NF-kB subunits, resulting in a functional
decrease in NF-kB binding at target sites. Further, rhAPC
blocked expression of downstream NF-kB regulated genes
following tumor necrosis factor-a (TNF-a) induction,
including dose-dependent suppression of cell adhesion
expression and functional binding of intracellular adhesion
molecule-1, vascular cell adhesion molecule-1, and E-
selectin. Further, rhAPC modulated several genes in the
endothelial apoptosis pathway, including the Bcl-2 homolog
protein and inhibitor of apoptosis protein. These pathway
changes resulted in the ability of rhAPC to inhibit the induc-
tion of apoptosis by the potent inducer staurosporine. This
new mechanistic understanding of endothelial regulation
and the modulation of TNF-a induced endothelial dysfunc-
tion creates a novel link between coagulation, inflammation,
and cell death and provides insight into the molecular basis
for the efficacy of APC in systemic inflammation and sepsis.
This may also shed some light on the ever-growing list 
of APC’s pleiotropic pharmacological effects and broader
clinical applications.

A second example is the discovery of a new atherog-
enic mechanism of homocysteine by Li et al. [27]. Using a
cDNA microarray, they uncovered an unexpected link
between homocysteine and cholesterol dysregulation based
on the finding of increased mRNA abundance of HMGCoA
reductase and other genes involved in cholesterol synthesis
such as caveolin-1 in HUVECs and renal microvascular
endothelial cells treated with homocysteine. This effect was
confirmed using quantitative reverse transcriptase–poly-
merase chain reaction. Actinomycin D studies revealed that
homocysteine stabilized HMGCoA reductase. Expression of
immunodetectable HMGCoA reductase and caveolin-1 in
both HUVECs and renal microvascular endothelial cells was
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increased in homocysteine-treated cells. Additional bio-
chemical analysis also confirmed the increased amount of
total cellular cholesterol by homocysteine. It has been estab-
lished that hyperhomocyst(e)inemia is an independent and
graded risk factor for atherosclerosis, but the molecular 
link to the atherosclerotic process remains obscure. The 
new observation in this study by Li et al. [27] using cDNA
microarray may provide a solid explanation for the observed
proatherogenic effect of homocysteine.

The third example was to discover the distinctive gene
expression pattern underlying the EC phenotypic plasticity
in response to the different type of biomechanical stimuli.
One of the striking features of vascular endothelium is its
phenotypic plasticity in response to biomechanical stimuli.
To explore the functional implications of this biomechanical
paradigm of EC activation, Garcia-Cardena et al. [24] per-
formed a high-throughput gene expression analysis of cul-
tured human endothelial cells exposed to two well-defined
biomechanical stimuli—a steady laminar shear stress (LSS)
and a turbulent shear stress (TSS) of equivalent spatial and
temporal average intensity. Comparison of the transcrip-
tional activity of 11,397 unique genes revealed distinctive
patterns of up- and downregulation associated with each
type of stimulus. Cluster analyses of transcriptional profil-
ing data were coupled with other molecular and cell-
biological techniques to examine whether these global 
patterns of biomechanical activation are translated into 
distinct functional phenotypes. Confocal immunofluores-
cence microscopy of structural and contractile proteins 
confirmed and revealed the formation of a complex apical
cytoskeleton in response to LSS but not TSS. Cell cycle
analysis documented and related the different effects of lam-
inar and turbulent shear stresses on cell proliferation to their
differential regulation on some genes such as cyclin D1,
cyclin B1, cullin 3, and retinoblastoma binding protein-2.
The demonstration that different gene expression patterns or
different molecular mechanisms are responsive to different
hemodynamic stimuli has important implications for our
understanding of the mechanisms of vascular homeostasis
and pathogenesis. In our lab, we demonstrated that exces-
sive cyclic stretch (CS, 18% elongation relevant levels of
strain) applied to human pulmonary artery endothelial cells
(HPAECs) directly causes vascular barrier disruption or
enhances endothelial cell sensitivity to edemagenic agents
compared to physiologically (5% elongation CS) relevant
levels of strain [45]. We compared the gene expression pro-
filing between 18 percent CS treated HPAECs and 5 percent
CS treated HPAECs and found that a number of genes
including a TGF-b superfamily, ras related rho, proteinase-
activated receptor-2 with the graded expressions are com-
patible with the magnitude-dependent regulation of
pulmonary endothelial cell barrier function by cyclic
stretch. Comprehensive comparative analysis of these gene
expression profiling data (Ye et al., manuscript in prepara-
tion) may reveal the distinct gene expression patterns, and
thus the distinct molecular mechanisms, which may explain
the magnitude-dependent regulation of pulmonary endothe-

lial cell barrier function by cyclic stretch and contribute the
mechanistic insight into ventilator-induced lung injury, an
important clinical condition.

Discovery of Candidate Disease Markers

One of the goals of a large scale of gene expression pro-
filing by DNA microarray and SAGE has been to identify
disease markers. St. Croix et al. [38] reported in Science that
they had obtained the most detailed sketch yet of how can-
cerous tumors secure the blood supplies that nourish their
growth by comparing gene expression patterns of endothe-
lial cells derived from blood vessels of normal and malig-
nant colorectal tissues using SAGE. Of more than 170
transcripts predominantly expressed in the endothelium, 49
transcripts were expressed at substantially higher levels
(more than tenfold) in tumor endothelium than in normal
endothelium, and 33 transcripts were expressed at substan-
tially lower levels in tumor than in normal endothelium.
Among the top 25 transcripts with the highest expression in
tumor, only seven genes (MMP-2, collagen type I a1, colla-
gen type I a2 A, collagen type I a2 B, collagen type VI a3,
nidogen, and Thy-1 cell surface antigen) were previously
shown to be upregulated in angiogenic vessels, and the other
18 genes have not been previously characterized. These
genes are characteristically expressed in tumors derived
from several different tissue types including lung, brain, and
metastatic liver cancers, demonstrating that tumor endothe-
lium, in general, is different from the endothelium in sur-
rounding normal tissue. Although most of the genes
expressed differentially in tumor endothelium are also
expressed during angiogenesis of corpus luteum formation
and wound healing, suggesting that tumors may recruit vas-
culature by means of the same signals elaborated during
other physiological or pathological processes, the fact that
the expression of a tumor endothelial marker 8 was not
detectable in developing corpus luteum suggests that there
may be discrete differences between tumor angiogenesis and
normal angiogenesis. Thus, these differentially expressed
genes may represent potential tumor endothelial markers.
Researchers had previously identified a few “markers” that
differ between normal blood vessels and the presumably
newly formed vessels of tumors, but nothing on the scale
revealed by this Hopkins group using SAGE, one of the
powerful and efficient genomics techniques. Even though
researchers have a great deal of work to do to find out
whether all the differentially expressed genes identified by
St. Croix et al. [38] turn out to be true tumor endothelial
markers and whether any of them will be suitable targets for
drug therapy, this landmark discovery has already set off a
flurry of work by other investigators with the eventual goal
of identifying the tumor-specific markers and therapeutic
targets.

Another example was to identify the candidate markers
for intracranial aneurysm using SAGE. Approximately 6
percent of human beings harbor an unruptured intracranial
aneurysm. Each year in the United States, more than 30,000
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people suffer a ruptured intracranial aneurysm, resulting 
in subarachnoid hemorrhage. Despite the high incidence 
and catastrophic consequences of a ruptured intracranial
aneurysm and the fact that there is considerable evidence
that predisposition to intracranial aneurysm has a strong
genetic component, very little is known with regard to the
pathology and pathogenesis of this disease. To begin char-
acterizing the molecular pathology of intracranial aneurysm,
Peters et al. [37] used a global gene expression analysis
approach (SAGE-Lite) in combination with a novel data-
mining approach to perform a high-resolution transcript
analysis of a single intracranial aneurysm, obtained from a
3-year-old girl. SAGE-Lite provided a detailed molecular
snapshot of a single intracranial aneurysm. The study indi-
cated that the aneurysmal dilation resulted in a highly
dynamic cellular environment in which extensive wound
healing and tissue/extracellular matrix remodeling were 
taking place. Specifically, the authors observed significant
overexpression of genes encoding extracellular matrix com-
ponents (e.g., collagen type III a1, collagen type I a1, col-
lagen type I a2, collagen type VI a1, collagen type VI a2,
elastin) and genes involved in extracellular matrix turn-
over (TIMP-3, OSF-2), cell adhesion and antiadhesion
(SPARC, hevin), cytokinesis (PNUTL2), and cell migration
(tetraspanin-5). Interestingly, the investigators did the gene
expression profiling from the whole lump of the aneurysmal
tissue, but the list of most upregulated genes including col-
lagen type III a1, collagen type I a1, collagen type I a2,
SPARC, and hevin jibed well with that of the report by St
Croix et al. [38] that they were predominantly expressed in
endothelial cells and upregulated in tumor endothelium.
Although this study represents analysis of only one individ-
ual, it did present a unique first insight into the molecular
basis of aneurysmal disease and defined numerous candidate
markers for future biochemical, physiological, and genetic
studies of intracranial aneurysm.

Future Perspectives

Recent advances in genomic technology such as DNA
microarray and SAGE and their applications into endothe-
lial cells have begun to unravel some new mechanisms that
underpin the endothelial basic biology and clinical pheno-
type. When considering the central role of endothelial cells
in control of normal vascular function and in progression of
vasculopathic disease states, endothelial cell researchers
still face daunting challenges to leverage the complete
knowledge of the normal development program, vascular
bed–specific heterogeneity, and genetic and environmental
cues in physiology and pathophysiology of endothelial cells.
Although the focus of high-throughput discovery has pro-
gressed through the genome and the transcriptome and is
now moving toward assessing the proteome, glycome, and
metabolome, the last are more difficult problems and they
are at a much earlier stage of development. Practically,
DNA microarray or SAGE are the real high-throughput

functional genomic technology available at the moment,
which can be extensively used to examine vascular bed–
specific transcriptomes of endothelial cells in normal and
disease states to gain global perspective. The combination of
gene profiling by DNA microarray or SAGE with genetic
strategies will facilitate the intelligent and productive use of
gene expression data in a genetic context. It may be possible
to extract more information than that gained from conven-
tional studies of a more descriptive or correlational nature. It
is hoped that the combination of genome-wide expression
profiling and genetic strategies will allow the eventual
molecular delineation of site-specific anatomy of endothe-
lial cells, leading to the site- and organ-specific delivery of
therapeutics to endothelial cells.

Glossary

Bioinformatics: The merger of biotechnology and information tech-
nology with the goal of revealing new insights and principles in biology.

cDNA microarray: Probe cDNA (500 to 5,000 bases long) is immo-
bilized to a solid surface such as glass using robot spotting and exposed to
a set of targets either separately or in a mixture to allow massively parallel
gene expression and gene discovery studies.

Gene expression: The process by which a gene’s coded information is
converted into the structures present and operating in the cell. Expressed
genes include those that are transcribed into mRNA and then translated into
protein and those that are transcribed into RNA but not translated into pro-
tein (e.g., transfer and ribosomal RNAs).

Genome: All the genetic material in the chromosomes of a particular
organism; its size is generally given as its total number of base pairs.

Genomics: The study of genes and their function.
Oligonucleotide microarray: An array of oligonucleotide (20- to 80-

mer oligos) or peptide nucleic acid (PNA) probes is synthesized either in
situ (on-chip) or by conventional synthesis followed by on-chip immobi-
lization. The array is exposed to labeled probe, hybridized, and scanned to
allow the identity/abundance of thousands of gene sequences to be simul-
taneously determined.

Polymerase chain reaction (PCR): A method for amplifying a DNA
base sequence using a heat-stable polymerase and two 20-base primers, one
complementary to the (+) strand at one end of the sequence to be amplified
and one complementary to the (-) strand at the other end. Because the
newly synthesized DNA strands can subsequently serve as additional tem-
plates for the same primer sequences, successive rounds of primer anneal-
ing, strand elongation, and dissociation produce rapid and highly specific
amplification of the desired sequence. PCR also can be used to detect the
existence of the defined sequence in a DNA sample.

Probe: The known nucleic acid sequence tethered on a solid surface.
SAGE: Serial Analysis of Gene Expression. It is a powerful tool that

allows the analysis of overall gene expression patterns with digital analy-
sis. Because SAGE does not require a preexisting clone, it can be used to
identify and quantitate new genes as well as known genes.

Target: The free nucleic acid sample whose identity/abundance is
being detected.

Transcriptome: The full complement of activated genes, mRNAs, or
transcripts in a particular tissue at a particular time.
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tissues. A variety of approaches are presently being 
evaluated in order to solve the problem of how to furnish an
optimal vascular system to biosynthetic tissues and organs.
The continued development of techniques to create func-
tional small-diameter blood vessels within tissue-engineered
organs is a formidable problem that requires further integra-
tion of the fields of biomaterial development and design,
molecular and cellular physiology of the microvasculature,
and clinical procedure.

Bioengineered Tissue

Patients with severe burns face life-threatening compli-
cations such as bodily fluid loss and infection, resulting in
shock or sepsis. Treatment consists of removing burned skin
and replacing it with temporary grafts consisting of natural
or synthetic polymers, or skin grafts from cadavers (allo-
grafts). As the immune system of the patient frequently
rejects these grafts, normally they are subsequently replaced
with permanent autograft or split-thickness (containing the
epidermis and a fraction of the dermal layer) skin autograft.
Full-thickness autografts tend to give better results with less
scarring and wound contractures than split-thickness, but
can have a higher engraftment rejection rate. Nascent grafts
are not initially vascularized and are therefore dependent
upon diffusion for nutrients. Increasing the thickness of the
graft increases the distance of the outermost cell layer from
the remaining vasculature at the burn site, making it more
prone to rejection.

If the patient does not have sufficient undamaged skin to
serve as donor, autologously derived composite cultured
skin substitute (CSS) is often the next best option. Current
bioengineered skin substitutes are also not vascularized at
the time of engraftment and so present difficulties similar to
those with full- and split-thickness skin grafts. Small biop-
sies taken from the patient provide an autologous source of

Tissue engineering is a multidisciplinary field that 
utilizes principles of engineering and biological sciences 
for the development of biomedical structures that restore or
augment tissue function. Tissue and organ transplantation is
the current therapy for the end-stage failure or loss of many
types of organs and tissues. Significant improvements in
recent years in patient selection, surgical technique, histo-
compatibility typing, and immunological suppression have
combined to greatly improve both patient and graft survival.
However, a severe shortage of available organs limits the
number of transplants performed, resulting in a patient 
waiting list that continues to grow. Scientists are striving to
fabricate biosynthetic devices for transplant that are not
dependent upon organ donation. A very significant aspect of
this endeavor is to provide an adequate vascular system to
provide nourishment and oxygen for these tissues.

Introduction

The major approach to tissue engineering utilizes cells,
either from the patient or a donor, and combines and organ-
izes them with a three-dimensional synthesized matrix or
support composed of biodegradable polymers. The entire
structure is implanted in the recipient, where the cells con-
tinue to proliferate and remodel to form new tissue. Simul-
taneously, the artificial structural components are gradually
broken down, leaving a natural, functional organ.

A significant challenge in the biosynthesis of tissues 
and organs is the difficulty in supplying a vascular network
to provide oxygen and nutrients, and remove metabolic by-
products. Survival of tissue engineered constructs generally
rely upon diffusion from the media while growing in vitro,
and the ingrowth of microvessels from the host after graft-
ing. As it can take several days to weeks after implantation
for neovascularization to occur by the host, detrimental
necrosis often results in all but the smallest of engineered

Copyright © 2006, Elsevier Science (USA).
1083 All rights reserved.
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fibroblasts and keratinocytes that are readily expanded in
vitro to large quantities. When seeded on biopolymer scaf-
folds, the cells provide permanent replacement of both der-
mal and epidermal layers of the skin. The two cell types 
can provide connective tissue and a barrier function; how-
ever, the absence of a vascular plexus leads to even further
delayed vascularization relative to natural skin autograft. A
major complication is that the cells frequently do not sur-
vive long enough for neovascularization of the dermis to
occur, resulting in loss of the epidermal CSS graft (which is
dependent upon nutrient diffusion from dermal capillaries)
and increased clinical morbidity and mortality.

Significant improvements in care are resulting in pati-
ents with far more extensive burns surviving and requiring
grafts. As the burned surface area of a patient increases, the
available skin available for harvesting and grafting
decreases. As a result, CSS has been playing an increasingly
greater role in burn treatment. Several courses of investiga-
tion are presently being vigorously pursued for the further
enhancement of CSS graft vascularization.

• Reduction or delayed onset of apoptosis. Much of the loss
of grafted tissue has been attributed to programmed cell
death induced by nutritional deprivation and ischemic
stress. The forced expression of antiapoptotic factors such
as Bcl2 in keratinocytes of CSS significantly increases
successful engraftment rates in experimental systems.
Temporarily blocking apoptosis for a few days is often
sufficient to allow the neovasculature to form and begin
supplying the graft.

• Expression of proangiogenic factors. Genetically modi-
fied keratinocytes engineered to express angiogenic
cytokines such as vascular endothelial growth factor
(VEGF) or basic fibroblast growth factor (bFGF) incorpo-
rated into CSS demonstrate enhanced vascularization in
animal models. Overexpression of VEGF appears to
accelerate early graft vascularization, enhancing engraft-
ment and tissue development. Long-term grafts displayed
similar densities of microcapillaries for both VEGF-
expressing and control tissues.

• In vitro construction of a capillary-like network. Success-
ful inosculation of the capillary plexus already present
within allo- and autografts with the remaining underlying
microvascular network of a burn patient’s wound can
appreciably decrease the time required for the dermis to
acquire functional circulation. CSS contains no microvas-
culature, necessitating a more prolonged period for capil-
lary formation in the dermal component. Present efforts of
several laboratories are focused upon directing the in vitro
formation of a capillary-like network within the CSS that
can anastomose with existing subdermal vasculature after
engraftment.

Seminal work by Black et al. showed that the inclusion of
specific components of the extracellular matrix (ECM, com-
posed of chondroitin sulfates, chitosan, and collagen
biopolymers) instructed introduced human endothelial cells
to form capillary-like structures [1]. When the ECM was

introduced with human umbilical vein endothelial cells to
the fibroblasts and keratinocytes normally used for the in
vitro phase of CSS formation, a morphologically complex
network of tubular endothelial cells containing basement
membrane and intercellular junction formation was
observed. Others have subsequently shown in animal mod-
els that these structures can differentiate into functional
microvasculature within several days of transplantation.

The difficulties encountered in creating vascularized 
tissue-engineered skin are greatly magnified when dealing
with thicker, more complex tissues and organs. As a result,
progress in bioengineering organs such as liver, kidney, and
even glands is more preliminary. Neovascularization arising
from the host is protracted for such tissues and so is unlikely
to be able to serve the immediate needs of a new graft. 
One promising method developed by Nor et al. [2] seeks 
to initially provide a vascular network within a highly
porous matrix, and then allow infiltration of parenchymal
cells. When human endothelial cells seeded onto a three-
dimensional biopolymer scaffolding were implanted subcu-
taneously in an immunodeficient mouse, they spontaneously
self-organized into tubular structures. Although initially the
structures were nonfunctional, within a week they began to
anastomose with host vessels and transport murine blood
cells. Within the areas of anastomosis, chimeric blood ves-
sels were discernible, composed of both human and murine
cells. Initial invasion of host smooth muscle cells became
apparent within 2 weeks of implantation, leading to rapid
formation of a perivascular layer. This model system is
likely to prove valuable in evaluating potential strategies for
enhancement of anastomosis between engineered tissues
and host.

Delivery of Angiogenic Factors

Many investigators are developing methods to induce
neovascularization of tissue-engineered structures with
growth factors. Bolus injection of angiogenesis regulatory
proteins is not practical in clinical applications as they can
have deleterious systemic effects, and dosage is difficult to
control. Furthermore, the proteins have short half-lives in
vivo, often on the order of minutes. Instead, a variety of
mechanisms are being developed to allow targeted sustained
release of angiogenic factors.

A variety of matrices and polymers have been used to
encapsulate synthetic or recombinant-produced polypep-
tides. Inert materials such as expanded polytetrafluoroethyl-
ene (ePTFE, Gore-Tex) were originally used as implants to
provide growth factors in vivo, although efficacy was low
because of the short period of time that the protein could 
be delivered. Inclusion of the proteins within a relatively
long-lasting biodegradable matrix was found to protect the
growth factor from proteases and binding proteins, allowing
it to leach out more gradually over a period spanning days
or weeks. A derivative of chitin (hydroxypropylchitosan
acetate), an oligosaccharide derived from the exoskeletons
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of marine crustaceans, can be incorporated into Gore-Tex
disks as a delivery vehicle of growth factors such as bFGF.
The negatively charged sulfate groups of hydroxypropylchi-
tosan acetate bind to the basic region of growth factors and
serves as a biodegradable scaffolding to provide more pro-
longed sustained release of proteins relative to the original
Gore-Tex implants. Other alternatives that are completely
resorbable have been developed as well. For example, beads
of heparin-Sepharose have been used for well over a decade
to control release of bFGF to support angiogenesis. Another
biodegradable material, poly(lactide-co-glycolide) acid
(PLGA), has also been used to synthesize microspheres to
control release of angiogenic factors. More recently, PLGA
has begun to be used as part of a porous scaffold in engi-
neered tissue to circumvent point-source administration of
growth factors provided by disks and beads. Pharmacologi-
cal levels can be maintained by this method for more than 2
weeks by incorporation of VEGF in a porous biodegradable
scaffold of PLGA. Synergism between multiple growth 
factors both in the formation and maturation of nascent
microvessels is just beginning to be explored.

An alternative to promoting angiogenesis in engineered
tissue by providing growth factors in the form of polypep-
tides is to introduce genetically modified cells to the con-
structs. Tissues arising from these cells synthesize and
secrete the angiogenic factors. Genes encoding the factors
are commonly introduced by recombinant viruses, owing to
their much greater efficiency of entering primary cells than
naked plasmid DNA. Prolonged expression (longer than a
few weeks) of angiogenic promoting genes is not normally
desirable; although retrovirus is most commonly used as a
vector, several other viruses that provide high initial expres-
sion levels and are subsequently attenuated (e.g., aden-
ovirus, herpes simplex virus amplicon) have proven useful.
Alternatively, recombinant genes whose expression can be
regulated by systemic application of a synthetic compound
such as doxycycline have also been used. Cells without pro-
liferation potential have also been used as growth factor
delivery vehicles, for they are not replaced and eventually
senesce.

Fabrication of Microvascular Structures

A. Microelectromechanical Systems

Relying upon ingrowth of capillaries into large implanted
tissue-engineered grafts, particularly vital organs with thick
or complex structures such as the liver, kidney, and heart, is
at present impractical because of the extensive time periods
required. Other techniques are clearly needed to augment de
novo vascularization from the host. Several highly novel
strategies are being developed to preform a permanent
microvasculature to sustain the parenchymal cells of 
neo-organs and tissues.

Microelectromechanical systems (MEMS) is a rapidly
emerging field derived from fabrication technologies used

for semiconductor devices. MEMS is currently being used
to address problems in biomedical engineering. Standard
MEMS technology allows synthesis of mechanical struc-
tures at scales ranging from greater than a centimeter to
smaller than a micrometer. One application has been to cre-
ate patterns that direct the assembly of cells into engineered
tissue at the micrometer scale. A branching vascular system
was modeled, based on normal blood flow rheology,
accounting for relative hematocrit, flow rate, and shear
stress. Micromachining allows designated patterns to be
imprinted into silicon wafers using a series of subtractive
etching methods. The microfluidics design was done in two
dimensions to accommodate MEMS constraints, with a
strategy to create three-dimensional tissue structures by
folding, stacking, or rolling layers. The vascular channels
begin with a single inlet with a diameter of 500 mm, and
repeatedly bifurcates to generate capillary-scale channels of
10mm in diameter. This pattern was then etched upon silicon
and Pyrex wafers utilizing MEMS technology (Figure 1).
Although endothelial cells were originally directly cultured
upon the wafers to line the channels and lifted off as sheets,
current fabrication processes use patterned silicon wafers 
to replica mold polymers, such as polydimethylsiloxane
(PDMS), which are then used to coculture endothelial lined
channels and parenchymal cells such as hepatocytes.

Nylon Strand Supports

Another innovative technique being developed is the cre-
ation of perfused microvessels in vitro that can then be
incorporated into artificial tissue [3]. Laminin-coated nylon
strands suspended between two pieces of polyester tubing

Figure 1 The branching vascular network pattern was modeled to
reproduce microvascular blood flow rates and shear stress. The 2D pattern
was micromachined on a 100-mm diameter semiconductor-grade silicon
wafer using standard MEMS photoresist lithography technology. The pat-
terned surfaces of such wafers are transferred to elastomeric polymers such
as PDMS to provide guidance for endothelial cell growth and differentia-
tion. When stacked, the layers serve as a 3D scaffold for growing engi-
neered tissue.
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were seeded with vascular smooth muscle cells and cul-
tured. Uninterrupted monolayers formed within 24 hours,
and further proliferation created multilayered sleeves. When
the nylon lines were extracted from the sleeves, the result-
ing artificial microvessels were able to be perfused for
extended periods of time (at least several days) without any
measurable loss of fluid from within the system. Present
investigations focus upon the inclusion of an endothelial
layer to modulate the effects of shear stress, and eventual
incorporation of the vessels into engineered tissue.

At present, it remains difficult to engineer large three-
dimensional tissues with an adequate vascular supply. To
date, all engineered tissue used for clinical purposes has
relied upon neovascularization from the recipient to provide
mass transfer of oxygen and nutrients. However, emerging
technologies, combined with advances in the fields of bio-
materials and cell biology, hold great promise to aid in the
fabrication of tissue and organs specifically designed for
human therapy.

Glossary

Allogenic: Materials originate from a genetically different individual
of the same species.

Anastomosis: Connection of separate or severed tubular hollow struc-
tures to form a continuous channel.

Apoptosis: Programmed cell death initiated by the nuclei of normally
functioning cells in response to age or stress.

Autogenic: Materials originate with the individual to which graft is
applied.

Biomaterial: A biocompatible material used to construct artificial
organs or prostheses and replace natural body tissues.

Inosculate: To unite (blood vessels) by generating small openings.
Scaffold: The complex mixture of proteins comprising the extracellu-

lar matrix that both directs cellular morphogenesis and serves as a support-
ing structure of the tissue or organ.
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not necessary to synthesize vessels that are histologically
indistinguishable from native ones (although this goal is
desirable) before using these vessels in the clinical setting.

Engineered Arteries

Synthetic, Large-Diameter Arteries 
(Greater Than 5mm)

Modern efforts to synthesize artificial blood vessels
began with the seminal work of the French surgeon Alexis
Carrel in the early 1900s. In experiments with transplanta-
tion in small animals, Carrel demonstrated that many syn-
thetic materials—rubber, glass, metals—could be used to
form large-diameter arteries that were stable for several
months in vivo. Successful incorporation of these foreign
substances into the vascular tree required precise surgical
techniques that Carrel pioneered; these techniques mini-
mized trauma of adjacent vascular segments during suture
and attempted to preserve laminar flow of blood down-
stream from the synthetic graft. With the development of
advanced polymers in the 1930s and 1940s and the subse-
quent refinement of techniques to mold, weave, or extrude
these polymers into three-dimensional structures, it became
possible to create grafts whose mechanical properties
resembled those of native vessels (in contrast to the rigid
tubes used by Carrel). These flexible grafts reduced radial
mismatches between grafted and host vessels during expan-
sion and contraction in vivo. Large-diameter vascular grafts
are now commercially available for clinical use in a variety
of different chemistries, including polytetrafluoroethylene
(Teflon), polyester (Dacron), polyurethane, and polyacrylate
(Figure 1A).

The primary limitation of these grafts is their poor long-
term patency (20 to 70 percent remain open in 2 years,
depending on anatomical location) due to gradual intimal

Introduction

Are human blood vessels replaceable? If so, what types
of materials—synthetic or biological, living or nonliving—
are best suited for these replacements? The field of vascular
tissue engineering has emerged to answer these questions,
with the goal of providing constructs that can repair or
replace damaged vessels in vivo. This review summarizes
the key concepts, requirements, and designs for the synthe-
sis of artificial blood vessels.

In many vascular pathologies, the simplest replacement
for a diseased vessel is an autologous transplant. For in-
stance, in atherosclerosis, a narrowed coronary artery may
be readily replaced by vessels of similar diameters, such as
the internal mammary artery, radial artery, or saphenous
vein; “bypass” surgeries of this sort are now routine, with
half a million procedures performed annually. Healthy
autologous vessels are not always available for transplanta-
tion, however, especially in patients whose vessels have
already been harvested for previous operations. The clinical
promise of tissue engineering lies in its potential to produce
implantable vessels—either as single vessels or as entire
networks—for the treatment of vascular obstruction or 
disease.

Whether an engineered vessel is suitable as a replace-
ment depends on several factors: (1) Strength: Is the vessel
sufficiently robust to withstand cyclic mechanical stresses
generated by a pulsatile flow of blood through it? (2) Bio-
chemistry: Does the vessel provide an antithrombotic, 
anti-inflammatory surface? Does the vessel respond 
appropriately to vasoactive compounds? (3) Adaptability:
Does the vessel change its structure when faced with
chronic changes in pressures or flows? Do the mechanical
properties of the vessel adjust to approximate those of adja-
cent vessels? (4) Organization: Is the vessel histologically
similar to a native one? The relative importance of these fac-
tors depends on the specific application in mind. Thus, it is

Copyright © 2006, Elsevier Science (USA).
1087 All rights reserved.
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growth and occlusion. Several strategies to address this
issue have been proposed; a common theme is the use of an
endothelial lining to prevent the adherence of blood cells,
adsorption of plasma proteins, and migration of mesenchy-
mal cells to the surface of the synthetic polymers. Initial
attempts to implement this idea relied on injection of a sus-
pension of autologous endothelial cells (ECs) into the lumen
of a graft during or before implantation of the vessel. Seeded
ECs often detached from the graft, however, upon exposure
to hemodynamic stresses mediated by the flow of blood.
Recent approaches to enhance the adhesion of ECs to a graft
have focused on derivatization of its surface with adhesive
peptides (either in the form of adsorbed extracellular matrix
proteins, or as small adhesive motifs such as Arg-Gly-Asp).
Clinical trials of these EC-lined synthetic vessels in humans
have demonstrated that the presence of an internal lining of
ECs reduces the extent of intimal formation in implanted
grafts.

A complementary strategy to enhance patency relies on
the stimulation of ECs to migrate over the surface of a graft
from junctions between host vessels and the graft, and
thereby to form a complete monolayer. Postsurgical injec-

tion of chemotactic and chemokinetic agents such as vascu-
lar endothelial growth factor (VEGF) and acidic and basic
fibroblast growth factors (aFGF and bFGF) appears to pro-
mote migration of ECs over some synthetic materials in
animal models. It remains to be seen how much the incor-
poration of ECs—whether injected into lumens of grafts or
attracted from host vessels—can improve the patency rates
of synthetic large-diameter vessels in humans, and whether
there are inherent limitations to the long-term performance
of synthetic materials as blood vessels in vivo.

Biological, Small-Diameter Arteries 
(Less Than 5mm)

In contrast to the clinically successful application of syn-
thetic vessels for replacement of large arteries, the use of
synthetic vessels as small-diameter arteries has not yet
proven to be feasible. The intimal growth that slowly leads
to possible occlusion in large-diameter grafts rapidly
induces failure of small-diameter ones: Occlusion of small,
synthetic vessels by thrombus occurs readily, and the 
mismatch in mechanical compliances between synthetic

Figure 1 Processes for engineering arteries. (A) Commercially available large-diameter grafts consist of a
woven polymer tube. (B) Collagen-based small-diameter grafts consist of a contracted sheath of collagen and
mural cells that is lined by a monolayer of ECs. (C) Small-diameter grafts made from degradable polymers 
consist of tubes of mural cells and endogenously produced ECM, with a lining of ECs. Collagen-based and
degradable polymer-based approaches may also be used to synthesize large-diameter arteries.
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polymers and native tissues often results in intimal forma-
tion. These deficiencies have led to the idea that engineered
vessels should ultimately be made of living, biologically
active materials, which may provide signals to reduce the
occurrence of thrombosis and intimal hyperplasia, and
which may resemble native arteries in mechanical proper-
ties.

COLLAGEN-BASED ARTERIES

Some groups have attempted to synthesize purely 
biological vessels from gels, particularly collagen, with 
ECs and mural cells cultured on and in the gel, respectively
(Figure 1B). In 1986, Weinberg and Bell demonstrated 
this design by gelling collagen, in which smooth muscle cells
(SMCs) were suspended, around a tubular mesh [1]. Subse-
quent gelling of collagen and adventitial fibroblasts around
the muscular layer and injection of ECs into the lumen of the
tube generated a construct that segregated ECs, SMCs, and
fibroblasts into compartments that grossly resembled the
intima, media, and adventitia of arteries. The endothelial
layer served as a selective barrier to large proteins and pro-
duced measurable amounts of prostacyclin, a vasodilator and
potent inhibitor of platelet aggregation in vivo.

Engineered vessels made from gelled collagen primarily
suffer from a lack of sufficient mechanical strength, due to
abnormal cellular organization and low densities of collagen
and cells. Although contraction of collagen by SMCs and
fibroblasts helps initially to increase the burst strengths of
engineered arteries, these strengths are still much lower than
those of native vessels. Moreover, a gradual decrease in
strength often follows the initial increase, because the colla-
gen used in these vessels has a low density of cross-links,
and thus is particularly sensitive to digestion by collage-
nases expressed by SMCs and fibroblasts. Improvements on
the model of Weinberg and Bell have therefore focused on
inactivation of collagenases (by transfection, or by addition
of protease inhibitors), and on increasing the strength of the
vessel (by cross-linking collagen with aldehydes or radia-
tion). Although promising, improvements based on transfec-
tion or addition of small molecules run counter to the idea
that engineered vessels should be composed solely of cells
and proteins found in vivo.

To address these concerns, L’Heureux and others devel-
oped a process in 1998 to engineer vessels with high burst
strength solely from human vascular cells and the extracel-
lular matrix (ECM) produced by them [2]. This process
coaxed mural cells to produce thick sheets of ECM, by sup-
plementing culture media with antioxidants and metal salts
that promoted cross-linking of deposited collagen. Winding
of these sheets of cells and matrix around a cylindrical man-
drel, removal of the mandrel, and seeding of ECs into the
lumen of the resulting tube generated a construct with burst
strengths greater than that of human saphenous vein. The
superior performance of these vessels, compared to that of
vessels synthesized from gelled collagen, may result from
their higher cellular densities and greater numbers of
endogenous cross-links in the ECM.

ARTERIES MADE FROM DEGRADABLE POLYMERS

A second strategy to form biological vessels uses
biodegradable polymers, as proposed by Langer and Vacanti
in 1993 (Figure 1C) [3]. Here, the principle is to use a
degradable polymer as a mechanical support for vascular
cells. While the polymer slowly degrades, the seeded cells
will produce ECM to replace the lost volume of the poly-
mer; if carefully controlled, the rates of degradation and
synthesis balance to eventually yield a construct composed
solely of cells and endogenous ECM. Appropriate selection
and placement of hydrolyzable bonds in these polymers
enable the tuning of degradation times on the order of days
to years. Because these scaffolds may be molded or woven
into a variety of shapes, it may be possible to use degradable
polymers to produce noncylindrical arteries (in contrast to
the method of L’Heureux, which appears limited to cylin-
drical geometries).

In 1999, Niklason and others demonstrated this strategy
by seeding SMCs onto a degradable tubular mesh in a biore-
actor [4]. As in the work of L’Heureux, the culture media
was supplemented to enhance the secretion of collagen by
SMCs and the cross-linking of ECM. Upon degradation of
the mesh, seeding of ECs into the lumen of the tubes formed
a biological vessel. This construct contracted when exposed
to the vasoconstrictor PGF2a, displayed a histologically
appropriate organization, and remained patent 1 month after
implantation in small animals. Efforts to extend this work 
to the synthesis of human vessels are currently focused 
on methods to obtain sufficient populations of autologous
human vascular cells.

MATURATION OF ENGINEERED ARTERIES

Whether synthesized from collagen or degradable scaf-
folds, engineered vessels rarely possess sufficient mechani-
cal strength as is to withstand in vivo stresses. Many groups
have examined the use of shear and transmural stresses trans-
duced by lumenal flow to enhance the strength of these con-
structs. Shear stress acts on the endothelial lining to induce
the release of growth factors that may promote the prolifera-
tion of SMCs, while transmural stretch (especially as a result
of pulsatile flow) increases the synthesis of ECM by mural
cells and encourages the circumferential alignment of 
SMCs. The strengths of matured, engineered vessels made of
human cells can exceed 2,000mmHg; by comparison, the
burst strength of a human saphenous vein is approximately
1,500mmHg, whereas that of immature constructs is on the
order of 200mmHg. To date, useful schedules of maturation
have arisen mostly by trial and error. As the effects of
mechanical stresses on vascular cells become better studied,
rational design of processes to control the mechanical prop-
erties of engineered arteries will become possible.

Engineered Microvascular Networks

Whereas artificial arteries are used to treat dysfunction 
of single vessels, engineered microvessels are envisioned
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for the treatment of ischemia mediated by the degeneration
or absence of entire microvascular networks. As with small-
diameter arteries, engineered microvessels will require the
synthesis of completely biological tissues to remain patent
in vivo. In contrast to the manual preparation of constructs
used for macroscale arteries, it is neither practical nor nec-
essary to assemble microvessels by hand into an intercon-
nected network. Two complementary strategies have been
proposed for vascularization of a tissue (Figure 2): the addi-
tion of angiogenic growth factors to attract capillaries from
a host into the desired tissue, and the organization of ECs in
an implanted tissue into networks that anastomose with
microvascular beds from the host.

Microvascular Networks Induced by Growth Factors

Many growth factors, such as VEGF, aFGF, and bFGF,
induce angiogenesis in vivo; presentation of these factors in
a concentration gradient results in directional growth of 
capillary sprouts toward the regions of high concentration.

To take advantage of this natural biological process for the
vascularization of tissues, many groups have tried to infuse
an ischemic tissue or transplant with angiogenic factors
(Figure 2A). The factors may be slowly released from
micropellets of degradable polymers impregnated with the
desired proteins, or locally produced by transfected cells
(whether exogenously added or generated in situ from the
host). Initial results have indicated that strategies for vascu-
larization that rely on release of a single growth factor, such
as VEGF, often do not yield fully functional microvascular
beds. Instead, the vessels that form are usually highly per-
meable, poorly invested by mural cells, and prone to regres-
sion over time.

Because signals provided by mural cells play a crucial
role in the maturation of vascular beds in vivo, current
efforts have focused on the release of a combination of
growth factors to promote angiogenesis and to recruit mural
cells. In 2001, Mooney and others demonstrated that
implantation of composites that sequentially release an
angiogenic factor (VEGF) and a factor chemotactic and

Figure 2 Processes for engineering microvascular networks. (A) Slow release of growth factors (GFs) from degradable pellets promotes the invasion
of implanted tissue by microvessels derived from the host. (B) Self-organization of injected ECs (labeled red) into networks, and anastomosis of those net-
works with host microvasculature, generate a viable network at the site of injection.
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mitogenic for mural precursors (platelet-derived growth fac-
tor; PDGF) induced the sprouting and maturation of capil-
lary networks from the host into the grafted area [5]. These
composites consisted of layers of a degradable polymer, one
of which degraded more quickly than the other and hence
allowed a gradual, two-stage release of growth factors. The
final microvascular networks induced by these composites
were well-invested by mural cells, exhibited appropriate
permeability, and regressed less than vessels induced by a
single growth factor. The idea of using the release of two or
more factors to promote angiogenesis and mural recruit-
ment has expanded to encompass many permutations
(VEGF/PDGF, bFGF/PDGF, VEGF/bFGF/PDGF, and so
on), each of which may display different potencies for
inducing vascularization in different organs. Exhaustive
searches for an optimal combination of growth factors and

an effective schedule of release will undoubtedly yield
improvements in the densities and stabilities of engineered
vascular networks.

Microvascular Networks Formed from Grafted
Endothelial Cells

It has been known since the early 1980s that cultures of
ECs embedded in a collagen gel may organize to form short
“cords” comprised of several cells linked in a chain. Some
of these cords have open lumens and interconnect to form
rudimentary networks. The application of these self-
organized structures to microvascular engineering lies in
their potential to anastomose with preexisting microvascular
networks. In theory, implantation of exogenous ECs into an
ischemic tissue may allow the organization of these ECs into

Figure 3 New strategies in vascular tissue engineering. (A) Vascular progenitor cells may differentiate in
situ to form both ECs and mural cells, which subsequently organize into networks. Graft-derived cells are
labeled red. (B) Lithographically formed patterns may guide the placement of vascular cells and enable the engi-
neering of microvessels that have predefined shapes.
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networks that connect to host vessels (Figure 2B). Because
cellular self-organization occurs in parallel throughout the
volume of the grafted tissue, this approach appears particu-
larly well suited for the vascularization of thick tissues.

Initial attempts to engineer microvascular networks by
implanting gels in which ECs were embedded did not suc-
ceed, primarily because the ECs did not survive long 
enough to anastomose with vessels from the host. Subse-
quent improvements have focused on the enhancement of
cellular survival: For example, Schechner and others used
ECs transfected with the antiapoptotic gene Bcl-2 to prolong
survival of ECs [7], whereas Herron and others used immor-
talized telomerase-active ECs [7]. In both of these studies,
grafts of transfected ECs survived for a longer period of
time than those of untransfected cells did, and eventually
organized into networks that anastomosed with host vascu-
lature. Portions of the engineered networks were well
invested by layers of mural cells and were stable for about 2
months.

As in the engineering of arteries, the use of transfected
cells for microvascular engineering may compromise the
biological activity of the formed tissue in unpredictable
ways (e.g., whether telomerized ECs exhibit the same func-
tional responses as normal ECs is debatable). Some groups
have attempted to extend the viability of grafted ECs with-
out the use of transfection by coinjecting mural precursors
with ECs. In vitro, coculture of mural cells and ECs in col-
lagen gels results in the formation of invested vascular net-
works; in 2004, Jain and others demonstrated that
co-injection of mural cells and ECs in vivo results in 
networks that anastomose with host microvasculature and
that are stable for longer than 1 year [8].

Future Directions

Vascular tissue engineering has evolved from the substi-
tution of macroscale tubes for portions of the arterial tree, to
the combined use of growth factors, woven polymers, puri-
fied populations of cells, and genetic manipulation to con-
struct macro- and microvessels. It has resulted in the clinical
application of large-diameter tubular grafts for repair of aor-
tae and peripheral vessels, and in the development of small-
diameter vessels that may someday be implanted in humans.
Clinical trials are underway to test the effectiveness of
angiogenic growth factors in inducing the formation of
microvascular networks in ischemic tissues. Strategies
based on the use of seeded cells for the engineering of 
arteries and microvessels appear promising and await 
the development of methods to culture sufficient numbers 
of autologous vascular cells before these therapies can be
widely applied in humans.

Two recent developments may potentially revolutionize
the engineering of blood vessels (Figure 3): First, in 1997,
Isner and others discovered that human peripheral blood
contains multipotent progenitor cells that can differentiate
into cells that express EC- or SMC-specific markers [9].

This work has spawned the idea of using these progeni-
tors to produce large numbers of autologous vascular cells
in vitro for cell-based engineering, or perhaps, to allow
injected progenitor cells to expand in vivo into invested net-
works. Second, in 2000, Vacanti demonstrated that photoli-
thography, a technique widely used in the microelectronics
industry to pattern metals, ceramics, and semiconductors,
may be applied to construct polymeric structures that
resemble microvascular networks in shape [10]. Lithogra-
phic tools may be able to provide micrometer-scale control
over the placement of vascular cells in three dimensions,
and thus enable the synthesis of microvessels of a selected
topology. Further advances in these areas will expand the
toolkit available to tissue engineers and should lead to the
synthesis of custom-made vascular tissues for the treatment
of human disease.

Glossary

Autologous: Derived from the same organism (e.g., an autologous
transplant).

Biodegradable polymer: A polymer that degrades in physiological
conditions into small molecules that are readily absorbed or secreted.

Patency: The ability of a vessel to support the flow of blood through it
(usually in reference to large vessels).

Photolithography: A process that uses irradiation of light-sensitive
materials through a selective mask to generate patterns with micrometer-
scale resolution.

Tissue engineering: The synthesis of living structures that can repair
or replace defective tissues.
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level of the microcirculation. The cornerstones in the devel-
opment of artificial blood up to the present are that this fluid
should restore most of the oxygen-carrying capacity of the
shed blood, that it is beneficial for the resulting mixture of
remaining blood and resuscitation fluid (e.g., OCPE) to have
a viscosity lower than that of natural blood, and that the
material should have very low oxygen affinity so that oxy-
gen would be readily released when blood arrives to the
microcirculation.

These principles have guided the development of prod-
ucts that are now undergoing clinical trials. It is apparent
that the initial impetus for the development of artificial
blood was based on the restoration of systemic functions
after acute blood losses with little or no emphasis on under-
standing the behavior of the resuscitation fluids in the
microcirculation, which is the organ system where blood
performs its functions. This was in part due to the imperfect
understanding of how oxygen is managed in the microcircu-
lation in both normal and pathophysiological conditions, the
role and regulation of shear stress–dependant mediators pro-
duced by the endothelium, and the lack of techniques for
measuring the key transport parameters that determine effi-
cacy in maintaining microvascular function upon the intro-
duction of a blood surrogate.

Oxygen-carrying capacity and oncotic pressure were pre-
scribed to be similar to that of blood, while the experience
with hemodilution suggested that improvements in transport
would be obtained by lowering blood viscosity to values
significantly below those of whole blood. An additional 

The development of a blood substitute, also called “arti-
ficial” blood, or more exactly an oxygen-carrying plasma
expander (OCPE), is still a major goal of transfusion medi-
cine, driven by blood shortages, problems associated with
the transmission of disease by available blood, and the com-
plex logistics of acquiring, analyzing, storing, distributing,
and delivering the needed blood. To date blood is unequaled
(or appears to be) in its capacity to restore circulatory vol-
ume; however, it is often remarked that if blood were pro-
posed today as an oxygen-carrying volume restoration fluid,
it would not be approved by regulatory agencies.

Blood is needed in the presence of blood losses; however,
the initial anemia is usually inconsequential to the organ-
ism’s survival, whereas the associated hypovolemia is 
tolerated only within a narrow margin. As a result, a blood
substitute should ideally target both events, possibly sequen-
tially. Therefore, the development of an effective blood 
substitute is also in part related to availability and detailed
understanding of an effective plasma expander, which is the
term used to describe a volume restoration fluid used prior
to reaching the transfusion trigger, or the point in volume
restitution at which the introduction of an oxygen carrier,
blood, is determined to be essential.

Blood exerts its principal functions in the microcircula-
tion, where the materials it transports are exchanged. Thus
any attempt to introduce a blood surrogate must ensure effi-
cacy at this level. In contrast, most efforts aimed at devel-
oping artificial blood were made in the absence of detailed
information and analysis of how oxygen is managed at the
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presumed beneficial modification was the use of oxygen 
carriers based on modified hemoglobins with high p50s, 
believed to facilitate oxygen unloading and tissue oxy-
genation. As acellular modified molecular hemoglobin
became the oxygen carrier of choice, it was found this mate-
rial was vasoactive, causing hypertension, which is dele-
terious in resuscitation. Vasoactivity was attributed to
hemoglobin scavenging NO, leading to vasoconstriction,
which gave rise to a significant effort aimed at modifying
the hemoglobin molecule so that its affinity for NO was
reduced.

At present an optimal OCPE is still perceived to have the
following properties: oxygen-carrying capacity equivalent
to 10 to 14g/dL hemoglobin, p50 greater than 30mmHg,
viscosity around 1cP, oncotic pressure approximately 
25mmHg, and low NO binding. However, studies in the
microcirculation show that a fluid configured according
these concepts yields problematic outcomes in terms of
resuscitation from anemic hypovolemia. Furthermore, since
the most favored source of hemoglobin is human, even if it
were possible to obtain a one to one conversion from blood
to blood substitute, the problem of blood shortages is not
solved. In an effort to circumvent the human hemoglobin
source there have been various attempts to obtain hemoglo-
bin by recombinant technology. Biopure Inc. (Boston, MA)
has progressed to Phase III clinical trials with a molecular
hemoglobin-based fluid derived from bovine blood. How-
ever, recombinant technology has not progressed to the
development of an efficacious product to date, and the
bovine-based product was not developed on the basis of
microcirculatory data.

The Design of an Efficacious Oxygen-Carrying
Plasma Expander

To date there are virtually no rivals to hemoglobin as a
transporter of oxygen from the lung to the tissue because of
its ability to bind a large amount of oxygen through a chem-
ical reaction. The discovery that fluorocarbons could dis-
solve a comparatively large amount of oxygen, albeit at high
oxygen partial pressures, suggested using this vehicle as 
the oxygen transporter. However, the use of fluorocarbon-
based blood replacement fluids has not materialized, in part
because of the lack of definitive experimental studies on the
physiology related to altered blood physical properties and
changes in the distribution of oxygen partial pressure in the
circulation.

Various modifications of hemoglobin have optimized its
performance and mostly eliminated the vasoactivity of this
molecular species. Human hemoglobin remains the most
favored source because of the well-defined methodology for
obtaining blood from donors, which in advanced medical
systems is virtually free of parasitic, bacterial, or viral con-
tamination. The present formulations of bovine hemoglobin
appear to be vasoactive and in the long term could present

unknown risks of introducing diseases that may have extra-
ordinarily long incubation times.

If the perceived and now frequently reported blood short-
age is the driving force behind the development of hemo-
globin-based oxygen-carrying blood substitutes, then the
use of human hemoglobin is problematic since the process-
ing technology and formulation would require that a unit of
original blood yield at least an equivalent unit of “artificial
blood,” a zero-sum result that does not relieve shortages. A
realistic process should produce several units of equivalent
hemoglobin-based oxygen-carrying blood substitute from a
unit of natural blood.

The present goal in devising a human hemoglobin-based
blood substitute is to circumvent the inherent toxicity of the
hemoglobin molecule and to be as efficacious as an equiva-
lent unit of natural blood but at a lower hemoglobin con-
centration than blood, thus introducing a multiplying factor
between the original source of human hemoglobin and the
final product. Advances in microvascular technology allow
us to critically analyze each of the “cornerstone” precepts
that have guided the development of blood substitutes to
date, namely the viscosity of the material, the affinity for
oxygen, the effective concentration, and the resulting col-
loidal osmotic pressure when the material is present in the
circulation. In the following these parameters will be 
analyzed from a microcirculatory perspective.

The Role of Viscosity in Oxygen Transport

Blood viscosity depends on red blood cell concentration
(hematocrit) and on plasma viscosity. The manipulation of
these two viscosities is the basis of the clinical practice of
hemodilution. Accordingly, the restitution of blood losses
with conventional plasma expanders can be effectively and
safely accomplished up to a 50 percent loss of the red 
blood cell mass, using fluids with plasma-like viscosity. The
decrease in viscosity due to hemodilution causes a com-
pensatory increase in cardiac output due to the lowered flow
resistance, thus maintaining oxygen delivery.

A specific decrease in oxygen-carrying capacity is one 
of the parameters that defines the so-called transfusion 
trigger. Microcirculatory experimental studies do not 
support the contention that lack of oxygen-carrying capacity
is the actual determining factor in the decision of transfus-
ing blood. In the awake hamster window chamber model,
neither oxygen-carrying capacity nor tissue oxygenation is
in jeopardy with red blood cell losses of two-thirds of the
original mass (Figure 1).

A factor that is significantly changed upon reaching the
transfusion trigger is blood viscosity, which is approxi-
mately half of normal, because of the loss of red blood cells.
Thus, additional losses of red blood cells will further reduce
blood viscosity, which is strongly dependent on hematocrit.
The reduction of blood viscosity is initially compensated by
increased cardiac output. However, cardiac output seldom
doubles, and blood viscosity has the potential of decreasing
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to 25 percent of normal upon further reductions of hemat-
ocrit, leading to the significant lowering of functional capil-
lary density (FCD, capillaries with red blood cell transit), a
condition detrimental to survival in hemorrhagic shock.

Although capillaries do not appear to be the determinant
structure for the supply of oxygen in some tissues, the main-
tenance of FCD in shock is a critical parameter in determin-
ing outcome independently of tissue oxygen tension (pO2),
suggesting that extraction of metabolic by-products may be
as critical to a capillary function as oxygenation. The rela-
tionship between FCD and survival has been demonstrated
in experimental analysis of conditions during prolonged
hemorrhagic shock, where the principal microvascular func-
tional difference between survivors and nonsurvivors was
that survivors maintained FCD above a threshold of about
40 percent of that present in the normal organism; there
were no other significant differences between groups [1].

The blood viscosity threshold that causes the decrease in
FCD appears to coincide with the decision to transfuse
blood. In other words, the transfusion trigger may also be a
viscosity trigger; therefore results obtained with blood trans-
fusions may also be achieved by increasing plasma viscos-
ity. Thus use of red blood cells solely for the purpose of
increasing blood viscosity may be avoided by introducing a
material that increases plasma viscosity in the circulation. In
this scenario blood viscosity resulting from the balance
between the diminished red blood cell concentration and the
increased plasma viscosity leads to the maintenance of vas-
cular resistance. Tsai et al. [2] explored this phenomenon by

inducing extreme hemodilution with low-viscosity dextran
70kDa. At 11 percent hematocrit, FCD and microvascular
flow were significantly reduced from control. However,
when plasma viscosity was maintained above 2cP by the
introduction of high-viscosity dextran 500kDa, FCD was
maintained near to control values, and microvascular flow
increased significantly above control, though hematocrit
was 11 percent. This effect was not found if extreme hemod-
ilution was performed with the Biopure product Oxyglobin,
even at a total blood hemoglobin content of 6.7gHb/dL.
High-viscosity plasma also caused blood flow to increase
significantly above nonhemodiluted values because of the
release of shear-dependent generated endothelial relaxing
factors.

Counterintuitive Rheological Findings

High-viscosity plasma restores mean arterial blood pres-
sure (MAP) in hypotension without vasoconstriction. Sys-
temic blood viscosity depends on hematocrit squared; thus
viscous losses in major vessels of the circulation can be
minimized even when plasma viscosity is increased, shifting
pressure and pressure gradients from the systemic to the
peripheral circulation. Reduced blood viscosity decreases
shear stress and the release of vasodilators, causing vaso-
constriction, which negates the benefit of reducing the 
rheological component of vascular resistance. Vascular
resistance depends on the first power of blood viscosity and
the 4th power of vessel radius. Therefore reducing blood
viscosity with low viscosity plasma might decrease flow and
oxygen delivery to the tissue if there is an associated 
vasoconstrictor stimulus. However, increased flow and/or
increased viscosity augments shear stress on the endothe-
lium since the elevation of plasma viscosity causes sus-
tained NO-mediated dilatation in the hamster muscle
microcirculation, supporting this interpretation. Enhance-
ment of shear stress on the vessel wall results in the release
of prostacyclin and NO from the vascular endothelium.
Endogenous NO release reduces total peripheral resistance
during moderate hemodilution. Increased wall shear stress
following increased blood flow induces vasodilation [3]
showing that the link between shear stress and vasodilata-
tion is well established.

Experimental verification of the beneficial effects of
high-viscosity plasma during hemodilution in the micro-
circulation is evidenced by effects on FCD, perfusion 
and vasodilatation. More recently it was demonstrated by
Cabrales et al. [4] that an increase in capillary pressure is the
principal mechanical event that governs the effects due to
perfusion with high-viscosity plasma.

Hemodilution, Blood Viscosity, and Vasoactivity

It is now apparent that low viscosity molecular hemo-
globin solutions lower FCD independently of the intrinsic

Figure 1 Distribution of oxygen in arterioles (A) and venules (V) in 
the tissue (T) in the awake hamster window model as a function of total
hemoglobin (Hb, grams per deciliter). Normovolemic hemodilution was
achieved using dextran 70 kDa. It is apparent that a loss of the order of two
thirds of red blood cells has no influence on microcirculatory pO2 of this
model. (see color insert)
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vasoactive properties of the hemoglobin molecule because
they cause a significant decrease in blood viscosity after
reaching the transfusion trigger. An additional factor atten-
dant to the restoration of blood volume upon reaching the
transfusion trigger with a plasma-like viscosity fluid is that
this process brings the organism to near extreme hemodilu-
tion conditions, characterized by decreased shear stress on
the endothelium, lowering the production of endothelial-
derived vasodilators. Increasing plasma viscosity to about
2.0 to 2.5cP increases shear stress and the production of
vasodilators, which breaks up the vicious circle caused by
extreme hemodilution, compensatory vasoconstriction and
low viscosity.

Experimental results in Figure 2 show that the mainte-
nance of FCD is not directly linked to oxygen delivery, but
to mechanical factors related to the viscosity of the perfu-
sion fluid and the production of vasodilators by mechano-
transduction in the endothelium. Therefore an acellular
oxygen carrier should maintain plasma viscosity above a
specific threshold, while ensuring that overall blood viscos-
ity does not exceed normal values.

Low blood viscosity can be compensated for by hemo-
globin solutions with high viscosity. This can be achieved
by mixing the hemoglobin molecule with a viscogenic mate-
rial such as hydroxyethyl starch (HES) at suitable concen-
trations, or by modifying the hemoglobin molecule to
produce an intrinsically viscous solution by increasing its
molecular dimension. This latter process can be imple-
mented by polymerization or conjugation with various mol-
ecules such as starch and polyethylene glycol, as described
by Sakai et al. [5], who showed that the pressor effect 
is inversely related to molecular size (Figure 3). Hemoglo-

bin molecules with these and several other beneficial 
features are polyethylene glycol conjugated hemoglobin
molecules [6].

The Vasoconstrictive Effect of Hemoglobin

Natural hemoglobin molecules are presumed to be vaso-
constrictive because of their ability to scavenge NO. How-
ever, recent experimental evidence shows that whereas NO
binding is virtually identical for most hemoglobin molecules
[7], the vasoconstrictive effect is not, being essentially
absent in polyethylene glycol modified hemoglobins and in
some very large hemoglobin polymers.

NO is produced by the endothelium as a result of shear
stress and other processes. The affinity of the hemoglobin
molecule for NO is due to the physical similarity between
NO and O2. Thus in general, hemoglobins with high affinity
for O2 generally also have a high affinity for NO, and vice
versa. The production of genetically modified hemoglobins
that appear to have little affinity for NO, while maintaining
a normal affinity for O2, may challenge this generalization;
however, the fact remains that interfering with NO pro-
duction with administration of L-arginine methyl ester
hydrochloride (L-NAME) or scavenging NO with cell free
unmodified hemoglobin causes the constriction of aortic
rings, and an increase in blood pressure in experimental 
subjects.

The concept that hemoglobin extravasation and its loca-
tion between the endothelium and smooth muscle is the
principal factor causing hypertension and vasoconstriction
is also questionable because the extravasated molecule will
eventually saturate. In fact the presence of a NO-avid mole-

Figure 2 Changes of FCD following isovolemic hemodilution with
low- and high-viscosity plasma expanders. � Hemodilution with dextran
70 kDa maintains FCD up to a hematocrit (hemoglobin) that is 40 percent
of normal. Further hemodilution with the same low-viscosity diluent causes
the fall of FCD to pathologically low levels. � Continuation of hemodilu-
tion with dextran 500 kDa after reaching 40 percent of normal hemoglobin
using dextran 70. FCD is maintained to normal levels by the increased
plasma viscosity. Redrawn from Tsai et al. [2].

Figure 3 Changes in mean arterial blood pressure after a 5 percent by
volume (5 Hb g/dL) topload infusion of free hemoglobin solutions of dif-
ferent molecular diameters and vesicle encapsulated hemoglobin. � Pres-
sor effect after infusion. � Pressor effect 3 hours after infusion. Redrawn
from Sakai et al. [5]. (see color insert)
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cule in plasma is sufficient to distort the diffusion field of
NO from the endothelium, whereby hemoglobin does not
need to extravasate to be vasoconstrictive.

NO scavenging does not provide a consistent explanation
for the pressor effect of free hemoglobin in the circulation
that is applicable to the different hemoglobin modifications.
The lack of correlation between pressor responses and 
NO scavenging characteristic of hemoglobin molecules 
led McCarthy et al. [8] to propose that hypertension follow-
ing the introduction of molecular hemoglobin in the 
circulation is caused by a mechanism related to the process
of facilitated diffusion of oxyhemoglobin. According to 
this hypothesis the presence of molecular hemoglobin
causes an additional flux of oxygen in the plasma layer 
due to the diffusion of oxyhemoglobin. Although the diffu-
sion constant of hemoglobin is low, the amount of oxygen
carried is large because hemoglobin binds a large amount 
of oxygen. The net result of this process is that a com-
paratively small concentration of molecular hemoglobin
augments oxygen transfer to the vessel wall, leading to 
a hyperoxia signal, and consequently a vasoconstrictive
response.

In vivo, peripheral vascular resistance is autoregulated at
the level of the arterioles by a mechanism that senses oxy-
gen tension, producing vasodilatory signals when blood and
tissue pO2 is low, and vice versa. This conceptualization is
supported by the finding that large hemoglobin molecules
are not vasoactive, although they carry oxygen. As an ex-
ample, polyethylene glycol (PEG) surface decorated hemo-
globins (PEG-Hb) have consistently been shown to be
vasoinactive. These molecules have a large volume because
of the water bound by PEG. Since the diffusion constant is
inversely proportional to molecular radius, it can be shown
that PEG-Hb has a diffusion constant that is about one fifth
that of the native hemoglobin.

Experimentation with different levels of hemoglobin 
surface decoration show that vasoinactivity may be par-
tially related to the degree to which the surface of the hemo-
globin molecule is shielded by the water–PEG combination
[6]. This phenomenon suggests that free hemoglobin 
may also cause a pharmacological effect mediated at the 
surface of the endothelium, and that conjugation of hemo-
globin with PEG may produce a shield that prevents this
process.

The vasoconstrictive effects of molecular hemoglobin
may have several components that sometimes reinforce each
other. When blood viscosity becomes too low, there is a
reflex vasoconstriction that attempts to maintain perfusion
pressure, a phenomenon independent of blood oxygen-
carrying capacity. Oxygen regulation plays a crucial role
since the arteriolar walls and the tissue sense both the rate of
oxygen delivery from the red blood cell column and local
pO2. When molecular hemoglobin is present in plasma, there
is a significant additional flux of oxygen to the arteriolar
wall by facilitated diffusion, a process enhanced with right-
shifted oxygen dissociation hemoglobin molecules. NO
scavenging can also be a factor that may be balanced by

increased NO (and/or prostacyclin) production resulting
from elevated shear stress caused by high-viscosity 
hemoglobin molecules. Furthermore, considering that mod-
est amounts of small molecular hemoglobin can elicit a
pressor response, a pharmacological effect due to “naked”
small hemoglobin molecules in the circulation may also be
present.

Vasoconstriction limits perfusion and decreases FCD.
Although healthy organisms could probably compensate 
for moderate hypertensive episodes leading to correspon-
ding decreases in FCD, these same episodes may place 
the organism in jeopardy if they are superposed to other
vasoconstrictive stimuli, such as those inherent to hemor-
rhagic shock. Conversely, high plasma viscosity is critical 
in resuscitation, as an OCPE is administered in conditions 
of extreme hemodilution because there is no need for using
these products prior to reaching the transfusion trigger.

Optimal Oxygen Disassociation Properties

The development of oxygen carriers has implicitly
assumed that the oxygen dissociation curve should be 
right shifted, thus facilitating the release of oxygen. This
approach does not consider the longitudinal gradient of oxy-
gen tension in the circulation, whereby a right-shifted disso-
ciation curve favors oxygen unloading from small arteries
and arterioles. Hemodilution with hemoglobin-filled vesi-
cles of different p50s in the hamster window chamber model
has shown that improved tissue oxygenation is obtained
when this parameter is 16mmHg, instead of 34mmHg
(Department of Polymer Chemistry, Waseda University,
Tokyo, Japan). PEG-conjugated hemoglobin (Hemospan,
4% Mal-PEG hemoglobin) produced by Sangart (San
Diego, CA), with a p50 of 5mmHg, used at low concentra-
tion in hemodilution maintains FCD and positive acid–base
balance.

This apparent paradox may be understood by analyzing
the distribution of oxygen in the microcirculation as shown
in Figure 4, where oxygen tension in the microcirculation in
normal conditions has a baseline tissue pO2 level of 22 to 
24mmHg (which appears to be common for most tissues). It
is notable that although oxygen is regulated to achieve this
partial pressure in the tissue, anaerobic metabolism occurs
when tissue pO2 is below 2.4 to 2.9mmHg.

A possible rationale for the high pO2 tissue regulation is
that the organism has excess oxygen-carrying capacity, not
only as a requirement for extreme efforts, but also for 
compensation of oxygen delivery inhomogeneity in the
microcirculation. The effect of this inhomogeneity becomes
apparent in considering the variability of oxygen partial
pressure distribution in the hamster window chamber, 
which is of the order of ± 4 mmHg. This variability is a con-
sequence of the quasirandom distribution of the transport
properties of the microcirculation, and therefore intrinsic to
any level of tissue oxygenation. In conditions of extreme
hemodilution tissue pO2 decreases to 3 to 5mmHg; thus, if



1100 PART V New Research Modes and Procedures

the same variability is present, there is a significant amount
of tissue that is anoxic. In the presence of a fraction of the
oxygen-carrying capacity that can only be released at very
low pO2s, a form of targeted oxygen delivery, the effects 
of this variability will be nullified, ensuring that all the tis-
sue, even at low pO2 is oxygenated above the anaerobic
threshold.

Tissue pO2 levels that may be considered harmful could,
in fact, be quite safe if it were possible to eliminate the
inherent variability of oxygen delivery shown by the vari-
ability of tissue pO2. A small quantity of a low-p50 hemo-
globin oxygen carrier in the circulation accomplishes this
because it delivers oxygen only to portions of the tissue
where the anoxic threshold is passed, while the presence of
even significant amounts of right-shifted hemoglobin would
have no effect since most of the bound oxygen would be
unloaded in oxygenated regions.

Cross-linked or polymerized hemoglobins developed so
far have a high p50, presumed to be beneficial since it facil-
itates oxygen unloading. However, pO2 in the microcircula-
tion is regulated so that there is a significant decrease in
oxygen tension from the systemic circulation to the capillar-
ies, which typically have a pO2 of about 30mmHg. At 
this p50 half of the blood oxygen is delivered by arterioles
in normal conditions; however, if the p50 of the OCPEs 
is above this value, as in the case of Oxyglobin (p50 =
54mmHg), most of the oxygen in the blood should be deliv-
ered by the arterioles if this material were to replace blood.
These vessels extract a significant amount of oxygen from
the circulation while consuming a major portion of this oxy-
gen flux, thus increasing their oxygen supply increases 
tissue oxygen inhomogeneity, which is further aggravated
by the vasoconstrictor autoregulatory response already 
discussed.

Oxygen-Carrying Capacity

Measurements of pO2 in the microcirculation utilizing the
technique of phosphorescence oxygen quenching show that
when hemodilution carried out to a total hemoglobin content
in red blood cells of 5.6g/dL, then tissue oxygen is some-
what higher than normal but not statistically significant. The
required oxygen-carrying capacity can also be obtained by a
simple calculation that relates the whole-body oxygen con-
sumption and cardiac output, which yields a nearly identical
number for the organism at rest. Therefore, in principle, the
oxygen-carrying capacity of an OCPE does not need to
reproduce the value for normal blood and can be signifi-
cantly lower.

Colloid Osmotic Pressure

It is generally assumed that a blood substitute should
have a colloid osmotic pressure similar to that of blood 
and in the range of 20 to 25mmHg; however, several 
plasma expanders have zero colloid osmotic pressure
(saline, Ringer’s lactate) and small-volume resuscitation 
utilizes fluids with very high osmotic properties. To date
there is no definitive answer on what is the osmotic and/or
oncotic property that is most appropriate, and in all proba-
bility this is a variable that depends on the type of blood loss
to be corrected. Resuscitation with noncolloidal fluids leads
to tissue edema. Conversely fluids with high colloidal and
osmotic pressures cause tissue fluid to come into the vascu-
lar compartment, thus decreasing the amount of fluid to be
administered. Most conditions of hemorrhage are associated
with endothelial edema, which has been demonstrated to be
rapidly reversed upon the introduction of hyperosmotic and
hyperoncotic fluids. Volume expansion fluids such as
hydroxyethyl starch have relative high colloid osmotic pres-
sures, typically in the range of 30 to 50mmHg depending on
formulation. Small molecule hemoglobin–based OCPEs
have their oncotic pressure adjusted to be that of plasma, 
but PEG-hemoglobin modified OCPEs tend to have higher
oncotic pressures.

Synthesis of an Effective Oxygen-Carrying 
Plasma Expander

An OCPE based on the preceding concepts is a fluid with
properties fundamentally different from those of blood,
since it has low oxygen-carrying capacity, p50 is low and in
the neighborhood of 5mmHg, viscogenic properties are
such that when introduced into the circulation plasma vis-
cosity should be of the order of 2.0 to 2.5cP, and colloidal
osmotic pressure can be high. A fluid with these properties
can be obtained by conjugating hemoglobin with PEG, and
various formulations have been tested in both animal exper-
iments and human trials with excellent results. Notably this

Figure 4 Distribution of pO2 in the microvessel of the microcirculation
of the hamster window preparation as a function of the arteriolar order of
branching (As) and the venular order of branching (Vs). It is apparent that
tissue pO2 is narrowly regulated to a value in the range of 22 to 24 mmHg,
which is significantly higher than the level associated with anaerobic
metabolism.
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formulation is vasoinactive, and its NO-scavenging charac-
teristics do not appear to be relevant since these fluids have
the same NO binding constant as other vasoactive formula-
tions [7].

These fluids are in some cases more effective than blood
because they are designed to maintain FCD, which is as nec-
essary as restoring tissue oxygenation for recovery from
blood losses. Because in the foreseeable future OCPEs will
use human hemoglobin, these fluids are practical: Their
hemoglobin content is low, and more than two units of blood
equivalent unit of resuscitation fluid can be obtained from
one unit of blood. Finally, this low oxygen-carrying capac-
ity is practical and safe because it yields a significant
improvement of microvascular function.

Experimental Evidence

The effectiveness of different resuscitation modalities
was tested experimentally in studies of extreme hemodilu-
tion and hemorrhagic shock in the microcirculation of the
hamster chamber window model, which allows microcircu-
latory monitoring in the awake condition for a period up to
1 week, after the effects of the surgical intervention have
subsided. Extreme hemodilution was chosen because in
most instances, lowering systemic hematocrit to 50 percent
of baseline with a suitable plasma expander does not alter
microvascular hemodynamics and transport in our experi-
mental model. Animals were hemodiluted to 60 percent 
of normal with dextran 70 kDa, and further hemodiluted 
to a final hematocrit of 11 percent using the different 
products simulating blood losses initially remedied with
conventional plasma expanders, which upon passing the
transfusion trigger are corrected with an oxygen-carrying
blood substitute.

A compendium of findings in extreme hemodilution to 50
percent of normal with dextran 70kDa and further hemodi-
lution to a final hematocrit of 11 percent with the different
products is shown in Figure 5, including results obtained
with PEG-Hb vesicles developed at Waseda University,
Tokyo, using a somewhat different protocol where extreme
hemodilution was achieved with a continuous exchange of a
hemoglobin vesicle suspension. FCD is shown as a function
of blood base excess, which represents systemic conditions
and suggests the definition of critical functional capillary
density as the value for this parameter at which base excess
is no longer sustained and drops following modest reduc-
tions of total blood hemoglobin, that is, in the neighborhood
of a 50 percent FCD reduction. The most important result is
that normal base excess is obtained with total blood hemo-
globin of 5 percent, if 1 percent of this is Mal-PEG-Hb—a
result not found with other OCPEs.

Extreme hemodilution is not a clinically relevant proce-
dure and serves only to study basic mechanisms. A clinically
relevant test is to rescue a subject in hemorrhagic shock.
Studies were therefore conducted to determine the effects of
resuscitation with blood, starch, and Mal-PEG-Hb in a con-

ventional 50 percent bleed shock protocol. The animals
were resuscitated after 1 hour without any additional vol-
ume manipulation using shed blood, HES, and Mal-PEG-Hb
with 25 percent of the blood volume. The results, shown in
Figure 6, indicate that Mal-PEG-Hb is superior to both HES
and blood in reestablishing microvascular function. Concur-
rently it was found that base excess was higher in the 
Mal-PEG hemoglobin-resuscitated animals than in the
blood-resuscitated animals. An explanation for these find-
ings is that low p50 hemoglobin targets oxygen delivery of
oxygen to only the anoxic tissue.

An extreme hemorrhage study was performed with Mal-
PEG-Hb in which rats were 50 percent exchange transfused
before hemorrhage with either aa-cross-linked hemoglobin,
or 4 percent Mal-PEG hemoglobin (Figure 7). These ani-
mals were then subjected to a continuous exponential bleed
(1 hour, 60 percent of blood volume) whereby at the end of
the second hour after the start of bleeding 50 percent of the
control animals succumbed. In these experiments it was
found that at the end of one hour all animals that received
Mal-PEG hemoglobin before hemorrhage survived, while
all of those receiving aa-cross-linked hemoglobin did not
survive.

Summary and Conclusions

The revision of microvascular physiology related to
modifying basic transport properties of blood such as
plasma viscosity, p50, and hemoglobin concentration shows

Figure 5 Relationship between total circulating hemoglobin and base
excess, and FCD and base excess, for different hemoglobin modifications
and concentrations, including hemoglobin vesicles, in normovolemic
hemodilution experiments. The data marked � shows the relationship
between FCD and base excess, showing that MAL-Peg-Hb (�) yields high
FCD and base excess at low hemoglobin concentrations. It is apparent that
base excess is a direct function of hemoglobin concentration (+) with the
exception of MAL-Peg-Hb ( ), which presents normal base excess at a
very low total hemoglobin content. (see color insert)
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that blood or a bloodlike fluid may not be the optimal oxy-
gen-carrying volume-restoring fluid. A critical parameter for
either oxygen-carrying or noncarrying blood replacements
is their viscosity, which is a factor in maintaining capillary
flow.

Analysis of the microvascular consequences of changing
blood rheological conditions and particularly plasma shows
that low plasma viscosity is not of universal benefit. Patients
following trauma, peripheral arterial occlusive disease, and
acute myocardial infarction have elevated plasma viscosity,
a condition presumed to be pathological. However, there are
situations where increased viscosity may be a protective or
beneficial mechanism.

Plasma expanders are not used after reaching the transfu-
sion trigger because the reduction of blood oxygen-carrying
capacity beyond this point is assumed to jeopardize tissue
oxygenation, according to the systemic evaluation of the
organism portrayed by blood gases. Conditions in the micro-
circulation and local microscopic tissue environment when
the reduction of red blood cells is extended beyond the
transfusion trigger have not been consistently explored and
presently show that oxygen-carrying capacity is not the
major factor in determining tissue survival.

Studies show that the transfusion trigger is also the limit
for the organism to adapt to low blood viscosity in acute
conditions; thus the conventional transfusion trigger is also
a viscosity trigger. Since the administration of a molecular
oxygen carrier is physically similar to continuing fluid ther-
apy after reaching the transfusion trigger, the maintenance
of FCD requires the increase of plasma viscosity which
through shear stress–dependent mechanisms operating 
in the endothelium ensures the maintenance of optimal

microvascular function. Oxygen-carrying capacity is
exhausted upon red blood cell (or hemoglobin) losses that
are significantly greater than those represented by the trans-
fusion trigger. However, these losses of oxygen-carrying
capacity do not need to be compensated on a one-to-one
basis, if microvascular function (i.e., FCD) is maintained
and an oxygen carrier is introduced only to deliver oxygen
to anoxic tissue regions. This approach ensures a uniform
maintenance of the whole organism above the anaerobic
threshold, while limiting the amount of oxygen carrier
needed to maintain metabolism. Thus the combination of
maintenance of microvascular function and targeted oxygen
delivery is the primary determinant of an efficacious human
hemoglobin-based blood substitute that is more effective
than blood in acute conditions and that also expands the
available blood supply, since a unit of blood yields more
than two units of surrogate blood.

Glossary

Functional capillary density: Number of capillaries in a unit volume
of tissue that presents the passage of red blood cells. This parameter is
experimentally determined by measuring the length of red blood cell–
perfused capillaries in a microscopic field of view.

Microvascular function: A combination of parameters including
flow, number of open capillaries, intact vascular permeability, and level of
vessels tone that allows for the proper interaction between blood and tissue
at the microscopic level.

Oxygen-carrying capacity: The amount of oxygen in milliliters at
standard atmospheric conditions and temperature contained in a fluid.

p50: Partial pressure of oxygen at which hemoglobin is 50 percent 
saturated with oxygen.

Plasma expander: A fluid used to restore circulatory volume when
oxygen-carrying capacity is adequate.

Transfusion trigger: Level of blood hemoglobin at which the decision
is made to introduce red blood cells into the circulation in order to restore
oxygen-carrying capacity.

Figure 6 Recovery of FCD during resuscitation from 1 hour hemor-
rhagic shock with identical volumes of shed blood (black bars), 5 percent
HES (shaded bars), and 4 percent MAL-Peg-Hb (white bars). S1 and S2
initial and final conditions during the shock period. R1, Recovery immedi-
ately after resuscitation; R2, 1 hour after resuscitation. p < 0.05 relative to
shed blood and HES.

Figure 7 Controlled bleeding in rats that are 50 percent exchange trans-
fused with MAL-Peg-Hb (�), aa-cross-linked hemoglobin (�), and a
polymerized hemoglobin (+), versus controls (�) with no treatment. The
study was designed so that 50 percent of the untreated (not transfused con-
trols) would survive 120 minutes.
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Vasoactivity: Inherent property of compounds that cause vasocon-
striction and the elevation of systemic blood pressure.
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and is present on different cell types, endothelial cells,
macrophages, lymphocytes, granulocytes, and neurons 
[2].

CML and Vascular Cell Pathology

CML proteins bind to endothelial cells and macrophages
and activate these cells. CML binding to RAGE is followed
by a series of reactions including NADPH-oxidase activa-
tion. NADPH-oxidase produces reactive oxygen intermedi-
ates that induce NF-kB activation and subsequently gene
transcription. As a consequence, vascular cell adhesion mol-
ecule (VCAM-1) is induced, synthesis of cytokines such as
interleukin-6 or monocyte-chemotactic protein 1 is potenti-
ated, and tissue factor is expressed. These alterations of
endothelial cells favored leukocyte adhesion and migration
and the development of an inflammatory reaction. Vascular
permeability is increased in diabetic animals [3]. Using radi-
olabeled albumin or fluorescent probes, it was possible to
demonstrate that the increase in vascular permeability may
be induced by AGE infusion. The increase in vascular per-
meability observed in diabetic rats as well as when induced
by AGE infusion can be blocked when AGE–RAGE inter-
actions were inhibited using anti-RAGE antibodies or 
soluble RAGE [4].

These results demonstrated that, at least, vascular hyper-
permeability observed in diabetic rats was related to AGE-
RAGE interaction (Figure 2).

Introduction

In recent decades evidence has been presented in favor of
a potential role for advanced glycation end products (AGEs)
in the development of vascular dysfunction in diabetes 
mellitus, renal failure, and aging. Since the first descrip-
tion of AGEs by L. C. Maillard, they have appeared to 
be a complex class of molecules including different prod-
ucts of glycoxidation but also of lipoxidation [1]. Their 
chemical detection is relatively complicated, and high-
performance liquid chromatography and mass spectrometry
are frequently used. Two well-defined molecules, car-
boxymethyllysine (CML) and pentosidine, are antigenic and
can be measured by immunological techniques.

Biochemistry of Carboxymethyllysine

AGEs result from a reaction between free amino groups
of lysine or arginine of proteins and carbohydrates. CML is
formed by the cleavage of a glycated protein (fructose-
lysine) into CML and erythronic acid (Figure 1). Car-
boxyethyllysine and CML belong to the carboxyalkyllysine
group of molecules. CML was shown to accumulate in 
different organs, and its potential role in the genesis of
nephropathy or retinopathy was suggested. CML adducts
demonstrated a high-affinity binding capacity to the recep-
tor for AGE (RAGE). RAGE is a molecule that belongs 
to the immunoglobulin superfamily of membrane receptors

Copyright © 2006, Elsevier Science (USA).
1107 All rights reserved.
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CML in Diabetes Mellitus, Aging, and 
Renal Failure

Using selective electrospray ionization mass spectrome-
try, different AGEs can be measured simultaneously, but in
most of the clinical investigations that have been conducted
in patients with diabetes or renal failure, only one or two
AGEs have been measured. In several studies, since CML
adducts can be measured by immunological methods, CML
was determined by ELISA assay. In patients with type II 
diabetes mellitus CML–human serum albumin (CML-HSA)
blood levels were found to be significantly augmented com-
pared to normal subjects. CML proteins are also increased in
patients with chronic renal failure [5].

During aging CML proteins accumulate in different
organs. Concentrations of CML in collagen of glomerular
membrane increased with age in rats. CML-AGEs were
detected in retina of patients with Eale’s syndrome, but also

in diabetic retinopathy. CML also deposits in skin collagen
of patients with chronic renal failure.

CML and Microvascular Complications

CML-HSA blood levels are higher in type II diabetic
patients with microangiopathy compared to those without
microvascular complications. CML-HSA was more aug-
mented in diabetic patients who have microalbuminuria and
retinopathy than in those who have only one complication
(Figure 3).

The statistically significant correlation between CML-
HSA blood level and the extent of microvascular lesions
suggested that CML may participate in the vascular dys-
function. This hypothesis fits with the deleterious effect of
AGE on the vascular functions observed in animal and 
prevented by AGE-lowering agents or by blocking AGE
receptors.

CML adducts are present in excess in eye or kidney 
of patients with retinopathy or nephropathy. Oxidatively
formed CML is present in nondiabetic retinas as a regular
constituent, but increases in diabetics both in neurological
and vascular components.

The prevalence of the allele 249C of the RAGE gene is
significantly increased in patients with type II diabetes 
and retinopathy, further indicating a crucial role for CML,
the high-affinity ligand to RAGE, in the development of
retinopathy. Genetically modified mice that overexpressed
RAGE and were diabetic developed an accelerated glomeru-
losclerosis that is prevented by AGE-limiting compounds.

In the presence of impaired renal function serum CML
levels showed a significant inverse relation with creatinine
clearance. CML accumulation may be due to both a low
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serum clearance and/or increased in situ CML formation in
chronic renal failure.

CML modification of proteins engages RAGE, thereby
activating key cell signaling pathways such as NF-kB and
modulating gene expression. Thus, CML–RAGE interac-
tions lead to an accelerated deleterious process affect-
ing vascular functions. In addition to cytokine production,
leukocyte adhesion molecule induction favor an inflamma-
tory reaction. CML adducts can trigger vascular inflamma-
tion but can also result from oxidative reaction.

Clinical investigation demonstrated that CML proteins
are increased in the blood of patients with microvascular
complications when suffering from diabetes mellitus. Since
the CML modifications in proteins are irreversible, it has
been suggested that CML may be an integrative biomarker
for the accumulative oxidative stress of proteins that had
been exposed.

CML-HSA is an interesting marker for glycoxidation 
and is related to microangiopathy genesis via a receptor-
mediated mechanism.

Glossary

Advanced glycation end products: The result of the nonenzymatic
reaction between a sugar and the free amino group(s) of proteins.

Microangiopathy: Disease of the capillaries, often applied to vascular
changes in diabetes mellitus. Synonym: capillaropathy.

Vascular permeability: The fact that blood vessels permit the passage
of substances, as through a membrane or other structure.

References

1. Brownlee, M. (2000). Negative consequences of glycation. Metabolism
49, 9–13.

2. Schmidt, A. M., Yan, S. D., Wautier, J. L., and Stern, D. (1999). Activa-
tion of receptor for advanced glycation endproducts: A mechanism for
chronic vascular dysfunction in diabetic vasculopathy and atherosclero-
sis. Circ. Res. 84, 489–497.

3. Wautier, J. L., Zoukourian, C., Chappey, O., Wautier, M. P., 
Guillausseau, P. J., Cao, R., Hori, O., Stern, D., and Schmidt, A. M.

(1996). Receptor-mediated endothelial cell dysfunction in diabetic vas-
culopathy. Soluble receptor for advanced glycation end products hyper-
permeability in diabetic rats. J. Clin. Invest. 97, 238–243.

4. Wautier, J. L., and Guillausseau, P. J. (2001). Advanced glycation end
products, their receptors, and diabetic angiopathy. Diabetes Metab. 27,
535–542.

5. Wautier, M. P., Massin, P., Guillausseau, P. J., Huijberts M., Levy, 
B. I., Boulanger, E., Laloi-Michelin, M., and Wautier, J. L. (2003). 
N-(Carboxymethyl)lysine as a biomarker for microvascular complica-
tions in type II diabetic patients. Diabetes Metab. 29, 44–52.

Further Reading

Raj, D., Choudhury, D., Welbourne, T., and Levi, M. (2000). Advanced
Glycation end products: A nephrologist’s prospective. Am. J. Kidney
Dis. 35, 365–380. A well-documented review on renal complications
(145 references).

Schmidt, A. M., Yan, S. D., Yan, S. F., and Stern, D. (2001). The multili-
gand receptor RAGE as a progression amplifying immune and inflam-
matory responses. J. Clin. Invest. 108, 949–955. A comprehensive,
concise article on RAGE.

Thornalley, P. (1998). Cell activation by glycated proteins AGE receptors,
receptor recognition factors and functional classification of AGEs. Cell.
Mol. Biol. 44, 1013–1023. A didactic approach.

Wautier, M. P., Chappey, O., Corda, S., Stern, D., Schmidt, A. M., and 
Wautier, J. L. (2001). Activation of NADPH oxidase by AGE links oxi-
dant stress to altered gene expression via RAGE. Am. J. Physiol.
Endocrinol. Metab. 280, 685–694. A convincing demonstration of the
relationship between AGEs and reactive oxygen intermediates.

Yamamoto, Y., Kato, I., Doi, T., Yorekura, H., Ohaski, S., Takeuchi, M.,
Watanabe, T., Yamagishi, S., Sakurai, S., Takasawa, S., Okamoto, H.,
and Yamamoto, H. (2001). Development and prevention of advanced
diabetic nephropathy in RAGE overexpressing mice. J. Clin. Invest.
108, 261–268.

Capsule Biography

Jean Luc Wautier is Professor of Hematology at the University of Paris
and is the director of the research laboratory on cellular and vascular biol-
ogy. He has published articles that are now milestones in the pathophysiol-
ogy of diabetic angiopathy (N. Engl. J. Med. 1981, Proc. Natl. Acad Sci
USA 1994, J. Clin. Invest. 1996, Am. J. Physiol. 2001, Kidney Int. 2002).





SECTION D

Knockout/transgenic Models





CHAPTER 162

Knockout Mouse Models Have
Provided Invaluable Insights into

Microvascular Development 
and Functions

1Kristofer Rubin, 1Alexei V. Salnikov, and 1,2Christian Sundberg
1Department of Medical Biochemistry and Microbiology, Uppsala University, Uppsala, Sweden

2Department of Pediatrics, Uppsala Academic Hospital, Uppsala, Sweden

Null Mutants That Affect the Development of the
Microvascular Unit

The use of null mutant mice has helped to define molec-
ular mechanisms that are involved in the development of the
embryonic vascular system. The knockout strategy has,
however, some shortcomings that make the analyses of phe-
notypic changes complex and general conclusions about the
proper function of a particular gene ambivalent. Many of the
phenotypic changes that result from ablation of specific
genes have been shown to depend on the genetic back-
ground (mouse strains) in which the ablations exist. 
Furthermore, many gene products are nonredundant; mice
deficient in such genes are often not viable and die at vari-
ous stages of development. To enable the study of functions
of nonredundant genes, chimeric mice have been used.
Here, the fates of null-mutant cells can be followed in a
viable mouse. Furthermore, conditional knockouts in which
the gene deletion only occurs in desired cell types and/or
after induction also enable phenotype analyses of genetic
ablations that result in embryonic lethality. Targeted gene
deletions, however, often result in no or very subtle pheno-
typic changes, requiring extensive analyses to detect any
phenotypic change that could be attributed to the genetic
ablation introduced. Occasionally the phenotype becomes

Introduction

The primary function of microvessels forming the capil-
lary bed is to enable exchange of nutrients, waste products,
gases, and fluid between the blood and the parenchyma of a
tissue. Microvessels can thus be regarded as the effector unit
of the vascular system by fulfilling its primary task of trans-
port. The microvascular units consist of the blood vessel
(capillaries and venules) and surrounding loose interstitial
connective tissues in which most, if not all, microvessels
outside of the central nervous system are embedded. Com-
parisons of the genome of flies, worms, and humans reveal
that many genes encoding extracellular matrix (ECM) pro-
teins characteristic of loose interstitial connective tissues,
such as fibronectin, elastin, interstitial fibrillar collagens,
fibulin, and fibrillin, evolved in the chordate lineage in 
parallel with the vascular system. A functional role for fluid
transport from the bloodstream to the interstitium by the
loose connective tissues has been demonstrated. It has been
proposed that the cells of the loose connective tissue control
fluid fluxes by regulating the tension they exert on the inter-
stitial ECM. The “microvascular unit” encompasses both the
vessel proper and its surrounding loose interstitial connec-
tive tissue (Figure 1).

Copyright © 2006, Elsevier Science (USA).
1113 All rights reserved.
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evident only during pathological processes such as tumor
growth or inflammation.

Angiogenesis and vasculogenesis are commonly con-
sidered to be regulated by a balance of stimulatory and
inhibitory factors. In the embryo, the loss of a particular
gene may be compensated by alternative genes that, in 
the adult animal, may have become redundant. Similarly,
overexpression of certain gene products in adult animals,
such as by adenoviral transfer of genes into a tissue, 
may shift the natural balance between stimulatory and
inhibitory factors, resulting in excessive or disturbed vessel
formation or function. The latter case, however, does not
necessarily imply that the particular gene has the same func-
tion during normal development of the vascular system. A
parallel can also be drawn with neovascularization during
malignant growth in which angiogenic factors are over-
produced, causing a distorted and dysfunctional vascularity
in the tumor.

The Endothelial Lining

Several families of growth factors and their receptors are
expressed by endothelial cells during embryonic develop-
ment. These growth factors orchestrate distinct phases of
vasculogenesis and angiogenesis. Targeted deletion of genes
encoding molecules governing endothelial cell proliferation,
differentiation, migration, and survival emphasize the
importance of a coordinated sequence of events for the
development of a functional vascular system.

VASCULAR ENDOTHELIAL GROWTH FACTORS (VEGFS)
VEGF was first described as a vascular permeability 

factor (VPF) and was later shown to be a specific and potent
mitogen for endothelial cells. The VEGF family of endothe-
lial cell growth factors includes several members (VEGF
A–E) and splice variants that signal through cell surface
receptors containing intracellular tyrosine kinase domains
(VEGFR1–3). Vegf receptors are largely confined 
to endothelial cells. Mice lacking the Vegf-A, VegfR-1,
VegfR-2, or VegfR-3 genes die in utero during developmen-
tal stages E8.5 to E11.5. These deletions result in severe
malformations of the cardiovascular system and in defective
vascular remodeling. Both homozygous and heterozygous
loss of the Vegf-A gene are lethal, with a severe vascular
phenotype. In contrast, ablation of the Vegf-B gene in mice
generates viable animals, although the heart is underdevel-
oped and small. Embryos deficient in VegfR-1 fail to assem-
ble endothelial cells into functional vessels. VegfR-2 null
embryos represent an early defect in the development of
hematopoietic and endothelial cells. Analysis of VegfR-3
null embryos revealed that although vasculogenesis and
angiogenesis occurred, VEGFR-3 is needed for the remod-
eling and maturation of the primary vascular network into
functional larger blood vessels. The fact that deletion of any
one Vegf gene results in embryonic lethality demonstrates
that the Vegf system is not functionally redundant during
embryonal development.

Figure 1 The structure of the microvascular unit and gene deletions that affect its function. 
LV, lymphatic vessel; FB, fibroblast; MC, mast cell; Mph, macrophage; EC, endothelial cell; PC,
pericyte; BV, blood vessel; BM, basement membrane; ECM, extracellular matrix. (see color insert)
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FIBROBLAST GROWTH FACTORS (FGFS)
In contrast to the VEGF system, single- and 

double-knockout mice for Fgf1 and Fgf2 genes display no
developmental vascular phenotype, suggesting functional
redundancy among related molecules. Data on the role of
FGFR-1 in vascular development are limited because of
embryonal death before gastrulation after targeted inactiva-
tion of the FGFR-1 gene.

TRANSFORMING GROWTH FACTOR-b (TGF-b)
Members of the TGF-b family of growth factors par-

ticipate in the regulation of endothelial cell function 
during embryonal vascular development. Around half of
mouse embryos lacking the TGF-b1 gene die at E10.5, with
embryos defective in vasculogenesis in a process that
appears to involve endothelial cell differentiation, ultimately
leading to inadequate capillary tube formation and integrity.
Since there is no obvious phenotypic overlap between TGF-
b2- and TGF-b3-null mice, TGF-b1 seems to have isoform-
specific functions during vasculogenesis. TGF-b receptor
(TbRI-II)- or Alk1-deficient mice die at mid-gestation, ex-
hibiting severe vascular abnormalities reminiscent of ani-
mals lacking the TGF-b1 gene. The blood vessel defects in
Alk1 null mice are characterized by excessive fusion of cap-
illary plexuses and hyperdilation of large vessels. Deletion
of the endoglin gene encoding an auxiliary component of
the TGF-b receptor complex has led to defective vascular
development due to arrested endothelial remodeling and
poor vascular smooth muscle development. Similar vascular
defects were observed in mice lacking SMAD5 protein.

NEUROPILINS

Neuropilin (Nrp)1 and Nrp2, nonkinase receptors for
class 3 semaphorins and co-receptors for VEGF165 and
VEGF145 isoforms, are expressed on endothelial cells and
other cell types. Nrp1 has been found to potentiate VEGF-A
binding to VEGFR-2. Nrp1 knockout animals have defects
in the yolk sac, in embryonal vascularization, and in the
development of large vessels in the heart. Homozygous
Nrp2-null mutants are partially or completely deficient in
small lymphatic vessels and capillaries during development.
Nrp2, therefore, is selectively required for the formation of
small lymphatic vessels and capillaries. Double mutant
embryos for Nrp1 and Nrp2 die at E8.5 and have an abnor-
mal vascular phenotype resembling that of Vegf-A, and
VegfR-2 knockout animals.

ID1 AND ID3 TRANSCRIPTION FACTORS

Id1 and Id3 proteins are expressed in endothelial cells
and are required for angiogenesis in the brain. Id1–Id3 dou-
ble knockout mice display vascular malformations in the
forebrain and an absence of branching and sprouting of
blood vessels into the neuroectoderm.

THROMBOSPONDINS

The thrombospondins are large, secreted oligomeric mul-
tidomain glycoproteins that exert their functions at the 

cell surface. The family comprises five members of which
thrombospondin-1 and -2 (TSP-1 and -2) have antiangio-
genic effects. Mice deficient in TSP-2 have increased vas-
cular density and increased angiogenesis in subcutaneously
implanted sponges. These results support the concept of a
balance between angiogenic and antiangiogenic factors for
neovascularization and identify thrombospondins as a mod-
ulator of angiogenesis in vivo.

INTEGRINS

Integrins are a large family of heterodimeric cell surface
glycoproteins comprising noncovalently associated a- and
b-chains that mediate intercellular and cell–ECM adhesion.
Several mouse lines deficient in specific integrins have been
generated. Whereas genetic ablation of some integrin sub-
units, notably the integrin b1 subunit, is lethal in the early
embryo, genetic ablation of other integrin subunits causes
no, or very subtle, phenotypes. Loss of the genes encoding
the integrin a5 subunit results in severe vascular defects and
early death of the embryo. The integrin a5 gene negative
embryos have grossly distended and leaky blood vessels
both in the embryo itself and in the vitellin yolk sac.
Approximately 80 percent of mouse embryos lacking the
integrin av subunit gene die at mid-gestation, and about 
20 percent are born at term. Embryos deficient in the genes
encoding integrin b8 and av subunits have a similar phe-
notype characterized by brain vessel abnormalities and
underdeveloped placental labyrinth layers. It therefore
seems likely that avb8 integrin functions to anchor brain
vessels to the parenchyma and in the development of pla-
cental blood vessels. The fact that av integrin gene null
mice have extensive angiogenesis and vasculogenesis
demonstrates that the av family of integrins is not essential
for blood-vessel development. This is further supported by
the fact that mice deficient in the integrin b3 and/or b5 defi-
cient are fertile, and, apart from a Glanzmann’s thrombas-
thenia–like condition in integrin b3 gene null mice, their
vasculature is normal. b3 and/or b5 deficient mice also 
support tumor angiogenesis and growth. This contrasts with
results showing that selective inhibitors of the avb3 and
avb5 integrins inhibit angiogenesis in tumors and in chick
allantoic membranes. It has been proposed that this apparent
contradiction can be explained by the fact that avb3 and
avb5 integrins regulate endothelial cell apoptosis when
bound to the proper ligand. This av integrin-mediated con-
trol of apoptosis and angiogenesis may be controlled by 
specific inhibitors. Mouse embryos lacking the integrin a4
subunit die during E11 to E14 as a result of defects in the
heart and placenta.

INTERCELLULAR CELL ADHESION RECEPTORS

Endothelial adhesion receptors mediating cell–cell adhe-
sion, such as vascular endothelial cadherin (VE-cadherin),
connexins (Cx), and platelet endothelial cell adhesion mole-
cule (PECAM-1/CD31), are essential for various aspects 
of endothelial cell structure, morphogenesis, and integrated
vessel functions. VE-cadherin mediates adhesion between
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endothelial cells, and targeted genetic inactivation of this
cadherin induces apoptosis and impairs remodeling and
maturation of vascular plexuses. Mice lacking the genes
encoding either Cx37 or Cx40, the predominant gap junc-
tion proteins present in the vascular endothelium, are viable
and exhibit largely nonblood-vessel-related phenotypes.
However, double knockout mice for Cx37 and Cx40 display
severe vascular abnormalities and die during the perinatal
period. PECAM-1/CD31 has also been linked to vasculoge-
nesis and angiogenesis and has been implicated as a key
mediator of the transendothelial migration of leukocytes.
Mice deficient in PECAM-1/CD31 are viable and show no
apparent vascular phenotype. However, in response to
inflammatory stimuli, leukocytes are arrested between the
vascular endothelium and the basement membrane of
mesenteric microvessels at the inflammatory site in
PECAM-1/CD31 deficient mice. The later verifies a role for
PECAM-1/CD31 in the migration of leukocytes through the
subendothelial ECM.

The Pericytes

Pericytes are juxtapositioned to the abluminal surface of
endothelial cells, continuous with the basement membrane
in venules, capillaries, and small arterioles. They are struc-
turally and functionally similar to smooth muscle cells.
Intermediate cells, possessing characteristics of both cell
types, exist in the transitional portion between micro- and
macrovessels, and evidence exists that pericytes in fact dif-
ferentiate into smooth muscle cells. Furthermore, close 
similarities also exist with fibroblasts/myofibroblasts, and a
growing body of evidence suggests that pericytes act as 
progenitors of these cells in adult reactive tissues. Pericytes
have also been suggested to control endothelial cell 
behavior, vascular structural integrity, and remodeling of the
microvascular bed.

PLATELET-DERIVED GROWTH FACTOR (PDGF)
PDGF b-receptors are expressed on microvascular peri-

cytes in human pathologic conditions, therefore suggesting
that pericytes play a central role in PDGF b-receptor signal-
ing in adult tissues in vivo. Gene deletion studies in mice
have shown that PDGF b-receptor signaling is important in
pericyte behavior during embryogenesis. Disruption of the
PDGF b-receptor system results in a lack of recruitment and
vessel coverage of pericytes, poor development of the mus-
cular coat in larger vessels, edema formation, distension of
the heart, placental defects, and deficient mesangial cell
development in the kidney. The collective consequence of
these disturbances leads to vascular microaneurysm forma-
tion and extensive hemorrhaging, resulting in near-term
lethality of the embryo. The results suggest that PDGF b-
receptor expressing embryonic vascular cells act as the pro-
genitors of pericytes and vascular smooth muscle cells. Data
supporting these findings are found in diseases in human
adults, for instance, as a part of the pathophysiology of pul-
monary hypertension.

Although pericytes act as progenitors for vascular
smooth muscle cells during embryogenesis, PDGF b-
receptor chimeric mice are deficient in fibroblast develop-
ment during reactive conditions, such as wound healing in
adult animals. This suggests that pericytes act as progenitor
cells for fibroblasts during reactive conditions in the adult
animal, a notion that is supported by studies of PDGF b-
receptors in many human pathologies. This illustrates the
important point that events occurring during embryonic
development may not necessarily be used to predict events
in adult reactive tissues.

Mice lacking genes encoding the PDGF a- or b-
receptors, as well as PDGF A- or B-chains, have been gen-
erated. Although different organs are affected in different
animals, one common denominator for the function of the
PDGF system has been identified. PDGF receptors are
expressed on the pericytes and myofibroblasts that are
involved in the folding of endothelial and epithelial sheaths,
maximizing the functional surface area (and thus the
interexchange of solutes) at the interface between two tissue
compartments. This is important in the placenta, microvas-
cular bed, kidney glomeruli, small intestine, and lung,
organs that are all affected in mice lacking various compo-
nents of the PDGF system.

PDGF-BB participates in the control of capillary-to-
interstitium transport of fluid by stimulating contractility of
fibrocytes or pericytes in the loose interstitial connective tis-
sue surrounding peripheral blood vessels. Evidence for this
physiological function of PDGF-BB includes data obtained
from “knock-in” mice harboring mutated PDGF b-receptors
that are unable to activate phosphatidylinositide-3-kinase
after ligand stimulation. PDGF-BB normalizes the lowered
dermal interstitial fluid pressure following anaphylaxis 
in wild-type mice but not in those with mutated PDGF 
b-receptors.

ANGIOPOIETIN/TIE RECEPTOR

The angiopoietin (Ang)/Tie receptor system is important
in vascular integrity, maturation, and maintenance. Mice
deficient in the Ang-1 gene exhibit diminished pericyte 
coverage, hemorrhages, reduced vessel branching, dis-
tended structurally aberrant vessels, and increased vessel
permeability, suggesting a defect in vessel maturation. In
adult reactive tissues, Ang-1 is expressed in pericytes,
whereas the Tie receptors are expressed on endothelium dur-
ing the latter stages of angiogenesis. This suggests that
rather than acting directly on pericytes, Ang-1 produced by
pericytes stimulates Tie-2 receptor-bearing endothelial cells.
They in turn produce a yet unknown factor creating a
paracrine reciprocal stimulation resulting in pericyte recruit-
ment and vessel maturation. The Tie-1 and Tie-2 receptors
are tyrosine kinases expressed in both mature and develop-
ing endothelial cells and are important in angiogenesis.
Analysis of Tie-1 null mice identified the requirement of
Tie-1 for the establishment of the structural integrity of vas-
cular endothelial cells and their survival. Mouse embryos
with a deleted Tie-1 gene develop severe edema and hemor-
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rhages. However, the ligand for the Tie-1 receptor has not
been identified yet. In contrast, the Tie-2 receptor binds
Ang-1, Ang-2, and Ang-4. Tie-2 has a significant role in
angiogenesis, especially for vascular network formation.
Consequently, although vasculogenesis in mice proceeds in
the absence of members of the Ang/Tie system, vessel mat-
uration and functional properties of the vessels are severely
compromised.

The Extracellular Matrix

BASEMENT MEMBRANES

The major components of basement membranes are type
IV collagens, laminins, nidogens, perlecan, and fibronectins.
Extensive studies on the in vivo role of specific basement
membrane proteins have been performed using gene target-
ing. The importance of basement membranes for normal
development is evident from that mice carrying a null muta-
tion in the laminin g1 chain gene die as early as around E5.5.
Ablation of some other genes encoding basement membrane
components give less severe phenotypes, presumably due to
their less widespread tissue distribution. This can be exem-
plified by that null mutant mice lacking b2 chains of a
laminin variant present in the glomerulus basement mem-
branes die early from renal malfunction. Collagen types XV
and XVIII are present in the endothelial basement mem-
brane zones in several tissues. Mice lacking type XV colla-
gen are viable and fertile but suffer from muscle and cardiac
defects. Type XV collagen appears to be a structural com-
ponent necessary to stabilize microvessels in skeletal mus-
cle and in the heart.

INTERSTITIAL COLLAGENS

Collagen type I is the most abundant protein in the body.
Insertional mutation by Mov 13 retrovirus in the procolla-
gen a1(I) gene has been used to generate mouse embryos
lacking collagen type I. The embryos die due to rupture of
major blood vessels between days 12 and 14 of gestation.
Genetic ablation of the procollagen a1(III) gene in mice
results in a more subtle phenotype in which vessel rupture
occurs in adult animals. These studies show the role of the
interstitial collagens in providing tensile strength to vessels.

FIBULIN

Inactivation of fibulin-1, another ECM protein of the ves-
sel wall, has been shown to lead to dilation and rupture in
the endothelial lining of microvessels and massive hemor-
rhages in tissues starting at mid-gestation.

FIBRONECTINS

Genetic ablation of fibronectin (FN), the only known lig-
and for the a5b1 integrin, results in a phenotype similar to
that of integrin a5 subunit–deficient mice. FN null mice die
at E8.5 with severe defects in tissues derived from the meso-
derm. Embryonic vessels and the heart are deformed. The
FN-null phenotype is more severe than the phenotypes aris-
ing from ablation of any of the integrin a-subunits and,

therefore, it is likely that the integrins, notably the a5b1 and
av integrins, can partly compensate for each other during
early embryonic development.

PROTEINASES

Mice deficient in various MMPs show certain defects 
in angiogenesis. For example, genetic ablation of MMP-9
results in a delay in endochondral bone formation, an effect
that is reportedly due to delayed neovascularization. Trans-
genic insulinomas growing in MMP-9-deficient mice fail to
undergo the angiogenic switch, indicating a role for MMP-
9 in tumor angiogenesis. Mice deficient in genes encoding
MMP-2, MMP-7, or MMP-11 display reduced carcinogene-
sis in various models, possibly dependent partly on defec-
tive or disturbed tumor angiogenesis. Genetic ablation of the
membrane-anchored MT1-MMP (MMP-14) gives a pheno-
type with a defective angiogenesis during development.

Summary

The mechanisms behind the formation of functional
microvascular units are now being elucidated at the cell-
biological and biochemical levels. Our understanding of
vasculogenesis and angiogenesis during embryogenesis has
increased dramatically by studying murine null mutants,
deficient in expression of specific proteins. However, cau-
tion in extrapolating these findings to adult tissues and
pathological processes is warranted. The field of angiogene-
sis research must utilize a broad repertoire of models 
in order to identify differences and similarities between
embryonic events and pathological conditions in the adult.
Thus, a combination of these models will provide informa-
tion regarding pathological angiogenesis, but also, and 
just as important, mechanisms by which a hierarchically
functional vascular bed is formed. Furthermore, previously
unrecognized functions of certain molecules in vasculogen-
esis and angiogenesis have been identified by experiments
using murine null mutants.
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Conceptual Framework

Mathematical models of angiogenesis typically consider
the tissue as consisting of two subvolumes: the vascular
space and the extravascular space. Separating these subvol-
umes is the blood vessel wall consisting of endothelial cells
and perivascular cells, such as smooth muscle cells, along
with a matrix component. The surrounding extravascular
space is a porous solid consisting of extracellular matrix,
tumor cells, or mesenchymal cells specific to the host tissue.
The vascular space is the site of the most vigorous fluid
movement, but fluid may also slowly flow through the 
interstices of the extravascular space. The primary goal of
most mathematical models of angiogenesis is to predict the
changes in the vascular architecture that occur over time by
tracking either the density of blood vessels or the location
and diameter of each vessel segment.

Angiogenesis involves a series of steps. First, the exist-
ing vessel walls respond to angiogenic stimuli such as 
diffusing cytokines through vasodilation and increased 
permeability. Second, as the basement membrane support-
ing the endothelial cells and components of the extracellular
matrix are degraded, migration and proliferation of the
endothelial cells can begin. Third, the newly formed sprouts
interconnect, form lumens, and conduct blood flow. Finally,
the provisional vasculature stabilizes and remodels to meet
the needs of the specific site in a series of steps. These mat-
uration steps include tightening of intercellular junctions to
regulate vascular permeability, regression of redundant ves-
sels, and recruitment of perivascular cells. The connectivity
of the vascular network is regulated to meet the metabolic
needs of the tissue while the structure of the vessel walls
responds to the pressure and shear stress of the flowing

Definition

Mathematical models of angiogenesis are symbolic rep-
resentations of the physical principles and physiological
processes by which new blood vessels arise from existing
vessels. They are used to predict vascular density, vascular
architecture, kinetics of vascular growth, physiological
function, and response to treatment. Models have been
developed for angiogenesis during primary development of
the organism, wound healing, and growth of tumors in
experimental assays or that arise spontaneously in situ.

Introduction

Mathematics can be a powerful tool to aid in the study of
angiogenesis. Whereas much is known about the molecular
mechanisms of angiogenesis, considerably less is under-
stood about how genetic and molecular processes translate
into the variety of vascular architectures that are observed in
health and disease. This article focuses on some of the gen-
eral principles of mathematical modeling as it is applied to
angiogenesis and presents examples from several types of
models that illustrate some widely used techniques.

A mathematical perspective is especially valuable for
integrating existing and new experimental observations,
testing and generating hypotheses, planning new experi-
ments, and guiding the scale-up of animal experiments to
clinical trials. Although seldom able to predict the full spec-
trum of complex behavior observed in biological systems,
mathematical models aid in establishing the limits imposed
by physical principles and yield insight into the sensitivity
of the organism to changes in parameters.

Copyright © 2006, Elsevier Science (USA).
1121 All rights reserved.
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blood. In healthy tissues, the maturation processes lead to a
tree structure of arteries and veins that serve as highly effi-
cient conduits for transporting blood over large distances to
and from an orderly capillary bed, which efficiently brings
blood close enough to each cell so that diffusion can com-
plete the delivery of nutrients. Under pathological condi-
tions such as those found in solid tumors or diabetic
retinopathy, one or more of the maturation processes goes
awry, leading to chaotic patterns of vessels that show little
evidence of a hierarchical artery and vein structure or an
orderly capillary bed.

Physical Principles

A handful of physical principles underlie most mathe-
matical models of angiogenesis. Typically, these include
conservation principles that account for the concentration of
specific chemical species and the number of cells of various
types. The rate of change of each conserved quantity is
equal to the rate of spatial movement plus the net rate of pro-
duction balanced against net losses. Each conservation law
must be coupled to a set of rules that govern the rates of
movement, production, and loss of each conserved quantity.
Typical models of chemical species and cell populations are
described in the following sections.

Conservation of Chemical Species

In the case of chemical species we track the concentra-
tion c of a substance such as VEGF, bFGF, or O2 by 

where Jc is the flux of the species and g is the net gener-
ation of the chemical species. Movement may occur by two
mechanisms, diffusion and convection, such that Jc =
Jdiffusion + Jconvection. Diffusion arises from the net movement
of molecules from regions of high concentration to those 
of low concentration as modeled by Jdiffusion = -Dc—c, where
the diffusion coefficient Dc represents the molecular diffu-
sivity. Diffusion coefficients for relevant substances are 
primarily a function of their molecular weights, with small
molecules such as O2 and NO diffusing more readily than
ones with large molecular weights. Convection is the bulk
movement of material such that Jconvection = vc where v is the
local average velocity of the fluid (or in exceptional cases,
solid undergoing large deformations). The convective veloc-
ity arises from fluid pressure differences in the tissue that
can be modeled by standard tools from fluid mechanics.
Convection is vigorous within blood vessels and in tumors,
and it may also be significant in the extravascular space
because of pressure gradients in the interstitium that arise as
a result of leakage through the relatively permeable vessels
found there. When the effects of many blood vessels are
averaged, an alternative formulation may be used in which
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— ·Jconvection = Q(cout - cin), where Q is the blood flow rate
per unit volume and cout and cin are the concentrations 
coming from and going to the organ via the bloodstream,
respectively. The generation and loss terms can arise from
secretion or absorption by cells or reaction with other 
substances. The kinetics of the reactions are specific to 
particular models.

Conservation of Cell Populations

The principles governing cell populations are close
analogs to those for chemical species, but represent
processes on a cellular rather than molecular scale. The con-
servation equation for a population of cells such as endothe-
lial cells is given by

where the first term represents the rate at which the cell 
density changes within a small unit of tissue due to the flux
of cells and the net increase in cell numbers M that includes
gains due to mitosis and differentiation and losses due to cell
death. The flux of cells may have four contributions: Jn =
Jrandom + Jchemo + Jhapto + Jconvection, where Jrandom is the ran-
dom motility of the cells, Jchemo is the chemotactic flux,
Jhapto is the haptotactic flux, and Jconvection is the convective
flux of cells. The random motility is similar in principle to
the random diffusion of molecules. Cells have a net, random
migration from regions of high cell density to regions of
lower density as modeled by Jrandom = -Dn—n, where Dn is
the cell random motility coefficient, analogous to the diffu-
sion coefficient for molecules, and —n is the gradient in the
density of cells.

The chemotactic flux arises from the ability of some 
cells to move selectively toward regions having a higher
concentration of specific chemical species. The chemotactic
flux may be represented by Jchemo = c(c)n—c, where the 
flux is proportional to the density of cells and the gradient 
of the chemical species as well as a chemotactic function
c(c) that depends on the kinetics of the receptors on the
cells. A suitable form of the chemotactic function that
reflects a progressively decreasing sensitivity to the chemi-
cal species at higher concentrations is c(c) = c0k1/(k1 + c),
where the chemotactic coefficient c0 and k1 are positive 
constants.

The haptotactic flux arises from the cellular interaction
with components of the extracellular matrix such as
fibronectin. The haptotactic flux is modeled by Jhapto =
r0n—f, where r0 is the haptotactic coefficient, and —f is the
gradient in the concentration of an extracellular matrix
component.

And as with chemical species, the convective flux can be
represented by Jconvection = nv, where v is the rate of dis-
placement of the cells and matrix from their original config-
uration. Cells in the extravascular space are not generally
carried along by moving fluid, so the only bulk motion that
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can arise is from growth of the tissue, an effect seldom con-
sidered. In contrast, cells inside the vessels can be carried by
the blood. A recent model by Stoll et al. shows how circu-
lating progenitor cells can add significantly to the popula-
tion of endothelial cells that are available to line blood
vessels.

The models just described are best suited when a high
degree of homogeneity in the cell phenotypes and extracel-
lular matrix may be assumed. Heterogeneity in the underly-
ing substrate requires some different perspectives, such as
those from percolation theory, which is discussed later.

Examples

A Model of Proangiogenic and Antiangiogenic
Factors without Explicit Vascular Architecture

The preceding principles may be utilized to test the
hypothesis that a local imbalance between pro- and anti-
angiogenic factors in regions of growing solid tumors may
lead to focal suppression of angiogenesis. This model
divides the diffusing cytokines into two categories: those
stimulating angiogenesis and those inhibiting angiogenesis.
The steady state conservation of diffusing factors is 
modeled by

where c is the concentration of either a pro- or an antiangio-
genic factor, D is the diffusivity, k is the degradation rate
constant, and g is the generation rate of the factor. Although
the specific molecular mechanisms of their actions are not
modeled, the pro- and antiangiogenic substances are distin-
guished by their diffusivity, activity, and generation and
degradation rates—all of which can take on different values
in the tumor and host tissues.

Analytical solutions are obtained for a spherically sym-
metric tumor in the midst of tumor-free host tissue. The con-
centrations are normalized relative to the concentrations far
from the tumor in the host tissue (proangiogenic: q+ = c+/c+

•,
antiangiogenic: q- = c-/c-

•) where there exists a stable vas-
cular network. A net antiangiogenic effect occurs if q+/q- <
1, leading to a local suppression of angiogenesis, and a net
angiogenic effect occurs if q+/q- > 1, leading to growth of
new vessels.

Figure 1 shows profiles of the dimensionless concentra-
tion ratio for angiogenesis stimulators and inhibitors for the
baseline set of parameter values given in Table I. For the
baseline case, only a weak imbalance between stimulation
and inhibition is present, which produces regions of vascu-
lar growth as well as focal suppression of angiogenesis.
Greater imbalances in parameter values can induce either
suppression of angiogenesis everywhere or global stimula-
tion of vessel growth. Small tumors tend to have an excess
of proangiogenic factors promoting angiogenesis through-
out. In contrast, angiogenic suppression arises at the centers

0 2= — + -D c g kc
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of larger tumors with stimulation persisting only near the
tumor periphery, as shown in Figure 1.

This model points to the need for precise knowledge of
chemical kinetic constants and diffusion constants for
proangiogenic and antiangiogenic factors in tumor and host
tissue. The model illustrated in Figure 1 has been extended
to assess the impact of primary tumors on angiogenesis in
tumors at a secondary site as well as the impact of circulat-
ing endothelial progenitor cells on tumor growth and 
angiogenesis.

A Model of Explicit Vascular Architecture Induced by
Diffusing Angiogenic Factors

The previous model was useful for identifying local tis-
sue conditions that would be conducive to angiogenesis. In
the second model we consider how diffusing angiogenic
factors can affect endothelial cell migration and vascular
network production. This model is from a class of models
used to investigate the corneal angiogenesis assay in which
a few tumor cells or other angiogenic stimulus is implanted
into a previously avascular tissue, the cornea. Sprouting and
migration of the vascular network may then occur from the
existing vessels at the periphery toward the implant. In this
case, conservation of an angiogenic factor is modeled by

0 2= — - -D c kc uLc
Diffusion inactivation uptake
123 { {

Figure 1 Concentration ratio profile in tumor (h < 1) and host tissues
(h > 1) for a typical parameter set with crossover from net angiogenesis
inhibition to stimulation at r = 0.56R and peak angiogenesis stimulation at
the tumor surface. RAS denotes the region of angiogenic suppression.
Reprinted from Ramanujan et al. (2000). Cancer Res. 60, 1442–1448, with
permission.

Table I Parameter Values Used to Produce
the Results in Figure 1.

Proangiogenic Antiangiogenic
factors factors

Dtumor/Dhost 1.4 1.2

Dimensionless production rate Tumor: 136 Tumor: 109
Host: 31 Host: 29

Dimensionless degradation Tumor: 4.8 Tumor: 4.1
rate constants Host: 5.6 Host: 5.4
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where k is the inactivation rate constant that applies
throughout the cornea, u is the rate constant for uptake by
the vessels when they are present, and L is vessel density,
defined as the length of vessel per unit area. Angiogenesis is
assumed to occur only when the concentration of an angio-
genic factor exceeds a fixed threshold. This is consistent
with qualitative observations, but is not yet based quantita-
tively on experimental evidence. Sprout formation is mod-
eled as a stochastic process. The probability of adding a new
sprout is assumed to be proportional to the length of the
existing segment and the local concentration of angiogenic
factors. Once a sprout appears, it tends to grow in the direc-
tion of the concentration gradient in angiogenic factors and
also tends to persist in its growth in a consistent direction.
The persistence of direction for the chemotactic response is
governed by a user-selected parameter. The rate of growth is
proportional to the concentration of angiogenic factors. 
Figure 2 shows how vessel growth responds to angiogenic
factors and how dynamic changes in the vascular architec-
ture can modify the distribution of the angiogenic factors
themselves.

Models of Heterogeneity of the Extracellular Matrix:
Percolation Models

The preceding models reflect the response of endothelial
cells in a homogeneous substrate in which they may move
freely to any location. Whereas normal capillaries eventu-
ally form relatively regular patterns, the chaotic architecture
of tumor vasculature suggests that a model reflecting some
underlying heterogeneity in the substrate may be useful.

Percolation is such a model. Widely used in other set-
tings, such as the movement of oil through randomly frac-
tured rock, it provides a rich set of simulation tools and
analytical results for transport in random media. A primary
motivation for developing percolation models of tumor 
vasculature is that vascular patterns in animal models show
avascular voids of many sizes that closely match the fractal

scaling characteristics known to arise from percolation
processes. Percolation networks also mimic the vascular 
tortuosity observed in tumors.

Figure 3 illustrates how percolation can be used to model
the expansion of a network of blood vessels. Beginning
from an initial network, the blood vessels invade the readily
accessible, “weaker” material while growing around 
randomly placed, “stronger” obstacles. Local heterogeneity
may occur as a result of variations in the actual mechanical
strength of the extracellular matrix as it is degraded and
secreted, or alternatively can reflect heterogeneity in 
the phenotype of the cells themselves with some cells 
having greater angiogenic activity than others. The relative
degree of substrate heterogeneity determines whether its
effects are more significant than gradients established by
diffusing factors. Flow through the resulting network of
connected tubes can be readily modeled by standard fluid
mechanical methods so that the transport of bloodborne 
diffusible substances such as nutrients, drugs, and imaging
tracers may be studied.

In a real tumor, the length scales within which the perco-
lation model may be applied are bounded. At the absolute
upper limit is the size of the largest avascular space. Above
this so-called correlation length, the blood vessels fill the tis-
sue more or less homogeneously. The diameter of the blood
vessels themselves puts an absolute lower limit on self-
similarity. The measurements available to date suggest that
percolation-like scaling exists in many tumors between the
limits of about 50 mm to 5mm.

Gamba et al. recently showed that percolation-like, frac-
tal scaling also occurs in experiments of in vitro forma-
tion of blood vessels by cells grown in a gel matrix. A
critical density of cells exists, below which cells form 
disconnected clusters and above which a single connected
network forms.

0.10.50.9

Figure 2 Vascular network at a relatively high rate of bFGF uptake 
(u = 10,000 mm/hour, at 120 hours). The figure shows only the lower 
part of the cornea. The box at the center represents an implant of tumor
cells. The angiogenic stimulus was too weak to produce sprouting else-
where. Contours of relative concentration for bFGF are shown to illustrate
how the uptake by the vessels affects the concentration field. Reprinted
from Tong and Yuan (2001). Microvasc. Res. 61, 14–27, with permission
from Elsevier.

Strong Matrix 

 Weak Matrix 

 Percolation Network 

Figure 3 Small sample of a percolation network formed by invading
the weakest sites in the underlying substrate. The network is shown after 13
steps of growth beginning at the center of the array. The relative strength of
the substrate is assigned by a random number generator with no spatial 
correlation. Reprinted from Baish and Jain (2000). Cancer Res. 60,
3683–3688, with permission.
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Models of Vessel Maturation: Branching Models with
Vascular Diameter

In healthy tissues, blood vessels undergo a maturation
process that prunes and remodels the vasculature into a mor-
phology that is nearly optimal from an engineering perspec-
tive. The vascular network delivers nutrients near to every
cell in a three-dimensional volume while consuming a 
near minimum of energy for transport. Although the 
vasculature apparently has no direct means of seeking such
a global optimum, considerable evidence suggests that
mechanochemical transduction permits regulation of both
vessel diameter and connectivity in response to local condi-
tions of shear stress and pressure. A classic model of branch-
ing for mature arteries was developed by Murray in 1926.
He found that when vessel i divides into vessels j and k, the
diameters of the vessels that minimize the pumping and
blood volume costs to the organism satisfy d3

i = d3
j + d3

k. A
consequence of what is now known as Murray’s law is that
the shear stress on the endothelial cells lining all vessels of
all sizes should be constant. Empirically, di

2.7 = dj
2.7 + dk

2.7

has been found to hold remarkably well over many 
generations of branching. Recent extensions of this style 
of modeling yield the spatial distribution of the vessels 
and incorporate other aspects of the physiology, including 
diffusing factors and nutrients. West et al. have recently
applied scaling arguments to the branching of larger blood
vessels to explain why the metabolic rates of entire organ-
ism scale with mass as m3/4. These models give insights 
into the number and size of the vessels, but not their actual
locations.

Future Directions

Many recent advances in the specific molecular and
genetic mechanisms underlying angiogenesis have yet to be
translated into a mathematical framework. Mathematics
should be particularly useful for elucidating why different
tumor cell lines and different angiogenic and antiangiogenic
stimuli produce grossly different vascular morphologies.
Valuable insights may also be obtained into how the rates 
of vascular remodeling depend on the dose and means of
administering angiogenic inhibitors. Specifically, work is
needed on the kinetics of specific molecular and cellular
responses. In addition, much remains to be learned about the
dynamics of the extracellular matrix. There are also gaps in
our ability to integrate models of processes on the endothe-
lial-cell and capillary level with models of the arteries and
veins that connect to these smaller vessels. A key here
appears to be improved models of perivascular cells. Over-
all, the value of mathematical modeling for angiogenesis
will be enhanced as more of the models fully incorporate
physiological details as well as physical principles based on
independently measured parameter values.

Glossary

Chemotaxis: The ability of cells to move preferentially toward regions
of higher concentration of a diffusing factor.

Conservation: The principle that the rate of change of a quantity such
as mass or cell number depends on the net balance between sources and
sinks for the quantity.

Haptotaxis: The ability of cells to move preferentially toward regions
of higher concentration of specific components of the extracellular matrix.

Murray’s law: A rule that relates the diameter of the daughter vessels
at a bifurcation to the diameter of the parent vessel in such a way that total
pumping and blood volume costs are minimized.

Percolation: A theory of networks formed by randomly connected
neighboring sites.
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for measuring concentrations with high spatial and temporal
resolution. Experimental methods developed in cell and
molecular biology are being extended to microvascular
research; these include fluorescent imaging of intracellular
Ca2+, modification of cell surface receptors and ion chan-
nels, introduction of recombinant DNA and RNA and their
fragments into cells, and designing transgenic animals. In
parallel with the experimental developments in cell and
molecular biology, including the emergence of genomic and
proteomic data, modeling studies are under way of cell
genetic, signaling, and metabolic networks, cell mechanics
that explicitly treat the cell’s molecular components, cell
electrophysiology, and cell–cell interactions. This rapid
progress in modeling at all levels of biological organization
has led to an integrative program, call the Physiome Project,
whose mission is to develop mathematical and computa-
tional models and archive and disseminate quantitative data
and models of the functional behavior of biological mole-
cules, cells, tissues, organs, and eventually organisms [1]; it
envisions creation of a hierarchy of models at the different
spatial and temporal scales for which parameters of a model
at one scale can be interpreted in terms of the models at the
finer scale. Applications of this concept to the microcircula-
tion are referred to as the Microcirculation Physiome. The
concept provides an appropriate framework to review the
state of the art in modeling of the microcirculation.

Models of Microvascular Blood Flow

Models of blood flow in microvascular networks must
include as their elements flow in individual arterioles, capil-
laries, venules, and vascular bifurcations, and quantitative

Introduction

Significant progress has been achieved in quantitative
understanding of the microcirculation in recent decades,
owing to new experimental methodologies and development
of mathematical and computational models. The microcir-
culation is the site of the major part of the hemodynamic
resistance to blood flow and of molecular exchange between
the blood and surrounding tissue. Interactions between the
endothelial cells that line the vasculature and leukocytes
involved in the immune response to inflammation occur 
primarily in the venules. Endothelial cell permeability,
leukocyte–endothelial interactions, and vascular tone are
exquisitely regulated by both systemic and local mecha-
nisms. The complexity of the system makes it a natural area
for application of mathematical and computational (“in 
silico”) modeling. There is a growing realization that mod-
eling is necessary for quantitative understanding of complex
systems, which contain a large number of interacting sub-
systems. Quantitation of microcirculatory phenomena has 
a rich history, beginning with Poiseuille’s studies of blood
flow in small tubes leading to formulation of the
pressure–flow relationship, Krogh’s model for capillary
oxygen transport, Starling’s relationship for water perme-
ability of blood capillaries, and Murray’s law for vessel
diameter change along the vascular bed. Development of
realistic and accurate models requires experimental data;
model predictions, in turn, lead to formulation of new bio-
logical hypotheses and stimulate new experiments. Experi-
mental description of the microcirculation has progressed
greatly in large part because of the developments in intravi-
tal microscopy and image analysis, development of fluores-
cent probes for in vivo measurements, and techniques 
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geometric and structural information about the network.
Although the definition of macro-versus microvessels is not
commonly accepted, in this review we will refer to vessels
with internal diameter smaller than 200 mm as microvessels.
In models of arteries and veins the blood is usually treated
as a homogeneous Newtonian fluid with constant viscosity;
in contrast, for flow in microvessels blood cannot be con-
sidered as a homogeneous fluid because the dimensions of
its formed elements (red cells, white cells or leukocytes, and
platelets) are comparable to those of the vessels. In fact,
capillary diameter is typically smaller than the dimensions
of undeformed red cells and leukocytes.

Flow in Capillaries

The first mathematical models of flow of membrane-
bound red blood cells (RBCs) in a capillary were formulated
by Richard Skalak and coworkers around 1980 and sub-
sequently extended by many investigators. The models
included a continuum rheological model of the red cell
membrane, subsequently called the Evans–Skalak model,
allowing for large deformations. This rheological model has
been extended to include membrane bending stiffness and
membrane viscosity (viscoelastic behavior). Parameters of
the model have been measured in vitro by several laborato-
ries. Recently, detailed molecular models of the red cell
membrane have been constructed based on properties of two
major cytoskeletal proteins, spectrin and actin. The original
models assumed a cylindrical shape of the capillary; subse-
quent models described a “corrugated” shape attributed to
the endothelial cell nuclei bulging into the lumen and a layer
of endothelial glycocalyx with a thickness on the order of a
micron. The experimental finding by Duling and coworkers
that endothelial glycocalyx could be as thick as a microme-
ter (and therefore occupy up to 40 percent of the cross-
sectional area of a 5-mm capillary) is having a significant
impact on our understanding of capillary hemodynamics,
leukocyte–endothelial interactions, microvascular perme-
ability. and endothelial mechanotransduction (i.e., transduc-
tion of external mechanical forces into cellular response).
Theoretical models of these phenomena based on the notion
of proteoglycans with elastic protein cores and side chains
of glycosaminoglycans (GAGs) have been summarized by
Weinbaum et al. [2]. They have shown that the foregoing
phenomena can be explained in terms of a matrix composed
of the core proteins and unsteady movement of the blood
plasma through this layer. There are alternative models that
also consider electrokinetic and osmotic effects of the gly-
cocalyx as well as dynamic adsorption of plasma proteins
forming so-called endothelial surface layer (ESL). Future
experiments should elucidate the dynamic physicochemical
properties of the endothelial glycocalyx and the contribution
of different factors under different physiological conditions.

Under normal conditions leukocytes in blood occupy a
small fraction of the total blood cell volume, about 1/600;
thus they do not significantly affect the bulk rheological
properties of blood. However, their undeformed diameter

(about 8 mm) is larger than capillary diameter and they are
much stiffer than the red cells; thus the hydrodynamic resist-
ance per cell and residence time in capillaries for leukocytes
are as much as three orders of magnitude greater than that of
the red cells. When a leukocyte traverses a capillary, the
capillary glycocalyx is deformed or stripped away, and it
takes about a second for it to be restored. Leukocytes have
been modeled as viscoelastic bodies or as a volume of vis-
cous fluid representing the nucleus surrounded by a layer 
of viscous fluid with a different viscosity representing the
cytosol.

Flow in Arterioles and Venules

RBCs flowing in arterioles tend to migrate away from the
wall as a result of hydrodynamic forces resulting in a mar-
ginal cell-free or cell-depleted layer several micrometers
thick next to the endothelium. The hematocrit and velocity
profiles in arterioles tend to be approximately axisymmetric,
except near the bifurcations. The result of these nonuniform
hematocrit profiles is the Fahraeus effect (vessel hematocrit
is smaller than the discharge hematocrit; discharge hemat-
ocrit is defined as the hematocrit of the effluent blood if it
were collected into a reservoir), and the Fahraeus–Lindqvist
effect (apparent viscosity of blood in microvessels is smaller
than the bulk viscosity of blood at the same discharge hema-
tocrit). These effects are qualitatively similar in arterioles
and in artificial tubes of same diameter. For venules, the
cell-free layer is typically smaller and hematocrit distribu-
tion is often nonaxisymmetric, possibly resulting from con-
verging flows with unequal hematocrits from two venules;
this results in nonaxisymmetric velocity profiles that persist
through the venular segment. The glycocalyx may also play
a role in small arterioles and venules; hence the different
relationships between apparent viscosity and diameter under
in vivo and in vitro conditions.

In many mammalian species, RBCs have a tendency to
aggregate at low shear rates in the presence of specific
macromolecules, primarily fibrinogen in vivo; aggregation
in vitro can be induced by other macromolecules, such as
high-molecular-weight dextran. The process of aggregation
is reversible and the aggregates disperse at higher shear
rates due to hydrodynamic forces. In a number of tissues
shear rates are low enough on the venous side, so aggregates
are observed; under ischemic, low-flow pathological condi-
tions aggregation could take place on both venous and arte-
rial sides, although direct microvascular observations are
scarce. Potentially, red cell aggregation could play a signifi-
cant role under in vivo conditions, for example, by increas-
ing vascular resistance. Phenomenological models of blood
flow in arterioles and venules are plentiful, mostly repre-
senting flow as two fluids: a low-viscosity concentric region
near the wall and a higher viscosity core region containing
red cells. Although qualitatively the models agree with the
experimental data in narrow tubes, quantitative agreement
cannot be achieved without introducing features that reflect
the presence of discrete red cells, even in continuum 
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models. Computational modeling of flow in arterioles and
venules with discrete red cells, leukocytes, and platelets
remains a challenging unresolved problem. Progress has
been made with models of flow of suspensions of rigid par-
ticles and fluid droplets, with only limited success dealing
with deformable RBC-like particles. Developments in algo-
rithms of computational fluid dynamics (CFD) and avail-
ability of high-performance computers give promise that
these problems will be solved by direct numerical simula-
tion in the foreseeable future.

Flow in Microvascular Networks

Microvascular networks in an organ comprise millions of
microvessels. Arteriolar networks are mostly diverging and
venular networks are mostly converging tree-like structures,
with anastomotic connections present in many tissues. Cap-
illaries are found in the immediate vicinity of every cell,
with the exception of a few avascular tissues such as carti-
lage and early stages of tumors. The topology and geometry
of microvascular networks are organ specific. The relation-
ship between their structure and function is not fully under-
stood. To aid in quantitative analysis of microvascular
topology and geometry, vascular classification schemes
have been used, such as the Strahler scheme, adapted from
geophysics. Anastomoses are not included in these schemes.
Blood flow in microvascular networks is heterogeneous, in
part because complex network geometry results in nonuni-
form pressure in vessels of similar size. Experimental 
studies and theoretical estimates show a tendency for higher
flow daughter branches at arteriolar bifurcations to draw a
disproportionately higher number of RBCs, thus causing a
heterogeneous hematocrit distribution in microvascular net-
works. The flow and hematocrit heterogeneity results in a
lower average network hematocrit, an effect called the 
network Fahraeus effect. An empirical relationship between
RBC flows and volumetric blood flows in the arteriolar
branches is referred to as a bifurcation law. Microvascular
networks have been mapped experimentally in several tis-
sues, with nearly complete measurements of vessel inter-
connections, vascular segment diameters, and lengths, as
well as hemodynamics measurements at selected sites.
However, such measurements in three-dimensional tissues
are very difficult, because it is difficult to follow vessels not
lying in a plane perpendicular to the microscope axis or
lying deeper than 100 mm from the tissue surface. Progress
in multiphoton microscopy should make measurements in
deep tissue layers possible. The most detailed measurements
have been done in thin “two-dimensional” preparation of rat
mesentery where the complete networks comprise several
hundred to a thousand vascular segments. Poor agreement
between experimental and predicted flow and hematocrit
distributions was obtained from the model that incorporates
the following elements: experimentally measured network
geometry; diameter- and hematocrit-dependent apparent
viscosity based on in vitro measurements; and the bifurca-
tion law [3]. However, when a glycocalyx-type layer was

assumed that completely retarded the flow of plasma, the
agreement was significantly improved. These calculations
described a network-scale effect of the glycocalyx that 
has been extended in subsequent models. The calculations
also resulted in an “in vivo” relationship for apparent vis-
cosity in microvessels, different from that in vitro. To date,
predictions of the microvascular network flow model have
only been compared with experiment on a vessel-by-vessel
basis for rat mesentery. Much remains to be accomplished in
extending such models to other tissues, although progress
has been made in modeling blood flow in skeletal muscle,
heart, brain, kidney, and tumors in some level of detail.

Since the early 1980s when the Strahler vessel classifica-
tion scheme was applied to microvascular networks, there
was a realization that vessel diameters, lengths, and number
of branches of the same order follow power laws, character-
istic of scale-free fractal structures. These properties have
been explored in different organs. Not only the structure, but
also blood flow distribution follows fractal relationships; for
example, blood flow per unit volume versus volume size fol-
lows a power law with a noninteger exponent. The values of
the structural or flow exponents may change as the tissue
undergoes physiological or pathological changes, such as
aging, hypertension, or cancer. Modeling studies show that
fractal algorithms lead to creation of realistic microvascular
networks with just a few parameters, due to the intrinsic
similarity of the network at different scales. Thus, the two
approaches, vessel-by-vessel mapping and fractal descrip-
tion of vascular structure and hemodynamics, are comple-
mentary and both have advantages and disadvantages:
Although complete mapping provides most detailed descrip-
tion of individual networks and allows validation of blood
flow models on a vessel-by-vessel basis, the collection of
data is very labor intensive and in many cases not practical;
the fractal approach allows simple characterization of net-
work properties and may be appropriate for exploring 
general structure–function relationships under physiological
and pathological conditions.

Understanding the relations between form/structure and
function has been in the center of biological science; the
monograph by D’Arcy Thompson “On Growth and Form,”
published in 1917, is an example of conceptual thinking on
the subject. In application to vascular networks, Murray in
1926 raised the question whether vascular networks grow to
optimize a certain quantity. He showed that for a vascular
bifurcation, minimization of a “cost function” equal to the
sum of the viscous dissipation and the energy required to
maintain the vascular volume yields the ratio of the parent
to daughter branches of 21/3; this relationship is referred to
as Murray’s law. One of the consequences of Murray’s law
is a cubic relationship between blood flow and vessel diam-
eter in a network, that is, when blood flow, Q, is plotted on
logarithmic scale against vessel diameter, D, for different
vascular segments in a network, the slope of the relationship
is approximately equal to 3 (not to be confused with the
fourth-power relationship in Poiseuille’s law). Numerous
studies explored the question of optimality and showed
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agreement with the cubic law in some cases and disagree-
ment in others. Analysis of microvascular data on vessel
diameters at bifurcations showed that whereas the cost func-
tion considered in Murray’s law reaches a minimum when
the exponent is equal to 3, the deviation from this minimum
value is small, less than 5 percent, within a wide range of the
exponent values, between 2 and 10, and it increases outside
this range. Thus, accurate adherence to Murray’s law (or
similar minimization principles) could not be expected since
moderate deviations from the minimum are not costly and
other factors might affect the structure of the network. The
search for universal principles of vascular network design
continues; this theme also arises in vascular development,
angiogenesis, and remodeling.

Models of Microvascular Transport of Oxygen 
and Nitric Oxide

Delivery of oxygen (O2) and removal of waste products,
such as carbon dioxide (CO2), is one of the main functions
of the cardiovascular system. In most organs and tissues, 
the limitation of tissue metabolism is based on O2 delivery.
Therefore, we review the current understanding of the
processes of oxygen transport and the corresponding math-
ematical models. In arterial blood under normal conditions,
more than 98 percent of O2 is bound to hemoglobin (Hb)
inside RBCs while the rest is dissolved in the plasma. Oxy-
gen is transported convectively through the macrocircula-
tion with negligible losses. Research in many laboratories in
the past 30 years has shown that a gradual decrease of blood
O2 content starts in arterioles; for example, in resting stri-
ated muscle, precapillary losses amount to about two-thirds
of the total O2 exchanged between blood and tissue, with
approximately one-third exchanged in the capillaries. The
site of utilization of the O2 exchanged in the arterioles is a
subject of controversy: Experimental evidence exists that
the O2 lost by arterioles is transported to nearby capillaries;
other evidence suggests that the arteriolar wall consumes a
significant part of the oxygen. Models of O2 transport in the
microcirculation began with the famous Krogh model for-
mulated in 1918 comprising a single cylindrical capillary
surrounded by a concentric tissue cylinder. A simple solu-
tion to the diffusion equation was obtained expressing the
concentration of oxygen in the tissue cylinder as a function
of the radial position. The model has played a major role in
conceptual thinking about tissue gas exchange. However, in
view of the more recent experimental findings, significant
changes in modeling gas exchange became necessary and
numerous models have emerged. Here are some of the
important elements that the models consider. Pre- and post-
capillary transport of oxygen through the vascular wall and
into the surrounding tissue has been considered for individ-
ual microvessels and microvascular networks. Intravascular
resistance to O2 transport has been shown to be important;

for example, in skeletal muscle approximately half of the
partial pressure of oxygen (pO2) drop between RBCs and
distal mitochondria occurs inside the capillary. Intravascular
resistance is characterized by the vessel mass transfer coef-
ficient (defined as the ratio of the O2 flux and the transmural
pO2 difference), which is a function of vessel diameter and
hematocrit and, under certain conditions, of hemoglobin 
saturation with O2. A consequence of this resistance, in 
addition to the tissue transport resistance, is that under 
conditions of maximal consumption, such as in skeletal
muscle and heart, it is necessary to maintain a pO2 above 
20mmHg at the venous end of the capillaries to maintain
adequate O2 flux to the distal mitochondria. Heterogeneity
of blood flow (both RBC velocity and hematocrit), intrinsic
in the microvascular structure as discussed earlier, also
plays a significant role in tissue oxygenation. Accounting for
these factors has resulted in much more complex models,
compared to the Krogh model. Owing to this complexity, no
“standard” model has emerged that has been quantitatively
validated against experimental data. Development of such
models, specialized to individual organs and tissues, would
be important for understanding physiology and pathophysi-
ology, as well as in such applications as designing therapeu-
tic interventions and tissue engineering. Recent models also
describe O2 transport in the presence of hemoglobin-based
blood substitutes.

The role of nitric oxide (NO) as a major signaling mole-
cule with an impact on a myriad of biological processes 
is being actively investigated. Nitric oxide is produced
endogenously in the body through the enzymatic degrada-
tion of L-arginine by several isoforms of the enzyme nitric
oxide synthase (NOS). Endothelial cells express a constitu-
tive form of the enzyme (eNOS). NO can diffuse freely,
which enables it to act both in an autocrine and in a
paracrine fashion. It is a reactive species with a short half-
life in vivo. It can be degraded by a number of reactions, 
but under physiological conditions NO concentrations are
submicromolar and it is the fast reactions with superoxide
and heme-containing proteins such as hemoglobin (Hb),
myoglobin (Mb), guanylate cyclase (GC), and cytochrome 
c oxidase that dominate its chemistry. In response to 
hemodynamic or agonist stimuli, vascular endothelial cells
alter production of NO, which can diffuse across cell mem-
branes to the adjacent smooth muscle where it activates sol-
uble guanylate cyclase (sGC), leading to an increase in the
intracellular cyclic guanosine monophosphate (cGMP) con-
centration and to smooth muscle relaxation. Thus, NO is a
major factor in maintaining vascular tone. Models of NO
transport in arterioles show that even though Hb inside
RBCs is the major scavenger of freely diffusible NO, under
physiological conditions the concentration of endothelium-
derived NO in the smooth muscle can be maintained at a
level of several hundred nM. Neuronal NOS (nNOS) of
extramural origin could further contribute to maintaining
NO bioavailability. Important issues in modeling microvas-
cular NO distribution remain to be resolved: NO release
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rates via eNOS and nNOS pathways in vivo have not been
reported and their values obtained in vitro are used in the
simulations; release rates in arterioles, capillaries, and
venules may be different; release could be in the form of
time-dependent bursts rather than sustained. Since the reac-
tion rate of NO with RBC-contained Hb is known to be two
to three orders of magnitude lower than that with free Hb,
the presence of free Hb in the vascular lumen drastically
reduces smooth muscle NO concentration. Free Hb is pres-
ent in the lumen in sickle cell anemia and during adminis-
tration of Hb solutions as blood substitutes. Free Hb can also
extravasate into the interstitial space and act as an NO scav-
enger; this effect can be reduced by Hb polymerization in
the case of administration of Hb-based O2 carrier. NO
belongs to a large family of free radicals that play important
roles under physiological and pathophysiological condi-
tions, such as inflammation and cancer. Diffusion-reaction
models have been formulated that consider simultaneous
transport of NO, superoxide, peroxynitrite and other free
radicals with the goal of achieving a quantitative under-
standing of spatiotemporal distribution of these species in
the microcirculation [4].

Models of Regulation of Microvascular Blood Flow

Short-Term Regulation: Metabolic, Myogenic, 
and Flow-Dependent

Studies of local regulation of vascular tone are central 
to microvascular physiology. First we describe models of
short-term regulation of vascular tone, typically on the time
scale of minutes, leading to changes in blood flow and pres-
sure distribution within the network. Blood flow rate is
known to be locally regulated such that tissue demand for
oxygen and nutrients is matched to supply; in addition, cap-
illary blood pressure is regulated such that water balance
between the blood and tissue compartments is maintained.
Metabolites are released by parenchymal and stromal cells
in response to changes in local pO2. Molecular mechanisms
of oxygen sensing have been identified, but the molecular
nature of the metabolic signal reaching the arteriolar wall
and causing vasodilation or vasoconstriction is not com-
pletely understood; the nature of this signal is likely to be
multifactorial, involving multiple molecular species, and tis-
sue dependent. Typically, arterioles constrict in response to
an increase in transmural pressure and dilate in response to
a decrease in transmural pressure (the myogenic response).
In addition, arterioles dilate in response to an increased
shear stress acting on the endothelium, mediated by NO
(flow-dependent mechanism). Much has been done to eluci-
date cellular and molecular mechanisms of metabolic, myo-
genic, and flow-dependent modes of vascular regulation and
of the mechanisms of communication between vascular seg-
ments, but only a few quantitative models are available.
Most models consider simple series–parallel vascular net-

work topology where vessels of the same diameter are 
connected in parallel and vessels of different diameter in
series. The models postulate relationships between arteriolar
diameter and average tissue pO2 or concentration of a meta-
bolic factor (metabolic mechanism), transmural pressure 
(myogenic mechanism), or shear stress (flow-dependent
mechanism). Predictions include the presence of complex
oscillations (including regimes of “deterministic chaos”) of
arteriolar diameter in qualitative agreement with experimen-
tally observed rhythmic variations of arteriolar lumen diam-
eter (vasomotion). A step in detailed molecular modeling of
the vascular wall has been made with developing a model of
a vascular smooth muscle cell, with an explicit representa-
tion of ionic channels (Ca2+, K+, Cl-), Ca2+-ATPase pumps,
Na+-K+-ATPase, and other cellular transport entities [5].
Solution of the detailed kinetic equations demonstrates the
existence of complex oscillations in intracellular Ca2+ and
membrane potential that would lead to smooth muscle con-
tractions. This modeling approach should eventually allow
the response to pharmacological interventions to be under-
stood at the cellular and molecular levels. A similar
approach can be developed for endothelial cells, and these
models could then be combined and extended to result in a
detailed molecular-level model of the vascular wall.

Long-Term Regulation: 
Vascular Remodeling, Angiogenesis

Long-term changes of vascular network structure occur
on the time scale of days or weeks and longer; vascular net-
works may adapt in response to such factors as prolonged
changes of arterial pressure, ischemia, hypoxia, glucose
level, and tumor growth. Adaptation includes structural
changes of the vascular wall as well as changes in the net-
work topology, either growth of new vessels (angiogenesis)
or retraction of the existing vessels (vascular rarefaction).
Pries, Secomb, and coworkers have conducted systematic
modeling studies of microvascular network adaptation
based on the geometric and hemodynamic measurements 
for rat mesenteric networks comprising hundreds of 
segments. They hypothesized rules for diameter adaptation 
in response to changes in metabolic stimuli, intravascular
pressure, and shear stress, and information transfer from
segment to segment (conducted response) to match the 
computer-simulated and experimentally observed network
structure. They obtained good quantitative agreement 
under specific adaptation rules. These studies integrate 
complex relationships between different mechanisms of
local control of the microvasculature and could serve as a
guide for formulating quantitative hypotheses and designing
further experiments. At the cellular and molecular level,
processes of vascular remodeling, growth, and retraction
involve myriad of molecular species, including growth 
factors (e.g., vascular endothelial growth factor, VEGF;
fibroblast growth factor, FGF; platelet-derived growth 
factor, PDGF; tissue transforming factor, TGF, and their
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receptors), heparan sulfate proteoglycans, integrins, compo-
nents of the extracellular matrix, and intracellular signaling
molecules. During angiogenesis by capillary sprouting,
endothelial cells undergo proliferation, migration, differen-
tiation, and apoptosis, and the new sprouts are stabilized by
recruiting stromal cells that differentiate into pericytes or
smooth muscle cells. During vascular remodeling,
microvessels recruit progenitor cells or fibroblasts residing
in the surrounding tissue that are transformed into smooth
muscle cells. The complexity of the relationships between
these molecular and cellular species, many of which are
poorly understood, preclude formulating global molecular-
level models at the present time. However, general princi-
ples for in silico simulations of microvascular remodeling
have been put forward [6].

Summary and Future Studies

This brief review of mathematical and computational
models of the microcirculation aims at outlining major
approaches to modeling of diverse processes, from mechan-
ics of blood flow, to intravascular and tissue transport of
molecules, to regulation of vascular tone. The brevity of the
review precludes comprehensive coverage; for example,
such important issues as transendothelial transport of 
water and proteins are not included. The biological level 
of detail in the models vary: In some models individual
molecular species are explicitly represented, whereas in 
others phenomenological, mostly empirical, relationships
between some of the microcirculatory parameters are used.
Models at these different scales are complementary and it is
possible to structure them so that the molecular-level mod-
els are used to predict certain relationships that are part of
the larger scale models. Such hierarchical modeling system-
atically covering the scales from the microcirculatory down
to the molecular, accompanied by databases of the necessary
cell- and tissue-dependent parameters represents the emerg-
ing concept of the Microcirculation Physiome. Clearly, spe-
cific models will continue to be developed by independent
researchers; however, integration of these models will
require a modeling infrastructure—for example, standard-
ized languages for representation and exchange of molecu-
lar-, cellular-, and tissue-level models such as CellML or the
systems biology markup language, SBML, as well as stan-
dards for biological physiome-type databases. These devel-
opments would not only lead to a deeper quantitative
understanding of physiology and pathophysiology of the
microcirculation, but would also facilitate design of drugs
and drug delivery vehicles, and design of microvascular net-
works for tissue-engineered constructs.

Glossary

Computational model: Computer simulation (numerical algorithm
and implementation) that solves a mathematical model.

Mathematical model of a biological system: The use of mathematical
language, such as algebraic or differential equations, to describe the behav-
ior of a biological system.

Myogenic mechanism: Vasoconstriction in response to an increase in
transmural pressure or vasodilation in response to a decrease in transmural
pressure.

NOS: The enzyme nitric oxide synthase that participates in synthesiz-
ing nitric oxide from arginine and oxygen.

Physiome: The quantitative description of the functional state of an
organism or its part.

Wall shear stress: Force per unit area acting tangentially on the vessel
wall and arising from flow of viscous fluid.

References

1. Hunter, P. J., and Borg, T. K. (2003). Nat. Rev. Mol. Cell. Biol. 4,
237–243.

2. Weinbaum, S., Zhang, X., Han, Y., Vink, H., and Cowin, S. C. (2003).
Mechanotransduction and flow across the endothelial glycocalyx. 
Proc. Natl. Acad. Sci. USA 100(13), 7988–7995. Description of several
models involving endothelial glycocalyx for water permeability, RBC–
and leukocyte–endothelial interactions, and mechanotransduction.

3. Pries, A. R., Secomb, T. W., Gessner, T., Sperandio, M. B., Gross, J. F.,
and Gaehtgens, P. (1994). Resistance to blood flow in microvessels in
vivo. Circ. Res. 75(5), 904–915. This study describes formulation of a
model for blood flow in a microvascular network and simulates flow dis-
tribution in the rat mesentery.

4. Buerk, D. G., Lamkin-Kennard, K., and Jaron, D. (2003). Modeling 
the influence of superoxide dismutase on superoxide and nitric oxide
interactions, including reversible inhibition of oxygen consumption.
Free Radic. Biol. Med. 34(11),1488–1503.

5. Parthimos, D., Edwards, D. H., and Griffith, T. M. (1999). Minimal
model of arterial chaos generated by coupled intracellular and 
membrane Ca2+ oscillators. Am. J. Physiol. 277(3 Part 2), H1119–
H1144.

6. Peirce, S. M., Van Gieson, E. J., and Skalak, T. C. (2004). Multicellular
simulation predicts microvascular patterning and in silico tissue assem-
bly. FASEB J. 18(6), 731–733.

Further Reading

Beard, D. A., Schenkman, K. A., and Feigl, E. O. (2003). Myocardial oxy-
genation in isolated hearts predicted by an anatomically realistic
microvascular transport model. Am. J. Physiol. 285(5), H1826–H1836,
in press.

Glenny, R. W., Robertson, H. T., Yamashiro, S., and Bassingthwaighte, J.
B. (1991). Applications of fractal analysis to physiology. J. Appl. 
Physiol. 70(6), 2351–2367.

Mac Gabhann, F., and Popel, A. S. (2004). Model of competitive binding of
vascular endothelial growth factor and placental growth factor to VEGF
receptors on endothelial cells. Am. J. Physiol.  286(1), H153–H1564.

Popel, A. S., and Johnson, P. C. (2005). Microcirculation and hemorheol-
ogy. Am. Rev. Fluid Mech. 37, 43–69.

Pries, A. R., and Secomb, T. W. (2005). Control of blood vessel structure:
insights from theoretical models. Am. J. Physiol. 288(3),
H1010–H1015.

Secomb, T. W., Hsu, R., and Pries, A. R. (2001). Motion of red blood cells
in a capillary with an endothelial surface layer: Effect of flow velocity.
Am. J. Physiol. Heart Circ. Physiol. 281(2), H629–H636.

Sun, C., Migliorini, C., and Munn, L. L. (2003). Red blood cells initiate
leukocyte rolling in postcapillary expansions: a lattice Boltzmann
analysis. Biophys. J. 85(1), 208–222.

Tsoukias, N. M., Kavdia, M., and Popel, A. S. (2004). A theoretical 
model of nitric oxide transport in arterioles: frequency- vs. amplitude-
dependent control of cGMP formation. Am. J. Physiol. 286(3),
H1043–H1056.



CHAPTER 164 Mathematical and Computational Models of the Microcirculation 1133

putational modeling at the cellular and microvascular levels, including
angiogenesis, cell mechanics, transport of nitric oxide and oxygen, and reg-
ulation of blood flow.

West, G. B., Brown, J. H., and Enquist, B J. (1997). A general model for the
origin of allometric scaling laws in biology. Science 276(5309),
122–126.

Capsule Biography

Dr. Aleksander S. Popel is a professor of Biomedical Engineering at
Johns Hopkins University. His main interests are in mathematical and com-





SECTION F

Proteomics





CHAPTER 165

Proteomics of the Microvasculature
1Emma McGregor and 2Michael J. Dunn

1Proteome Sciences plc, London
2Conway Institute of Biomolecular and Biomedical Research, University College Dublin

over the past few years that have resulted in the current 2DE
method, which combines increased resolving power and
high reproducibility with relative simplicity of use, can be
found in recent reviews [2].

Protein Detection

Following separation by 2DE, proteins must be visual-
ized at high sensitivity using a gel staining method com-
patible with subsequent protein identification by mass
spectrometry. Staining with Coomassie Brilliant Blue
(CBB) has for many years been a standard method for pro-
tein detection following gel electrophoresis, but its limited
sensitivity (around 100ng protein) stimulated the develop-
ment of a more sensitive (around 10ng protein) method uti-
lizing CBB in a colloidal form. Presently, the most common
staining methods employ silver because of its high sensitiv-
ity (around 0.1ng protein). More recently there has been an
increase in the popularity of fluorescent gel stains as these
have the potential of increasing sensitivity even further than
silver and are also combined with an extended dynamic
range for improved quantitation.

Protein Identification

A major breakthrough in the analysis of proteins and pep-
tides came about with the development of sensitive methods
based on the use of mass spectrometry (MS). The impor-
tance of these developments was recognized in 2002 with
the awarding of the Nobel Prize in Chemistry to John Fenn
(electrospray ionization, ESI) and Koichi Tanaka (matrix-
assisted laser desorption/ionization ionization, MALDI),
pioneers in the development of methods of ionization that
made protein and peptide MS a practicable procedure. These

Introduction

The concept of mapping the human complement of pro-
tein expression was first proposed more than 25 years ago
with the development of a technique where proteins are sep-
arated by two-dimensional polyacrylamide gel electrophore-
sis (2DE) [1]. The term proteome, the protein complement
of a genome, was coined in the mid-1990s. Proteomics is
defined as the study of proteomes but also refers to the
plethora of complementary techniques that are used. Despite
its longevity, 2DE remains the core technology of choice for
the majority of applied proteomic projects. It has the ability
to separate simultaneously thousands of proteins and to 
indicate post-translational modifications that result in 
alterations in protein pI and/or Mr. High-sensitivity visuali-
zation of 2D protein separations, compatibility with quanti-
tative computer analysis to detect differentially regulated
proteins, and the relative ease with which proteins from 2D
gels can be identified and characterized by mass spectrome-
try are the main advantages of using 2DE in proteomics
research.

Two-Dimensional Gel Electrophoresis

2DE involves the separation of solubilized proteins in the
first dimension according to their charge properties 
(isoelectric point, pI) by isoelectric focusing (IEF) under
denaturing conditions, followed by their separation in the
second dimension according to their relative molecular mass
(Mr) by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). As the charge and mass properties
of proteins are essentially independent parameters, this
orthogonal combination of charge (pI ) and size (Mr) separa-
tions results in the sample proteins being distributed across
the two-dimensional gel profile (Figure 1). Developments

Copyright © 2006, Elsevier Science (USA).
1137 All rights reserved.
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developments have led to MS being the method of choice
for protein identification and characterization of protein and
peptides. Peptide mass fingerprinting (PMF) is the primary
tool for MS identification of proteins in proteomic studies.
In this method protein spots of interest are excised and the
gel plug containing the spot is digested with a protease, 
typically trypsin, which cleaves polypeptide chains at basic
amino acids (arginine/lysine residues). In this way the intact
protein is broken down into a mixture of peptides. The
masses of the resulting peptides, or more strictly their mass-
to-charge ratios (m/z), are then measured by mass spectrom-
etry to produce a characteristic mass profile or “fingerprint”
of that protein. The mass profile is then compared with pep-
tide masses predicted by theoretical digestion of known pro-
tein sequences contained within current protein databases 
or predicted from nucleotide sequence databases. This
approach is usually very effective when trying to identify
proteins from species whose genomes are completely
sequenced, but is not reliable for organisms with incomplete
genomic information.

In cases where it proves impossible to assign an unequiv-
ocal identity to a protein based on PMF alone, peptide

sequence information is then required to confirm an identity.
This can be generated by conventional automated chemical
Edman microsequencing, but is most readily accomplished
using tandem mass spectrometry (MS/MS). MS/MS is a
two-stage process, by means of MALDI-MS with post-
source decay (PSD), MALDI-TOF-TOF-MS/MS, or ESI-
MS/MS triple-quadrupole, ion-trap, or Q-TOF machines, to
induce fragmentation of peptide bonds. One approach,
termed peptide sequence tagging, is based on the interpreta-
tion of a portion of the MS/MS or PSD fragmentation data
to generate a short partial sequence or “tag.” Using the tag
in combination with the mass of the intact parent peptide ion
provides significant additional information for the homol-
ogy search [3]. A second approach uses a database searching
algorithm, SEQUEST. This matches uninterpreted experi-
mental MS/MS spectra with predicted fragment patterns
generated in silico from sequences in protein and nucleotide
databases. These techniques are highly sensitive, with the
current generation of instruments capable of identifying pro-
teins in the femtomole range, representing a 2D gel spot
containing only a few nanograms of protein. This approach
can also be combined with single- or multidimensional LC

Figure 1 2D electrophoretic separation of intact contractile human saphenous vein smooth mus-
cle. Proteins (400 mg load) were separated by isoelectric focusing in the first dimension using a pH
3–10 NL, 18 cm, IPG DryStrip (Amersham Biosciences). The pH gradient of the strip is illustrated
across the top of the 2D gel with the most acidic pH to the left and the most basic pH to the right of
the gel image. Proteins were then separated in the second dimension by SDS-PAGE through a 12
percent acrylamide gel. Standard molecular weight markers (Amersham Biosciences), ranging from
14.3 to 97.4 kDa, were run on the same gel and are annotated on the far left of the gel image. 
Visualization of proteins was achieved using silver staining.
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coupled either online (ESI-MS/MS) or offline (MALDI-
TOF/TOF) to MS to fractionate the peptide mixture, thereby
facilitating the identification of multiple protein species that
can co-migrate in a single 2D gel spot.

Vessel Proteomics

Investigating protein expression of different cell types
making up a blood vessel can be extremely challenging. One
approach is to isolate primary cells from vessels, such as
endothelial cells, smooth muscle cells, and fibroblasts, and
solubilize protein directly from these cells for proteomic
analysis. This can be achieved easily using larger blood ves-
sels; for example, there are numerous studies where human
umbilical vein endothelial cells (HUVECs) have been suc-
cessfully isolated and analyzed using a 2DE approach [4, 5],
as well as fibroblasts [6]. In addition, recent studies have
illustrated the relative ease of dissecting intact contractile
smooth muscle from human saphenous vein (HSV), and
analyzing quantitative protein expression of this tissue using
2DE [7, 8] (Figure 1). These approaches can be applied to
microvessels, but because of the very small size and the dif-
ficulty in isolating these vessels it becomes much more dif-
ficult. However, there are examples where primary cells
(endothelial cells) have been successfully isolated from
microvessels from within the heart.

The protein yield of potential 2DE samples, following
protein extraction, via standard 2DE methods, must be suf-
ficient for running the different types of 2D gels: analytical
gels (100 mg protein) used for quantifying protein expres-
sion, via the analysis of gel images by means of specialized
computer software packages, and preparative gels (400 mg
protein), where protein spots are excised from the 2D gel for
identification by mass spectrometry techniques. The
approaches highlighted earlier, where primary cells and
intact tissue are isolated from vessels, provide a limited
amount of material that can be subjected to 2DE, and this
becomes much further reduced when this material is har-
vested from the microvasculature. One way to counter act
this is to separate limited samples out on small format (7 ¥
7cm) mini-2DE gels rather than large format (20 ¥ 20cm)
2DE gels. However, for protein identification, sample pro-
tein yield should ideally be concentrated enough to be sepa-
rated on a large format 2DE preparative gel intended for
subsequent analysis by mass spectrometry. An alternative
method for increasing protein yield from cell types associ-
ated with the (micro)vasculature is to grow specific cell
lines in culture.

There are many proteomics studies where cells associ-
ated with blood vessels have been cultured and then sub-
jected to protein analysis via 2DE. The advantage of using
cultured cell lines is that there is always a ready supply of
purified material, which can be concentrated by harvesting
increased numbers of cells as required. Investigations of this
type have used cultured HUVECs and cultures of immortal-
ized HSV endothelial cells (Figure 2), as well as explanted

HSV smooth muscle cells, where sections of dissected HSV
medial smooth muscle are placed in culture conditions, 
thus stimulating the growth of smooth muscle cells outward
from the original explanted intact tissue. A recent example
of this type of study, using primary human endothelial 
cells cultured from HUVECs and a human endothelial cell
line (HUVEC-derived, immortalized EC-RF24), is that 
by Sprenger et al. [5]. Using a classical 2DE approach, cou-
pled with optimized fractionation techniques, two subdo-
mains of similar lipid composition, caveolae and rafts,
representing 0.5 percent of total cellular protein and less
than 2 percent of total plasma membrane protein, were 
analyzed and compared [5]. This reference study was able 
to demonstrate the power of subproteomics, allowing
enhanced separation and identification of membrane pro-
teins in particular.

In addition to the foregoing, there are a limited number of
studies that have attempted to analyze cells derived from
vessels associated with the human brain and kidney. One
such study, performed using cultured human cerebral
endothelial cells (HCECs), was designed to identify poten-
tial pharmaceutical targets for the treatment of multiple scle-
rosis. Gene expression measurements (Affymetrix Hu6800
oligonucleotide arrays) and analysis of protein via 2DE with
mass spectrometry, were used to establish early alterations
in HCECs activated by TNFa [9], where HUVECs were
used as the reference system. Results indicated the involve-
ment of the urokinase plasminogen activator system and
cytoskeletal rearrangements unique to TNFa activation of
cerebral endothelial cells [9].

Although using cultured cells provides abundant protein
yields for many parallel experiments to be undertaken, as
described by Franzen et al. [9], the main disadvantage of
using cultured cells is that one is using an in vitro system,
where once cells are cultured through many passages they
can be subjected to changes in their gene expression and
sometimes morphology (e.g., fibroblasts), which can influ-
ence gene expression measurements and protein expression
analysis by 2DE. This is a particular problem when analyz-
ing cultured smooth muscle cells, which lose their contrac-
tile properties in culture, and is why it is preferential to use
intact smooth muscle [7, 8] (Figure 1).

Recently we have started to apply the technique of laser
capture microdissection (LCM) in which a laser beam is
used to isolate specific regions of interest from microscope
sections of tissue. Although this technique generally results
in the isolation of relatively small amounts of material, it has
been shown to be possible to perform proteomic studies of
the resulting protein samples [10]. The heart is an example
of an organ dominated by a particular cell type, that is, car-
diac myocytes, but which also contains lower amounts of
proteins derived from other cell types including fibroblasts,
smooth muscle, and endothelial cells found in the microves-
sels within the heart. In preliminary studies we have been
able to generate sufficient material by LCM of human car-
diac tissue sections to produce large-format 2D gels of pro-
teins from isolated cardiac myocytes and microvessels to



Figure 2 2D electrophoretic separation of cultured human saphenous vein endothelial cell proteins. Proteins were separated by isoelectric focusing in
the first dimension using a 24 cm, pH 3–10 IPG DryStrip (Amersham Biosciences). The pH gradient of the strip is illustrated across the top of the 2D gel
with the most acidic pH to the left and the most basic pH to the right of the gel image. Proteins were then subjected to SDS-PAGE in the second dimension
through a 12 percent acrylamide gel. Standard molecular weight markers (Amersham Biosciences), ranging from 14.3 to 97.4 kDa, were run on the gel and
are annotated on the far left of the gel image. Visualization of proteins was achieved using silver staining.

Figure 3 2D electrophoretic separations of laser capture microdissected human cardiac tissue. (A) Cardiac myocytes. (B) Blood vessels. Proteins were
separated by isoelectric focusing in the first dimension using a pH 3–10 NL, 18 cm, IPG DryStrip (Amersham Biosciences). The pH gradient of the strip is
illustrated across the top of the 2D gel with the most acidic pH to the left and the most basic pH to the right of the gel image. Proteins were then separated
in the second dimension by SDS-PAGE through a 12 percent acrylamide gel. Standard molecular weight markers (Amersham Biosciences), ranging from
14.3 to 97.4 kDa, were run on the same gel and are annotated on the far left of the gel image. Visualization of proteins was achieved using silver staining.
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investigate (i) the effects of fixation and staining on cardiac
proteins separated by two-dimensional gel electrophoresis
(2DE) and (ii) feasibility of using laser microdissection to
separately prepare myocytes and blood vessels for 2DE gel
analysis (Figure 3) [11].

Thus, proteomic analysis of blood vessels is in its infancy
and has been largely confined to the study of larger vessels.
These investigations promise to yield important new infor-
mation on protein expression in vessels in different biologi-
cal systems. However, a major problem, if the studies are to
be extended to analysis of the microvasculature, will be
obtaining sufficient purified starting material.

Glossary

Proteome: The protein complement of a genome.
Proteomics: The study of proteomes by 2DE, mass spectrometry and

additional complementary techniques.
Two-dimensional electrophoresis (2DE): The separation of solubi-

lized proteins in the first dimension according to their charge properties
(isoelectric point, pI) by isoelectric focusing (IEF) under denaturing condi-
tions, followed by their separation in the second dimension according to
their relative molecular mass (Mr) by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE).
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here is the mart or exchange in which the raw and the man-
ufactured articles from the intestinal and hepatic shops are
spread out for sale.

In this graphic but enlightened observation, Osler
acknowledged that the critical mechanisms of both health
and disease are elaborated at the level of the smallest blood
vessels in the body. The essential “manufactured articles” to
which Osler referred were recognized—even in his day—as
proteins. As the effectors of the genetic code, proteins deter-
mine the phenotype not only of each cell, but also of every
tissue and organ, and ultimately the entire organism.

Proteins play a role in nearly all aspects of cell function
(structure, signal transduction, DNA transcription, macro-
molecular synthesis, energy production). Their involvement
in these processes is highly regulated by post-translational
modifications (PTMs). PTMs, which include phosphoryla-
tion, glycosylation, lipidation, sulfation, and proteolytic
modifications, are critical determinants of protein traffick-
ing, cell distribution, activation, and function. The number
of documented protein co- and PTMs has now reached 
several hundred. PTMs either increase or decrease the
molecular mass of affected amino acid residues. Conse-
quently, detailed understandings of PTMs are often possible
now through such newer proteomic techniques such as tan-
dem mass spectrometry (MS/MS), a method by which ana-
lytes can be weighed and sequenced with accuracy.

The Proteome versus the Genome

A proteome is the complement to a certain set or subset
of genes, that is, the total of all proteins linked to a given

Abstract

The human proteome is made up of the sum of the body’s
proteins, their numerous isoforms, and untold numbers of
post-translational modifications (PTMs) that are still unclas-
sified. Because of its proximity to physiology and to the
development of disease, the proteome is linked inextricably
with the microvasculature, which is the interface between
individual cells and the circulatory system at large. The
vocabulary of proteomics and the swiftly developing, tech-
nological nature of the field constitute substantial barriers to
investigators. In this chapter, we provide an overview of the
proteome and its field of investigation, proteomics. We
review both classic proteomic techniques (two-dimensional
gel electrophoresis) and newer approaches to studying the
proteome: isotope-coded affinity tagging (ICAT), multidi-
mensional protein identification technology (MudPIT),
mass spectrometry (MS, including tandem mass spectrome-
try, MS/MS), and protein microarrays.

Introduction

Proteins and the Microvasculature

Long before the term proteomics was coined in the mid-
to late 1990s, clinicians recognized the connections among
the microvasculature, proteins, and normal physiologic
function. Writing in 1912, Sir William Osler noted:

In the capillary lake into which the arterial stream widens,
the current slows and the pressure lessens. . . . In the brief
fraction of a second . . . the business of life is transacted, for

Copyright © 2006, Elsevier Science (USA).
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genome (Figure 1). Each type of nucleated cell possesses all
of the genetic information necessary to make and maintain
the entire organism that contains it. Judging from the wide
range in function of individual cell types (compare, for
example, the neutrophil and the neuron), it is obvious that
not all genes are expressed in each cell type. In general, cer-
tain fundamental genes, the protein products of which are
necessary for the physiological processes such as glycolysis,
are expressed by all cells. Different cell types are distin-
guished by expression of genes whose protein products pro-
vide structure or function that is cell specific. Whereas the
genome is generic for all cells in an organism, the proteome,
tailored to the environment of each cell, is characterized by
a diversity that is staggering by comparison. Investigators
also refer to subproteomes, which may be restricted to spe-
cific biological compartments, such as the inner mito-
chondrial membrane. Heightening the complexity of the
proteome further is the fact that although a given protein is
the product of a single gene, multiple variants or isotypes
exist among different cell types and even within the same
cell. PTMs determine protein trafficking, tertiary structure,
function, and turnover. Levels of mRNA do not predict 
corresponding cellular protein content. Protein composi-
tion and levels are determined by message stability, by 
specific translational efficiencies, and by turnover of the
protein.

The proteome is not static, but rather changes with 
time in response to any biological stimulus the organism
may encounter. A proteome is the result not only of genetic
expression, but also of ribosomal synthesis, PTMs, prote-
olytic degradation, and other alterations that appear to be
“unprogrammed” by the genetic code. In contrast to the
30,000 to 50,000 genes that constitute the human genome,
the exact number of proteins contained within the human
body is not known with any degree of certainty; the range of
estimates varies enormously—from a mere 1 million to per-
haps 1 billion. A humbling fact today is that even with the
most robust MS techniques, far fewer than 1,000 proteins
have been identified to date. (These include many of the pro-
teins used today in clinical evaluations, e.g., creatine kinase,
troponin, and aspartate and alanine aminotransferase.) Con-
trary to the case of the human genome, a full description of
the human proteome is a task for which completion is not
even nearly in sight, nor for which are all of the essential
tools yet available.

A major challenge to investigating and describing the full
proteome is its dynamic range. This term refers to the pro-
teins and peptides within the proteome that are defined by 
a set of certain characteristics, such as molecular weight
(MW), charge, or abundance. Proteins in the serum array
themselves across a dynamic range spanning 10 orders of
magnitude. The proteins of lowest abundance include
cytokines (e.g., interleukin-6), with concentrations in some
cases on the order of between 1 and 5pg/mL. In contrast,
high-abundance proteins such as albumin achieve concen-
trations as high as 3.5 to 5.0mg/dL, accounting for 55 to 
60 percent of all proteins in the serum. Comparing the 
concentrations of analytes of the lowest abundance to those
with the highest abundance is analogous to comparing 
the mass of one human being to the combined mass of all 
6 billion people on earth! Designing an instrument that 
can measure both ends of this spectrum remains an unmet
challenge in proteomics. All currently available proteomics
tools evaluate only a narrow spectrum of the proteome’s
dynamic range. Approaches to proteomic analyses are eval-
uated in part by the dynamic range of the proteome to which
they provide access. With regard to MW, proteomic tech-
niques that are highly effective in analyses of ions and 
peptides in the range of 700 to 12,000 daltons (Da), for
example, have little utility at molecular weights beyond this
range.

Proteomics

Proteomics is the application of tools from fields as
diverse as clinical medicine, molecular biology, mass spec-
trometry, and bioinformatics to explore the separation, iden-
tification, and characterization of proteins, and to shape the
wealth of information offered by the proteome into new
knowledge. The three major steps involved in a proteomic
analysis are sample preparation, protein (or peptide) separa-
tion, and protein characterization/identification. Many dif-
ferent technologies may be brought to bear on each of these
steps, particularly the tasks of protein separation and identi-
fication. The ever-changing technologies can be mixed and
matched to exploit the strengths of each and address the bio-
logical question at hand. Thus, proteomics is not a single
discipline but rather a collection of highly specialized forms
of expertise, all of which may be applied to many types of
clinical problems.

The field of proteomics is applicable to a broad spectrum
of diseases because the microvasculature is continuously
bathed in the proteome. Through modification of study
designs and the adaptation of techniques, tissues ranging
from blood samples to tissue biopsies may be studied by
proteomics. Samples may be obtained by methods as simple
as phlebotomy or as complex as laser capture microdissec-
tion. One principal advantage of utilizing serum or plasma
in proteomic studies is the comparative ease of acquisition
for such specimens. Conversely, one major disadvantage is
that analyses of blood are more difficult than those of most
other tissue samples because of the presence of highly 

Figure 1 Diagram of assorted cellular processes leading to phenotype
and the relationship of those processes to proteomics.
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abundant proteins that interfere with the detection of pro-
teins of lower abundance.

“Classic” Proteomics

Classic proteomics studies are multistep processes that
involve the separation and simplification of complex protein
mixtures; proteolytic digestion of individual proteins; pep-
tide analysis by MS; and finally, protein identification by
matching the mass data to a corresponding peptide sequence
library. Proteomic techniques such as two-dimensional gel
electrophoresis (2DE) and MS have been available for
decades, yet the study of proteinaceous substances in the
blood has much earlier origins. Examinations of a blood
substance called “albumin” began as early as the 1830s.
Thus, in some ways, only the name “proteomics” is new.
Steady progress with 2DE and MS over the past 25 years,
coupled with developments in such related fields as bio-
informatics and genomics, has now made detailed studies of
the proteome possible and relevant.

Preparation of the Sample

“Fractionation” is a step in the preparation of samples for
some analyses. Fractionation involves the removal of cer-
tain proteins from a sample (e.g., high-abundance proteins).
In some cases, the removal of “interference” from such 
proteins facilitates the analysis of other proteins of interest
(e.g., those of lower abundance). One problem with this
approach, however, is that the preponderance of low-
abundance proteins bind avidly to high-abundance “carrier”
proteins. Removing the carrier proteins results inevitably in
the loss of many analytes of potential interest. Fractionation
must be distinguished from separation, which is the differ-
entiation of proteins and peptides from each other that usu-
ally occurs (by MS or another technique) after fractionation
has been performed. Identification of proteins in a complex
mixture generally proceeds via one of two approaches: sep-
aration of proteins and subsequent digestion into respective
peptides, or digestion of the entire protein mixture followed
by separation of the resulting peptides.

To Fractionate or Not?

Simple stoichiometry dictates that most small, low-abun-
dance peptides within the serum will be bound to larger,
charged species that are far more numerous. This point has
profound implications for any attempts to fractionate serum
specimens, simply because the removal of high-abundance
proteins almost certainly means that lower abundance pro-
teins (peptides) are removed, as well. The fraction of low-
abundance proteins that exist typically in a bound state 
is inherently interesting and is now the focus of explo-
rations of the albuminome—the proteins bound to carrier
molecules.

For proteomic approaches predicated on the recognition
of patterns of analytes by mass : charge (m/z) value (as
opposed to identification of individual peptides), fractiona-
tion may be unnecessary [1]. The retention of albumin in
unfractionated serum samples may be essential to the diag-
nostic power of information gleaned from serum through
this method. Low-molecular-weight molecules bound to
albumin, immunoglobulins, and other carrier proteins are
the underpinning of the diagnostic patterns identified by this
approach. The sequestration of low-molecular-weight, low-
abundance molecules by proteins such as albumin serves
two important functions: (1) amplification of these mole-
cules to concentrations readily detectable by high-resolution
spectrometry; and, (2) prevention of loss of the molecules
through renal excretion. Finally, the ease of use of this 
technique, which requires minimal processing, increases its
potential for clinical applications.

Two-Dimensional Gel Electrophoresis

For three decades, the mainstay of proteomic analysis has
been 2DE [2]. The basic separation principles behind 2DE
are essentially unchanged since the 1970s. Resolution of
proteins by charge in the first dimension (isoelectric focus-
ing) is followed by separation by relative mass (SDS-PAGE)
in the second. Proteins separated by 2DE can be visualized
by conventional staining methods including silver,
Coomassie and amido black stains, and fluorescent stains.
Fluorescence-based protein detection methods have recently
surpassed conventional technologies such as colloidal
Coomassie blue and silver staining in terms of quantitative
accuracy, detection sensitivity, and compatibility with 
modern downstream protein characterization procedures
such as MS.

Peptides derived from separation techniques (2DE, SDS-
PAGE, chromatography) or entire digests of protein mix-
tures can be analyzed by many types of MS coupled to one
of two ionization techniques: matrix-assisted laser desorp-
tion ionization (MALDI), or electrospray ionization (ESI).
Spots of interest are selected, digested, and then analyzed by
MS. Even so, this application has a limited dynamic range
and is generally effective at the identification of only high-
abundance proteins. Two-dimensional gels have two major
limitations as a tool for proteomics: (1) general ineffective-
ness at distinguishing low-abundance proteins; and (2)
underrepresentation of basic and membrane proteins.

Newer Approaches to Differential Display

Three approaches to differential display proteomics 
are now commonly employed: difference gel electrophore-
sis (“dual color labeling”), isotope-coded affinity tagging
(ICAT), and multidimensional protein identification tech-
nology (MudPIT). The fundamental principle behind dual
color labeling is the detection of protein differences within
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samples of interest by the ratios of differently colored fluo-
rescent signals [3]. ICAT and MudPIT are discussed in addi-
tional detail later.

Isotope-Coded Affinity Tags (ICAT)

ICAT peptide labeling is used to distinguish between 
two populations of proteins using isotope ratios [4]. ICAT
reagents consist of a protein-reactive group, an ethylene gly-
col linker region, and a biotin tag. The commercialized
ICAT reagent employs a reactive functionality specific for
the thiol group of cysteine residues. Using linkers, two dif-
ferent isotope tags are generated containing either eight
hydrogen atoms (the “light reagent”) or eight deuterium
atoms (the “heavy reagent”). A reduced protein mixture
from one protein specimen is derivatized with the isotopi-
cally light version of the ICAT reagent, while the other
reduced protein specimen is derivatized with the isotopi-
cally heavy version of the ICAT reagent. Following combi-
nation of the two samples, the mixture is digested with
trypsin or Lys-C and then fractionated by avidin affinity
chromatography, a step that retrieves only peptides contain-
ing cysteine. The purified mixture of peptides contains
roughly tenfold fewer peptides than the original sample,
thus simplifying the analysis.

MudPIT (“Multiplex Proteomics”)

MudPIT [5, 6] involves proteolytic digestion of the entire
protein mixture in solution followed by two-dimensional
chromatographic separation of peptides. A key advantage of
MudPIT is its ability to determine amino acid sites of PTMs.
This approach, sometimes referred to as “top-down” pro-
teomics, assesses all proteins within a mixture and does not
select for certain classes of proteins. After collection of the
peptides using a variety of techniques, 2-D chromatography
is followed by ESI and tandem MS.

Mass Spectrometry

An MS (Figures 2A, B) is an instrument designed to
measure the masses of individual molecules that have been
converted to ions, that is, that are electrically charged. Com-
pared with 2DE, MS offers dramatic improvements in
throughput, the quantity of biological specimen required for
analysis, and sensitivity to low-molecular-weight and low-
abundance peptides and proteins. MS can also detect tens of
thousands of molecules concomitantly, without the need for
antibody development and validation in advance, a major
shortcoming of protein arrays in their current state (see later
discussion).

A.

B.

Figure 2 Mass spectrometry. (A) Standard low-resolution mass spectrometer, typical of those used in
MALDI and SELDI analyses. (B) Tandem mass spectrometer. The principal distinguishing feature from low-res-
olution instruments is the presence of a collision cell in which peptides are broken apart by collision with an inert
gas, permitting in many cases sequence analysis and parent protein identification. (C) Positions on protein chip
spots. Each spot is divided into tiny coordinates (the 20, 50, and 80 marks shown in the figure) known as posi-
tions that are used to direct the laser to strike at precisely the same point on each spot. Smaller ions fly more
swiftly to the detector plate, permitting their differentiation by mass : charge value. The right side of the figure
shows the proteomic profile generated by the sample on the spot. (see color insert) (D) Peak map (lower part of
the figure) showing how numerous analytes may be found around individual m/z values.
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In general, an MS has three components: (1) a chamber
that holds the ion source (the clinical sample from which
analytes are ionized via laser); (2) a detector that registers
the number of ions at each m/z value; and (3) a mass 
analyzer that measures the m/z ratio of the ionized analytes.
A mass spectrometer has the ability to analyze samples
processed on a variety of platforms, including MALDI, ESI,
and surface-enhanced laser desorption ionization (SELDI).

Ionization Techniques

Two concepts central to MS are (1) the ionization of ana-
lytes out of solution, which may be accomplished by a vari-
ety of methods, and (2) the time-of-flight differences
determined by analytes’ m/z values. It is this latter concept
that permits distinction of the ions based on their size and
charge. MALDI and ESI are “soft” ionization methods that
produce ions with low internal energy, thus preserving 
analyte structure and allowing the transfer of larger bio-
molecules (e.g., peptides, proteins, oligosaccharides, and

oligonucleotides) into the gas phase. The peptide data pro-
vided by these mass spectrometers can then be used to iden-
tify the proteins of origin by searching genomic databases
for matches among the theoretical masses of all peptides.
Traditional MALDI- or ES-MS instruments measure pep-
tide masses. In contrast, tandem MS instruments (which 
also typically achieve ionization of analytes through either
MALDI or ESI) permit the determination of peptide
sequences. The various approaches to ionization in MS are
discussed separately later.

Time of Flight

Time of flight refers to the length of time required for pro-
teins and peptides ionized from the surface of a protein chip
to travel through the MS chamber to its detector plate (Figure
2C). “Time-of-flight” is abbreviated “TOF,” as in “SELDI-
TOF” or “MALDI-TOF” or “quadrupole-TOF (Q-TOF).”
The fundamental principle that permits MS to separate 
analytes is the fact that small ions fly faster than large ones.

C.
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MALDI

MALDI consists of a stainless steel plate onto which the
sample is spotted directly. With the MALDI technique, ana-
lytes are sublimated (i.e., taken directly from the solid to the
gaseous phase) and ionized out of a dry, crystalline matrix
by laser pulses. Protein separation using affinity columns or
other fractionation techniques is usually performed before
the application of mass spectrometry by MALDI.

ESI

ESI ionizes analytes out of solution. It is readily coupled,
therefore, to liquid-based protein separation tools such as
liquid chromatography (LC). Integrated systems of LC and
mass spectrometry (LC-MS), now based on ESI, are the pre-
ferred technique for the analyzing complex samples.

SELDI

SELDI involves the retention of proteins on a solid-phase
chromatographic surface (ProteinChip Array) and direct
detection of the retained proteins by time-of-flight mass
spectrometry [Tang]. The SELDI technique performs pro-
tein separation on the protein chip, based on analytes’ sur-
face charge. Samples can be preprocessed on the basis of
size exclusion, pH, pI, and other features to isolate proteins
of interest further. First applied to clinical medicine in the
late 1990s, SELDI represents a breakthrough in protein sep-
aration techniques because of its superiority (compared to
two-dimensional gel electrophoresis, 2DE) in the detection
of low MW ions and ions of basic charge. SELDI offers on-
chip preparation and capture of proteins based on a variety
of chemical and biological matrices, coupling direct mass
spectral analysis to chemical and affinity-based separations.
SELDI profiles a subset of proteins distinct from those sep-
arated by 2DE and is most appropriate for low molecular
weight components. The various chemistries (hydrophobic,
cationic, or anionic) of these affinity surfaces capture the
proteins with complementary chemical characteristics.
Chips are available that focus on a particular class of pro-
teins (e.g., SNARE proteins) or proteins in a specific path-
way (e.g., signal transduction). Some substrates capture
proteins with weakly positive charges, whereas others have
affinities for metal ions such as nickel or copper. Because of
overlapping dynamic ranges that they target, different chip
surfaces may be complementary. In general, the same pro-
tein chips used for SELDI analyses may also be used with
tandem MS platforms.

A significant disadvantage of SELDI is that the technique
does not provide a sequence-based identification, because
there are many proteins close to a given m/z ratio (Figure
2D). The resolution of SELDI is inferior to that of the most
current MS instruments, particularly tandem MS. Moreover,
with SELDI, the protein peaks representing potential mark-
ers cannot be identified without conventional peptide map-
ping and significant additional effort.

Tandem Mass Spectrometry

Tandem MS measurements now provide the means to
characterize specific PTMs and to identify structural differ-
ences between related proteins, differentially modified pro-
teins, and protein isoforms [7]. Individual proteins can be
identified through the analysis of collision-induced spectra,
which provide information about peptide sequences.

For proteomic studies, ESI sources are most commonly
paired with tandem mass analyzers. Tandem MS instruments
are also referred to as MS/MS (and, when coupled 
to liquid chromatography, as LC-MS/MS). MS/MS, an
analysis that occurs in two stages, is generally used to derive
structural information as well as data related to the masses of
analytes. The instruments for tandem MS fall into two cate-
gories: those with two analyzers in series (tandem in space;
e.g., triple quadrupole and hybrid quadrupole-TOF configu-
rations) and those instruments with sequential analyzers
[tandem in time; e.g., quadrupole ion trap and Fourier trans-
form–ion cyclotron resonance spectrometers (FT-ICR)].

The operational principles behind all tandem analyzers
are similar: A single peptide ion species, selected on the
basis of its m/z value (first mass selection stage), is frag-
mented by a process known as collision-induced dissocia-
tion (CID). CID involves collision of the ion with an inert
gas (e.g., argon or nitrogen). In this second stage of mass
selection, the resulting “daughter” ion fragments are then
detected (second stage of mass selection) and an m/z spec-
trum is produced. Mass differences between daughter frag-
ments, which correspond to successive losses of individual
amino acid fragments, can be used to construct a partial
amino acid sequence. If this amino acid sequence is suffi-
ciently long—perhaps as few as five residues—the parent
protein can be identified if the sequence is not derived from
a highly conserved motif. This approach to protein identifi-
cation is termed product ion searching (see later discussion).

An important but counterintuitive point is that even tan-
dem mass spectrometers are, at best, only semiquantitative
instruments. For both MALDI and ESI platforms, the rela-
tionship between the amount of a given analyte present and
the measured signal intensity is complex and nonlinear. The
reasons for this phenomenon remain poorly understood. A
technique known as stable isotope labeling now permits
quantification of peptide levels by MS/MS [8, 9].

Approaches to Protein Identification

Two approaches are used for protein identification: pep-
tide mass fingerprinting (PMF) and product ion searching.
Both methods use software-assisted database searching, and
both are continuously evolving as the process of informatics
improves. For PMF, the predominant MS approach is
MALDI-based. PMF uses an algorithm to search a database
and match peptide masses from known proteins with peptide
masses of unknown proteins determined by MS. These data-
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bases contain theoretical masses developed from genomic
information. PMF is therefore most effective when the
genome of the organism has been sequenced entirely and 
an extensive peptide mass database corresponding to the
genome exists. PMF is least effective for expressed
sequence tags (ESTs), in which only short stretches of
sequence are present in the database, or for unusual organ-
isms, for which the database is limited.

For product ion searching (peptide sequence analysis),
ESI-tandem MS is the most commonly employed method.
Peptide fragmentation and analysis of corresponding prod-
uct ions by tandem MS can yield sequence information. This

strategy for protein identification is more definitive than
ones relying merely on molecular mass determination. In
some cases, a protein from a well-characterized genome can
be identified from a single peptide.

Protein Microarrays

Protein arrays contain collections of immobilized protein
spots, each of which can contain a homogeneous (or hetero-
geneous) set of “bait” molecules (Figure 3) [10]. A spot on
the array may display an antibody, a cell or phage lysate, a

Figure 3 An idealized reverse phase array format. Triplicate samples are printed in dilution curves rep-
resenting undiluted, 1 : 2, 1 : 4, 1 : 8, and 1 : 16 dilutions. The sixth spot represents a negative control, con-
sisting of extraction buffer without sample. Each set of triplicate spots represents a patient sample before or
after treatment. A reference sample or control sample is printed on each array for the purpose of monitor-
ing assay performance. A recombinant antigen is printed on each array for comparative quantitation of
patient samples.
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recombinant protein or peptide, a drug, or a nucleic acid.
The array is queried with (1) a probe (labeled antibody or
ligand), or (2) an unknown biologic sample (e.g., cell lysate
or serum sample) containing analytes of potential interest.
By tagging the query molecules with a signal-generating
moiety, a pattern of positive and negative spots is generated.
For each spot, the intensity of the signal is proportional to
the quantity of applied query molecules bound to the bait
molecules. An image of the spot pattern is captured, ana-
lyzed, and interpreted.

Protein microarrays may be used to (1) discover novel
ligands or drugs that bind to specific bait molecules on the
array (protein arrays offer one means of conducting massive
screening of drugs); (2) develop miniature panels of serum
biomarkers or cytokines through multiplexing immunoas-
says; and (3) profile the state of specific members of known
signal pathways and protein networks.

As illustrated in Figure 4, protein microarray formats fall
into two major classes: forward phase arrays (FPA) and
reverse phase arrays (RPA), depending on whether the ana-
lyte is captured from the solution phase or bound to the solid
phase. In the FPA format, each array is incubated with one

test sample, and multiple analytes are measured at once. In
contrast, the RPA format immobilizes an individual test
sample in each array spot, such that an array is composed of
hundreds of different patient samples. In the RPA format,
each array is incubated with one detection protein (e.g., 
antibody), and a single analyte end point is measured and
directly compared across multiple samples. RPAs have
achieved the sensitivity and precision acceptable for the
analysis of clinical tissue biopsy specimens.

The most important starting point for the development 
of any protein array method is the selection of antibodies
with high specificity and adequate affinity. If the experi-
mental focus is cellular signaling analysis, the platform 
will require at least two different kinds of antibodies for
each protein, one chosen to recognize the phosphorylated
form of the protein, and the second to recognize the protein
regardless of its phosphorylation status. One challenge in
protein microarray technology is the fact that high-quality
antibodies are currently available for only a small percent-
age of the known proteins involved in signal networks and
gene regulation.

Glossary

Abundance: The proteomics literature refers to “low-abundance” 
proteins (e.g., cytokines) and “high-abundance” proteins (e.g., albumin or
immunoglobulins). The term abundance simply means “concentration.”
The development of methods by which low-abundance proteins may be
studied in the setting of high-abundance proteins that dwarf them by many
orders of magnitude is one of the greatest conundrums confronting pro-
teomics today.

Dynamic range: Refers to the proteins and peptides within the pro-
teome that are defined by a set of certain characteristics, such as molecular
weight (MW), charge, abundance, or other features. Approaches to pro-
teomic analyses may be evaluated in part by the dynamic range of the pro-
teome to which they provide access. With regard to MW, for example, some
proteomic techniques (e.g., SELDI) that are highly effective in analyses of
ions and peptides in the range of 700 to 12,000 daltons (Da) may have 
little utility at MW beyond this range.

Fractionation: A step in the preparation of samples for some types of
proteomic analysis. Fractionation involves the use of a variety of tech-
niques to remove certain proteins from a sample (e.g., high-abundance pro-
teins). In some cases, the removal of “interference” by such proteins
facilitates the analysis of other proteins of interest (e.g., those of lower
abundance) that are theoretically more pertinent to the disease of interest.
Fractionation must be distinguished from separation, which is the differ-
entiation of proteins and peptides from each other that usually occurs (by
mass spectrometry or another technique) after fractionation has been 
performed.

Resolution: Refers to the ability of a mass spectrometer (or, more
specifically, of its mass analyzer) to distinguish between discrete analytes
with similar characteristics (see, for example, the peak map in Figure 2). In
general, tandem MS techniques have greater resolution than their prede-
cessors, albeit their dynamic ranges may be considerably narrower.

Time-of-flight: Refers to the length of time required for proteins and
peptides ionized from the surface of a protein chip to travel through the MS
chamber to the detector plate. “Time of flight” is abbreviated “TOF,” as in
“SELDI-TOF” or “MALDI-TOF” or “quadrupole-TOF (Q-TOF).” The
fundamental principle that permits MS to separate analytes is the fact that
small ions fly faster than large ones. The ions’ m/z ratios may be calculated
from the time that each requires to reach the detector plate. Differences in
TOF permit the distinction and, in many cases, the identification (by tan-
dem MS) of different peptides.

Figure 4 Forward and reverse phase arrays: schematic. Forward phase
arrays (top) immobilize a bait molecule such as an antibody designed to
capture specific analytes with a mixture of test sample proteins. The bound
analytes are detected by a second sandwich antibody, or by labeling the
analyte directly (upper right). Reverse phase arrays immobilize the test
sample analytes on the solid phase. An analyte-specific ligand (e.g., anti-
body, lower left) is applied in the solution phase. Bound antibodies are
detected by secondary tagging and signal amplification (lower right). (see
color insert)
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whereas vasculogenesis, the process of blood vessel forma-
tion from stem cells, establishes the vascular system in
embryonic development. Recent studies indicate that vascu-
lar stem cells residing in the hematopoietic system of adults
contribute to neovascularization, suggesting that vasculoge-
nesis occurs in adults. This concept has important implica-
tions for the biology of development of the vascular system
as well as for the potential therapeutic utility of vascular and
endothelial stem cells.

Vascular Development and Divergent Endothelial
Cell Populations

As we gain a better understanding of the angiogenic
response, we also gain a better understanding of the devel-
opment of the vasculature from stem cells, including the
widely heralded embryonic stem cells of the blastocyst, 
as well as the adult vascular stem cell, the putative 
hemangioblast.

Most tissues and organs possess the capability to mount
a vigorous angiogenic response. Thus, therapy to promote
angiogenesis may be most useful in tissues in which angio-
genesis is sluggish or defective. Our studies indicate that
these tissues include the lung and the brain, which often are
the first organs to show pathology associated with defective
angiogenesis in otherwise healthy individuals. To reach this
goal, it is essential to identify the characteristics of the cells
we hope to use therapeutically. Many subpopulations of
endothelial progenitor cells may be involved in vascular
development. Thus, if the angiogenic potential of endothe-
lial cells of differing organs differs because the cells derive

Definition of the Subject

The vascular system consists of the heart and lungs,
arteries, veins, and capillaries as well as the cells and plasma
they transport. It provides an essential mechanism of com-
munication between all organs and tissues while delivering
cells indispensable for host defense, oxygenation, wound
healing, and hemostasis. The vascular system is complex,
and defects within it lie at the very foundation of many
chronic and untreatable diseases. Although chronic diseases
associated with vascular dysfunction resist therapy, trans-
plantation with vascular progenitor cells offers therapeutic
hope. To reach this goal, the identity, evolution, differentia-
tion, and development of stem cells involved in forming the
vasculature must be understood in depth. This chapter will
review the impact of results of recent stem cell research
upon our understanding of the mechanisms involved in the
development of the vascular system.

The Essence of the Vascular System

The development of the vascular system during embryo-
genesis has fascinated investigators for more than a century.
This fascination has sparked research that now promises to
provide new and effective treatment for diseases ranging
from diabetic retinopathy to Alzheimer’s disease. The vas-
cular system is indeed unique. It is a multicompartmental
system in both its cellular composition and its varied critical
function. Angiogenesis, the formation of new blood vessels
from existing capillaries, facilitates vascular repair in adults,

Copyright © 2006, Elsevier Science (USA).
1155 All rights reserved.
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initially from divergent tissue-specific endothelial stem
cells, then tissue specific endothelial progenitor cells will be
required for effective therapy. However, if local factors are
the cause of divergent endothelial responses of different 
tissues, a common primitive vascular stem cell may hold
therapeutic promise. The answers to these questions are not
known. Clinical trials are underway to assess the utility of
putative endothelial progenitor cells for various diseases.

The Diverse Endothelium

During development, the vasculature is dynamic and het-
erogeneic. Chronic vascular defects are extremely devastat-
ing and resistant to treatment in organs that are well
protected from injury throughout life, in particular the lung
and the brain. Endothelial cells derived from the capillaries
of these organs display sluggish angiogenic responses in
culture systems. What could explain the development of
such a diverse vascular system, where endothelial cells and
their progenitors of some organ systems, such as that of the
oral mucosa and the derma, display vigorous angiogenic
responses, while others do not?

Throughout development, the endothelium is dynamic as
it assumes crucial and diverse functions. In early develop-
ment, the endothelium is one of the first structures formed.
Its cells line developing blood vessels and exert essential
roles in homeostasis and development. Many of these func-
tions are lost as development progresses. Thus, early vascu-
lar cells can display phagocytic properties, providing
essential host defense. Indeed, the Kupffer cells that line the
liver sinusoids are endothelial cells that originate from the
yolk sac splanchnic mesoderm and are introduced into 
the liver by sprouting of the vitellin vein.

Primitive Hematopoiesis

The primitive hematopoietic system derives from these
yolk sac vessels, which possess the ability to generate both
primitive erythrocytes and new endothelium. These derive
from progeny of embryonic stem (ES) cells, which can be
produced in culture for therapy (Figure 1). Later, in the

embryo, the primitive yolk-sac-derived “hemogenic”
endothelium, as well as embryonic blood islands, generate
other blood cells while providing new vessels to developing
organs. Thus the hematopoietic system derives from spe-
cialized stem cells called hemangioblasts, which produce
both hematopoietic cells and vascular endothelial cells upon
a single cell division. The ability of hemangioblasts to pro-
vide both hematopoietic cells and endothelium decreases as
the embryo matures as the “definitive” hematopoietic sys-
tem develops (Figure 2). Recent reports suggest that the
adult equivalent of the hemangioblast also derives from
these primitive stem cells and ultimately takes up residence
in hematopoietic tissue. If it exists, the adult hemangioblast
holds tremendous therapeutic potential.

The Diverse Endothelium

The endothelium indeed is a functionally diverse tissue.
During development, the skeletal system protected highly
specialized organs in a manner that allowed them to develop
in an environment that posed little traumatic threat. Other
tissues, continuously subject to trauma and injury, needed to
develop a vascular system that healed faster than that of the
former. Specialized, protected organs used this opportunity
to develop a specialized endothelium, which optimizes the
function of the organ they protect, and as a result did not
develop the vigorous angiogenic capabilities less special-
ized tissues critically required, tissues that were constantly
under attack, such as the skin, the mucous membranes, the
intestines, and the oral cavity. Further, as skeletal protection
developed late in embryogenesis, the endothelium of these
tissues also did not acquire other functions associated with
fetal endothelial cells, such as the ability to generate stem
cells. In evolution, one only has to survive until the age of
reproduction to successfully compete. Thus, early man,
evolving with a well-protected ectoderm on the pristine
environment of the earth, required only 20 to 30 years of life
to bear children and raise them to reproduce against evolu-
tionary forces. However, humans evolved so successfully
that they then changed the equation dramatically by extend-
ing their life expectancy. Further complicating development
was humans’ unparalleled alteration of the environment

Figure 1 Isolation of embryonic stem cells for investigation and therapy. (see color insert)
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with new toxins and chemicals, the likes of which the forces
of evolution never previously encountered and were not able
to cope with. Thus, much of the pathology and the thera-
peutic resistance associated with many diseases observed in
aging individuals, such as Alzheimer’s and Parkinson’s dis-
ease, as well as chronic lung diseases, are a consequence of
the diminished angiogenic capabilities of vascular endothe-
lial cells in these tissues. The chronic nature and resistance
to treatment of these diseases reflects ineffective inability to
promote angiogenesis in these organs, thereby rendering
them attractive candidates for therapeutic angiogenesis
using vascular stem cells.

Adult Endothelial Progenitor Cells

Several methods are being evaluated for using adult stem
cells to restore vascular function. Within the population of
adult stem cells, there is thought to exist a precursor of the
endothelium, or endothelial progenitor cell (EPC), which
holds great therapeutic promise. As stated earlier, it is of
paramount importance to define the basis of the differences
in function of endothelial cells of diverse organs, and how
these differences may impinge upon therapy. Recent results
render this consideration even more important, since adult
EPCs have not yet lived up to their promise as predicted
from animal experiments, and because adult EPCs isolated
by various groups show differences in phenotypes. Initial
studies by Isner and Asahara claimed that endothelial pro-
genitors circulated in blood and expressed CD34 and Flk-1.
Later studies indicate that CD14+ monocytes were the
source of these cells, shedding some question on their iden-
tity as stem or progenitor cells. However, many studies
referred to CD14+ monocytes as “endothelial progenitor
cells,” although CD14+ monocytes are considered to be
mature, end stage blood cells. Eventually, most groups

working with bloodborne putative endothelial progenitor
cells in fact used CD14+ monocytes. The blood monocyte is
a remarkably adaptable cell and can express antigens that
endothelial cells express, incorporate into the developing
vasculature and change shape in response to local needs and
clues. However, it serves this function temporarily, until
actual endothelial cells are able to take their place.

The blood cells discussed previously do not express
markers associated today by most groups with the charac-
teristics of a progenitor cell, such as CD133 or P1H12
(CD146). In addition, many reports showed that their pres-
ence in the new capillary decreased within a few weeks. At
this time, studies from Raffii’s laboratory as well as studies
by Gehling and associates reported the identification and
characterization of specialized stem cells that appear more
likely to be authentic endothelial progenitor cells. Thus,
Gehling and associates showed that the CD133+ population
from mobilized blood contained progenitor cells that could
differentiate into functional endothelial cells that form blood
vessels in vivo (Figure 3). At present, the term endothelial
progenitor cells should be reserved to denote a specialized
stem cell with the ability to generate cells that not only form
functional vessels, but also stably incorporate into the devel-
oping vasculature during angiogenesis. Current dogma char-
acterizes these cells as CD34+/CD133+/VEGFR2+ stem
cells. These are localized in hematopoietic tissue but mobi-
lize in response to certain cytokines to the circulation.

An additional subset of physiological endothelial pro-
genitor cells has been described that is defined by expres-
sion of CD34, CD133, and VEGFR-3. This cell represents
lymphatic vascular progenitor cells. Observations in Dr.
Gehling’s laboratory show that another subset of endothelial
cell exists that does not express CD34, CD133, CD14, or
VEGF R-2. Identification of vascular or endothelial progen-
itors is in its infancy, and ongoing studies should clarify this
area in the near future.

Figure 2 Schematic view of primitive and definitive hematopoietic development in the develop-
ing embryo.
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Embryonic Vascular Progenitor Cells

Vasculogenesis precedes angiogenesis, but both pro-
cesses are required for development of the vascular system.
Study of vascular development during embryogenesis and
the stem cells involved shed light on the characteristics of
adult vascular stem cells.

The vascular system consists of several components, the
origins and functions of which may well be interconnected
in a unique manner: a manner that renders the vascular and
circulatory system as a single system, at least in its develop-
ment. The two most important components, the vascular
endothelium and the blood that percolates through it, may, at
first glance, seem to be entirely independent. But this raises
serious questions in development, since these two compo-
nents are useless alone. Blood needs vessels, and vessels
have no use without blood.

The answer to this problem was intuitive to the pioneer-
ing and insightful investigator Florence Sabin, who in 1917
identified a common stem cell that connects the two sys-
tems, which she termed the angioblast. Her tedious and ele-
gantly detailed rendition of the development of a vascular
system, replete with endothelium, blood, and plasma, in a 
2-day-old chick blastocyte observed in a hanging drop cul-
ture is stunning:

The question of the origin of the vascular system can be
solved by the method of studying the living blastoderm of
the chick in hanging-drop suspensions; by watching vascu-
lar development of chicks in their second day of incubation
in these preparations, it is possible to see all the processes by
which blood vessels and their later blood cells form.” (From
The Anatomical Record, 13, 199–204; an exact duplicate of
this classic article can be found in J. Hematother. Stem Cell
Res. 11, 5–7, 2002.)

Figure 3 Phenotypic characteristics of the putative adult hemangioblast. CD133 enriched cells were obtained after 14 days of expansion and differen-
tiated for an additional 14 days in defined media. All cells are positive for VE-cadherin (upper left panel, weak staining), KDR (upper right panel), CD31
(lower left panel), and vWF (lower right panel), respectively. Addition of VEGF caused these cells to generate endothelial cells, whereas hematopoietic
growth factors induced hematopoiesis. (See Lodges et al., Stem Cells and Development, April 2004.)
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Dr. Sabin’s observations indicate that in the early stages
of embryogenesis the vasculature and the cells that it carries
develop simultaneously in an interdependent manner,
thereby solving the problem of how two completely differ-
ent tissues that depend on each other arose simultaneously
during development. In early development, cells termed
angioblasts differentiate throughout the wall of the yolk sac
and embryo from mesodermal derivatives. These cells,
observed in the blastoderm of a chick 2 days after fertiliza-
tion, produce blood plasma, endothelial cells, and primitive
red blood cells. Confined to blood islands throughout the
mesoderm, the angioblasts increase in both size and number
by cell division and growth as well as by the constant addi-
tion of new angioblasts that differentiate from mesodermal
parenchyma. These masses join and project cytoplasmic
processes from which blood vessels are derived. In the mid-
dle of this dense mass, as cells within the mass liquefy, vac-
uoles appear, leaving endothelial cells along the border.
Primitive red blood cells are generated from the angioblas-
tic endothelium, as cytoplasmic projectiles of nearby similar
structures seek and enjoin one another, developing a primi-
tive vascular bed into which the young erythrocytes are
released. In the developing chick, this process was com-
pleted in some cases in as little as 2 hours, and was effected
in some instances by a single cell, allowing the conclusion
that the endothelium lumen may initially consist of a single,
vacuolated cell. The process appeared to continue well into
gestation to supply oxygen to organs of the developing
embryo. Dr. Sabin never reported the generation of cells
other than fetal erythroblasts by angioblasts, and their 
relation to the putative and somewhat elusive adult 
hemangioblasts discussed earlier is unclear. However, the
angioblast of the early yolk sac does add conceptual support
for the concept that a single endothelial cell can indeed pro-
duce both hematopoietic and endothelial progeny.

The Hemangioblast

Indeed, the very concept of the hemangioblast in both
embryonic and adult vascular development affords a degree
of simplicity to the processes involved, prompting many to
search tediously for the cell in adult tissue. Because recent
studies clearly show the involvement of vasculogenesis in
adult wound healing and neoplastic development (i.e., vas-
culogenesis is not restricted to embryonic vascular develop-
ment), many have turned their attention to the adult human
hemangioblast. Recent reports describe the putative heman-
gioblast as a derivative of a primitive population of adult
cells that express the developmental antigen CD133. These
cells may be extremely useful therapeutically, if they are
expanded and infused or implanted in patients with torn or
diseased vessels.

In this respect, two aspects of endothelial stem cell
research require more attention to determine the therapeutic
promise of these cells. First, the tissue specificity of the
progeny of these cells must be assessed. If, as discussed pre-
viously, differences in endothelial cell function of different

tissues are a result of local factors, then the EPCs that are
isolated from hematopoietic tissue may in fact be useful
therapeutically for a wide number of tissues. However, if the
functional capabilities of endothelial cells of divergent
organs reflect fundamental differences in cellular biochem-
istry as a result of their derivation from specific endothelial
stem cells that derive from different precursors during
embryogenesis, then optimal therapy may depend on isola-
tion and expansion of tissue-specific EPCs.

Undifferentiated Embryonic Stem (ES) Cells

Although the role of the hemangioblast in embryonic
development as well in adult homeostasis is debated, it is
clear that harnessing the multifaceted embryonic stem cell
of the blastocyte could lead to immediate therapeutic goals
and avoid some of the potential problems associated with
the specificity and identity of the adult endothelial progeni-
tors (Figure 4). During embryogenesis, derivatives of these
cells provide progenitors for all tissues and organs. The
steps involved are complex, but can be recapitulated in
vitro. However, it should be noted that in vitro differentia-
tion of ES cells dose not correlate temporally with that of
cells in the developing embryo, and experimental artifacts
may cloud recent studies showing vascular development
from ES cells.

Precursors of these hematopoietic clusters are thought—
by some—to be endothelial cells, as they express CD31 as
well as CD34, bind Ulex europus lecithin, and take up acety-
lated low-density lipoprotein. The endothelial basal lamina
is intact where it tightly enjoins these hematopoietic clusters
of the “hemogenic endothelium,” which appear to arise from
the combined tight connections of endothelial cells and
hematopoietic cells. The former mesodermal precursors—
the endothelial progenitors—are thought to express KDR or
VEGF R2, but not CD45, the leukocyte common antigen, or
CD34. CD34 is expressed by hematopoietic stem cells and,
to a lesser extent, most mature endothelial cells. In addition
to CD45, hematopoietic progenitors strongly express CD34
and c-Kit. Immature hematopoietic progenitors express
CD133, and despite reports to the contrary, we observe
slight but consistent expression of CD133 by mature
endothelial cells (English and Harvey, unpublished). How-
ever, there is no clear consensus on development of the
definitive hemato-vascular system, or the distinct and inde-
pendent development of the hematopoietic system and the
prehemogenic endothelium. Indeed, recent studies have
implicated both CD34+ and CD34- cells as hematopoietic
stem cells, and very recent reports show that hematopoiesis
can be completely restored in ablated hosts by infusion of
CD45-/ flt 1+/CD31+ endothelial-like fibroblasts.

Embryonic Vascular Development

As evidenced microscopically and by the effects of loss
of function mutations, blood and blood vessels develop in
close association early in development, perhaps by more
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than one pathway. The first population to develop is thought
by some to be posterior to the cement glands and gives rise
to embryonic blood and vitellin veins in the anterior blood
islands, as well as the endocardium of the heart. Later, from
the dorsal plate mesoderm, precursors of adult blood cells
and major vessels begin to develop. Both populations
migrate from their point of origin to differentiate in a per-
missive environment, and both give rise to endothelial cells
as well as hematopoietic cells. Some think they are seeded
from the yolk sac to the dorsal plate of the embryo. Others
dismiss that notion as inconsistent with the fundamentals of
embryology, and strongly feel that the vascular system of
the embryo develops in the embryo.

Vascular Maturation

Endothelial progenitors also can differentiate into mural
cells, including pericytes and smooth muscle cells, which
migrate to the developing endothelial lumen in response 
to platelet derived growth factor-BB and other cytokines
(Figure 2). This process provides both strength and func-
tionality to the developing vessel. Hematopoietic develop-
ment appears to become definitive when the vascular
endothelium expresses vascular endothelial (VE)-cadherin.

Unlike other embryonic murine hematopoietic precursors,
those produced by ES cells that express VE–cadherin
effected long-term hematopoietic reconstitution when trans-
planted into SCID mice. Again, the precursors of these
definitive hematopoietic cells expressed endothelial markers
but not the leukocyte common antigen, CD45. This activity
may initially arise within a few cells of the endothelium of
the aorta. Later, definitive blood islands found both in the
yolk sac and the embryo proper possess hemangioblasts,
angioblasts, and hematopoietic stem cells. As observed 
by Sabin, projectiles emanate from these blood islands that
coalesce into a vascular network.

Stem Cell Therapy

Despite questions of development, it would appear that
the vascular progenitor cells of the embryo, like embryonic
stem cells of the blastoderm, are neither committed nor tis-
sue restricted, and therefore may provide a means to treat
vascular disease in a variety of adult tissues. Although it is
difficult to extrapolate the findings of experiments with cul-
tured cells to physiological development, several groups
have now demonstrated the generation of an intact endothe-

Figure 4 Vascular development from adult differentiated endothelial cells and mural pericytes in coculture. (A) Endothelial cells are stained green and
the pericytes cells red; overlap is evident by yellow areas, expanded in the lower right panel. Endothelial cells and pericytes within the developed three-
dimensional structure are shown isolated in the upper left and right panels, respectively. Lower panels show how the two cell types interact during cocul-
ture. From Darland, D. C., and D’Amore, P. A. (2001). TGFb is required for the formation of capillary-like structures in three-dimensional cocultures of
10T1/2 and endothelial cells. Angiogenesis 4, 11–20. (B) Coculture of pulmonary microvascular endothelial cells (red) and smooth muscle cells (green) on
a defined angiogenic support. Note that under the conditions used, the red endothelial cells accumulate firmly within the mural covering. The photograph at
the upper right shows a phase contrast image of the structure. This image from our laboratory depicts the model we currently employ to assess vascular 
maturation.
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lial lumen from mouse, monkey, and human embryonic
stem (ES) cells. Others have shown that murine stem cells
can, upon careful culture and amplification, produce struc-
tures that resemble bilayered blood vessels. Recently, these
results were reported using human embryonic stem cells as
the starting material; again, caution is urged in evaluating
these results, as the structures produced may arise from cel-
lular contaminants, in vitro artifacts in gene expression, and
other factors, as evidenced by the extremely rapid matura-
tion of these putative ES cells to vascular cells. In both
approaches, embryonic stem cells were cultured and a sub-
population selected and exposed to collagen to induce vas-
cular differentiation. After further selection and culture on
specific extracellular matrices in the presence of both mural
and endothelial growth factors, bilayered tubular structures
somewhat resembling adult vessels were formed.

Recent Developments

We shall not understand vascular development in the
embryo until we understand the process of angiogenesis. Dr.
Patricia D’Amore has developed refined, three-dimensional
vessels in cocultures of adult ECs and mural cells in vitro
(Figure 4A). Her work has identified cytokines involved in
vascular maturation as mural pericytes descended on the
developing endothelium. Recently, Dr. D’Amore has inves-
tigated the role of transforming growth factor in vascular
formation from preexisting, disrupted cells, and she has gen-
erated a stunning replication of intact vessels using a refined
coculture system in which this unique cytokine plays a key
role in development.

We have generated three-dimensional bilayer tubes of
endothelial and smooth muscle cells by plating these cells
under defined conditions using a defined extracellular sup-
port designed to mimic that which facilitates the develop-
ment of highly invasive neoplastic cells (Figure 4B). In
these experiments, we found that the bioactive lipid we pre-
viously implicated as the physiological regulator of angio-
genesis, sphingosine 1-phosphate, slowed mural cell
association with the developing endothelial lumen as it
enhanced lumen development. However, once formed, the
lumen effectively metabolized the platelet-derived lipid,
allowing the mural cells eagerly waiting nearby to quickly
descend upon the developing endothelium. Current investi-
gations being carried out by Dr. English with David N.
Brindley at the University of Alberta have defined the
processes involved in this agonist-dependent retardation of
migration, an event first associated with developmental
arrest and an event that appears necessary for orchestrated
vascular development. These results provide another rather
simple explanation for what once appeared to be a hope-
lessly complex process leading to the orchestration of devel-
opment of multicellular structures. In this case, the agonist
that promotes cells of the inner core of the vascular structure
to develop simultaneously prevents outer cells from inter-
fering with lumen assembly until the lumen is intact. At this

time, the intact lumen degrades the regulatory small mole-
cule, releasing its stranglehold on mural cells, and develop-
ment proceeds. This simple scheme ensures that outer cells
will not enter or interfere with development of the lumen
until the lumen is developed.

One of the most interesting properties of EPCs is their
ability to mobilize from the circulation when needed and
their ability to specifically home to sites of angiogenesis.
Factors involved in mobilization and homing are not well
defined, but the cells mobilize in response to trauma, cardiac
assault, neoplastic growth, and ischemia, as well as to infu-
sion of vascular and hematopoietic growth factors. Curi-
ously, administration of cholesterol-lowering statins results
in vigorous mobilization, a phenomenon that has been
exploited for collection of these cells from blood rather than
marrow, and to define mechanisms involved in cellular
recruitment in vivo, a process that seems to depend on 
the activity of small GTPases of the Rho family. Once in 
the circulation, the EPCs efficiently home to areas where
they are needed for angiogenesis. As a result, several inves-
tigators have suggested using these cells to target gene 
therapy. This result has been achieved in mice and provides
a rationale for using EPCs to target vectors to reduce inflam-
mation, kill cancer cells, or expedite healing at sites of
angiogenesis.

Summary and Outlook

Many studies as well as hypotheses support the concept
of therapy for chronic irreversible disease using endothelial
or vascular stem cells. However, we have a long way to go
before this goal is reached. First, we must clarify the differ-
ences in the endothelium of various organs of the adult to
determine if a single source of vascular cells is appropriate
or if multiple sources or tissue specific sources will be nec-
essary. Methods are required for optimal expansion of these
cells in culture, and further investigation is needed to char-
acterize the adult and embryonic cell of choice for therapy.
Although the problems are formidable, the outcome may
border on a medical miracle. Vascular transplants using iso-
lated stem cells may provide relief for countless individuals
with chronic diseases of the lung and brain, and of the cir-
culatory as well as the hormonal system; with cancer and
arthritis; or with chronic infection and severe trauma. Yes,
the problems ahead are formidable, but the goal is
admirable. Stem cell therapy offers a chance, but must be
implemented rationally and cautiously, or unfounded con-
clusions will cloud their utility, distract investigators, and
limit the progress they may otherwise make.

Glossary

Embryonic stem (ES) cells: Recovered from fertilized growing blas-
tocytes early in embryonic development. ES cells can be induced to differ-
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entiate into cells of all germ layers and are thus pluripotential. These cells
hold tremendous therapeutic promise.

Hemangioblast: A cell with the potential to develop either hematopoi-
etic cells or endothelial cells upon stimulation. The existence of the heman-
gioblast during early embryonic development is clear. Here, these vascular
cells provide stem cells for other organs and systems that are targeted by
the vasculature to their destination. However, the physiological role of the
adult hemangioblast remains to be defined. If it indeed exists, the cell could
hold valuable therapeutic potential.

MSC: Mesenchymal or mesodermal stem cells, often referred to as
“adult” stem cells, which are thought to be pluripotential equivalents of ES
cells and to hold similar therapeutic potential. However, the identity, char-
acteristics, and derivation of this cell, if it indeed exists, are not universally
accepted.

Stem cell: Any cell that is capable of giving rise to a copy of itself, 
differentiated progeny, or, through asymmetric cell division, both types 
of daughter cells. Only the embryonic stem cell has been defined with 
certainty.

Vasculogenesis: The process that results in the development of blood
vessels from stem cells. This process involves angiogenesis, the formation
of vessels from preexisting differentiated cells.
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Cytochrome c oxidase (CCO), 477–478
Cytochrome P450, 217, 795
Cytokines, 468, 762; see also proinflammatory cytokines
Cytoskeleton. see also motility, control of by cytoskeleton and
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