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1

Wolfgang Schaper

This monograph describes primarily the activities of the Nauheim group
of investigators‚ previous and present‚ in the field of collateral artery
growth and is the result of many years of involvement with this topic. In
our first book (1971) we had concentrated on the collateral circulation in
the canine heart after chronic coronary artery occlusion‚ its hemody-
namics‚ histology‚ histochemistry and electron microscopy1. It contained
our first forays into endothelial and smooth muscle cell proliferation and
DNA-replication and we are still in the possession of old slides showing‚
in histological sections of collateral arteries‚ radioactive RNA‚ first in the
nuclei of vascular cells and later in the cytoplasm‚ after perfusion of a dog
heart with chronic occlusions of 2 of the 3 coronary arteries (but no
infarction) with tritiated uridine. Since‚ at that time‚ gene cloning had
still a long way to go‚we‚did not know which transcripts we had detect-
ed with our autoradiographic studies and stopped doing those experi-
ment for a good number of years. However‚ our interest was rekindled by
the cloning of angiogenic growth factors around 1986.

Our first book was twice updated with outside contributions in 1981
and in 1991 concentrating on our discovery that monocytes play an
important role in arteriogenesis and we made extensive use of the new
tool of immunofluorescence creating a “molecular histology” of collater-
al artery growth2‚3.

The present volume tries to integrate the older findings with modern
molecular approaches‚ i.e.‚ gene expression profiling‚ subtractive cloning‚
transgene approaches and phenotyping of targeted gene disruptions in
mice. We developed or perfected new tools for the measurement of phys-
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2 Chapter 1

iological parameters like blood flow using Laser-Doppler Imaging and
magnetic resonance imaging in mice and rabbits and CT-scans in rabbits
or surrogates of flow like infrared thermography. Even gene expression in
the living transgenic mouse is now visible in real time when gene pro-
moters were coupled to reporter genes like luciferase and the animals are
placed in a dark chamber where the light flashes from the luciferase-
luminol reaction are detected by a CCD camera. In the morphological
section extensive use was made of confocal microscopy and for the char-

acterization of blood cells FACS cell sorting was employed. These mod-
ern techniques were used to better address remaining problems that had
been with us for a long time but resisted to be solved.

Why Arteriogenesis?
The differences between arteriogenesis‚ the growth and remodeling of
preexisting arterioles into mature arteries‚ and angiogenesis - the sprout-
ing or splitting of preexisting capillaries- are now much clearer‚ com-
pared to our last‚ the “blue book”‚ where we struggled with terminology
and finally came up with “recapitulated vasculogenesis”. However those
active in the field of embryonic vascular development were unhappy with
this. Recently the term vasculogenesis was again introduced to describe
the still hypothetical development of blood vessels from bone marrow-

derived stem cells.
Ever since “angiogenesis” was accepted as the most fitting name for

capillary sprouting and vasculogenesis for the embryonic development of
vessels from angioblasts‚ the postnatal development of collateral arteries
from arteriolar networks‚ useful adaptations in cases of arterial occlu-
sions‚ was left linguistically undefined. Since the growth of collateral ves-
sels is the most important adaptive process in the vascular system‚ the
only one of patho-physiological significance to compensate for the loss of
an artery‚ we felt that this important mechanism deserves a fitting name.
In many clinical studies where angiogenic growth factors were tried and
where‚ besides capillary density‚ also larger arterial vessels were observed
(whether or not caused by the agent in question) these were subsumed
also under “angiogenesis”. We found this not applicable because we had
shown earlier that the mechanisms of angiogenesis and the development
of a collateral circulation differ‚ in parts fundamentally.
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Ramon Munoz-Chapuli‚ a developmental biologist from the Univer-
sity of Malaga/Spain‚ proposed “Arteriogenesis” during a seminar discus-
sion here in Bad Nauheim and Werner Risau and I found that a fitting
name and we proposed that in a chapter of Michel Simons and Anthony
Wares book4 and later in several reviews and original papers. The most
fundamental differences between angiogenesis and arteriogenesis are that
tissue hypoxia/ischemia are not required for arteriogenesis which relies

on physical factors notably on fluid shear stress and on the help of circu-
lating cells‚ notably monocytes‚ that adhere to the shear stress-activated
endothelium. Arteriogenesis is the more complex process in the same way
that an artery is different from a capillary: it is a much more complex tis-
sue that has to cope with strong physical forces and the signal originating

in the endothelium has to overcome the barrier of the internal elastic
lamina and several layers of smooth muscle cells which do not normally
exhibit tight junctions among themselves nor with the endothelium. That
this primitive information system changes during arteriogenesis will be
described in the following chapters.

Arteriogenesis is not restricted to pathophysiological situations like
arterial occlusions but plays also an important role under physiological
conditions: the increased demand for blood flow in the growing uterus
during pregnancy is met by marked growth of the uterine artery which
increases its diameter several fold but shrinks again after completion of
pregnancy (Moll). The morphological changes are very similar to the
changes described for the growth of collateral arteries. Other conditions‚
like the arterialization of veins5 and the outward remodeling of arteries
proximal to arterio-venous shunts follow basically the same mechanisms
as in arteriogenesis except that the difference between starting and final
dimensions are very much smaller.

This book discusses several problems that have not hitherto been
solved or had remained controversial. One of these problems is:

The importance of preexisting arteriolar connections
Dr. Fulton delves into the history of the debate about coronary collateral
vessels and he shows that the concept of their preexistence was embattled
from the beginning and that it was always a matter of technique: those in

the possession of the method with a high resolution were able to show
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them‚ the others denied their existence. This battle continues into our
time where the question of “neo-arteriogenesis” was brought up because
of the believe that newly formed capillaries from the angiogenic process

are able to recruit smooth muscle and transform into arterioles‚ thereby
repeating in the adult organism an important embryonal developmental

stage. Although this is an interesting concept it does not apply to the type
of arteriogenesis that we describe here: interconnecting arterioles must
be present as a substrate; when they are not (as in the hearts of pigs‚ rab-
bits and rats)‚ no arterial collaterals can form. Greatly enlarged and nu-
merous capillaries can assume part of the role of collateral arteries in the
pig heart but are inferior because of their subendocardial position and
because of the low driving pressure at their source vessels. This makes

them prone to the “subendocardial crunch” when the diastolic intraven-
tricular pressure rises.

Dr. Ritter describes typical pathways of collateral vessels in human pa-
thology. This is important within the context of our discussion about the
preexistence of an arteriolar network of collateral vessels. Not only are
preexisting arterioles needed‚ they form and follow‚ in the human body‚
avenues along which typical rescue pathways develop. Dr. Ritter illus-
trates cases of astounding feats of adaptation‚ i.e.‚ where the circulation
of both legs is supplied via collaterals formed from enlarged preexisting

vessels surrounding the ureter after occlusion of both iliacal arteries. He
also shows the formation of secondary networks when the feeder arteries

of the primary collaterals became occluded. He raises the question why
in some cases the adaptation proceeds so well so that the patient was able
to lead a normal life without symptoms whereas in others the adaptation
by collaterals remained incomplete and stopped before a satisfying result
was obtained. In other chapters the question is discussed‚ whether

collateral formation follows always the same basic mechanisms be it
in the heart‚ brain or the peripheral circulation. The answer is yes‚ the
same mechanisms apply. They are only modified by the metabolic needs

of the organ supplied and‚ perhaps‚ by the size of the animal: mouse col-
laterals do not need much remodeling because just one cell division sat-
isfies the need.
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The genetic background does play a quantitative role with regard to
the density of the preexistent arteriolar network‚ which is poorly devel-
oped in the white laboratory mouse (Balb/C) in comparison with the
black C57BL/6 strain which exhibits a denser network and a surprisingly

fast ability to adapt to femoral occlusion by collateral growth. It would be

highly interesting to identify the genes that are responsible for these dif-
ferences.

Another controversial topic under discussion is that of the role of the
intima, which becomes the most active cell layer in the wall of the trans-
forming collaterals. Mitosis and apoptosis occur here suggesting a high
turnover of the cell population. The dedifferentiated SMCs exhibit a pat-
tern of embryonal gene expression with a downregulation of desmin,
upregulation of fibronectin etc. These observations suggest that the inti-
ma may be the incubator for the new and larger vessel, the supplier of
new cells, which may leave the incubator for maturation in the new media.

This view is somewhat at odds with the conventional opinion that the
intima is a symptom of degeneration, the bed for atherosclerosis or, in
our context, the mechanism of pruning. However, new experiments show
that even an excessive intima formation in mouse collateral vessels (after
restoration of blood flow) is an asset at re-occlusion: intimal cells rear-
range much faster into a large lumen than would have been possible from
cell proliferation.

The influence of tissue ischemia on arteriogenesis was taken for

granted since many decades in spite of Fulton’s pioneering studies 40
years ago showing that in the diseased human heart collaterals often
develop far away from areas of ischemia. We have gathered several new
arguments against a role of ischemia in arteriogenesis and we hope that
the discussion can now be closed.

A grave problem is which of the known (or yet to be discovered) vas-
cular growth factors is essential for arteriogenesis.

We recently carried out some experiments that illustrate the complex-
ity of the role of growth factors in arteriogenesis. In spite of a substantial
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body of literature no clear favorite is apparent. In our own experiments
the two most favored factors bFGF and VEGF-A do not change expres-

sion in growing collaterals nor in the adjacent tissue. Other factors like

PDGF and HGF are also absent from expression profiles of collateral
artery tissue. Targeted disruption of the FGF-1 and-2 genes and injection
of soluble receptors for VEGF and FGF do not interfere with arteriogen-
esis. Transgenic mice expressing the VEGF promoter coupled to a
reporter gene fail to express the reporter in growing collaterals after fem-
oral occlusion. The only hint that the mentioned growth factors do play
a role is their activity when the proteins are administered locally (VEGF‚

PlGF‚ MCP-1). However they accelerate growth rather than changing the
final level of adaptation‚ which is reached without treatment but after a
longer time of observation and which remains well below the physiolog-
ical level of conductance of the artery before occlusion. However‚ these
factors may not act directly on vascular cells but rather via attraction of
monocytes that adhere and invade and produce a cocktail of factors that
are essential for collateral artery growth. On the other hand we recently
found that the FGF receptor 1 in FGF-2 knockout mice‚ upregulated dur-
ing a brief time window after femoral occlusion‚ is phosphorylated in
collateral tissue. This strongly argues for the deputy role of one of the
now 25 known FGF ligands.

It is of note that the arteriogenic process may be primarily controlled
via the availability of the receptors (ligands are present anyway in the
ECM)‚ which may explain the often observed inefficiency of infused lig-
ands into normal tissue. Most receptors may have only a brief time win-
dow of activity early after arterial occlusion‚ which explains why growth
factors infused some time after occlusion appear to be inactive. Further-
more infusion of PAS interferes with the ligand receptor complex of the
FGF system and strongly inhibits collateral artery growth. The intracel-
lular signaling in collateral vessels proceeds via the Ras/ERK pathway‚
which is a strong indication for the involvement of the FGF system but
does not exclude PDGF‚ which employs the same signal pathway.

However‚ smooth muscle cells in culture react only to PDGF-AB but
not to FGF-2 with an increase in PKB/Akt phosphorylation. On the other
hand shear stress activated collateral vessels do not show an upregulation
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of PKB/Akt‚ which argues for an involvement of FGF- but not of PDGF
ligands. Desmin and destrin are downregulated in FGF-2- (but not in
PDGF AB-) exposed SMCs in culture and show a downregulation just as

in growing collateral vessels‚ which argues for a key role of FGF ligands.
Transgenic overexpression of FGF-2‚ mainly in skeletal muscle‚ greatly
stimulates blood flow recovery in femoral occluded mice‚ but mainly in
combination with exercise.

Another argument against an involvement of PDGF is that Gleevec®‚
an anticancer drug that inhibits PDGF receptor signaling‚ had no effect
on arteriogenesis in our rabbit model when locally infused over 7 days by
Alzet minipump into the proximal stump of the occluded femoral artery.
Mice with deletion of the PDGF retention motif do not show a grossly
abnormal course of blood flow recovery after femoral ligation (prelimi-
nary unpublished experiments).

Is it imaginable that arteriogenesis can occur without growth factors?
We have shown that arteriogenesis can proceed without changes in the
local concentration of the classical ligands. This can be explained away by
the brief appearance of the receptor. But is it imaginable that integrin
activation by fluid shear stress leading to phosphorylation of kinases

(Rho-pathway) finally activates the cell cycle without interference of ex-
tracellular mitogens? Can it be imagined that SMCs enter the cell cycle
when the transcription of elastin is downregulated? A recent report showed
massive proliferation of SMCs in an elastin knockout model6. On the
other hand: downregulation of elastin in SMCs in culture occurs only in
the presence of FGF (Kubin‚ unpublished). It is known that arterial SMCs
are heterogeneous and that isolated subpopulations can proliferate in
culture without serum support. Are these cells (arterial smooth muscle
stem cells?) the ones that migrate into the intima or proliferate in situ?
However‚ bone marrow stem cells do not incorporate into the wall of col-
lateral arteries.

The role of monocytes
We were the first to observe the invasion of monocytes into growing col-
laterals in the canine coronary collateral circulation more than 35 years
ago7. Since then the importance of this cell type was supported by several
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other findings: the discovery that the monocyte-attractant chemokine
MCP-1‚ when infused into the proximal stump of the occluded artery
stimulated arteriogenesis‚ the finding that interfering with monocyte
adhesion to the adhesion molecule ICAM-1 inhibited arteriogenesis‚ that
targeted disruption of the MCP-1 receptor CCR2 also inhibited arterio-
genesis‚ that increasing the life span of monocytes with GMCSF stimu-
lated arteriogenesis and that transient elimination of monocytes from the
peripheral blood by liposome-packaged bisphosphonates stopped arteri-
ogenesis. Likewise chemical elimination of monocytes by 5-fluorouracil
inhibited (and recovery from chemotherapy with an overshoot of the
monocyte count stimulated) arteriogenesis. Monocytes are particularly
important during the early phases after arterial occlusion. Their role in
later stages‚ especially in situations with chronically increased shear stress‚
is presently under study and preliminary results suggest an even greater

invasion with very high shear stress. Most certainly matrix-lysing enzymes
play an important role probably by inactivating TIMP‚ their tissue
inhibitor‚ by releasing stored growth factors and by digesting elastin‚
which leads to de-inhibition of SMC mobility and proliferative quiescence.

Physical forces
Our studies and those of others have shown that fluid shear stress‚ a weak
force in physical terms compared to the circumferential wall stress‚ is a
surprisingly strong morphogen that is able to remodel arterioles into
arteries and these into even larger structures. Fluid shear stress is difficult
to manipulate over a longer period of time. With our new model of dis-
tal stump anastomosis of the occluded femoral artery in pigs and rabbits
side-to-side with the accompanying vein we have created a relatively sta-
ble situation of chronically increased shear stress. Our hemodynamic
studies with this new model showed that the restoration of the physio-
logical maximal conductance after arterial occlusion by collateral blood
vessels is a realistic goal! These AV-shunt experiments also enabled us to
employ new methods of expression profiling and of proteomics to search
for the factors responsible for the drastic remodeling as it occurs in arte-
riogenesis. To unravel the morphogenic power of blood flow‚ to under-
stand the transmission of the mechanical force into the genome that
changes expression to enable existing vessels to grow‚ is the central prob-
lem in arteriogenesis.
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Our gene profiling and proteomic studies in rabbits‚ pigs and mice have
provided a wealth of information which is difficult to analyze because of
the sheer number of sequences to be tested for functional significance.
Hybridizing rabbit RNA obtained from shear stress stimulated collateral
vessels (in comparison with collaterals of the same stage of development
from the same animal) to micro-arrays we obtained 713 sequences that
were identified (and are shear stress-related) of which 136 were‚ at first
analysis‚ relevant because they contained many transcription factors‚ cell
cycle related genes‚ genes coding for signaling molecules and matrix pro-
teins. It will take time to extract the most significant information from
these studies. We will update our web site with new genetic information
soon after the appearance of this book (www.kerckhoff.mpg.de)
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2
Embryonic Development of
Collateral Arteries

Borja Fernández

In the embryo‚ the early vascular system derives from mesoderm precur-
sor cells called angioblasts‚ which colonize different embryonic structures
and coalesce in situ‚ to form a network of endothelial channels devoid of
mural cells. This morphogenetic mechanism receives the name of vascu-
logenesis‚ and the resulting vascular network is called primary plexus.
During early embryonic stages the plexus grows and expands by sprout-
ing and intussusception‚ similar to the angiogenic type of growth of adult
capillary networks‚ and supplies the primitive organ primordia with oxy-
gen. As development proceeds however‚ the plexus is inefficient to perfuse
the more compact tissues‚ and differentiation into an arterio-venous sys-
tem is required. The primordia of arteries and veins appear when the en-
dothelial channels of the primary plexus become invested with un-dif-
ferentiated mural cells. Putative chemoattractant signals recruit perivas-
cular mesenchymal cells‚ which are then committed in situ to the mus-
culo-vascular phenotype. Both‚ recruitment and differentiation seem to
be induced by the endothelium. The whole process has received the name
of arterialization1-6.

During the last decade‚ the molecular signals governing the process of
arterialization began to be elucidated4-12. Angiopoietins secreted by
perivascular mesenchymal cells bind to Tie receptors on the surface of
endothelial cells‚ stabilizing the vessel wall and promoting vessel matura-
tion. Both‚ stabilization and maturation rely on perivascular cell recruit-
ment and contact to the endothelial cells. Upon contact‚ mesenchymal
cells differentiate into pericytes and smooth muscle cells through the
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action of differentiation growth fac-
tors such as PDFG and TGF. Al-

though several transcription factors
are known to be involved in the dif-

ferentiation of mesenchymal cells

into smooth muscle cells‚ there is no
single pathway that can initiate the

whole musculo-vascular differentia-

tion program.

The anatomy of the arterial sys-

tem follows a basic tree-branching
pattern‚ where big arteries branch
into smaller arteries‚ and these into

arterioles‚ which connect with the

capillary network. Thus‚ conven-
tional arteries show a proximal-to-

distal axis‚ where the blood flows in

one direction from the proximal ex-

Micrograph of a portion of the epigastric vascula-
ture of a pLac-Z transgenic mouse stained with
the pLac-Z transgenic mice show
Lac-Z expression (blue) in vascular smooth mus-
cle cells and pericytes30. Black arrows point to
conventional “ending” arteries of two independ-
ent arterial trees. Black arrowheads point to a
collateral artery connecting the two independent
arterial trees. Red arrows show the direction of
blood flow.

treme of the vessel (connected to a larger artery) to the distal extreme of
the vessel (connected to a smaller artery or capillary). Collateral arteries
do not show a proximal-to-distal axis with respect to the blood flow. In
collateral arteries‚ the blood flows from the two opposite extremes of the

vessel to the branches localized along the collateral length (Fig. 1). Thus‚

it is the anatomy of the vessel that distinguishes a preexisting quiescent

collateral from a conventional artery‚ and both types of vessels are indis-

tinguishable from their histology and ultrastructure in normal physio-

logical conditions.
During embryonic development‚ the differentiation of the arterial

system follows also a proximal-to-distal direction with respect to the
blood flow. Big conducting arteries develop first‚ and the differentiation
wave extends distally through smaller arteries and arterioles. A good

example of this type of differentiation pattern can be found in the mor-

phogenesis of the coronary arteries (coronariogenesis) 13-17. The primordi-

um of the coronary system consists of a plexus of endothelial channels‚

called coronary plexus‚ which grows into the cardiac matrix and sub-epi-

cardial space covering the whole heart. This coronary plexus expands by
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angiogenesis‚ until it makes contact with the aortic root at the base of the
heart‚ initiating the differentiation of the capillary plexus into coronary

arteries. The sudden increase of blood flow at the proximal portion of the
plexus seems to be a crucial trigger for arterialization. Epicardium-derived
mesenchymal cells close to the aortic root are then recruited‚ differenti-
ating into smooth muscle cells. Recruitment and differentiation propa-
gate in a proximal-to-distal direction‚ starting at the coronary ostia (form-
ing the main trunk of the coronary arteries) towards the apex of the heart

(forming the small precapillary arterioles). Thus‚ the proximal-to-distal
anatomical axis of arterial segments is developed as a consequence of an
ordered and directional propagation of the musculo-vascular differenti-

ation wave. Then‚ how do collateral arteries develop?
Very few studies describe the formation of collateral arteries. Price

and collaborators showed that collateral arteries of the rat gracilis muscle

develop during the postnatal period by arterialization of two opposing
arteriole endings‚ proceeding along capillary pathways18. Smooth muscle
cells of the collateral vessel wall derive from recruitment of perivascular
mesenchymal cells and/or from proliferation and migration of smooth
muscle cells at the terminal end of the opposing arterioles to finally form
a continuous arteriolar vessel. The formation of collateral arteries can
then be considered a continuation of the arterialization process along
capillary domains of opposing arterioles. What is then restricting or
inducing arterialization in terminal arterioles to finally form a collateral
versus a conventional “ending” artery?

Analyzing how arterialization stops at the distal end of arterioles
might be a good hint. In mammals‚ the right and left coronary arteries
branch throughout the right and left ventricles respectively‚ and do not
usually surpass the interventricular limit. During coronariogenesis‚ when
terminal branches of the two developing coronary arteries meet at the
interventricular borders‚ arterialization stops. In some cases‚ a defect in
the connection of the coronary plexus to the aortic root gives rise to a
single coronary artery‚ the arterialization of which starts in one coronary
ostium‚ continues through its respective ventricle‚ surpass the interven-
tricular limit‚ and continue branching throughout the other ventricle‚
compensating for the missing coronary artery19,20. Thus‚ the irrigation do-

main of one particular artery is limited by adjacent arteries that irrigate
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the surrounding tissue. Inhibitory

signals from arterialized tissue seem
to limit differentiation of the adja-

cent vasculature. Development of

collateral arteries might rely on sup-

pression of the inhibitory signals

that limit arterialization of one par-
ticular segment of the plexus.

One recent relevant finding

adding complexity to the process of

arterialization was reported by Mi-
kouyama and collaborators21. They

found that mutations in genes rele-

vant for axon guidance alter the

nerve branching pattern‚ as well as
the arterial branching pattern. The
concept that arterial differentiation

relies on putative inductive signals

Micrograph of the epigastric vasculature of a
pLac-Z transgenic mouse stained with the

The main epigastric artery (big black
arrows) branches into smaller arteries (small
black arrows)‚ which are inter-connected by col-
lateral arteries (black arrowheads). The pathway
of the main epigastric nerves (red arrowheads)
coincides with the anatomical localization of col-
lateral arteries.

from the nerve system is not new‚ however. One decade ago‚ researches

on coronariogenesis already showed that differentiation of the coronary

arteries is in close anatomic association with neural crest-derived cardiac
ganglia16. Moreover‚ cardiac defects associated with experimental ablation

of the cardiac neural crest include anomalies in the origin and course of

the main coronary arteries17. How this morphogenetic dependency
between the nervous and the arterial systems can affect the development
of collateral versus conventional arteries is unknown. However‚ the fact
that in some vascular systems the anatomical localization of collateral
arteries coincides with the pathway of the main nerve trunks is suggestive

in this regard (Fig. 2).
Shear stress from the blood flow‚ inhibitory stimuli from the sur-

rounding arterialized tissue‚ and inductive cues from the nerve system

seem to be important factors regulating the differentiation of conven-

tional versus collateral arteries. How are these physiological stimuli trans-
lated into molecular signals?

Two molecular pathways recently found to regulate vascular differen-
tiation might be crucial for collateral artery development. The Ephrin/Eph
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and the Jagged/Notch signaling systems are both composed of membrane

bound ligands (Ephrin and Jagged) and membrane bound receptors
(Eph and Notch). Thus‚ signaling through these molecular pathways
relies on cell-to-cell contacts. Interestingly‚ both signaling pathways are
also required for proper development of the nervous system22‚23.

In the embryonic capillary plexus‚ future arterial endothelial cells express
Ephrin-B2 ligand‚ whereas the corresponding receptor Eph-B4 is expressed

a: Cartoon showing a hypothetical regula-
tory mechanism of arterialization by the
Ephrin/Eph system. Mesenchymal cell
recruitment and differentiation into SMCs
proceed in a proximal to distal direction
(from left to right). Ephrin-B2 (red) /Eph-
B4 (green) interactions between capillary
endothelial cells may inhibit further arte-
rialization‚ defining arterial (Ephrin-B2+)
and venous (Eph-B4+) capillary domains.
b-d: Model of collateral artery develop-
ment based on Ephrin-B2/Eph-B4 inter-
actions. Two feeding developing arteries
are connected to a primitive and morpho-
logically homogeneous capillary plexus
(b). Before arterialization starts‚ Ephrin
B2 (black) and Eph B4 (blue) expressions
in endothelial cells confer arterial and ve-
nous identities to the capillary plexus re-
spectively (c). Ephrin/Eph interactions
(red circles in c) limit arterialization to
arterial domains of the plexus‚ giving rise
to a tree-pattern with eventual collateral
connections (arrows) (d). Differentiation of
the vein system occurs later in development.
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by future venous endothelial cells24. Ligand-receptor interactions may

confer identity to the endothelial cells‚ restrict cell intermingling‚ and
create a boundary that represents the arterio-venous transition25‚26 (Fig.
3a). The Ephrin/Eph system may then serve to avoid abnormal connec-
tions between arteries and veins and to regulate inter-arterial connec-
tions (Fig. 3b-d).

Mutations in the genes coding for Jagged (ligand) and Notch (recep-
tor) cause disorders of the human cardiovascular system27‚28. Some mor-

phogenetic functions of this evolutionary conserved signaling system
were discovered in studies with the zebra fish embryo. In this experi-

mental model angioblasts that express Notch will form the aorta‚ where-
as angioblasts not expressing Notch will form the cardinal vein29. Thus‚
Notch is able to confer vascular identity to precursor cells before they dif-
ferentiate into a particular cell type (Fig. 4). The Jagged/Notch signaling
system may have special relevance in the embryonic development of col-
lateral arteries‚ as we have found consistent‚ time-dependent‚ and cell-
type restricted regulation of Jagged and Notch protein expression during
the growth of collateral arteries after arterial stenosis in the adult (see
chapter 9).

Cartoon showing the possible involvement of the Jagged/Notch system in collateral artery
development. Schwann cells secrete VEGF (red)‚ inducing Notch expression (blue) in
perivascular mesenchymal cells‚ which become then committed to the SMC linage31. Upon
contact with Jagged-expressing endothelial cells (green)‚ Notch is activated and translocated
to the nucleus of presumptive SMCs‚ regulating the transcription of differentiation genes. In
this model‚ development of collateral vs. terminal arterioles relies on the anatomical path-
way of the developing sensory nerve system.
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During the last decades‚ the discovery of the morphogenetic and the
molecular bases of vasculogenesis and angiogenesis allowed the develop-
ment of new therapeutical strategies to fight against ischemia. In the future‚
the discovery of the basic mechanisms of arterialization and collateral
artery formation may allow us to induce experimentally the development
and growth of conducting and collateral arteries‚ to completely restore
the maximal physiological conductance of the occluded artery.
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Structural Remodeling during
Growth of Collateral Vessels

Wei-jun Cai, Dimitri Scholz, Tibor Ziegelhoeffer and
Jutta Schaper

I. Coronary collateral vessels in the dog heart
This chapter focusses mainly on collateral vessel development of the cor-
onary circulation in the dog heart and it presents the general structural
characteristics of vessel growth applicable also for collaterals of the pe-
ripheral circulation and in other species. In the second part‚ morpholog-
ical features typical of and specific for arteriogenesis in the peripheral cir-
culation will be discussed.

During collateral vessel development‚ a significant remodeling of all
layers of the vascular wall takes place. This occurs in response to in-

creased shear stress acting on endothelial cells as well as to elevated tan-
gential wall stress that exerts its force on media and adventitia. The most
characteristic feature of growing coronary collateral blood vessels is the
appearance of a neointima consisting of smooth muscle cells‚ occasion-
ally infiltrating mononuclear cells and extracellular matrix material. In
contrast to normal arterioles or small arteries‚ that are characterized by
the regular arrangement of circular smooth muscle cells‚ a growing col-
lateral vessel consists of an intimal layer with irregularly arranged SMCs
and the more or less regular original media‚ plus the widened adventitia.

Growth of a collateral vessel thus occurs by addition of the neointima to
the vessel wall structure but not by thickening of the medial layer. At late
stages of development‚ the growth process is arrested‚ and the enlarged
collateral vessel performs as a blood conductor saving tissue jeopardized
by ischemia from destruction.
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The classification of normal versus growing collateral vessels used in the
present work is based on macroscopic appearance‚ on typical histological
characteristics and on the presence or absence of proliferating cells in the
vascular wall. Vessels with integrity of the internal elastic lamina and with-
out smooth muscle cells in the intima were considered as quiescent or
normal vessels. These were characterized by negative Ki-67 (proliferation
marker) staining. Growing vessels showed a segmented internal elastic

lamina and an enlarged neointima in the presence of Ki-67 positive cells.
Mature vessels were characterized by an irregular internal elastic lamina‚
a moderate – extensive neointima and absence of Ki-67 immunostaining.

This classification rather than the dependence on time will be used
throughout this chapter.

Endothelial cells
The endothelium is a single-cell lining covering the internal surface of
blood vessels‚ which possesses multiple functions such as protection from
thrombogenicity‚ regulation of selected blood cell adherence and of vas-
cular dilatation and contraction. In normal small arterial vessels‚
endothelial cells oriented in the direction of flow are flat containing a
central nucleus and a cytoplasm surrounded by a smooth cell membrane
(Fig. 1a and b). In growing collateral vessels‚ the endothelium shows
some disorientation‚ it is more prominent and blood cells may adhere to
the ruffled membrane surface (Fig. 1c and d). While normal vessels show
quiescent endothelial cells (fig. 2a)‚ those in growing collateral vessels
may be in mitosis (Fig. 2b)‚ many are more prominent with numerous
cellular organelles (Fig. 2c) and some are in apoptosis (Fig. 2d).

The endothelium modulates vascular tone by synthesis and release of
nitric oxide (NO)1‚2‚ which was initially recognized as endothelium-
derived relaxing factor3 and now has been widely accepted as an impor-
tant endogenous compound controlling blood pressure. In the vascula-
ture‚ endothelial constitutive NO synthase (eNOS) is the main producer
of NO‚ although other isoforms of NO synthase‚ inducible (iNOS) and
neuronal (nNOS)‚ exist. Increasing evidence established a plethora of
diverse regulatory functions for NO‚ including vascular dilation‚ protec-
tion of endothelium from platelet aggregation and leukocyte adherence‚

Classification of vessels
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Appearance of normal and collateral vessel in the scanning electron microscope. 1a) The en-
dothelial layer is continuous and oriented in the direction of flow. Note the orientation of the
endothelial cells in the direction of the subbranch (arrow). 1b) Larger magnification showing
the regular orientation of endothelial nuclei. 1c) The endothelium in growing collateral ves-
sels is more prominent but still regularly arranged. 1d) Adhesion of a monocyte to an
endothelial cell.

and inhibition of smooth muscle cell proliferation4. Confocal microsco-
py showed that in normal arterioles expression of eNOS is very low‚ but
that in growing collateral vessels there is a 6-fold-increase (Fig. 3) that
returned to normal levels in mature vessels. These findings and the role
of NOS in collateral growth will be discussed more extensively in chapter 5.

Recently‚ the possibility has been discussed that endothelial cells may
originate from bone marrow-derived progenitor cells circulating in blood

(reviewed in5). Whether or not this is the case for endothelial cells in
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Ultrastructural appearance of endothelial cells in growing collateral vessels. 2a) Normal pre-
existing collateral vessel with a quiescent endothelial cell‚ the internal elastic lamina (IEL)
and 2 layers of SMCs. 2b) Prominent endothelial cells in a collateral vessel. Left upper cor-
ner: Mitosis of endothelial cell. 2c) An “activated” endothelial cell with increased cellular
organelles. 2d) Apoptotic endothelial cell with a condensed nucleus and dark cytoplasm.
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growing collateral vessels remains uncertain but is unlikely5a. The concept
has been brought forward by several groups that endothelial progenitor
cells can be recruited and mobilized by VEGF6 and possibly other growth
factors such as GM-CSF7 or inhibition of metalloproteinases8‚ and that
homing and differentiation of progenitor cells into the endothelial layer
are induced by the same factors. Induction of vascular networks in adult
organs by VEGF has also been reported in experimental studies with
transgenic ‚‚off and on“ switching of the VEGF gene9. However‚ the
majority of studies describing ‚‚neovascularization“ or ‚‚angiogenesis“
report an increase in the number of
capillaries but not of arterial blood
conductors5. Obviously‚ an increase
in the microvasculature without
true arteriogenesis is ineffective in
replacing a large occluded artery
and in preventing ischemic injury‚
and its beneficial effect is question-
able. Furthermore‚ rapid develop-
ment of collateral vessels following
abrupt LAD occlusion after bone
marrow cell injection in swine heart
as recently described10 is unusual
because pigs are known to possess a
poor‚ almost non-existent preexist-
ing collateral network. Collateral
vessel formation requires not only
endothelial cells but also smooth
muscle cells‚ a fact not considered
in this study.

At the present time‚ more exper-
imental studies are needed to deter-
mine the arteriogenic properties of
endothelial progenitor cells‚ which
finally will determine whether or
not this procedure has therapeutic
potential.

Localization of eNOS in blood vessels.
Immunoconfocal microscopy. Specific fluo-
rescence green‚ nuclei are red. 3a) In
normal vessels‚ eNOS is present in the
endothelial layer. 3b) The amount of
eNOS is increased in a growing collateral.
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Adhesion and infiltration of mononuclear cells. 4a) Top: Adhesion of a monocyte
(Mono) to an endothelial cell of a collateral vessel. A neutrophil (Neutro) is adhering
to the monocyte. 4b) Prominent endothelial cells‚ damaged SMCs without basement
membrane and two smaller lymphocytes (Ly) are present in a disorganized intimal
layer of a growing collateral vessel. 4c) Infiltration of a monocyte into the intima be-
tween prominent endothelial cells and the fragmented IEL.



A monocyte
(Mono) with sev-
eral pseudopods is
situated between
the SMCs of a dis-
organized tunica
media.
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Adhesion and immigration of mononuclear cells
Mononuclear cells are seen to adhere to the endothelium in growing col-
lateral vessels. Different stages may be defined: 1. Adhesion to the endothe-
lium; 2. Penetration of the endothelial layer; 3. Infiltration of the neointima
and media. In the first stage‚ mononuclear cells can be clearly identified
as blood borne monocytes (Fig. 4a) but while they are immigrating the
vessel wall they seem to alter their phenotype. They enlarge and the nu-
cleus becomes more oval than horseshoe shaped but they still contain
their dense granules and subcellular organelles are sparse‚ which identi-
fies these cells to be monocytes (Fig. 4b). Occasionally‚ the immigrated
non-muscle cells contain only a small cytoplasmic body‚ and the nucleus
shows a chromatin distribution characteristic of lymphocytes (Fig. 4c).
Monocytes typically exhibit small pseudopods along the cell membrane
but the basement membrane is absent‚ which is a diagnostic criterion for
the non-SMC nature of these cells (Fig. 5). The functional properties of
monocytes and their role in vascular growth will be discussed in chapter 7.
Here‚ it should only be emphasized that monocytes are important players
in adaptive arteriogenesis because they provide numerous proangiogenic
and proarteriogenic growth factors such as VEGF‚ the FGFs and others‚
they interact with the endothelium via specific adhesion molecules and
MCP-1‚ and they represent the carriers of substances into the vascular wall.
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Smooth muscle cells
In normal coronary arterioles and small arteries‚ SMCs in the media are
arranged in a circular and very regular fashion. In growing collateral ves-
sels‚ the media appears disorganized and the number of smooth muscle
cell layers is reduced because migration of SMCs into the subendothelial
space through the internal elastic membrane takes place (Fig. 6). This‚
however‚ is only possible when the basement membranes of the SMCs are
dissolved so that the cells can move. This is obvious in numerous SMCs
in the tunica media and intima. The basement membrane reappears in
redifferentiated SMCs of mature collateral vessels. These observations

Collateral vessel‚ actively growing. The IEL is absent‚ numerous smaller and larger SMCs are
migrating towards the lumen. Note the large amount of ECM but absence of collagen fibrils
between the migrating SMCs
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strengthen the notion that laminin and

other basement membrane components
promote the differentiation of vascular

SMCs11‚12‚ which may occur via receptor-
mediated interaction and generation of
signals that affect cell behavior. It is also
possible that the network structure of
the basement membrane prevents mole-
cules with a dedifferentiating effect from
contacting the cells. The disruption of
the basement membrane would abolish

such a function and allow for a direct in-
teraction between SMCs and a number
of growth factors produced by macropha-
ges or the SMCs themselves‚ leading to the
phenotypic modification of SMCs and
subsequent migration and proliferation.

In addition to the modification of
phenotypes‚ the disruption of the basal
membrane may be of further impor-

tance functionally: Together with the
degradation of internal and external
elastic material‚ it paves the way for the
expansion and outward growth of collat-
eral vessels.

The basement membrane consists of
laminin‚ collagen IV‚ fibronectin and
other extracellular matrix proteins. It
completely surrounds the SMCs and is
connected with the intracellular milieu
by binding to integrins‚ the dystrophin
complex and the ankyrin-spectrin link-

Localization of laminin by immunoconfocal microscopy. Specific fluorescence green‚ nuclei are red.
7a) In a normal vessel‚ laminin is situated between the SMCs. 7b) PUCHTLER-SWEAT staining
for basement membranes (BM)in a small normal vessel (longitudinal section). BM: black‚ nuclei:
pink. Elastic fibers are also black (longitudinal). Note: SMC are surrounded by BM. 7c) In a
growing vessel‚ less laminin is present around the SMCs of the neointima and of the media.
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Smooth muscle cells in actively growing collateral vessels. 8a) A mitotic SMC (left) in a disor-
ganized neointima. 8b) Irregularly shaped SMCs in abundant ECM in the media. Left: de-
generating SMC. 8c) Apoptotic small SMC beneath the endothelial layer.
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ing system (for review see13). Many integrins are capable of binding ECM
proteins through a conserved arginine-glycine-aspartic acid (RGD) mo-
tif14‚ and a tight connection between the ECM and the actin cytoskeleton
seems to be essential for signal transduction15 and cell migration16 of
SMCs. The role of integrins will be discussed in detail in chapter 9.
Confocal microscopy shows that SMCs migrating or already situated in
the neointima contain much less laminin or other matrix components of
the basement membrane‚ which confirms ultrastructural findings (Fig. 7).

SMCs in the neointima frequently divide during the stage of active
growth17‚ but they also show signs of degeneration as indicated by the
occurrence of cellular debris in the intercellular space and by the still per-
sisting basement membrane delineating the original SMC size (Fig. 8a-c).
Autophagic cell death is feasible

and apoptosis can be observed17.
Apoptosis may be caused by
increased stretch of SMCs and is
mediated by the betal–integrin-
rac-p38-p53 pathway18. The bal-
ance between the number of cells
undergoing mitosis and the rate
of cells dying will decide the final
outcome of the vascular growth
process17. Usually‚ the balance is

in favor of cell division‚ which
results in the formation of a

multilayered neointima where
the SMCs are arranged either cir-
cumferentially or in the direc-
tion of the longitudinal axis of
the vessel. Proliferation of SMCs
can be promoted by stretch19‚ lack
of elastin20 as discussed below
and by the direct action of
growth factors (discussed in
chapter 10). Many SMCs in the

neointima transform from the

Vascular wall of a growing collateral vessel character-
ized by almost complete absence of the IEL and presence
of a large SMC of the synthetic phenotype below the
endothelial layer.
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contractile phenotype character-
ized by a high content of contrac-
tile filaments and scarcity of cel-
lular organelles into the synthetic
phenotype with prominent rough

endoplasmic reticulum and Golgi
apparatus and numerous mito-
chondria while the contractile ma-
terial is reduced (Fig. 9). Confocal
microscopy permits the identifica-

tion of various proteins in the vas-
cular wall by using specific mono-
clonal or polyclonal antibodies.
Employing this technique it be-
came clear that in growing collat-
eral vessels the majority of neoin-

Localization of                   muscle actin by
immunoconfocal microscopy. Specific fluores-
cence green‚ nuclei are red. The medial SMCs
show intense muscle actin staining
but many neointimal cells are only weakly
labeled. Lu-lumen

timal SMCs change not only their phenotype but exhibit an embryonal
expression pattern of their specific proteins17. While in normal non-
growing SMCs muscle actin is the major protein‚ this is
reduced in growing collateral vessels (Fig. 10). Furthermore‚ the cytoske-
letal protein desmin and the Ca-regulated calponin are decreased‚ where-
as vimentin was strongly expressed (Figs. 11-13). This appearance corre-

Desmin (green, nuclei red) is present in
SMCs of the media but absent from intimal
SMCs. Lu-lumen

Calponin (green-yellowish, nuclei red) is pres-
ent in the media but significantly reduced in
the neointima. Lu-lumen
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sponds to the synthetic pheno-

type of SMCs as observed in the
electron microscope (Fig. 9). The
expression of vimentin instead
of desmin and the lack of

muscle actin are typical
of embryonic SMCs21‚ i.e.‚ a reca-
pitulation of ontogeny occurs in

the cells of growing collateral ves-
sels as previously described for
the ductus arteriosus in rabbits22.

Desmin is one of the principal
intermediate filament proteins in
vascular smooth muscle. In SMCs
of smaller arteries and arterioles
the intermediate filaments contain
predominantly desmin. However‚ there is a relative paucity of information
regarding wether desmin expression is developmentally regulated in vas-
cular smooth muscle. There exists one report that in the mammalian
embryo‚ from 9dpc onward desmin can be detected in vascular muscles23.
Likewise‚ which role desmin plays in the regulation of SMCs functions re-
mains unclear. However‚ the information from studies of desmin in skeletal
muscle indicates that desmin is essential to maintain tissue integrity‚ for
the tensile strength and integrity of myofibrils‚ and for terminal muscle
regeneration and maturation of muscle fibers. In desmin knockout mice‚
the skeletal myofibers were disorganized‚ distended‚ and nonaligned. These
mice were weaker and fatigued easily24‚25. Based on the findings from
skeletal muscle studies‚ it is concluded that the reduction of desmin in the
tunica media plays an important role in the development of collateral
vessels leading to a decrease in wall tension and facilitating the outward

expansion of the wall. Furthermore‚ the lack of desmin in SMCs of the
neointima and the reduction of               muscle actin indicate that these
cells will not significantly contribute to vasoconstriction or vasodilation.

Calponin‚ which is an actin-binding protein involved in the regulation
of smooth muscle shortening velocity‚ is a smooth muscle differentiation-
specific protein. It induces polymerization and inhibits depolymerization

Quantitative determination of fluorescence intensity
of muscle actin and desmin in the media
and intima of actively growing vessels. The differ-
ence in intensity beween media and intima is statis-
tically significant.

reprinted with permission from 1 7
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of the thin filament actin26‚ it shows a strong molecular resemblance with
troponin T27 and it possibly regulates crossbridge cycling during contrac-
tion28. Calponin inhibits SMCs growth‚ proliferation and migration‚ i.e.‚
it maintains differentiation‚ and its reduction as observed in neointimal
cells confirms the notion that SMCs may be susceptible to the action of
pro-mitotic stimuli29. In calponin knockout mice a structural fragility of
blood vessels accompanied by bleeding into the perivascular space was ob-
served30. Bleeding into the neointima was not seen in collateral vessels‚
most probably because the intact endothelium and the media (still con-
taining contractile SMCs with calponin) will prevent any direct contact
with blood cells. The lack of calponin in the neointimal SMCs of grow-
ing vessels is taken to indicate SMC dedifferentiation into the synthetic
phenotype.

Vinculin‚ a cytoskeleton-associated protein‚ is operative in establish-
ing links between the extracellular matrix and the intracellular milieu via
integrins31. It is reduced in SMCs of the neointima during the phase of
active growth suggesting that the link with integrins might be weakened
therefore allowing for cellular migration.

A new aspect of regulation of SMC proliferation might be disruption
of N-cadherin cell-cell contacts mediated by MMP activity and involving

release‚ which possibly induces cell signal-
ing32. This‚ however‚ is data from cell culture experiments‚ which has to
be confirmed in vivo‚ especially in view of the fact that SMCs in blood
vessels lack any direct cell-cell contacts.

It is worth noting that some SMCs in the tunica media were still of the
contractile phenotype indicated by high levels of calponin and
actin although the basement membrane was fragmented. Apparently‚
there are more regulatory mechanisms involved in phenotype determi-
nation of SMCs. Many transcription factors as well as tissue-restricted
proteins seem to be necessary to maintain or modulate the SMC pheno-
type (recently reviewed in33). Our own data indicate that matrix metallo-
proteinases (MMP‚ described below in detail) may be involved. The
expression of MMP-2 and MMP-9 was very high in the early stage of col-
lateral vessel growth‚ but reduced and low in the tunica media during
active growth indicating that MMP activity is another important media-
tor controlling phenotype of SMCs. This view is supported by a recent
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study showing that the synthetic metalloproteinase inhibitor batimastat
suppresses injury-induced phosphorylation of MAP kinase ERK1/ERK2
and phenotypic modification of arterial smooth muscle cells in vitro34.

Degradation of the basement membrane facilitates SMC migration
and expansion of the vascular wall‚ but if SMC migration were not con-
trolled or limited‚ the integrity of the wall would be destroyed. MMPs

promote SMC migration but tissue inhibitor of metalloproteinases (TIMP‚
discussed below) inhibits SMC migration. The low expression of MMPs
and high amount of TIMP-1 and PAI-1 in the tunica media lead to the

hypothesis that inhibition of MMPs most likely is an important contrib-
utor to limit the active movement of SMCs. This is in accordance with the
findings that migration of SMCs in rabbit‚ rat and baboon explant cul-
tures was inhibited using synthetic MMP inhibitors36‚37 or by overexpres-
sion of TIMP-1 in organ culture of human saphenous vein (HSV)38.

Since a few years the possibility that SMCs can be derived from hem-
atopoeitic progenitor cells is under investigation (reviewed in39). In vitro‚
bone marrow cells can differentiate into SMCs40. In vivo‚ SMCs in human
atherosclerosis41 or in neointimal lesions in rat aortic allografts42 were

shown to originate from injected bone marrow cells. Differentiation of
Flk1 positive embryonic stem cells can be induced by adding VEGF for

endothelial cells and PDGF-BB for mural (pericytes‚ SMCs) cells43 indi-
cating a higher degree of plasticity of a particular cell lineage than previ-
ously thought possible44. In a later study‚ it was confirmed that the fate of
undifferentiated mesenchymal cells to develop into either endothelial
cells or SMCs can be determined by exposure to growth factors or their
receptors such as VEGF and PDGF-BB45. Since this is not the major topic
of this chapter‚ only few examples regarding endothelial cells as well as
SMCs have been cited here from the literature in order to show the begin-
ning of an interesting field of research that may have implications later

on for the therapeutic promotion of vascular growth. At the present time‚
it is too early to speculate on the role of bone marrow progenitor cells as
contributing factors to collateral vessel growth because the role of circu-
lating progenitors or of undifferentiated mesenchymal precursor cells is
not yet satisfactorily established. One of the major uncertainties apparent
in several studies is the fact that these undifferentiated cells are unsatis-
factorily characterized before usage in animal experiments46. Meth-
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ods‚ results and opinions vary widely regarding the possible potential of
this new therapeutic principle as shown recently for cardiomyocytes47.
Many more critical experimental studies have to be carried out before this
question will be settled and a reliable concept established (see chapter 8).

The elastic membrane
The elastic membrane in normal vessels is a continuous sheath with mul-
tiple pores consisting of amorphous elastic material and surrounding
microfibrils. In growing vessels‚ it is interrupted and may finally com-
pletely disappear (Figs. 6‚ 8‚ 9). New elastic material including the amor-
phous mass and its precursor tropoelastin and microfibrils can only
sparsely be observed. These changes may have distinct functional conse-
quences: loss of medial elasticity increases the possibility of endothelial
damage and predisposition to atherosclerosis48. Furthermore‚ elastin has

been shown to be essential for arterial morphogenesis and to regulate
SMC proliferation‚ even in the absence of growth factors20. Lack of elastin
results in vascular occlusion because of uninhibited SMC mitosis20‚
which may play a role in collateral artery growth where elastic material is
not fully replenished and its absence may be the cause of excessive neoin-
tima formation finally leading to vessel occlusion. In addition‚ the lack of
a continuous elastic membrane may allow for passive outward movement
of the vessel wall in response to elevated blood pressure. This process may
be enhanced by disappearance of the SMC basement membranes and the

elastic material of the adventitial layer (see below).
Interestingly‚ an ineffective elastogenesis seems to be ongoing in human

atherosclerotic plaques and in abdominal aortic aneurysms‚ which would

confirm the notion that dysregulated elastin synthesis accompanied by
SMC proliferation causes vascular abnormalities49.

Elastin and laminin can adhere to cells by a distinct transmembrane
protein‚ the elastin-laminin receptor (ELR)‚ which is different from the
integrin family50 and functions as a mechanotransducer sensitive for stretch
in SMCs19. Moreover‚ a signaling pathway via the elastin receptor resulting
in SMCs proliferation has recently been identified51. While lack of elastin
results in SMCs proliferation‚ high dosages of elastin produce apoptotic
and nonapoptotic cell death as shown in lymphocytes52. Further studies

are needed to elucidate this possible effect in growing collateral vessels.
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The extracellular matrix and matrix
metalloproteinases
The extracellular matrix is situated between
cells‚ either SMCs or fibroblasts in the media
and in the adventitial layers. It consists of fi-
bronectin and the proteoglycans‚ the different

proteins of the basement membrane such as
collagen IV and laminin and of the different
types of fibrillar collagen‚ mostly collagen I but
also collagen III and VI as well as fibronectin
(Fig. 14). The amount of ECM differs‚ it is
low in normal arterial vessels and it increases
in growing collateral arteries‚ predominantly
in the neointima (Fig. 15). It is collagen VI
and fibronectin in particular that increase‚
whereas the fibrillar collagen I is rarely seen

in the neointima of vessels undergoing active growth. In mature vessels‚
collagen I is again detectable. Recently‚ it has been reported that poly-

merized collagen I suppresses SMC proliferation53 as well as fibronectin‚
thrombospondin and tenascin-C expression and the migratory response
of SMCs to fibronectin54. In view of these data‚ downregulation of colla-
gen I can be interpreted as part of the shift of balance of protein expres-
sion (discussed below) to enable the vessel to enlarge. The overexpression of

Fibronectin (green‚ nuclei are red) in an
actively growing vessel. Fibronectin is accu-
mulated in the neointima and in the
adventitia but the media only contains
moderate amounts of this ECM protein.

reprinted with permission from70

Ultrastructural appearance of SMCs and the ECM in the neointima of a growing
vessel. Large amounts of ECM separate the SMCs.
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collagen VI provides further evi-
dence that an embryonal protein
pattern is recapitulated in growing

collateral vessels55. Furthermore‚
an interaction between collagen VI
and glycoproteins is particularly
relevant in matrix assembly56.

In the neointima‚ remnants of
basement membrane material are
abundant including laminin and

collagen IV and glycoproteins are
strongly increased17. The latter
finding is especially interesting be-

Tenascin (green‚ nuclei red) is present in
large amounts in the media but absent from
the intima.

cause several of the glycoproteins are capable of regulating synthesis of
other structural components. Tenascin-C‚ which was significantly
decreased in the intima (Fig. 16)‚ is effective in preventing fibronectin

induced cellular adhesion57‚58 and this effect can be neutralized by chon-
droitin sulfate59. The reduction of tenascin-C in combination with an
increase in chondroitin sulfate and fibronectin in growing collateral ves-
sels will then be responsible for cellular migration and adhesion (Fig. 16).
In addition‚ tenascin has been described to possess proangiogenic prop-
erties‚ enhancing the sprouting‚ migratory‚ and survival effects of angio-

genic growth factors‚ and it has distinct proliferative‚ migratory‚ and pro-
tective effects on endothelial cells in culture 60‚61. The data suggests that
tenascin may act as a proangiogenic mediator in pathologic conditions
involving neovascularization but that in arteriogenesis the inhibitory
effect may be more prominent requiring downregulation or counterac-
tion by other proteins. In general‚ the balance between the different
matrix proteins seems to be decisive for the continuation or termination
of the growth process.

The same consideration applies to the action of the proteolytic enzymes
metalloproteinases (MMP) and their inhibitors‚ the tissue inhibitors of
MMP (TIMP). Our own data show that in growing collateral vessels‚
MMP-2 and MMP-9 are upregulated in the intima and activated‚ com-
pared to the media of the same vessel (Fig. 17). The opposite is true for
TIMP-1‚ which is increased‚ however‚ in the intima of mature vessels (Fig.
17‚ 18). This led to the conclusion that vascular remodeling by protein
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Localization of MMP-2 and TIMP-1 (green‚ nuclei are red) in an actively growing vessel.
17a) The concentration of MMP is high in the neointima and low in the media. 17b) TIMP-1
is low in the intima and high in the media indicating a counterbalance between proteolysis
and its inhibition.

degradation and lack of inhibition by TIMP was facilitated by the action
of MMP. Similar results were obtained by Tyagi on the mRNA level62.

The intima of growing vessels contained more PAI-1 than the media‚ but

the media of both‚ growing and mature vessels showed an increase com-
pared to control vessels (Fig. 18 and 19). It was suggested that PAI-1 plays
an important role in protecting the intima from excess proteolysis during
cell migration‚ proliferation and tissue remodeling63‚64. In other studies it
was shown that PAI-1 inhibits cellular migration and neointima forma-
tion65‚66. This confirms our previously postulated concept that proteolysis

and antiproteolysis need to be in balance in order to permit for effective
vascular remodeling67. The increased expression of PAI-1 in the presence

of downregulated TIMP-1 suggests a selfregulatory mechanism in collater-
al formation. A coordinated upregulation of bFGF and PDGF with that
of MMP-1 and MMP-9 was observed in growing vessels (Fig. 20) indicating
regulation of MMP expression by growth factors as described by others68.

Regulation of MMPs by mechanical stress via the endothelin A receptor
has been reported69 and this might be operative in growing collaterals‚
where wall stress is increased as well. A contrasting observation is the fact
that selective MMP inhibition apparently elicited an angiogenic response
after myocardial infarction in rabbit hearts‚ and that it even doubled the
number of arterioles during ventricular remodeling8‚ which shows that
much more evidence provided by careful experimental studies is needed
to clarify this issue.
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Measurements of fluorescence intensity of MMP-2 and MMP-9‚ TIMP-1‚ and PAI-1 in the
media and intima of control (CV)‚ growing (GV) and mature (MV) vessels. *p<0.001‚ inti-
ma of GV vs neointima of MV; intima vs media in same vessels;
media of GV or MV vs media of CV. AU = arbitrary units

reprinted with permission from67

There is no doubt‚ however‚ that controlled proteolysis plays an im-
portant role in collateral vessel growth. The temporal and spatial expres-
sion pattern of MMPs and their inhibitors TIMP and PAI-1 is associated
with migration‚ proliferation and rearrangement of SMCs. The balance
between these factors‚ proteolysis‚ antiproteolysis and proliferation of SMCs
will decide the outcome of the growth process.

The adventitia
In normal arteriolar vessels or small arteries‚ the adventitia is a small rim
of connective tissue surrounding the medial layer and it consists mostly
of ECM and few fibroblasts. In growing collateral vessels‚ the adventitia is
widened and proliferation of fibroblasts is evident. The number of fibrob-
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lasts was 5-fold elevated in growing vessels70.

There was no evidence for the presence of
myofibroblasts‚ neither in the adventitia nor

in other layers of the vessel. This is in accor-
dance with a report by Maeng that adventi-
tial fibroblasts do not play a role in neointi-

ma formation71‚ but it is in contradiction to
another report describing migration of
adventitial fibroblasts into the neointima72‚
both in cases of vascular injury. Apparently‚
this problem is not solved yet. However‚ in
collateral arteries adventitial myofibroblasts
do not seem to be involved in the growth
process.

Fibroblasts in the adventitia show signs of
activation such as increased number of cellu-
lar organelles. They proliferate but some of
them undergo apoptosis. In mature vessels‚
these changes disappear. In accordance with
a recent report73‚ it may be postulated that
the cause of activation lies in the elevation of
mechanical tension‚ represented by increased
blood pressure and increased shear stress.

Interestingly‚ the elastic fiber content in
normal vessels was 25-fold higher than in

Localization of PAI-1 (green‚ nuclei red) in
a growing collateral vessel. PAI-1 is highest
in the subendothelial part of the neointima.

Localization of bFGF (green‚ nuclei are red)
in an actively growing vessel corresponding
to that of Fig. 19. bFGF is abundant in the
neointima.

collaterals‚ a phenomenon‚ which may support proliferation of medial
SMCs and adventitial fibroblasts70. Mast cells were more numerous in the
adventitia of collaterals than in normal vessels17.

Adventitial MMP-2‚ MMP-9 and fibronectin as well as bFGF and PAI-1
were strongly upregulated as compared to normal vessels (Fig. 21). Peri-
vascular myocyte damage and induction of eNOS in capillaries between
the adventitia and the myocardium indicate expansion of growing ves-
sels. It is concluded that adventitial activation is associated with the
development of collateral vessels through cell proliferation‚ production
of growth factors‚ and induction of extracellular proteolysis thereby con-
tributing to remodeling during adaptive arteriogenesis70.
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Early markers of vascular growth
In search of early structural markers of arteriogenesis‚ we studied the ex-
pression of gap junction proteins. Gap junctions are specialized regions
of the sarcolemma containing intercellular channels‚ which provide a
pathway for ions‚ metabolites‚ fluid and messenger proteins. Connexins
(Cx) of various isoforms are the gap junction proteins. In normal ves-
sels‚ Cx37 and Cx40 were found bridging the endothelial cells. Cx43 was
absent. SMCs were not connected by connexins. In growing vessels‚ Cx 37‚
but not the other isoforms of Cx was expressed in the SMC layer (Fig. 22).

This may have been caused by an altered hemodynamic situation‚ i.e.‚ by
increased tangential wall stress74. From this study it was concluded that
induced Cx37 is an early signal of adaptive arteriogenesis.
Furthermore‚ calponin‚ actin‚ desmin and vinculin that are evenly
expressed in SMCs in normal vessels‚ are suitable as early markers be-
cause they are reduced in the neointimal SMCs of growing vessels. Of
these proteins‚ desmin was the most sensitive showing a 3-fold reduction
in the stage of early growth where the other proteins were still within the
normal range. In actively growing vessels‚ actin‚ calponin and vin-
culin were 3-‚ 3.3- and 2.9-fold lower‚ respectively‚ in the neointima com-

pared to the media. In compari-
son‚ Cx37 was 3 times higher in

the media than in the neointima.
Desmin was almost absent in the
neointima and 5-fold reduced in
the media. Our findings indicate

that induction of Cx37 and reduc-
tion of desmin precede the pheno-
typic changes of SMCs‚ which are

characterized by downregulation
of actin‚ calponin and vin-
culin‚ and the formation of a neo-
intima. An altered expression of
Cx37 and desmin‚ therefore‚ is rec-
ommended as early markers for
arteriogenesis75.

Measurements of fluorescence intensity of MMP-2,
MMP-9 and fibronectin (FN) in the adventitia
of normal and growing collateral vessels. A sig-
nificant increase in the concentration of the pro-
teolytic enzymes as well as of the ECM protein
fibronectin can be observed. AU = arbitrary units

reprinted with permission from 70
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Connexin 40 and 37 show similar localization (green‚ nuclei are red). 22a) In normal vessels
Cx40 is localized exclusively in the endothelial layer‚ 22b) In growing vessels‚ Cx37 is present
in the SMC layer (yellow).

II. Collateral vessels in the peripheral circulation
of rabbit and mouse
The model employed in both animal species consists of acute occlusion of
one femoral artery while the contralateral side is used as control. Since the

model uses acute occlusion‚ the time course is different from that in ca-
nine cardiac collaterals where a phase of stenosis precedes that of occlu-
sion. Another difference is the extension of the neointima‚ which is much
smaller in rabbit collaterals as compared to dog coronary collateral ves-
sels‚ and which is almost nonexistent in mouse collateral vessels. The
growth of rabbit collateral vessels finally results in a well-organized
vessel wall where a neointimal layer cannot be discerned anymore at
later stages.

Proliferation and phenotype changes
In rabbit collateral arteries‚ the nuclear proliferation marker Ki-67
detected the first mitotic activity after 24 hours. It achieved its maximum
between days 3-7 and faded slowly thereafter‚ distinguishable still at day

21 (Fig. 23). Mitosis was observed in all layers of the vessel‚ in endothe-
lial cells and medial SMCs as well as in the fibroblasts of the adventitia.
By electron microscopy‚ endothelial cells and a large number of the SMCs
contained many free ribosomes and rough endoplasmic reticulum sug-
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Cellular proliferation in growing collateral arteries. 23a) 2 days‚ 23b) 3 days‚ 23c) 7 days‚
23d) 21 days after occlusion of the femoral artery. All proliferative cells are labeled yellow
in contrast to Ki 67‚ nuclei are red.

gesting that these cells were transforming from the contractile into the
proliferative-synthetic phenotype. Five to seven days after occlusion a

very prominent rough endoplasmic reticulum indicated strong synthetic
activity in all layers of the arterial wall.

Lamina elastica interna and neointima formation‚
extracellular matrix
Ten to fourteen days after femoral occlusion in rabbit a neointima be-

comes evident. While SMCs in the lamina media are circularly arranged‚
the intimal SMCs are directed helically‚ and are smaller than the medial

cells.
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Fragments of the original internal elastic lamina were still present in

growing vessels‚ but newly synthesized elastic material including the
amorphous mass and microfibrils was also found. In contrast with car-
diac collateral vessels‚ the fragmentation of the original internal elastica
was only partial. Asymmetry of neointima formation was obvious. It
appeared half-moon-like with foci of subendothelial growth under which
the lamina elastica interna was disrupted and the media disorganized.
These regions probably represent the sites of immigration of the medial
SMCs into the neointima.

The process of neointima formation and lysis of the internal elastic
membrane is thus spatially restricted and involves matrix metallopro-

teinases67. Electron microscopic and immunohistochemical data suggests
that all cells in the arteriogenic neointima are SMCs76‚77 as described orig-
inally in the intimal injury model in rabbits 78.

Besides the role of matrix metalloproteinases in neointima formation‚
these enzymes have also been shown to play an important role in mono-
cyte transmigration79. In numerous studies using different in vitro as well
as in vivo models the monocytes/macrophages were found to have the
capacity to produce various MMPs‚ including MMP-1‚ MMP-3‚ MMP-7‚
MMP-9‚ MMP-12 and MT1-MMP (for review see80). MMP-9 expression

by monocytes has been shown to be induced by exposure to lipopolysac-
charide81 or by direct contact with T-lymphocytes82 and endothelial cells
83. Endothelial cells alone may also secrete stimulators for MMP-9 secre-
tion in monocytes83. The central role of monocytes in the early phases of
collateral artery growth was functionally proven by the modulation of the
arteriogenic response which depended on the monocyte concentration in
peripheral blood84. Moreover‚ stimulation of monocyte activation and
chemotaxis with monocyte chemoattractant protein-1 (MCP-1) promot-
ed arteriogenesis85. Recently‚ we found that stimulation of collateral
artery growth by MCP-1 in rabbits was accompanied by a local increase
in protein content and/or activity of MMP-1‚ MMP-2‚ MMP-3 and
MMP-986 (Fig. 24). We also demonstrated the presence of MMPs in the
intima of growing rabbit hind limb collateral arteries and in the perivas-

cular space. In order to inhibit MMP activity we used the synthetic MMP
inhibitor BB-94. BB-94 treatment resulted in reduction of protein content
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MMP-1 (a)‚ MMP-3 (b) and MMP-9 (c) protein content (Western blot analysis) and activity (d‚
gelatin zymography) in growing collateral arteries 1 week after femoral artery occlusion in rabbits
receiving either PBS‚ MCP-1 or MCP-1 + BB94.

and/or activity of MMP-1‚ MMP-2‚ MMP-3 and MMP-9 (Fig. 24). In addi-
tion‚ this treatment strongly attenuated the positive effect of MCP-1
stimulation on collateral artery growth as shown by the decrease in col-
lateral conductance and angiographic score86 (Fig. 25). Thus‚ these data
accentuated the physiological importance of matrix metalloproteinases
in collateral artery growth and particularly in monocyte transmigration
and neointima formation.

At twenty-one days after occlusion the neointima contained maximally

3-4 and at 42 days maximally 6-7 layers of SMCs with new elastic material
between the new layers.
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Six to eight months after arterial
occlusion the ultrastructure of collat-
eral vessels was similar to that after
21-42 days. All SMCs exhibited the
contractile phenotype. Endothelial
cells were quiescent.

Differences of morphological as-

pects in arteriogenesis of the peripher-
al circulation between rabbits and
mice are minimal with regard to time
course. The formation of a neointima
is less pronounced in mice than in
rabbits. Preexistent collateral arteri-
oles contain usually only one layer of
SMCs in mice and 1-2 layers in rab-
bits. Proliferative activity of SMCs
results in additional layers of SMCs in
rabbits but not in mice. There‚ the
circular layer is widened by addition
of more SMCs; the cells are hyper-
trophied with large nuclei resulting in

Collateral conductance (a) and number of visible
collateral arteries (b) of the hind limb 1 week after
femoral artery occlusion in rabbits receiving either
PBS‚ MCP-1 or MCP-1 + BB94.

thickening of the vessel wall. Vessel wall thickening‚ therefore‚ occurs
by enlargement of the media and less by neointima formation. Migra-
tion of SMCs seems to play a minor role in collateral vessel growth of
smaller animals.
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4
Magnetic Resonance Imaging

Shawn Wagner, Armin Helisch and Tibor Ziegelhoeffer

Introduction
Small animals are becoming a widely accepted medium for research due to
the availability of transgenic mice and the need to minimize the quanti-
ties of the biological agents. However, many of the invasive techniques
used to monitor recovery in larger animals can not be performed in mice.
Currently, Laser-Doppler imaging has fulfilled the criteria by providing a
surface weighted perfusion value for blood flow recovery in hind limb
ischemia models allowing researchers to track limb reperfusion. While
this technique may be far from an exact measurement since it cannot be
calibrated and only provides arbitrary units as a measure, it is currently
the only widely accepted method 1-8 which provides longitudinal study
capability. Microsphere injections at the termination of a study have also
been used in rats9 and mice10 and even proposed unilaterally and with-
out validation as a “gold standard” by one group11. Besides lacking the
day-to-day follow-up results, microspheres are a measure of tissue perfu-
sion since the microspheres are trapped in the capillaries, and due to the
small size of mouse capillaries, may embolize relatively large vessels
which restricts repeatability. Additionally, this method is notorious for
being unreliable as can be seen in10 where 50% of the mice were exclud-
ed from the analysis due to failure of the procedure. We have thoroughly
investigated this method and found it to be too unreliable to warrant use
in mouse hind limb ischemia studies as a method for assessing collateral
artery development.

Magnetic resonance imaging (MRI) techniques are currently the most
suitable method to measure non-invasively inside tissue. The measure-
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ment of blood flow by MRI has long been established for the use in hu-

man and larger animals but no method has been presented for measur-
ing hind limb larger vessel blood flow in mice. The difficulty in utilizing
MRI in small animals to measure blood flow is that contrast injections
into the tail vein are invasive and result in damage to the vessels preclud-
ing follow-up studies. Therefore, methods that utilized spin labeling are
the most suitable for longitudinal studies since these methods require no
injections of contrast agent and rely on manipulation of the spin states to

achieve contrast.

Nuclear Magnetic Resonance
Unlike many other analysis techniques, magnetic resonance can be uti-
lized to give an immense variety of information ranging for images of
internal tissue to molecular motions of molecules. A simple review of
where the signal come from in magnetic resonance can answer many
questions as to the resolution limits of imaging.

A magnetic nucleus, e.g. a proton atom of water, in a magnetic field
will have a defined frequency of precession around the axis of a magnetic
field as a result of the angular momentum. The angular frequency, of the
precession was first calculated by Sir Joseph Larmor in 1900 and is known

as the Larmor’s theorem:

The Larmor frequency, is then a function of the gyromagnetic ratio,
and the field strength of the magnetic field, B. For a proton, which

has a natural abundance of 99.98% of all hydrogen atoms the gyromag-
netic ratio is 42.6 MHz/Tesla which is derived from the ratio of the mag-
netic moment, to the angular momentum,

The spin, I, of the 1/2 nuclei has two quantized values in a magnetic
field having two possible eigenstates with a defined energy, E:



Magnetic Resonance Imaging 57

The difference between these two states is then therefore, if this
amount of energy is introduced via photons or quanta having an energy,

hv, equal to the separation then a proton can be promote to the higher
energy state or be stimulated to emitted a photon and enter the lower
energy state. It is important to note that all spin transitions in NMR are

stimulated and do not occur spontaneously, transitions between energy
states are therefore only induced by the local environment. This principle
has been utilized to obtain various information about local molecular
motions and in a later section on spectroscopy uses this principal to
determine chemical exchange rates between ATP and phosphocreatine in
skeletal muscle tissue.

If we consider the bulk of all protons at or around room temperature
the number of proton in each energy state is nearly equal. This ratio be-
tween states, N, can be determined by the Boltzmann factor, k:

The difference in the number of protons in each state will determine
the overall signal obtained in experiments and since the temperature, T,
can not be varied to any large degree for in vivo studies, the magnetic field
strength will be the most important factor in determining the population
difference. If this ratio is calculated at body temperature, 310 K, there is
only approximately a 3 proton difference between energy states for every
1 million protons in a 1 Tesla magnetic field. A typical human imaging
scanner is about 1.4 Tesla and small animal scanners are about 4.7 Tesla.
This small difference has become one the most limiting factors in sensi-
tivity and resolution in magnetic resonance imaging.

While an in depth analysis of magnetization and imaging can be
obtained elsewhere 12, we will briefly describe how imaging is accomplish.
Since the Larmor frequency is dependant on the magnetic field strength
then localized changes in a fixed magnetic field can yield information on
position. In a fixed magnetic field the resonance frequency for water pro-
duces a single line in a spectrum with a linewidth dependant on the
homogeneity of the field and local changes in the homogeneity due to
motions of charge bearing atoms and molecules. During imaging a
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magnetic field gradient is applied thus resulting in the water resonance
frequency being dependant on the location in magnetic field. These gra-
dients can and are applied in the x,y, and z axes or various combinations
of axial planes. The location and concentration can then be mathemati-
cally determine by solving equations defining the frequency spectra asso-
ciated with these various gradient fields.

The prior explanation defines how magnetic resonance imaging worked
before advanced computers and Fourier transform calculations. What
really occurs now is that the spectra are acquired in the time domain

from a free induction decay of the net magnetization of the excited state

as the surrounding magnetic noise relaxes the observed nuclei in a chang-
ing magnetic field. The free induction decays or echo, produced by refocus-
ing of this decay is transformed from the time domain to the frequency
domain and empirically solved for location and intensity (concentration).
These solutions require that the number of variables at least equal the
number of solutions. If we want to produce an image with the resolution

of 4 x 4 x 4, defined in space by different magnetic field gradients, we
must produce equations and solutions. One can see that as the resolu-
tion requirements increase the number of different equations and solu-
tions increases by a cubic power. The increasing time for acquisition and
the limited signal-to-noise ratio due to the lower net number of nuclei
observed have lead to limitations of resolution of around in vivo.

Measuring Blood Flow with Magnetic Resonance
Imaging (Time-of-Flight imaging)
One of the main objectives in a mouse vascular occlusion model is to

quantitatively measure the return of blood flow past the occlusion as well
as to understand the method of redistribution of the blood flow, the lat-
ter will be addressed in the following section. Quantitative measurements

of distal hind limb flow by MRI in mice have not been reported, even
though it would be a very important endpoint for assessing the develop-
ment of a collateral circulation after arterial occlusion. Time-of-flight
experiments are not novel and have been employed using FLASH 13, MSE 14

and EPI 15 to assess blood flow. Contrast boluses have also been utilized in
a pig coronary occlusion model 16 and a mouse hind limb ischemia model 17,
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however, these methods require the administration of contrast agents

and do not give exact measures of blood volume flow. In mice, tail and
jugular vein injections are difficult and result in local damage of the veins
precluding serial studies requiring non-invasive techniques to obtain
mouse information for longitudinal studies.

Two-dimensional TOF imaging saturates a single image slice through
the use of large flip angles and fast repetition times 18. The large flip angles
produce a sort of spin labeling where

blood and tissue outside the image
slice are in an equilibrium state and

blood and tissue inside the acquisi-
tion slice are in an a saturation state
where there is no net population dif-

ference between the two energy states.
The acquired signal is then highly
contrast weighted from motions of
fluid, blood, entering the acquired
slice in the interval between signal
acquisition pulses. This method has

been employed on a 7 Tesla magnet
to obtain maps of the relative calf
blood flow recovery (error bar is the standard error of the mean) in lon-
gitudinal studies for three different strains (Figure 1). Traditionally, we
have imaged three slices from different heights of the calf muscle and
obtained intensities from the different leg muscles by selecting a region of
interest (ROI) containing the blood vessels and setting a threshold of two

standard deviations to eliminate 95% of the noise from the ROI.
We found that there was little differences in the Balb/C and 129S2/Sv

strains with regard to relative blood recovery and significant differences
between C57BL/6 and Balb/C (†, p<0.05) or 129S2/Sv (*, p<0.05). The
volume flows where also examined in a separate study with the mice
sedated with 1.5% isofluorane in a mixture of air/oxygen (80/20). An
external standardizing tube connected to an infusion pump placed on the
mouse hind limb area was used to calibrate the flow measurements twen-
ty-one days after surgical occlusion. (Table 1)

The right-to-left ratio of the blood flow determined
by time-of-flight magnetic resonance imaging for re-
covery after right femoral artery occlusion
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The flow values from the table are mainly a combination of the
venous and arterial flow from the great vessels in the calf muscle and do
not represent tissue perfusion. However, we can approximate what the
maximum perfusion could be at the testing conditions in healthy mice
from the left hind limb assuming the values from Table 1 represent only
arterial flow (Table 2), however, half this value is a more reasonable esti-
mate of the potential blood available for tissue perfusion.

To figure out if these are reasonable values they can be compared to
previous studies. Terjung found for different rat tissues in resting animals
using microspheres 5-6 ml/(min·100 g) in fast-twitch white (FTW) fiber
sections; 10-12 ml/(min·100 g) fast-twitch red (FTR) and slow-twitch red
(STR) muscle) 9 which compares nicely with the TOF MRI mouse data,

since maximum blood perfusion in humans has been found to be about
10-30 times higher than resting tissue19,20. Perfusion imaging using spin

labeling inversion recovery technique has measured muscle tissue perfusion
at a much higher level of 96 ± 10 ml/(min·100 g) 21. While this number is
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considerably higher it may not be unreasonable considering Terjung found
a 12-15 times increase in perfusion in isometric twitch contractions, so
the differences may be reconciled by the depth of narcosis and the ambi-
ent temperature affecting the perfusion.

Mast Cell Growth Factor analysis by
Magnetic Resonance Blood Flow Measurements
Recently mast cells have been suggested to play a role in arterial vessel

development since they were found to accumulate in the adventitia of
growing collateral arteries. 22 Mast cells have been reported to be a signif-
icant source of FGF-2.23 They are involved
in the activation of metalloproteinases
and tryptases24 contributing to the lysis of
the extracellular matrix. Additionally, mast
cell have been reported to play a role in
stimulation of angiogenesis.25

In order to further elucidate the role of
mast cells in arteriogenesis we applied our
hind limb ischemia model to two types of
mast cell growth factor knockout mice. The

mice are knockout
mice for the protein and

are knockout mice for a recep-

tor of mast cell growth factor (MCGF).
The most profound effects were measured
in the MCGF protein knockout mice. The
deviation from the control mice was ap-
parent in both the perfusion measure-
ment by Laser-Doppler imaging analysis
and the blood flow measurement by mag-
netic resonance imaging. While these stud-
ies have not been completed, we will not elaborate on a possible role for

mast cells but we will demonstrate the difference between the two meas-
urements and demonstrate how by just using one measurement the data
could be misinterpreted. Figure 2 shows the recovery by both methods.

Magnetic resonance inflow imaging and Laser-
Doppler imaging recovery curves after right-
sided femoral artery occlusion.  Error bars show
the standard error mean.
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The MRI data suggests a better recovery for mast cell protein knockout
mice and the LDI data shows a decreased recovery. The question is how to
reconcile the differences between these two data sets. MRI is measuring

the average blood flow in the calf muscle with three slice planes selected
along the length of the muscle. If we examine the individual slices, we see

that there is a decrease of the blood flow along the length of the muscle
as should be expected since blood supplying the tissue will be diverted
through arterioles to the capillaries (Figure 3). In the case of the MCGF

protein knockout mice the blood flow on the right (occluded side) is
greater than the flow on the non-
occluded side at the proximal end of
the muscle and diminishes along the
length of the muscle to less than the
left side blood flow. The end result is
an inversion of the relative right-to-
left ratio by the end of the muscle.
Since Laser-Doppler imaging is

measuring a perfusion value in the
foot, it should be expected that the
LDI values would be higher for the
control mice. This leads to an inter-
esting question as to the reliability of
just LDI results for predicting the

growth of collateral vessels or MRI results estimating the potential for
salvage of the tissue in the acral parts of the limb, which is a major con-
cern in peripheral arterial disease. In cases were changes in blood perfu-
sion in the muscle may occur than LDI may underestimate the recovery.
This becomes a serious problem especially when vasodilating agents are
tested or when genetically altered mice may have impaired or increased
vasomotor responses.

Magnetic Resonance Angiography
of Collateral Vessels
X-ray angiograms through the use of contrast agent injected post-mor-
tem give a visualization of collateral vessels but only a static picture of the
growth; a very difficult technique with limited ability to quantify the

Plotted intensity values for the averaged slice
which compose the magnetic resonance blood
flow ratio for the right (occluded side) and left
(non-occluded side) muscles seven days after
occlusion.
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Three-dimensional angiography of a mouse three months after femoral artery ligation. Im-
ages with different times of acquisition a.) 11 minutes, b.) 22 minutes c.) 44 minutes d.)
44 minute acquisition rotated to better show the collateral vessels. The circle indicates the site
of occlusion of the femoral artery and the oval the enlarged collateral arteries. Arrow heads
indicate the preexisting vessels on the contra-lateral side.

obtained images for assessment of blood flow. The more important ques-
tions are how do collateral vessels grow and where? While direct measure-
ment of blood available through collateral vessels is possible through the
use of MRI, how this blood is re-distributed is still an open question.
Magnetic resonance angiography has been performed in rat26,27 and

mouse brains28 using time-of-flight techniques. This technique has been
extrapolated to the mouse hind limbs with a good deal of success, however,
extensive longitudinal studies still need to be perform to fully understand

the growth and enlargement and possible regression of arterial vessels
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bridging the arterial occlusion. The feasibility of these types of experi-
ments has already been shown 18. Repetitive exams of different numbers of
repetitions have shown that collateral vessels can be visualized in 11 min-

utes in high resolution scans of the lower hind limbs of a mouse,
isometric volume. Further repetitions added to the visual quality of the
images (Figure 4). The collateral vessels (oval) from the quadriceps were
clearly visible as contributing vessels to the peripheral hind limb blood
flow distal to the surgical occlusion (circle). The utility of having a 3D im-
age can be seen in the fourth image where an addition collateral vessel can
be seen in a different rotation.

A complimentary experiment measured the number of collateral ves-
sels in five C57BL/6 mice 6 weeks after femoral artery ligation and as-
signed them to one of three categories: quadriceps collaterals [1], adduc-
tor collaterals [2], and the deep adductor collateral [3] (Figure 5, Table 3).

The inability to image inductor collateral vessels which have been
used to show collateral artery growth and explain the blood flow recov-
ery by Scholz et. al.5 must lead one to question the role of these vessels.
While they may be significant contributors to blood flow immediately
after occlusion, the role of these vessels is most likely minimal six weeks

after occlusion. While the MRI angiograms are not quantitative measure-
ments qualitative assumptions can be made based on size and intensity
which indicates that the quadriceps collateral vessels are the most impor-
tant for maintaining blood flow to the distal limb after occlusion.
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31P Spectroscopy
The discussion of blood flow is not complete without information about
the physiological impact of blood deficit on tissue and metabolism.
Magnetic resonance spectroscopy could play a key role in understanding

in vivo the effects of decreased oxygen supply and the reduction of the
blood drainage which can carry away detrimental byproducts of anaero-

bic metabolism. Magnetic resonance spectroscopy has the unique char-
acteristic that the concentrations of all the products and reactants of
metabolism can be measured as well as reaction rate constants in vivo. A
detailed review of this topic in humans has been published by A.
Heerschap.30 Phosphocreatine (PCr) is one of the high energy metabolic
storage molecules used to rapidly produce

adenosine triphosphate (ATP) from adenosine diphosphate (ADP). In
ischemic conditions, PCr can act as a temporary buffer providing an ATP
production without oxygen until PCr reserves are depleted. To under-
stand how long ATP can be produced without reconstituting PCr
through the decomposition of ATP, we can look at the reaction rate for

the forward reaction, In the calf muscle of humans this rate is 0.29 ±
0.06 s-1 31 and for mice 0.38 ± 0.05 s-1 (internal data, seven C57BL/6
mice). Therefore, in the absence of the reverse reaction, one can
expect that in about 10 seconds the majority of the PCr levels would be
depleted under basal ATP demand. While this is only a simplistic view it
demonstrates the limited effectiveness of PCr as a long term buffer. The
creatine system has a much more complicated role still being investigat-
ed with genetically altered mice for selective creatine kinase knockouts. 32

Additionally, with creatine kinase deficient mice it has been shown that

the forward reaction rate can be longer than the limit of MRS detection
(0.05 to 10 s-1) 33,34 showing an almost completely metabolically inactive
PCr using standard saturation transfer experiments. 35,36

Bottomley et al. 29 have recently introduced a four angle saturation
transfer (FAST) method for determining the creatine kinase reaction rates,
up to seven times faster than the current method. To gauge the impact of
such a reduction in time one must consider that using the standard satu-
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Representative image of the arterial vascula-
ture of the adductor and quadriceps muscula-
ture region. The x marks the site of femoral
artery occlusion for experiments presented in
this chapter.

ration transfer technique it takes about

90 minutes to obtain ten spectra needed
to calculate the exchange rates in a

mouse calf muscle and twice this time if
additional spectra are acquired to deter-
mine losses due to radio frequency blee-
dover during the saturation. The FAST
method can acquire all the information
needed in four spectra in comparison to
twenty required for the previous meth-
od. Which ultimately means that about
20 different mouse muscles can be done
in ten hours or more if a greater degree
of error is accepted.

In addition to measuring the reac-
tion rate additional information can be

derived from MRS to give an almost complete picture of the metabolism.
The most obvious being the concentration of the metabolites by

(phosphorylated and unphosphorylated creatine 37-40) and (PCr, ATP,
inorganic phosphate) spectroscopy. Additionally, local pH 41 and   42

can be determined by the chemical shift of the peaks. While ADP and
AMP are part of the spectrum it has been suggested that the best way to
determine the very low concentration is by the equilibrium equations
defining the reaction. 25

Why not just rely on concentrations determined by freeze clamping?
While this method can provide extensive information of metabolites in
mice 41, the relevance may be in question since the fast forward and re-
verse reaction rates can change the concentration before the reactions can

be quenched by freezing. These can be seen in the Scholz 43 data where the
creatine phosphate to ATP levels are considerably lower than the expect-
ed 3:1 found in MRS. Controversy over the correctness of either method
has arisen. Those in favor of the MRS method argue that the majority of
the metabolites are in solution and unbound resulting in narrow observ-
able linewidths and accurate determination of the reaction rate and con-
centrations 44,45, while others argue that additional metabolites may be
bound and the local environment and subcellular structures lead to mis-
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Mouse skeletal muscle 31p spectra. The top two spectra were obtained with a 60 degree flip
angle and a 1 sec repetition time; 512 repetitions for the larger spectrum and 64 repetitions
for the inset. The lower spectra were obtained identically but with a 15 degree flip angle.
The signal-to-noise ratio for the spectra are 26,53,47,158 for 1 minute 15° and 60° and 8
minute 15° and 60°, respectively. Spectra were obtained in a 7T animal scanner equipped
with a broadband low frequency channel using a Helmholtz coil with a Q of 300 (diameter;
1.4 cm, length; 2.3 cm)
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leading information 46. The feasibility of mouse studies of hind limb
ischemia is a much simpler question to answer. A simple spectrum
obtained in 16 minutes with long repetition times shows that the con-
centration in a C57BL/6 mouse is about 3 mmol/kg which is considerably
higher than the threshold previously reported of for
experiments. We currently have experiments underway, which utilize the
complete saturation transfer technique, however, this is very time con-
suming and limits the number of mice that can be studied. For large
studies it is interesting to know if the fast partial saturation technique is
effective in mice. Figure 4 shows four spectra obtained using the 15 and
60 degree flip angles described by Bottomley et al. 40 The signal-to-noise
ratio in both, the 1 minute and 8 minute scans, are likely high enough to
obtain accurate determination of the forward reaction rate by saturation
transfer, therefore, experiments in ischemic mouse tissue should be

obtainable in less than 30 minutes per mouse making data acquisition for
large mouse groups possible in less than 1 day.
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Blood vessels are constantly subjected to the strain of pressure and flow
where a high steady level is superimposed by cyclic variations. The struc-
ture of blood vessels is able to adapt to changes of these forces: the thin-
walled leg vein becomes arterialized when interposed into an arterial cir-
cuit as in an aortic-coronary bypass, the umbilical vessels regress when
blood flow ceases after birth, the feeder artery enlarges when part of a
high flow system like in an arteriovenous (AV)-fistula, the contralateral
carotid artery enlarges when the ipsilateral artery is occluded, the arterial
wall thickens in hypertension and - most spectacular of all - the intercostal
arteries enlarge in aortic isthmus stenosis and are potentially able to sup-
ply the entire body below the head with blood. The forces “felt” by the
arteries are the pressure-related stresses (circumferential, radial and lon-
gitudinal) and the fluid shear stress (FSS). The circumferential wall stress
(CWS) is defined by the intravascular pressure (P), the thickness of the
wall (h) and the radius (R):
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This relationship is known as the Law of Laplace where CWS is pro-
portional to the pressure and the diameter and inversely proportional to
the wall thickness, i.e., high values for CWS are obtained with high pres-
sures, large diameters and thin walls. The longitudinal stress is also called
the “tethering” force (F) that stretches the vessel between two anchoring
points1,2. is the original radius of the collateral vessel and P = pressure:

It becomes evident that F increases markedly with increasing pressure
that distends the artery and reduces wall thickness. It can be argued that
increase in F exerts a morphogenic influence by inducing the artery to
increases its length, which tends to reduce F. Length increase between two
fixed points leads to tortuosity, and tortuous collaterals have lost most of
their tethering force3. This may be interpreted as another example for
Murray’s law, i.e., that changes in physical strains lead to structural adap-

tation that restore physiological levels. The disadvantage of tortuosity is
its increase in resistance to flow, which is formulated in the Dean num-
ber (De). Originally, the Dean number was developed as a correction for
the Reynolds number for curvature flows. Although turbulence does not
occur in small mammals because the critical Reynolds numbers are not
reached, the Dean number is nevertheless useful because it allows an esti-
mation of the influence of tortuosity on collateral blood flow.

Capillaries can afford thin walls because their diameter is small and
they have to withstand only low pressures. Veins can remain thin-walled
despite their large diameter because of their low intravascular pressure.
Arteries must maintain a substantial wall thickness because they have to

withstand high pressures at large diameters. From these examples it could
be concluded that CWS is the most important physical molding force for
blood vessels.
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However, the influence of CWS, a strong force, is modified by a much
weaker force, the fluid shear stress which is imposed by the viscous
drag of flowing blood on the endothelial lining. FSS has a powerful influ-
ence on the diameter of the vessel: chronic changes in blood flow (Q) as
cited above lead to structural changes in vessel size. FSS is proportional
to blood flow and blood viscosity and inversely related to the cube of
the radius (R) of the vessel:

As blood flow is proportional to the 4th power of vessel diameter,
chronic vasodilatation and therewith increased blood flow along collater-
al arteries enhances fluid shear stress though FSS itself is inversely pro-
portional to the vessel radius.

Thus, a more stimulating than an attenuating impact of vasodilata-
tion on FSS can be assumed. However, the exact molecular mechanisms

how a weak force, acting only on the endothelial lining, shapes the struc-
ture and size of a multi-layered thick-walled artery are not fully elucidat-
ed. Nevertheless, one can safely assume that the two forces cooperate in
such a way that the weak force amplifies the strong force in analogy to the
weak grid voltage of a triode causing large swings of currents through the
valve (or the field effect transistor). The difference between these forces is

indeed considerable: the circumferential wall stress is 2500-fold higher
than the fluid shear stress. At first sight it is difficult to imagine that the

weak force is of any importance at all. Scheel states in the conclusion
from his computer model 4 experiments of the coronary collateral circu-
lation: “...in the light of this study the shear stresses exerted on vascular
walls are negligible compared to all the stresses to which a collateral ves-
sel is exposed”. The Scheel model also questioned the morphogenic influ-
ence of FSS because the modeling first showed an increase of FSS fol-
lowed by a decline when auto-regulation and thereafter a new steady state
on a higher level was again reached. If, Scheel reasoned, FSS is a molding
force, collateral growth should go on until the FSS level had normalized
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which did not occur. However, one can argue that the new steady state is
normal for the size-class of the vessel, which had grown out of the class
of resistance vessels into the class of conductance vessels. It remains dif-
ficult to understand how fluid shear stress and circumferential shear
stress cooperate, since the cells they act upon have no direct means of
communication: no tight junctions exist between on the one hand and
the smooth muscle layers on the other. Furthermore, not even the

smooth muscle cells exhibit tight junctions. The barrier to communica-
tion is, however, rapidly broken down by the invasion of monocytes and
by smooth muscle cells which develop connexins.

Signals that are elicited from stressed endothelium are NO5, prostacy-
clin6 and hyperpolarizing factor (EDHF)7 with NO being the most likely
candidate for a signal that is transmitted to the smooth muscle cells
(SMCs)8. Relaxation of the smooth muscle layers causing increases in
vascular diameter and wall thinning would invoke Laplace’s Law and

increase circumferential wall stress, which, if lasting long enough, would
lead to structural changes. If this occurs in the class of resistance vessels,
to which preexistent collateral arterioles belong, the intravascular pres-
sure will increase (because the pressure fall in this class of vessels is
inversely related to diameter and any increase in size by growth will
increase pressure) thereby boosting the CWS.

Although prostacyclin is also a potent endothelium-derived relaxing fac-
tor, its role as a structural amplifier is dubious because in most blood ves-
sels its contribution to endothelium-dependent relaxation is not major as
judged from the limited effects of cyclooxygenase inhibitors on these
responses9. However, the promoter of the prostacyclin synthase contains the
putative shear stress response element (SSRE) GAGACC. EDHF may be
of some importance because it is expressed in resistance vessels10, i.e., the
substrate of collateral growth, and its release is triggered by shear stress
and cyclical strain7. One must bear in mind, though, that hyperpolarized
SMCs cannot migrate, a prerequisite for collateral growth. Our experi-
ments aimed at changing eNOS activity arrived at the conclusion that a
significant part of the arteriogenic process proceeds in the absence of NO.
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Endothelial chloride channels
and shear stress signaling*
Despite the increasing evidences that fluid shear stress is the main arteri-
ogenic trigger, the precise molecular mechanisms induced by shear stress

remain unclear. Volume-regulated endothelial chloride channels
(VRACs) have been shown to be involved in the initiation of the shear
stress signaling process11,12 followed by transcription factor activation,

flow responsive genes expression, cytoskeletal reorganization, and align-
ment of endothelial cells in the direction of shear stress13. Similar mor-
phological changes including endothelial cell swelling were previously
observed in the early phases of collateral artery growth14.

Maintenance and regulation of cell volume is crucial for homeostasis
in living organisms. Upon a sudden increase in cell volume a cascade of
events starts in order to return the cell volume to its original state. Our
current knowledge about the mechanisms of volume-sensing and vol-
ume-regulation is still rather fragmentary. Nevertheless, activation of

anion channels, particularly VRACs seems to be an important event in
this scenario. Thus, considering the role of VRACs in endothelial cell-vol-
ume regulation and their sensitivity to shear stress it is very likely that the
activation of VRACs will participate in the arteriogenic cascade.

Mibefradil, originally developed as a selective T-type calcium channel
blocker, was associated with a facilitation of the endothelium-derived
NO- and eicosanoic production, and prevention of neointima formation
after vascular injury15-19. The effect on neointima formation was assumed

to be exclusively due to its effect on T-type voltage-operated calcium
channels. However, in subsequent studies the very effective blockade of
the volume-regulated chloride channels by mibefradil was discovered20.
Recently, various blockers of volume-activated chloride current, includ-
ing mibefradil, with completely different physiochemical properties were
shown to inhibit cell proliferation of rat microglia, macro- and microvas-
cular endothelial cells, fibroblasts, glioma cells, melanoma cells, lympho-
cytes, several neuron types, liver cells, etc.21,22. Thus, a correlation of cell
proliferation and VRAC activation was established23. However, because of

* Tibor Ziegelhoeffer was the principal investigator of this study
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the lack of selective inhibitors a complete block for anion channels is
rarely achieved and up to now, no drug has been found to selectively

block VRACs and be usable in vivo. Nevertheless, although T-type calci-
um channels were found to be expressed in early mouse embryos24 and
its transient expression in cultured SMCs (SMC) parallels cell prolifera-
tion25,26, the effect of mibefradil on cell proliferation is most probably due
to blockade of VRACs. This hypothesis is supported by the fact that over-
expression of T-type calcium channels in HEK-293 cells increased basal
intracellular calcium concentration without inducing any change in pro-
liferation or cell cycle kinetics27. Moreover, four different structurally
unrelated agents including mibefradil (mibefradil, NPPB, tamoxifen and
clomiphene) with VRAC-inhibition being their only common property,
were shown to inhibit angiogenesis in a matrigel tube-formation assay,

fibrin gel assay, rat aorta-ring assay and chorioallantoic membrane assay28.
Cell proliferation is an essential aspect of collateral vessel growth.

Thus, association of cell proliferation and VRAC activation provides fur-
ther evidence that activation of VRACs may be involved in the mecha-
nisms of arteriogenesis. In order to test this hypothesis, we unilaterally lig-

ated the femoral arteries in mice and implanted osmotic micro-pumps,
delivering either the chloride channel blocker mibefradil dissolved in PBS
or only PBS intra-arterially. Seven days after the surgery we found a
decrease in density of angiographically visible collateral arteries, and sig-
nificantly impaired perfusion recovery (Fig. 1) and hemoglobin oxygena-
tion (Fig. 2) in the hind limbs of mibefradil-treated mice in comparison
to the PBS-treated control animals. In accordance with these functional
data, morphometric measurements of the collateral artery diameters
showed a decrease in arteriogenic response in the mibefradil-treated
group (Fig. 3). Additionally, our electron microscopic studies confirmed
the previous findings indicating that endothelial cell swelling is one of
the first events in the activated collateral artery (Fig. 4). Inter-
estingly, endothelial cell swelling has been shown to be a hallmark in the
activation of the embryonic endocardium leading to endocardial cushion

1) Representative Laser-Doppler images of the distal hind limb: a = immediately (PBS);

b = seven days (PBS); c = immediately (MIB); d = seven days (MIB) after right femoral

artery ligation. e: Quantification of right-to-left (R/L) flux ratios in the feet: post = imme-

diately after surgery; 7d = seven days after the surgery; MIB = mibefradil.
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Hemoglobin oxygen saturation measurements in
the mice feet immediately after (post) and one week
(7d) after right femoral artery ligation. The right-
to-left (R/L), i.e., ligated-to-non-ligated side, ratios
were calculated for each mouse and the results
expressed as mean ± SEM.

formation29, an embryonic process
which shares many structural char-
acteristics with arteriogenesis (see
chapter 3). In response to swelling,
endothelial cells activate the cation
and anion channels, and VRACs in

particular, allow an efflux of osmo-
lytes in order to return cell volume
toward its original value. As a result
of VRAC activation, the driving force
for entry into the cell increases,
representing a possible mechanism
for the antiproliferative effect of chlo-
ride channel blockade28,30. Addition-
ally, the blockade of VRACs may

induce an increase in the intracellular
pH-value. This may inhibit the cell-

cycle dependent kinases and trap the
proliferating cells in the stage30.

In conclusion, chloride channel
opening may be a necessary reaction
to FSS-related cell swelling and its
inhibition interferes with arterio-
genesis.

3) Quantification of collateral vessel diame-
ters by histomorphometry. a: Superficial
adductor muscle collateral arteries connecting
the deep femoral artery with the saphenous
artery as visualized under the stereomicro-
scope. Semithin cross-sections from the mid-
zone of these collaterals were used for histo-
morphometry (indicated with scissors). b:
Inner diameters of collateral arteries in the
mibefradil- (MIB) and PBS-treated groups of
mice seven days after femoral artery ligation:
left = non-occluded side; right = occluded
side. Results are expressed as mean ± SEM.
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Light and electron microscopy of mouse collateral arteries. a: Normal vessel (x1250);
b: Perinuclear vacuolization (arrows) of activated endothelial cells 4 hours after occlusion
(x1250); c: Progression of endothelial cell swelling 24 hours after femoral artery ligation,
perinuclear edema (arrows) (x1250); d: Electron microscopy showing perinuclear vacuoliza-
tion (arrow) of an activated endothelial cell 4 hours after surgery (x8800). EC = endothelial
cell; LEI = lamina elastica interna; L = lumen; N = nucleus; Nv = nerve; SM - skeletal
muscle; SMC = smooth muscle cell.

Studies interrogating the
causative role of shear stress*
The controversies regarding the causative role of the weak force “fluid
shear stress” encouraged us to design experiments that are capable to
establish a cause-and-effect relationship by stepwise increasing FSS with-

out simultaneously increasing CWS. In a first series of experiments we
occluded both femoral arteries in domestic pigs and, one week later,
established an AV-shunt between the distal stump of one of the occluded
arteries and the accompanying vein. In this way a large and permanent
pressure gradient was created that forced most of the collateral flow to
empty into the vein and only a smaller portion enters the peripheral cir-

* Frederic Pipp, Thomas Schmitz-Rixen and Wolfgang Schaper were the principal investigators of this study
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culation (Fig. 5). The AV-connection prevented, at least at first, a rise in
CWS because the low-pressure region extended well into the arterial bed
(pressures in the pedal artery in rabbits with partial collateral shunting
were around 15 mmHg). The result of the shunting was a marked

increase in collateral flow and a drastic increase in the size and number
of collateral vessels. The enormous increase in shunt flow became visible
in contrast-enhanced magnetic resonance angiography where the average
increase of iliac vein flow of the shunt-ligated side over that of the con-
trol-ligated side was 2.5 fold. (Fig. 6a). Digital subtractive angiography
(DSA) clearly showed the increased number of collateral vessels and the
widening of the feeder artery (Fig. 6b). Since collateral flow is only a frac-
tion of iliac vein flow, the true increase of collateral flow was estimated as
up to 5-fold. The structural and functional dilatation of the collateral ves-
sels had brought the vessels back under the influence of CWS. The steady
increase in pressure, due to the decrease of collateral resistance and the
finite size of the AV-fistula and the re-establishment of auto-regulation in
the periphery, amplified the strain that resulted from the increase in
diameter. Shear stress falls because of the rise in diameter but not back to
control levels because the increase in radius is potentially able to increase
flow to the 4th power. Finally, the arteriogenic process ends, when the

resistance of the AV-fistula is equal to the (markedly reduced) peripheral
and collateral resistances. Interestingly, arteries that feed into the collat-
eral network also increased their diameter significantly and arterial
growth continued for at least two weeks.

The species pig was chosen for these experiments because of surgical fea-
sibility. However, the logistic problems of obtaining fresh and viable vascu-
lar tissue from growing collateral vessels that are buried deep in the gluteal
muscles were considerable. The size of the animal and the difficulty in

handling precluded meaningful drug studies. Therefore we established a
similar model of AV-shunted femoral collaterals in the rabbit which was
much more difficult from the surgical point of view but more rewarding
from the experimental point, i.e., tissue harvesting and drug treatment
were much more feasible. Like in the pig the AV-shunt between the distal
stump of the occluded femoral artery and its accompanying vein drasti-
cally increased collateral blood flow, which increased collateral artery

growth. This was evidenced by computer tomography (CT) (Fig. 8). In
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Schema presenting the hemodynamic situation after ligation (a) and ligation + shunt (b)
and the experimental timetable (c) of the pig study, e.g., the onset of shunt-related high FSS
after seven days of femoral ligation. FCF = fractional collateral flow

this model, hind leg blood flow could be quantitatively measured by MR
angiography, which was compared with that measured by Flowmeter-
probes positioned at the proximal femoral stump upstream from the feed-
er branches of the collateral network (Fig. 9). Both methods agreed well.
The Flowmeter method had the advantage that the dilatory reserve could
be tested (with the AV-shunt closed again at the time of the terminal
experiment) under the influence of maximally tolerated doses of adeno-
sine, which is an accepted method to induce maximal vasodilatation31.
Flow values thus obtained divided by the pressure gradient across the col-

lateral bed result in conductance units. Since the normal maximal arteri-
al conductance is known, these conductance units provide an indication of
the degree of adaptation by collateral arteries. The physiological conduc-
tance of the unoccluded femoral artery down-stream from the profunda
branch is around 450 ml/min/100mmHg. Acutely after femoral occlusion
it falls to about 50 ml/min/100mmHg and a few weeks later and without
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Angiography of the porcine hind limb collateral circulation by MRI (a) and by DSA (b) one
week after shunt creation and two weeks after femoral ligature. Increased blood flow to the
shunt-ligated leg is visible by MRI-angiogram by the early venous filling and its arteriogenic
effect is obvious by DSA as the diameter of feeding arteries and the number of collaterals are
increased.
treatment about 110 ml/min/100mmHg are reached. The AV-shunt re-

sulted, after 4 weeks in place and acutely occluded for the terminal exper-
iment, in an almost complete adaptation, i.e., 380 ml/min/100mmHg

were obtained (Fig. 10). Such a result was never observed before although
maximally tolerated doses of VEGF, PlGF and MCP-1 were tested in the
same model. Growth factor treatment never exceeded 50 % of the normal
maximal conductance. The shunt experiments show that it is indeed pos-
sible to obtain complete restitution of the maximal conductance by col-
lateral artery growth and that this is obtained primarily by increasing
fluid shear stress. Complete restoration of maximal conductance by col-
lateral vessels is therefore the new benchmark for therapeutic trials, at
least in experimental animals.

The mechanism for enhanced growth caused by increased fluid shear
stress through venous drainage of collateral flow is again dominated by
the monocyte system: a much stronger attraction, adherence and penetra-
tion of monocytes occurred and all layers of the collateral vessels were in-
vaded by them and the perivascular space was particularly infested. This was
caused by the FSS-induced strong upregulation of the adhesion molecules
ICAM-1 and VCAM-1. The latter was not only overexpressed in the endo-
thelium but also in the adventitia and media (see Fig. 7a). This suggests a
correlation (probably a causal relationship) between the degree of fluid
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Immunoconfocal microscopic picture of
VCAM labeling in endothelium and the
adventitia. Specific labeling is green, nuclei
are red.

Immunoconfocal micrograph of a growing
collateral artery under chronic high fluid shear
stress. Note the large number of monocytes/
macrophages (yellow/green) in the adventitia.

shear stress and the number of invading monocytes (Fig. 7b). As a result of
increased monocyte influx the proliferative activity was switched on again
in the pig where it had almost completely subsided during the week that
was interposed between the ligature and the creation of the venous
drainage. In the rabbit where the shunt had to be created simultaneously
with the ligature (shunts created later caused acute cardiac failure due to
volume overload) the mitotic index was much higher in venous drainage
collaterals than on the control side (same animal) where the femoral
artery was simply ligated. The angiographic images of the collateral system
of fluid shear stressed collateral vessels also suggest that the process of elim-

ination of most small collaterals to the advantage of a few large ones (“prun-
ing”) is delayed. Furthermore it appears that the degree of tortuosity is
also lesser compared to collateral vessels that were not shear stressed.

The concept of vasodilatory reserve of the collateral dependent coronary
vascular bed in the dog heart (after ameroid occlusion of 2 of the 3 coronary
arteries), as a measure of adaptation by collateral vessels was introduced
by our group in 197632. It describes the range of blood flows during ade-
nosine-induced vasodilation over a range of pump-induced pressures
and arrives as an expression of conductance. Typical values, expressed in
conductance ratios (normal zone over collateral dependent zones) are
0.35 ± 0.10. These were reached about 8 to 12 weeks after occlusion.
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Unger’s group33,34 used a modification of our method (only one coronary
artery occluded, no pressure variations, chromonar instead of adenosine)
and arrived at slightly higher values (0.40 to 0.50). Similar values were
also obtained in ameroid-occluded left circumflex coronary arteries (the
smallest) of the pig by the laboratory with the widest experience in pig

collaterals35,36. However, differences between two forms of vasodilatation
were noted: higher conductances were obtained after adenosine com-
pared to severe exercise. These results in pigs were possible only by also
remodeling of the microvascular bed in addition to the interconnecting
thin-walled non-muscle “collaterals”: a massive angiogenic response had
resulted in a decrease of the microvascular resistance as shown by Roth et
al.36 and by Goerge et al.37: pump perfusion of the collateral dependent
vascular bed via the distal stump of the occluded artery resulted in high-
er flows at any given pressure compared to normally-perfused regions. In

CT-imge of rabbit hind limb vasculature after one week of AV-shunt and femoral ligation.
The patent shunt between the distal femoral stump and its accompanying vein is clearly
visible. Note: the number and size of collaterals spanning from the deep femoral to the cau-
dal femoral artery. Arrow – site of shunt, Double arrow – site of occlusion without shunt.
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our experiments with a wide range of
aortic perfusion pressures the plot of
peripheral pressure versus collateral
flow was shifted towards much higher

flow values compared to the plot of
aortic pressure versus normal flow.

In other species like the rabbit and

in certain mouse strains similar results
for the degree of adaptation to femoral
artery occlusion were reported (always
under maximal vasodilatation). Only
about 40% of maximal flow values
were restored by collaterals.

From these and other observations
we conclude that growing collaterals
only provide a fraction of the maximal
flow reserve (maximal conductance) in
all animal species that we have studied.
Only a drastic increase in shear stress
can improve the degree of adaptation.

Reduction of fluid
shear stress*
Intima formation is a regular feature of
collateral artery growth in animals larg-

er than the mouse. It is always present,
usually as a subendothelial layer of ded-
ifferentiated SMCs surrounded by
increased amounts of matrix material.
Sometimes the intima mass totally
occludes the lumen. We have speculated
that this is the process of natural selec-
tion that takes place among the many

preexistent collaterals that initially par-
ticipate in the growth process after arte-
rial occlusion, and which is survived

MRI angiography of the rabbit hind limb after
four weeks of AV-shunt and femoral ligation. The
increased number and size of the collateral arter-
ies spanning the ligature is evident in compari-
son to ligation only. Besides, the feeding arteries
show enlarged diameters indicating an enhanced
blood flow through the collateral circulation.
The collateral flow directly entering the venous
system is 10-fold higher than the contralateral
normal collateral flow.

Adenosine dose response curves for collateral
conductance values in the rabbit hind limb after
one week of shunting or ligation only (control).
Hemodynamic measurements were performed
after acute shunt ligation. Results are presented
as mean ± SEM. Maximal vasodilatation was
obtained at infusion of  adenosine/kg/min
into the terminal aorta.

* Dimitri Scholz and Wolfgang Schaper were the principal investigators of this study
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Immunohistochemistry of a murine col-
lateral artery at 3 days after femoral artery
occlusion followed by 14 days of femoral
artery reperfusion. The animal received
BrdU immediately after onset of reperfu-
sion. Note the thick occlusive intima and
numerous BrdU positive cells (yellow).
Reduction of shear stress in the collateral
vessel by restoration of antegrade flow
had resulted in inward remodeling.

Effect of femoral artery occlusion, - re-
perfusion and - reocclusion on recovery
of pedal blood flow. The femoral artery
was occluded for 1, 2 or 3 days before
reperfusion and both femoral arteries
were occluded, resp. re-occluded, at day
14. Recovery of blood flow was much
faster on the re-occluded side when the
primary occlusion had lasted for 2 days
and longer. Values in % of control, R
–right, L – left.

only by a few large-calibre ones. Mild
forms of intima formation were consid-
ered as signaling the reduction of shear

stress that comes with the increase of the
vessel size by growth: the repellent action
of NO is no longer dominating and cells
having migrated into the intima complete
the cell cycle and remain there. Another
hypothesis is that the intima may serve as
an “incubator” for SMC proliferation: the
activated endothelium produces the
chemoattractants and mitogens for SMCs.
Under the influence of the repellent action
of endothelial NO the new cells leave the
intima and participate in the outward
remodeling of the vessel or they undergo
apoptotic death while still in the intimal
space. We tested this hypothesis in mice.

This species is not prone to intimal forma-
tion in growing collaterals, probably

because the one-layer-SMC-media needs
only one cell division to double its diame-

ter and thereafter remains a one-to-two-
layered media without the need of an
“incubator”. When, the femoral artery lig-
ature is removed after two to three days
and antegrade flow has resumed (moni-
tored by LDI), cell proliferation continues
for some time in the collateral vessels
(now deprived of NO production because
of the drastic reduction of flow) and the

new cells occlude the lumen (Fig. 11). If the
femoral artery is again occluded two
weeks after reperfusion, pedal blood flow
drops to the same low levels as with the first
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occlusion but the recovery of flow is much faster than before (Fig. 12): the

intimal cells were apparently able to rapidly rearrange under the influ-

ence of the restored fluid shear stress, much faster than possible by cell
division. Two days after re-occlusion the collateral diameters were indeed
wider than expected and only small clusters of intimal cells were visible

(Fig. 13). We call this process “medialization” of the intima (Scholz). The
rapidity of structural dilatation was sufficient to prevent ischemia,

Electron microscopy of a collateral artery after 3 days of femoral artery occlusion, followed
by 14 days of femoral reperfusion, followed by 2 days of femoral re-occlusion. Note the
rapid outward remodeling resulting in a vessel with a much larger diameter than after pri-
mary occlusion. Former intimal cells were incorporated into the media (“medialization”),
a process occurring much faster than by re-entry into the cell cycle.
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necrosis of the lower leg muscles, and subsequent activation of satellite

cells, all typical consequences of the first occlusion. These experiments
support our hypothesis that (1.) indeed intima formation is a function of
shear stress, that (2.) the intima is an incubator for SMC proliferation,
and (3.) it may serve a valuable function during outward remodeling, and
(4.) that it is the process of eliminating small and inefficient collaterals in
favor of few large ones.

The role of NO*
Shear stress was demonstrated to upregulate eNOS expression in vitro39

and increased levels of eNOS mRNA and protein were found in localized
areas of high shear stress in vivo40. The mechanism underlying shear
stress induced eNOS expression includes mediators like tyrosine kinase
cSrc, Raf, Ras and PKC, etc.41.

Since we know that FSS is increased immediately after femoral occlu-
sion, and since the result of that is increased NO release, it may be as-

sumed that NO plays a significant role in arteriogenesis. Indeed,
Terjung’s group42 has published elegant studies showing that NO is par-
ticularly relevant for arteriogenesis but to a lesser degree in angiogenesis.
Matsunaga et al. propose that NO is critical for arteriogenesis. They based
it on the observation that collateral artery formation in the peripheral
circulation was impaired in eNOS-knockout mice43. Our own studies in
the femoral-occluded rabbit hind limb and in coronary collateral arteries
in the canine heart showed a marked intimal upregulation of eNOS. FSS-
related endothelial NO release leads to relaxation of the underlying SMCs
and this could, by increasing tangential wall tension, indirectly lead to
proliferation of the vascular smooth muscle cells. We performed several
experiments to test the hypothesis of NO involvement in arteriogenesis.
1. Our studies with N-Methyl-L-Arginine-Acetate (L-NNA) treated mice

after femoral artery occlusion initially showed poor recovery of pedal
blood flow but cessation of treatment led to quick recovery within
two days to normal values. This is too fast to explain the return to
expected levels by a new wave of cell proliferation. However, even con-
tinuous treatment showed a convergence of the flow values toward the
end of the experiment: at three weeks of occlusion plus L-NNA treat-
ment the same result was obtained as with no NO-inhibition, which

* Dimitri Scholz carried out the mouse studies, Miroslav Barancik was responsible for the signaling studies
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possibly means that only the initial

stages of the arteriogenic process
were inhibited. The explanation for
these findings is that collateral
growth had occurred uninhibited
but its effect was obscured by the
increased vascular tone that had
reduced pedal blood flow, i.e., the

readout was imperfect and did not
reflect collateral artery growth.
Another experiment was performed
in mice with targeted disruption of
the eNOS gene. These mice showed
a very poor recovery of pedal blood
flow after femoral artery occlusion
but blood flow could be rescued by

2.
Influence of targeted disruption of the eNOS gene
on the recovery of blood flow after femoral artery
occlusion in mice. Quantitative analysis of Laser-
Doppler-based pedal blood flow measurement
illustrating the poor recovery of the mice.
Exogenous application of the NO- donor SNAP
could completely rescue blood flow at day 21.

application of NO donors like SNAP (Fig. 14). This again suggests that
the overriding influence of vasoconstriction had obscured the adapta-
tion of the collateral resistance which had indeed taken place: mor-

phometric studies revealed that the collateral vessels diameter were
slightly wider compared to wildtypes, but had significantly thinner
walls (Fig. 15).

3. We found that in the rabbit model the expression of neural NOS
(nNOS) was strongly upregulated in growing collateral vessels as
detected by microarray studies and confirmed by Northern-blot-
analysis. However, nNOS knockout mice did not differ from wildtypes
with regard to blood flow recovery following femoral artery occlusion.

These experimental results would argue against a significant primary

contribution of the NO system to arteriogenesis. It is furthermore diffi-
cult to see a direct role of NO as a mitogen for SMCs because it is a
known anti-mitogen44,45 and SMCs under the influence of NO remain in
the differentiated state by regulating the transcription of smooth muscle
specific myosin heavy chain (MHC)46.

NO also inhibits migration of vascular SMCs, but promotes endothelial
cell migration and tube formation. It is further reported that NO protects
the endothelium against platelet aggregation and leukocyte adherence.
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However, the latter is of critical importance for collateral development.
Furthermore, NO inhibits MMP-2 and MMP-9 activity, i.e., factors essential
for arteriogenesis. Our studies have shown that in normal collateral arteri-
oles endothelial cells express MMP-2 and MMP-9 and exhibit weak eNOS
signals, but that in growing collateral vessels endothelial cells contain high
eNOS and low MMP levels. This is different in SMCs of growing collateral
vessels, where the MMPs are upregulated. Other studies showed that eNOS
gene transfer inhibits smooth muscle cell migration and MMP-2 and
MMP-9 activity47. These observations make it difficult to accept a direct
positive influence of NO on arteriogenesis, except perhaps for a structur-
ing effect based on the repellent action of endothelial NO upon SMCs in
the intima: in the presence of insulin NO has a pro-migratory effect48-50.

In our experiments in rabbits, where a large part of the collateral flow
was shunted into the venous system, an upregulation of eNOS was also
observed. To test the significance of this observation, which was, how-
ever, not quantitatively different from the degree of marked upregulation
in non-shunted collaterals, the shunt-operated animals were treated with
oral L-NAME. Indeed, L-NAME significantly (but not totally) inhibited
the shunt effect, i.e., fewer and smaller collaterals on the angiograms and
lower maximal conductances were observed. The causal role of NO
seemed to be established. However, when testing the signaling chain in
excised collateral vessels, we found that the Ras-ERK-1,-2 cascade was
constitutively active (about 2.5-fold over control) in the shunt collateral
vessels but only half as much in shunt vessels under L-NAME treatment
(Pipp, 2003 unpublished; table 1). Constitutive MAPKinase activity is an
expression of continuing proliferation and, since the tissue under study
is mainly composed of smooth muscle, we must assume that the Ras
activity primarily reflects SMC proliferation. The FGF- and PDGF-fami-
ly of growth factors is known to signal through these pathways. A
reduction of SMC proliferation by eNOS inhibition is puzzling because

15) Collateral arteries in mice. Upper 2 panels: Contrast medium injected femoral
arteries and collateral vessels before and after femoral occlusion showing collateral growth
but no difference between and wildtype mice. Middle 2 panels: Histology of collater-
al arteries show no obvious differences in vessel width but significant collateral growth after

els: Morphometric determination of collateral diameter and area. The diameter in
collaterals is larger but the total vascular area is not different from wildtype mice.

femoral occlusion in both groups. Note the thinner wall of the collateral. Lower pan-



94 Chapter 5

NO proper inhibits SMC proliferation. Treatment with eNOS inhibi-

tors should therefore lead to SMC proliferation which obviously did

not occur.
NO inhibition leads to vasoconstriction but the effect on shear stress

can be complex: vasoconstriction tends to increase shear stress because of
the diameter change, but it simultaneously reduces flow, which has the
opposite effect. In fact, velocity is related to the square of the radius, so in
the presence of an unchanged pressure gradient, as it exists in the shunt
circuit, fluid shear stress and circumferential wall stress decrease. The
reduction of FSS would mean that other shear stress signaling pathways
that are independent of NO (integrins, Rho) are also affected.

Decreased Ras/ERK activity by L-NAME could also be the result of a
direct anti-proliferative effect of that drug, which, however, was reported
not to be signalled via Ras51. Smooth muscle relaxation by NO increases
the pressure related strain because the fully relaxed smooth muscle is
much more stretched by the pulsatile pressure than the contracted SMC,
which may change the transcriptional activity. The results from the
L-NAME experiments can also be explained by assuming an uncoupling
of the eNOS (produced in excess and phosphorylated) in such a way that

are produced rather than NO48-50.
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Oxygen-based free radicals are known to stimulate SMC proliferation.
L-NAME would inhibit NO- as well as The free radical-
hypothesis is strengthened by our observation that the Akt pathway,

which is involved in NO signaling, was not activated in shear stressed col-
lateral vessels. The hypothesis of an “uncoupling” of eNOS by excessive
shear stress is supported by our finding that VCAM is markedly overex-
pressed in shunt-stimulated collaterals and that this overexpression is not
restricted to the intima (see Fig. 7a). To differentiate between NO and ROS
the level of soluble cGMP in collateral vessels could be decisive. In conclu-
sion, we can say that the shear-stress-related overexpression of eNOS influ-
ences collateral artery growth, especially under extremely high shear stress,
which may lead to the production of oxygen-based radicals. The unforced
development of collateral vessels does proceed without involvement of NO.

Gene transcription under the
influence of high fluid shear stress*
The search for flow-dependent genes had begun more than 10 years ago,
when the expression of individual endothelial genes was tested and com-
pared under static or shear stress conditions in vitro.

More than 40 genes were reported to be upregulated by laminar shear
stress (LSS) and their expression level varied in response to flow52-55. Pro-
moter sequences, mediating shear stress transcriptional responses were
defined and termed shear stress responsive elements (SSREs).

Shear stress was found to increase the activities of a number of kinases
to modulate the phosphorylation of many signaling proteins in endothe-
lial cells, e.g., the proteins in focal adhesion sites and the proteins in the
mitogen-activated protein kinase pathways. Downstream to such signaling
cascades, multiple transcription factors such as AP-1, the cAMP-
responsive element-binding protein CREB, SMAD-proteins, Sp-1, and Egr-1
are activated. The actions of these transcription factors on the corresponding
cis-elements result in the induction of genes encoding for vasoactivators,
adhesion molecules, monocyte chemoattractants, and growth factors in en-
dothelial cells, thus modulating vascular structure, function and growth.

Several genes are reported to be induced by shear stress56,57; among
these are genes which are also involved in the process of arteriogenesis or
atherosclerosis, e.g. transforming growth 58,59, the early

* Elisabeth Deindl was the principal investigator of this study
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growth response factor Egr-160,61 and the monocyte chemoattractant pro-
tein-1 (MCP-1)58,62,63. However, it also should be mentioned that the shear
stress-induced increase in NO production may eventually dampen this

response62,64,65.
The finding that gene transcription can be modulated by fluid shear

stress prompted investigators to search for conserved cis-elements in the
promoters of shear stress-inducible genes. Such cis-elements have been

identified, suggesting that several regulatory sequences may be involved
in the regulation of transcription in cells exposed to shear stress. For
example, functional analyses have indicated that a tetra-decanoyl phorbol

acetate responsive element (TRE, TPA-responsive element, AP-1 binding
site, respectively) with the sequence TGACTACA, as well as a divergent
TRE (TGACTCC) is important for the induction of MCP-1 in bovine
endothelial cells by shear stress66,67. Furthermore, a recent study has also
demonstrated that reporter gene activity driven by the glucocorticoid re-
sponse element was enhanced in endothelial cells exposed to shear stress68.

The regulatory element GAGACC was initially identified as a SSRE on
the basis of analyses performed on the platelet-derived growth factor B
chain (PDGF-B) promoter following the application of fluid shear stress69.
The same sequence has also been found in the regions of
other shear stress-sensitive genes such as MCP-1 and endothelial
nitric oxide synthase, eNOS70. was demonstrated to bind the core
SSRE within a 20 bp oligonucleotide derived from the PDGF-B promot-
er implicating a role for in the shear stress-induced activation of
gene expression71.

Many of the published results on shear stress and SSRE are in vitro
results obtained from ECs that were cultured under static conditions
with a subsequent exposition to high shear stress for a short period.
However, this does not necessarily reflect physiological conditions where
vascular cells are constantly exposed to physiological levels of flow-relat-
ed stress. A shift from low flow to high flow might elicit different biolog-
ical responses than a shift from static conditions to high levels of flow.
For example, when endothelial cells are cultured under static conditions

and exposed to fluid shear stress for a short period, there is an initial
stress response that includes a transient72, the pronounced activation
of and the expression of adhesion molecules such as E-selectin
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and the chemokine MCP-1. Over the next 4 to 8 hours any further
increase in shear stress does not necessarily elicit a second transient

nor reactivate 73. Moreover, a number of changes take place. One
good example is an increase in the expression of eNOS74-76, and the
increased production of NO from cells exposed to shear stress then coun-
teracts the activation of and, as a consequence, adhesion molecule
and chemokine expression62,64,77. Therefore, to avoid a generalized stress
response and to avoid false positive results concerning shear stress, it is
advisable to precondition endothelial cells with low shear stress before
applying high shear stress.

Our results on applying high levels of shear stress (12 dynes to

bovine aortic endothelial cells (BAECS) preconditioned with low shear
stress (3 dynes showed that the shear stress responsive element
GAGACC is not generally valid for the mediation of transcriptional
activity in response to shear stress. The data indicated that the
nucleotides adjacent to the SSRE rather than the GAGACC core element
itself are important in mediating the response. The results showed that a
putative CREB-like protein is part of a protein-complex binding to the
novel identified SSRE with the sequence 78. Further-
more, our in vivo results in the mouse and rabbit model of arteriogenesis
never pointed to a role of in mediating shear stress induced col-
lateral artery growth (unpublished data, E. Deindl).

However, our data on preconditioned BAECs showed that application
of high shear stress results in an increased expression of the reporter gene

driven by a shortened Egr-1 promoter fragment (-425 to

+12bp)78. The promoter contained 5 serum response elements (SRE),
each composed of a serum response factor binding site (SRF, CC [A/T]6GG
box, also known as CArG box), and one cAMP-response site (CRE,
TGACGTCA). This is in agreement with previous results showing en-
hanced CAT activity driven by a similar Egr-1 promoter fragment (-425bp
to + 65bp) in shear stress-stimulated HeLa cells60. The deletion of an AP-1
site and an EBS site (Egr-1 binding site, CG[C]5GC) to the SRE sites
did not prevent shear stress activation60. In contrast, we found that Egr-1
downregulates its own promoter by binding to an upstream EBS79.
Although it has been reported that the activator protein-1, AP-1, is in-
volved in shear stress mediated signal transduction80, our own results
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did not point to a functional role of the c-jun/c-jun c-fos/c-jun dimer for
collateral artery growth (unpublished data, E. Deindl).

Egr-1 is a nuclear transcription factor of the zinc-finger class that has
been implicated in SMC migration and proliferation. Our studies in the
mouse model of arteriogenesis showed that Egr-1, which is expressed in
arteriolar ECs and SMCs, is strongly upregulated on the RNA- and pro-
tein level during the early phase of arteriogenesis indicating that the tran-
scription factor is strongly implicated in the initiation of collateral artery
growth (E. Deindl, unpublished). Transcriptional activation of Egr-1 is
responsible for the coordinated expression of vascular proteins such as
tissue factor (TF), and urokinase-plasminogen activator (chapter

6). All of them are involved in vascular remodeling and arteriogenesis59,81,82.
Based on the fact that the consensus recognition sequences of Egr-1 and
the specificity protein 1 (Sp1) are overlapping, it has been proposed that
the rapid shear stress mediated trans-activation of genes like TF is
achieved by replacement of Sp1 by Egr-160.

The fluid shear stress mediated induction of Egr-1 itself is processed via
the Ras-MEK-ERK pathway involving as downstream target beside the
transcription factor SRF the transcription factor Elk-1 that binds to its con-
sensus sequence Ets (GGAA). Previous results have shown that Ets con-
taining promoters can also be activated by growth factors like FGF-2 60,83.

However, it is likely that during arteriogenesis the action of FGF-2, which
itself induces the Ras/Raf-MEK-ERK pathway upon binding to FGFR
receptor-1, (chapter 11, Fig. 2) is mediated by shear stress. Involving the

integrin – Rho – cofilin pathway, fluid shear stress induces the release of
FGF-284, which is necessary for ligand induced dimerization and activa-
tion of the high affinity receptor resulting in signal transduction through
the Ras/Raf-MEK-ERK pathway.

The MADS box transcription factor SRF controls a wide range of
genes involved in cell proliferation and differentiation. The SRE (CArG-

box motif) and a control element are present in the promoters of
virtually all SMC differentiation marker genes characterized to date
including smooth muscle alpha actin, smooth muscle myosin heavy
chain, telokin, and SM22 alpha. The control elements are required for
expression of these genes in vivo and in vitro (for review see Owens85).

The promoter bearing an SRE element and proper
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have been shown to be upregulated due to fluid shear stress in vitro86.
However, our in vivo data did not reveal an increased expression of
on the RNA level but clearly showed an activation of during arte-

riogenesis. Furthermore, arteriogenesis was stimulated by infusion of
in rabbits59. The signal transduction cascade associated with

– dependent transcription involves SMAD transcription factors
and a CREB-binding protein as cofactor87. Our results showed that
induces enhanced expression of carp (cardiac ankyrin repeat protein), a
co-transcription factor identified to be involved in arteriogenesis88.

Several publications have shown that fluid shear stress activates mul-
tiple signal transduction molecules, such as the Ras/extracellular-regulat-
ed kinase (ERK1/2)89,90, phophatidylinositol 3-kinase (PI3)/Akt91,92, and
p38 MAPK93,94. However, since deviations of arterial levels of fluid shear
stress can result in positive (arteriogenesis) but also in negative (athero-
sclerosis) remodeling of arteries and arterioles, it is obvious that distinct
physiological levels of blood flow do not result in a general induction of
all pathways, but that individual signal transduction pathways are differ-
entially regulated and induced. Our own in vivo results on collateral
artery growth have shown that the integrin/Rho/LIMK pathway and the
Ras-Raf/ERK1/2 pathway but not the p38 or Akt pathway are responsi-
ble for arteriogenesis.

Proteins expressed under the
influence of high fluid shear stress*
The AV-shunt model provided tissue for a study of high fluid shear stress-
induced protein expression using 2D gel elecrophoresis (2D-PAGE).
More than 1000 proteins were detected (Fig. 16). About 50 of these were
differentially expressed in collateral artery samples. So far we could iden-
tify 20 proteins with altered expression, among which is a relatively large
group of proteins which are known to take part in the regulation of the

actin cytoskeleton (cofilin-destrin family). Actin filaments (F-actin) con-
stitute a dynamic component of the cytoskeleton of eukaryotic cells. Proc-
esses of cellular motility95 and cell division are dependent upon a pool of
actin subunits capable of rapid assembly and disassembly in response to
extracellular signals. The interaction of actin with the cell membrane,
and changes in actin organization, both bases of cell movement, are reg-

*  Stefanie Boehm is the first author of this paragraph
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ulated by actin-binding proteins such as destrin/actin depolymerizing fac-
tor (ADF) and both cofilins96-99. These actin-binding proteins are essential
for the rapid turnover of filamentous actin100,101 and possess a nuclear
transport sequence. Thus, they may be responsible for the nuclear im-

port of actin 102,103.
The three members of the destrin/cofilin family with a molecular

weight of about 19 kD serve different functions and differ in their relative
abundance 104,105. They are affected by pH-value 106 and their activity is regu-

lated by phosphorylation 107,108.
Until now, nothing is known about the promoter or regulatory ele-

ments of either destrin or the cofilins. Only the regulation of the activity
of destrin and cofilin has been described to be regulated by phosphory-
lation of a single serine residue. LIMK1, 2108,109 and TESK 1, 2107can phos-
phorylate destrin and cofilin. LIMK1 is regulated by the small GTPase
rac, whereas LIMK2 is regulated by cdc42 and rho but not by rac110,111. The
half-life period of phosphorylated destrin is very short depending on
energy level or oxidative stress.

In locomoting cells, pAC (phospho-ADF/cofilin) is localized within

the cell body but is depleted from the lamellipodium itself. In non-
migrating fibroblasts pAC is detectable in both the cell body and the
lamellipodium. G-actin concentration is limited to the lamellipodium of
migrating cells, and the recycling of actin is the limiting step for mem-
brane protrusion in such cells 112.

The protein slingshot (SSH) is an actin-binding phosphatase. It sup-
presses LIMK1-induced actin reorganization and dephosphorylates
phospho-cofilin113. Another protein called 14-3-3 protein prevents
destrin and cofilin phosphorylation and activitation114.

Downregulation of destrin/ADF in growing collateral arteries
In humans, the mRNA of destrin 96,98 with a size of 1.8 kb is expressed in
most organs but not in skeletal muscle.

mRNA of destrin with a size of 1.9 kb is detectable in normal arteries
from pigs. Destrin expression in our experiments markedly decreased in
growing collateral arteries from both, shunt and non-shunted sides
(Fig. 17). Shortly after femoral artery ligation the destrin mRNA was no

longer detectable.
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Cofilin1 and Cofilin2 are reciprocally expressed
Two different cofilin isoforms have been identified. Cofilin1 is the non-
muscle isoform and the intermediate between cofilin2 and destrin.
Cofilin1 is highly expressed in brain and liver, moderately in heart,

spleen, lung, kidney and testis. Almost no expression can be detected in
skeletal muscle. In humans, the mRNA of cofilin1 has a size of 1.4 kb.
Cofilin2 is the muscle specific isoform of both cofilins115,116. Cofilin2 is

expressed in skeletal muscle and possesses two transcripts of 1.8 and 3 kb.
Both, mRNA and protein can also be found in SMCs and in other organs 117.

In Northern blot analysis, both cofilins showed a reciprocal expression
pattern. In collateral arteries after AV-shunting, cofilin1 mRNA was upreg-
ulated, whereas cofilin2 mRNA was downregulated (Fig. 17). Comparing
this expression of cofilin2 with that in control arteries, we found an in-
crease in growing collateral arteries two weeks after ligation. This is consis-

tent with the results found in the rabbit model of femoral occlusion 118.

2D-PAGE of proteins obtained from isolated collateral arteries from the control-ligated (LC) and
the shunt-ligated (SC) side. One hundred protein were separated and silver stained. Framed
region shows differentially expressed proteins.
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Northern blot analysis of grow-
ing collateral arteries from ligat-
ed and shunted hind limb of the
pig. Ten total RNA was load-
ed. Hybridization was done with
cDNA-probes against destrin,
cofilin1, cofilin2, transgelin2 and
18S rRNA. A, artery from control
pig; LC, collateral artery after 2
weeks of ligation; SC, collateral
artery after 2 weeks of ligation
including one week of shunting.

Transgelin2 is expressed in
smooth muscle cells
Only little information about transgelin2 is

available but more is known about transgelin,
also called SM22-alpha. Transgelin is expressed
in SMCs, mesenchymal cells and fibroblasts119.
It is one of the earliest markers of differenti-
ated SMCs in adults and transiently expressed
in embryonic skeletal and cardiac tissue. Trans-
gelin is highly conserved, binds F-actin (1:6,

transgelin:G-actin) and causes gelatination.
Transgelin2 is also called KIAA0120 or

“SM22-alpha homologue”. It shares 69.7%
amino acid sequence homology with NP25
(rat neuronal protein). It is expressed in lung,

liver, kidney, spleen, thymus, small intestine,
colon, prostate, testis, ovary, placenta and
leukocytes. Transgelin2 can be found in skel-
etal muscle, pancreas, heart and brain. The
human and mouse cDNAs of transgelin2
share a 95 % homology.

In our proteomic studies the content of
transgelin2 protein in collateral arteries after
one week shunt following one week ligation

was higher than in vessels after two weeks of
ligation. Northern blot analysis showed an
increased 1.3 kb mRNA expression after AV-
shunting compared to the non-shunted liga-
tion side (Fig. 17).

“Switch” in gene expression
by high FSS
The increased expression of transgelin2 and

the expression pattern of the destrin-cofilin
family lead us to postulate a “switch” of the

arteriogenesis program after AV-shunting
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following ligation. First, the induction of cofilin2 mRNA expression may
play a role in the dedifferentiation of the SMCs, in the process of chang-

ing from the contractile to the synthetic phenotype. Secondly, the ongo-
ing arteriogenesis program seems to be arrested in SMCs, and to be
reversed, as the cells increased the expression of transgelin2 (which may

be a differentiation marker like SM22-alpha) and decreased the expres-
sion of cofilin2 (depolymerization of actin is reduced). In contrast to
cofilin2 expression, the non-muscle specific isoform cofilin1 is upregu-
lated. Cofilin1 again starts to depolymerize actin, thereby changing the
cytoskeleton of the cells to restart the program of proliferation and arte-

riogenesis. Cofilin was found in the contractile ring during the late stages
of proliferation, thus cofilin is involved in the reorganization during
cytokinesis 120.

The strong and prolonged change of the expression of cytoskeletal
genes (and those regulating proliferation) that we observed in our shunt
experiments is a repitition of expression changes that already occurred
with the first wave of collateral growth following the original femoral
artery occlusion, but with lower intensity. During the ensuing week
between occlusion and shunt operation these changes had stopped, only
to be restarted more pronouncedly by the high shear forces created by the
shunt. Because of the promptness and magnitude of the response we
refer to these changes as the “arteriogenic switch”.

The role of blood viscosity as part of the shear stress response*
Blood viscosity is linearly related to shear stress and manipulations of vis-
cosity should become an interesting tool for testing the shear stress

hypothesis of arteriogenesis because, at least in theory, it would be an iso-
lated change without altering pressure-related stresses.

The viscosity of flowing blood is dependent on the hematocrit, which is
drastically increased in transgenic erythropoietin overexpressing mice. The
strain of mice that we studied (a kind gift by Prof. Max Gassmann, Zurich,
Switzerland) was generated by pronuclear microinjection of human EPO
cDNA, which was driven by the human PDGF B-chain promoter. After
backcrossing of the transgene into a C57BL/6 background for 7-10 gen-
erations, we studied 12-14 weeks old male mice in the femoral artery
occlusion model. The recovery of blood flow, usually very quick in this

* Dimitri Scholz was the principal investigator of this study
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wildtype strain, was very slow in the transgenic animals which exhibited
hematocrits of over 90% (Fig. 18), and at first sight it looked as if our
working hypothesis was refused. However, the morphometry of perfu-
sion fixed collateral vessels showed a significant increase in the diameter
and wall thickness of the collateral vessels over and above that of wildtype

mice with femoral occlusion (Fig. 19).
The retardation of blood flow recov-

ery was thus not caused by defective
vascular growth but by the decrease
of blood flow velocity below the crit-
ical Farräus-Lindhquist threshold.

Laser-Doppler images of pedal blood flow in
transgenic mice overexpressing human ery-
thropoetin under the control of the PDGF-B
promoter. Note the rapid recovery of pedal
blood flow in the wildtype mice and the virtu-
ally absent recovery in the transgenic mice
(left panel). Upper right panel: Quantitative
analysis of blood flow recovery. Lower panel
right: Quantitative analysis of erythrocytosis
and hematocrit. Note the excessively high
hematocrit of 92%.
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This is one of the two occasions where the measurement of pedal blood
flow by the Laser-Doppler imaging method was misleading (the other

was the failure to reflect collateral development in eNOS knockout mice).
In conclusion, we can say that the experiments with increased shear stress
by increased blood viscosity again confirm the morphogenic force of

shear stress which had indeed produced wider collateral vessels.

Collateral vessels 3 weeks after femoral artery occlusion in EPO-overexpressing transgenic mice.
Note the thicker walls in the preexisting transgenic collateral vessel (a) as compared to con-
trol (b) and the larger diameter and thicker walls of the transgenic collaterals 3 weeks after
femoral artery occlusion (c) in comparison to wildtype mice (d). The table shows the mor-
phometric data of control and EPO collateral vessels. In spite of the higher shear stress result-
ing in wider collateral vessels, the blood flow did not recover to levels seen in wildtype mice.
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6
Role of Hypoxia/lschemia/VEGF-A,
and Strain Differences

Elisabeth Deindl, Armin Helisch, Dimitri Scholz,
Matthias Heil, Shawn Wagner and Wolfgang Schaper

Hypoxia and ischemia are the most important stimuli for angiogenesis.
With severe stenoses, the reduced oxygen and metabolite supply is recog-
nized in the affected muscle tissue by an intracellular sensoring system
triggering diverse biological emergency steps. Energy shortage leads to a
breakdown of the high energy phosphates, increased concentrations of
lactate as a consequence of anaerobic glycolysis and the activation of
hypoxia inducible factors, e.g. hypoxia inducible factor 1-α (HIF-1α). Bind-
ing of the transcription factor to consensus sequences on corresponding
promoters in turn results in an increased expression of genes like vascu-
lar endothelial growth factor-A (VEGF-A). The gene products are re-
leased from the hypoxic cell resulting in a concentration gradient highest
in the hypoxic tissue. Upon binding of VEGF-A to its receptors expressed

on endothelial cells, which do not express VEGF-A in vivo, endothelial
cells start to proliferate and migrate in direction of the concentration
gradient. Capillary sprouting starts, resulting in a network of capillaries
surrounding and invading the ischemic and hypoxic tissue. However,
since SMCs are not a target for VEGF-A, VEGF-A cannot be part of the
interaction between endothelial cells and SMCs, the main players in arte-
riogenesis. Only muscular collateral arteries and not capillaries are able

to supply enough blood from outside the risk region to prevent the con-
sequences of severe ischemia. Collateral artery growth does not necessar-
ily take place within hypoxic tissue. The arterial tissue itself, constantly

bathed in oxygen-rich blood, never gets hypoxic. Since it has never been
analyzed whether there exists a causal relation between ischemia and col-
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ateral artery growth, we investigated the role of hypoxia in our rabbit

model of arteriogenesis. As described below, we therefore determined the
level of metabolites indicative for ischemia and monitored the expression
level of diverse hypoxia inducible genes such as lactate dehydro-
genase A (LDH A), heme oxygenase-1 (HO-1), and VEGF-A.

VEGF-A (for a review see Neufeld1) was shown to be upregulated
under hypoxic and ischemic conditions in vitro2 and in vivo3, both on the
transcriptional and translational level4. Hypoxia induced transcription of
VEGF-A is mediated via the binding of HIF-1 (alpha/beta heterodimer)
to a HIF-1 binding site located in the VEGF-A promoter5,6. Furthermore,

hypoxia promotes the stabilization of the VEGF-A mRNA by proteins that
bind to sequences located in the untranslated region (UTR) of VEGF-A.
In addition, under unfavorable stress conditions like hypoxia/ischemia,
an efficient cap-independent translation of VEGF-A is maintained via the

UTR7,8.
The temporal and spatial correlation of VEGF-A overexpression with

angiogenesis during tumor growth9, inflammation10-12, and wound heal-
ing10-12 provides strong evidence for a functional role of VEGF-A as a key
regulator of angiogenesis. The growth factor stimulates vascular endo-
thelial proliferation13-16, macrophage migration17 and increases micro-
vessel permeability18-20 to macromolecules. The effects of VEGF-A are

mediated via two distinct high affinity receptors, flt-1 (fms-like tyrosine
kinase)21 and flk-1 (fetal liver kinase)22,23. These are almost exclusively
expressed on endothelial cells rendering VEGF-A, an endothelial cell spe-
cific mitogen.

Although the role of VEGF-A in angiogenesis is obvious it is not clear
whether VEGF-A is also involved in arteriogenesis and available data are
controversial24-31. The administration of VEGF-A as a bolus (0.5 to 1 mg)

into the iliac artery of an ischemic rabbit limb was described to result in
an increased development of collateral arteries24. However, the evidence
was based solely on the change of cuff pressure measured in the lower
legs of rabbits. Cuff pressure is compounded by several factors that are in
need of definition, in particular because VEGF increases tissue pressure
and higher flows across collateral resistance vessels cause lower pressures
in the lower leg.

To characterize whether adaptive collateral artery growth is associat-
ed with an increased expression of VEGF-A, we analyzed the abundance

use of an internal ribosome entry site (IRES) at the
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of the transcript directly in growing collateral arteries in the rabbit as a

function of time in the m. quadriceps, which consistently harbors collat-

erals. Northern blot results displayed a significant downregulation of the
VEGF-A mRNA in the m. quadriceps of the experimental tissue. Howe-
ver, a similar downregulation was also seen in sham operated animals,

indicating that the altered mRNA level of VEGF-A in experimental ani-
mals was not due to arteriogenesis, but due to the experimental proce-
dure. In growing collaterals we found no change of the mRNA level of
VEGF-A compared to control or sham operated animals, however, the
mRNA abundance of VEGF-A in collateral arteries was very low com-
pared to the surrounding muscle tissue. Our Western blot results showed

an almost comparable level of the VEGF-A protein in skeletal muscle tis-
sue and in collateral arteries, but did not show an increased protein level

of VEGF-A during arteriogenesis. These data clearly demonstrate that
collateral artery growth is neither associated with nor dependent on an
increased expression of VEGF-A32.

Although VEGF-A is well described as a rapidly induced hypoxia-
response gene, other growth factors and cytokines can also modulate the
expression of VEGF-A. To define clearly whether arteriogenesis is associ-
ated with ischemia, we investigated the expression level of LDH A and

HO-1, two genes known to be induced by hypoxia and containing a HIF-1
binding-site33-37. Furthermore, we analyzed the expression of itself,
although the latter might not be regulated on the transcriptional but on

the translational or post-translational level38. Our results showed that
none of the mentioned genes was upregulated during arteriogenesis, rep-
resenting additional evidence that collateral artery growth is not ischemia
dependent32.

Hypoxia is a condition, which occurs mainly by exposure to high alti-
tude. Hypoxia inducible genes are also upregulated in ischemia. It differs
from ischemia in that only the latter leads to catabolism of the high-ener-
gy phosphates, i.e., from ATP to ADP and its breakdown products. It
causes a decrease of phosphocreatine and an increased concentration of
lactate. Analyzing these markers of ischemia, we found no change of any
of the described parameters in our rabbit model32.

Our in situ analysis displayed a strong staining for VEGF-A in skeletal
muscle cells (m. quadriceps), but not in cells of larger vessels or their
close vicinity (Fig. 1). However, our Western blots showed an almost equal
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abundance of the protein in the m. quadriceps and in collateral arteries

(Fig. 2). These data show that VEGF-A protein is produced in skeletal
muscle, secreted and taken up by vascular endothelium where it may

have maintenance functions32.
To characterize whether the action of VEGF-A during collateral artery

growth is mediated via the availability of its receptor, we evaluated the
mRNA level of flt-1 and flk-1; however, we could not find an increased
expression of any of the two receptors during arteriogenesis. These data

are in keeping with the unchanged expression level of VEGF-A, since it
was shown that VEGF itself has the capability to potentiate the expression

Radioactive in situ hybridization studies of VEGF-A in the m. quadriceps of a rabbit after
3h of collateral artery growth. In 1a and 1c we used sense probes, in 1b and 1d antisense
probes. 1a and 1b are dark field pictures of 1c and 1d. Note the density of the labeled
antisense probe in the cell nuclei of myocytes (arrows), but not in vessels (v) or in connec-
tive tissue (asterisk). (reprinted from 32 with permission)
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of both its receptors39-41. The data confirm furthermore that in our in vivo

system collateral artery growth occurs independently from ischemia (hyp-
oxia), since it was demonstrated that flt-1, which like VEGF-A contains a
HIF-1 consensus binding site, is upregulated under hypoxic conditions
on the transcriptional level in vitro42and in vivo43.

For flk-1 our Northern blot analysis displayed - beside the transcript
of about 6 kb - a second one of about 4.6 kb, which has been described
before44, and a third of about 1.6 kb, which showed a slight upregulation
in growing collateral arteries. The function of the smaller forms of flk-1
has not been defined yet, how-

ever, it is likely that they nega-
tively regulate the bioavailabil-
ity, and hence the activity of
VEGF-A as reported for the
soluble form of flt-145,46.

To analyze whether we
could stimulate collateral
artery growth in our rabbit
system via application of

VEGF-A, we infused the
growth factor via osmotic

Western blot showing the protein level of VEGF-A in the
m. quadriceps of experimental and sham operated animals
at distinct intervals of collateral artery growth, in collateral
arteries of experimental and sham operated animals at day
3 of collateral artery growth, and in rabbit and human heart
(controls). (reprinted from 3 2 with permission)

minipump in a concentration more than 30-fold higher than the active
concentration of MCP-1. However, the results showed that application of
VEGF-A had only modest effects on the diameter of collateral arteries
and on collateral conductance compared to MCP-1 that had already been
demonstrated before to be a potent inducer of collateral artery growth47.
VEGF-A has been described to be no direct mitogen for arterial endothe-
lium in vivo48. Collateral artery growth does not only involve the prolif-
eration of endothelial cells but also of SMCs, however, the receptors for
VEGF-A are only expressed on endothelial cells. Therefore, it is likely that

the – although minor – effect of VEGF-A was due to an indirect mecha-
nism. It seems reasonable that circulating blood cells, in particular
monocytes, are involved as these are the only cells – besides endothelial
cells – which express a VEGF-A-receptor (flt-149,50). Furthermore, mono-
cytes have already previously been described to play an important role in
arteriogenesis47. VEGF-A activates monocytes17, induces integrin expres-
sion on monocytes51, and promotes monocyte adhesion and migration17.
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The indirect positive effect of VEGF-A on collateral artery growth by
recruitment and activation of monocytes 52, however, might be counter-
balanced by a feature of VEGF-A itself, as this growth factor has the abil-
ity to reduce smooth muscle cell proliferation in arteries 53. Furthermore,

it has recently been shown in a 3-dimensional spheroid coculture model
that direct contact with SMCs abrogates the VEGF-A responsiveness of
endothelial cells 54. On the other hand: ECs and SMCs are never in direct

contact in collateral vessels in contrast to the situation in the spheroid

model.
In a second approach, we investigated whether inhibition of VEGF-A

does affect arteriogenesis induced by femoral artery ligation in C57BL/6
mice. Animals were randomized to receive twice a week s.c. injections of
VEGF or solvent starting one day prior to surgery.
VEGF trap is composed of the Ig2 domain of VEGFR1 fused with the Ig3

domain of VEGFR2 fused with human Fc and at the stated dose strong-
ly inhibits tumor-growth and -angiogenesis in C57BL/6 mice. Hind-foot

perfusion was serially measured in C57BL/6 mice by Laser-Doppler

Influence of a soluble injectable VEGF trap on the recovery of blood flow following femo-
ral artery occlusion in C57/B1 6 mice. Superficial pedal blood flow, measured with Laser-
Doppler Imaging (LDI), shows a complete recovery (the right-to-left ratio reaches unity
after 14 days) and no influence of the trap (activity was checked on healing of a cutaneous
wound). Deep muscular blood flow in the calf was measured with Magnetic Resonance
Imaging (MRI), which shows only a <60% recovery and also no influence of the VEGF trap.
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imaging (LDI), hemoglobin oxygenation by transcutaneous oxygen spec-
trometry, calf flow by 2D TOF-MRI. BrdU uptake by collateral arteries
was quantified in adductor muscle cross-sections after feeding mice with
BrdU since the day before surgery. Our results showed that recovery of

hind limb perfusion/flow (Fig. 3) and oxygenation was not significantly
different between controls and VEGF trap treated mice. There was also

no significant difference between controls and VEGF trap treated mice in

the number of BrdU positive adductor muscle collaterals and the relative
number of BrdU containing cells in the walls of these vessels, indicating
that endogenous VEGF or related factors acting on VEGFR 1 and 2 do not
play a major role for collateral growth after femoral artery occlusion.

In summary, our data show that collateral artery growth in vivo is asso-
ciated neither with ischemia nor with an increased expression of VEGF-A.
The unchanged expression levels of flt-1 and flk-1 make it unlikely that
collateral artery growth is stimulated by VEGF-A mediated by an increased
availability of its two high affinity receptors32. These results show clearly
that VEGF-A is not normally involved in the induction of arteriogenesis.
However, arteriogenesis can be promoted artificially by administration of
VEGF-A due to its property to activate monocytes, although to a minor
extent. Nevertheless, VEGF-A exerts a biological function under normal
physiological conditions by acting as a survival factor for endothelial cells
in paracrine manner. In conclusion, our data demonstrate that VEGF-A
is not a natural agent to induce collateral artery growth in vivo and that
hypoxia and ischemia are not obligatory for arteriogenesis.

To further evaluate the role of hypoxia and ischemia for arteriogenesis,
we investigated different strains of mice. We studied C57BL/6, Balb/C and
129/Sv mice after femoral artery ligation. All mouse strains studied react-
ed to femoral artery occlusion with growth of collateral arteries. However,
the strains differed markedly in the intensity of lower limb ischemia and
collateral artery growth in the upper leg. The Balb/C strain developed
severe lower leg ischemia with a marked decrease in ATP content and
general break-down of high-energy phosphates (Fig. 4), early edema, focal
necrosis, and tissue loss. By Laser-Doppler Imaging and monitoring of
tissue oxygenation, Balb/C had the most incomplete recovery compared
with the other strains. The Balb/C mice showed a strong angiogenic re-
sponse in the lower leg and a minor arteriogenic response in the upper leg.
The C57BL/6 mice, in contrast, exhibited a lesser flow reduction upon
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31P Magnetic resonance spectra 12 hours after one-sided femoral artery ligation, 512
repetitions. Spectra were obtained in a 7.0 Tesla magnet by placing the region of interest
inside the acquisition area of a surface coil with a repetition time 1.5 sec and a flip angle
power that maximized the signal acquired. Both mice types show a considerable loss in
PCr and NTP in the calf muscle and the Balb/C mice show also ischemic losses in the
adductor muscle.
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acute femoral occlusion, only a minor brief drop in ATP content and no

tissue loss but a strong and fast arteriogenic response with early normal-
ization of blood flow. When further comparing C57BL/6 with Balb/C

mice, C57BL/6 mice had larger preexistent collaterals on in vivo magnetic
resonance angiography and a higher collateral dependent filling index on
postmortem x-ray angiography immediately after arterial occlusion. The
number of angiographically visible collateral artery vessels was higher in
C57BL/6 mice one week after arterial occlusion. Thus, the different de-
grees of ischemia directly after femoral artery occlusion are likely to be due
to the differences in size and number of preexisting collateral arteries.*

Strain-related differences in vascular remodeling have been described
before. In a carotid artery ligation model, multiple inbred mouse strains

were compared, and significant differences were found55. A trend for in-
creased carotid artery luminal areas on the ligated and non-ligated side in
C57BL/6J mice compared to 129/SvJ and Balb/CJ mice was observed55. In
a model of mycoplasma pulmonis induced growth of tracheal microvessels,
C57BL/6 mice responded with an increased number of capillaries and
venules, while in C3H mice the diameters of arterioles, capillaries and

venules increased56.
The significance of strain-related variations of preexisting collateral

arterial networks was highlighted by cerebral ischemia studies. The pos-
terior communicating arteries in the circle of Willis were found to be less
often patent in Balb/C than in BDF and CFW mice, and this was associ-
ated with an increased risk of infarction after creating focal or multifocal
cerebral ischemia57. The higher susceptibility of C57BL/6 compared to
129/Sv mice to ischemia by transient bilateral common carotid artery oc-
clusion was associated with poorly developed vascular connections in to

the intensity of ischemia 59. More serve ischemia leads to slower collater-
al artery growth and to smaller collateral diameters, because tissue loss is
a factor that reduces speed and extent of collateral growth, and with it

fluid shear stress is less.
Because of their small size, mice offer the unique opportunity to study

complete cross sections of hind limb muscle in which collateral arteries de-
velop permitting a non-selective histological approach, which would the cir-
cle of Willis of C57BL/658. Interestingly, differences in vasomotor reactivity

* The VEGF-trap and the mouse strain studies were carried out by A.H. and S.W.
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were observed in this study as well: C57BL/6 had a more pronounced va-
sodilation response of pial vessels to superfusion with acetylcholine than
129/Sv mice.

In summary, our studies contradict the reigning paradigm that pre-

dicts the more ischemia, the more vascular (in this case arteriolar) growth.
Our studies clearly show that the speed of arteriogenesis is inversely related
be too cumbersome in larger animals. By labeling studies with BrdU, we
made use of this advantage to define whether collateral artery growth is
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the result of remodeling of preexisting arteriolar connections or whether
they are also formed de novo. It was previously hypothesized that collateral

arteries may originate from recently sprouted capillaries that recruit SMCs
from the surrounding tissue and had thus formed an artery de novo.

Cross sections of the adductor muscles of C57BL/6 mice one week after
femoral artery ligation revealed no uptake of BrdU by capillaries. However,
several arteriolar vessels, as identified by their size (> ) and pres-
ence of a tunica media ( muscle actin positive), had a large
number of BrdU positive nuclei in all of their wall layers. In Balb/C mice,

the same histological picture emerged in regions of normal appearing
thigh muscle. In areas of tissue necrosis, some capillaries were positive for
BrdU. The percentage of BrdU positive cells in growing arteries was iden-
tical in both mouse strains. Thus, major strain-dependent differences in
preexistent inter-arterial connections exist and may result in very differ-
ent outcomes after femoral artery ligation, even with identical proliferative
activities in growing collateral arteries. Ultrastructural analysis (Fig. 5)
showed that veins and nerves accompanied growing collaterals, compa-
rable to the situation of quiescent arteries. Collaterals developed at well-
known locations and contained a marker of first origin for a considerable
time: remnants of the old lamina elastica. Our labeling studies using BrdU
or Ki67 showed that growth occurred by division of existing endothelial
cells and SMCs. The wall thickness also increased significantly, indicating
that real growth and not passive dilatation of vessels had taken place59.

Ultrastructure of a preexisting (5a, c, d) collateral vessel and 3 (5e, f) and 7 (5b) days after
femoral artery occlusion. 5a: Light microscope image of a preexisting collateral arteriole with
barely visible endothelium, thin media consisting of one layer of SMCs and a lumen fitted
with the contrast medium (L). “M” corresponds to muscle fibers. Semithin section, stained
with toluidine blue. Magnification x 625. 5b: Light microscope image of a collateral artery 7
days after occlusion of the femoral artery accompanied by a vein (V), nerve (N) and muscle
spindle (S). Semithin section, stained with toluidine blue. Magnification x 625. 5c: Electron
microscope image of a preexistent collateral arteriole. Lumen is filled with the contrast medi-
um where crystals of BiCl2 are visible. The frame indicates the part shown in D.
Magnification x 2500. 5d: Detail from 5c, showing a SMC of the contractile phenotype, the
intact lamina elastica interna (asterisk), fragments of non-activated endothelial cells with
typical pinocytic vesicles, a fibroblast (Fib) and a nerve (N). Magnification x 16500. 5e: Grow-
ing collateral artery three days after occlusion of the femoral artery. Nuclei of the activated
endothelial cells are protruding into the lumen (arrows). Macrophages (curved arrows) are
accumulated in the perivascular space. Electron microscopy, magnification x 1000. 5f: Detail
from e showing activated thick endothelial and a SMC with a large number of ribosomes in-
dicating increased protein synthesis. The lamina elastica interna (asterisk) appears partially
degraded. Electron microscopy, magnification x 9000. (reprinted from 59 with permission)



126 Chapter 6

In summary, our data clearly show that collateral artery growth is the
result of remodeling of preexisting vessels and render other hypotheses
obsolete that rely on the de novo formation of arteries. Furthermore, if
angiogenesis was the precursor of arteriogenesis it should happen in the
lower leg of the Balb/C strain, a location where collaterals were never rec-
ognized after femoral artery occlusion.

As a résumé of this chapter we arrive at the following statements: 1.
Collateral artery growth is not associated with an increased expression of
VEGF-A or its two high affinity receptors. VEGF-A does not represent a
natural agent to induce or promote collateral artery growth. 2. Further-
more, arteriogenesis is neither associated nor promoted by hypoxia or is-
chemia; on the contrary it is inversely related to the intensity of ischemia.
And 3rd, arteriogenesis is a result of the growth of preexisting arteriolar
connections and does not rely on the de novo formation of arteries.
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7
Monocytes and Cytokines

Matthias Heil and Elisabeth Deindl

The importance of attachment of circulating blood cells to the endothe-
lium of growing collateral blood vessels was described for the first time
in 19761. Data from further studies2 contributed to the development of
the hypothesis that the invasion of the arteriolar wall by monocytes
might be a key feature of arteriogenesis. Monocytes from the blood are
attracted to the collateral vessel endothelium and after their adhesion at
the vessel wall they transmigrate through the endothelium and invade the

perivascular space. The regulation of this recruitment process is triggered

by the local appearance of attracting and activating factors and by
increased expression of a panel of adhesion molecules, thus guiding cir-
culating cells to and through the collateral vascular wall.

Adhesion mechanisms
Under physiological conditions, monocytes and other leukocytes are
patrolling in the blood stream in a quiescent state with a low adhesion
tendency. Their conversion into an active state occurs by binding of
stimulatory factors such as cytokines, chemokines and other cell-derived
molecules. Monocyte adhesion to activated endothelium including that
of collateral vessels is mediated by a group of specific adhesion molecules
on monocytes termed integrins, and by intercellular adhesion molecules
(ICAM-1 and ICAM-2) and vascular cell adhesion molecules (VCAM-1)
on endothelial cells. Activation of the collateral vessel endothelium is
initiated after the occlusion of a major artery which leads to a passive
redis-tribution of blood flow. Preexisting collateral arterioles are now
recruited and exposed to mechanical forces. These forces are the initial
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triggers for activation of collateral endothelial cells (role of shear stress
and other mechanical forces are described in detail in chapter 5). During
the early phase of arteriogenesis additional triggers like cytokines (i.e.

modulate activation state of endothelial cells and lead to sus-
tained expression of adhesion proteins on the endothelial cell surface
(details on upregulation of cell adhesion molecules in this chapter).

Integrin expression on monocytes
Integrins are a group of heterodimers comprising of a variable
and a non-variable (see also chapter 9). The repre-
sents leukocyte-specific integrins, e.g. LFA-1 (leukocyte function associ-
ated antigen-1; integrin; CD11a/CD18) and Mac-1 integrin;
CD11b/CD18). Activation of monocytes by agonists triggers ligand bind-

ing to integrins3,4. In a process

called “inside-out signaling” or
“integrin activation”, integrins un-

dergo a conformational change.
Mediated by a small GTPase termed
Rho, surface expression of LFA-1
and Mac-1 is enhanced upon the
activation process5. A rapid presen-
tation of integrins on the cell sur-
face is based on the release from stor-

age pools and structural changes of
the cell membrane. In own experi-
ments using flow cytometry, in

which we stimulated monocytes
with growth factors such as vascular
endothelial growth factor (VEGF)
over a period of four hours, we de-
tected in addition to conformation
changes an induction of gene ex-
pression of integrins. Further-
more, flow cytometric analysis un-

raveled an increase in Mac-1 and
LFA-1 expression on the monocyte

Monocyte and endothelial cell adhesion molecules
involved in arteriogenesis. Abbreviations: ICAM
intercellular adhesion molecule; VCAM vascular
cell adhesion molecule; P- platelet-; E- endothe-
lial-; L- leukocyte-; LM- luminal side
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surface when cells were incubated with other growth factors like
and bFGF but also after stimulation with chemokines like MCP-1.

However, not only receptor presentation on the cell surface was aug-
mented, but conformational changes also modulated affinity and avidity
of the integrins. Studies performed in vitro using cultured human umbil-
ical endothelial cells (HUVEC) and isolated monocytes demonstrated
that these changes in Mac-1 and LFA-1 expression on the monocyte sur-
face stimulated their adhesion on and their transmigration through
endothelial monolayers. These data indicate that quiescent monocytes
patrolling in the blood stream have the ability to rapidly change their
properties upon specific stimulation to highly adhesive cells which then
can invade the vascular wall.

Interaction of monocytes and endothelial cells:
a multistep process
Invasion of the collateral vessel wall by circulating monocytes is a complex
process where several groups of adhesion molecules are involved.

Initially, monocytes travelling in the blood stream have to be slowed
down at the vessel wall. This first monocyte-endothelial cell interaction is
called tethering or rolling. Monocyte rolling is mainly mediated by a group
of adhesion molecules called selectins6. L-selectin (CD62L) on mono-
cytes binds to specific non-protein-structures termed Sialyl Lewis(x)
antigen (CD15) on the endothelial cell surface. Ligands for E-selectin

(CD62E) and P-selectin (CD62P) which are present on the activated
endothelium bind to corresponding types of Sialyl Lewis(x) antigen on
monocytes. In case of P-selectin these structures are exposed on P-selectin
glycoprotein ligand-1 (PSGL-1). Specific chemokines such as MCP-1
rapidly convert initial monocyte rolling on the collateral vessel surface to
a firm adhesion via the activation of leukocyte integrins7. Monocyte
adhesion is basically mediated by two integrin receptors on monocytes,
Mac-1 and LFA-1. Their corresponding binding partners on the vascular
endothelium are proteins of the Ig gene superfamily, intercellular adhe-
sion molecules, ICAM-1 and ICAM-2. In immunohistological studies we
were able to show that expression of ICAM-1 was markedly increased

on the endothelium of activated collateral arterioles and (constitutively)
on vascular smooth muscle cells8,9. In addition, data from a cell culture
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model suggested that this upregula-

tion of ICAM-1 and ICAM-2 ex-
pression was due to mechanical
forces: after two hours of fluid shear
stress a strong upregulation of
ICAM-1 was observed using human
umbilical vein endothelial cells8.
Furthermore, our in vitro adhesion
assays showed that inhibition of

either ICAM-1 or integrin by

monoclonal antibodies abolished
monocyte adhesion to HUVEC10.

We finally transferred these in vitro
studies to our rabbit model of fem-
oral artery occlusion. When the mon-
oclonal antibody against ICAM-1
was continuously infused after liga-
tion of the femoral artery in rab-
bits, collateral artery growth was re-
duced11. However, integrins and
ICAMs are not only responsible for

monocyte adhesion, they also play a

Multistep process of monocyte-endothelial cell
interaction which leads to a monocyte inva-
sion of the activated collateral arteriole. The
initial contact between circulating blood mon-
ocytes and vascular endothelial cells is mediat-
ed by selectins and oligosaccharide structures
(sialyl-Lewis X). Monocytes are slowed down
from the blood stream by these adhesion mole-
cule interactions in a process called rolling.
This is followed by a tight monocyte adhesion
at the collateral endothelium which is mediat-
ed by two integrins, Mac-1 and LFA-1 on mon-
ocytes and intercellular adhesion molecules
(ICAM-1 and ICAM-2) on endothelial cells.
These adhesion molecules also mediate mono-
cyte transmigration through the collateral vas-
cular wall. The role of VCAM-1 and VLA-4
for this process remains hypothetical.



Monocytes and Cytokines 135

key role in the transmigration process which finalizes monocyte invasion
of the activated collateral vessel. Again, we used monoclonal antibodies

against either ICAM-1 or integrin and were able to successfully inhib-
it monocyte transmigration through the HUVEC monolayer10. Increased

expression of a third member of the Ig gene superfamily, vascular cell
adhesion molecule-1 (VCAM-1), were also detected in immunohistolog-
ical investigations on the endothelium of collateral arterioles three days
after the occlusion of the femoral artery. Upregulation of VCAM-1 was
induced by incubation of endothelial cells with cytokines. Indeed,
VCAM-1 was described to be involved in leukocyte-endothelial cell inter-
actions by binding to its counterreceptor, VLA-4 integrin,

CD49d/CD29)12. However, the role of VLA-4 and VCAM-1 for monocyte
adhesion on endothelial cells or for monocyte transmigration through
the collateral vessel endothelium during the very initial phases of collat-
eral artery growth remains open. Our in vitro adhesion and transmigra-
tion studies revealed that blocking of integrins almost totally abolished
interaction between isolated monocytes and HUVEC suggesting that the

integrins are of major importance for the process, thus limiting the
impact of integrins in this process.

In summary, after activation of the endothelium of a preexisting col-

lateral arteriole, monocyte infiltration is regulated by a multistep process
with a panel of different adhesion molecule groups being involved. Che-
mokines such as MCP-1 play an important role in this initial phase of

monocyte infiltration, since their release mainly by endothelial cells
primes the quiescent circulating monocytes for this process.

Blood monocyte concentration is critical for
enhancement of arteriogenesis
Although adherent monocytes were found at the activated endothelium
of collateral arteries and both, in vitro and in vivo studies, indicated the
importance of circulating blood monocytes for arteriogenesis, we still
had to prove our concept functionally. By using the cytostatic agent 5-flu-

oruracil (5FU) we could manipulate blood monocyte concentration13.
Due to its cytotoxic properties, a bolus injection of 5FU in mice led to a
depletion of monocytes from the blood (in rabbits, the tolerated 5FU
concentration was not sufficient to induce a significant depletion).
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After several days, a rebound reaction
was initiated leading to a several fold
increase in blood monocyte concen-
tration (this rebound was similar in
mice and rabbits). If the femoral
artery of both mice or rabbits was
occluded during the monocyte
rebound, a significant increase in col-
lateral blood vessel growth was

observed. In contrast, if the femoral
artery of mice was occluded during
the monocyte depletion phase, arteri-
ogenesis was dramatically reduced.
However, when a monocyte rescue
was performed by injection of isolat-
ed monocytes from donor mice, the
reduction of collateral artery growth

was more than compensated13.
An additional confirmation of

these results was obtained when only
blood monocytes were depleted by in-
travenous injection of liposomes con-
taining cytotoxic bisphosphonates14.
Bisphosphonates are only cytotoxic
when they enter a cell. Since cells did
not take up free bisphosphonates, em-
bedding into liposomes was impor-

tant for its cytotoxic activity. On the
other hand, this procedure limited the

Blood monocyte concentration is important for
arteriogenesis. Right femoral artery of mice was
either ligated during pharmacological mono-
cyte depletion (5FU (dep.)) or monocyte re-
bound (5FU(reb.)). In a third group depleted
monocytes were rescued by monocytes isolated
from donor mice (mono transpl). *  p<0.05, +
p<0.01.

Accumulation of macrophages in the perivascu-
lar space of growing collateral arteries. Immuno-
histological detection of RAM-11-positive
macrophages (green) around the collateral ves-
sel wall (red, by muscle actin stain-
ing). Nuclei are stained blue.

bisphosphonate effects to phagocyting cells, mainly monocytes, thus giv-
ing a rather specific tool to investigate monocyte effects on arteriogene-
sis. Rabbits, which had been intravenously injected with bisphosphonate
liposomes, showed a complete depletion of blood monocytes as early as
twelve hours after injection. Monocyte levels returned to normal values
at day three (unpublished results). However, the depletion of monocytes
during the very brief time frame of 2-3 days, was sufficient to complete-
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ly abolish arteriogenesis to a level that was similar to acutely ligated ani-
mals14. When the femoral artery was ligated at day two or three after
injection of the bisphosphonate liposome (after monocyte blood concen-
trations returned to almost normal levels) no inhibition of collateral artery
growth was visible (unpublished result). This demonstrated the tight reg-
ulation of monocyte infiltration processes during the initial phases of
arteriogenesis. Furthermore, it showed that the blood monocyte-con-
trolled phase of arteriogenesis is very short and limited to the very early
steps of the process.

Monocytes/macrophages
stimulate collateral artery growth
In experimental arteriogenesis using femoral artery ligation, we could
show numerous times that monocytes infiltrated the collateral vessel wall
and perivascular tissue8,13,14. Typically, monocytes did not settle uniform-
ly along the collateral arteriole, but were found accumulated in clusters.
This interesting observation could be explained by the morphology of
the arteriolar network: Since preexisting collateral arterioles are not lin-
ear tubes but are more or less convoluted and additionally split into sub-
branches, the extent of blood flow and subsequently of endothelial shear

Inhibition of PlGF-stimulated arteriogenesis by injection of bisphosphonate-containing lipo-
somes which induced monocyte depletion from the blood. a: Angiogram of the rabbit thigh
seven days after ligation of the right femoral artery and infusion of PlGF. b: Angiogram from
a PlGF-treated rabbit with additional monocyte-depletion induced by bisphosphonate-con-
taining liposomes.
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stress in collateral vessel network after occlusion of the femoral artery are
not consistent. Thus, some areas of the collateral vessel wall are becom-
ing more activated than other areas with less mechanical stress. This in
turn may lead to areas with higher density of adhesion molecule expres-
sion on the endothelium and higher concentration of chemotactic fac-

tors, and conversely. Consequently, monocytes could be more attracted to
the more activated areas of the collateral vessel.

Once the monocytes have invaded the vascular wall, they mature into
macrophages and become a key stimulator of collateral artery growth.

Under these circumstances, monocytes resp. macrophages start to act as
“cytokine factories”, releasing numerous inflammatory and chemotactic
factors (e.g. MCP-1, IL-8, etc.), growth factors bFGF,
PDGF, etc.) and proteinases such as metalloproteinase-2 (MMP-2) (their
role in arteriogenesis is described in detail in chapter 6). By immunohis-
tology we previously could show that macrophages, which had accumu-
lated in the perivascular tissue of growing collaterals, express basic
fibroblast growth factor (bFGF)2. bFGF is one of the few growth factors
which have been shown to stimulate collateral artery growth (see chapter
10). In addition, production of tumor necrosis a
strong inflammatory cytokine with primary effects on endothelial cells,
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was detected in these macrophages2. Indeed, in vivo studies using a mouse
model demonstrated that is involved in collateral artery growth15,
probably by activation of endothelial cells (see below). The panel of fac-
tors which are released by monocyte-derived macrophages after invading
the area of collateral vessels regulate inflammatory processes, prolifera-
tion of endothelial cells, vascular smooth muscle cells and fibroblasts and
finally create the space for the enlarged collateral artery within the sur-
rounding tissue. Growing collateral arteries have a typical corkscrew like
morphology. This is because collateral vessels grow in diamneter as well
as in length. Since stem and reentry are fixed, the lengthening collateral
vessel folds into corkscrew loops. However, the accumulation of mono-
cytes/macrophages in certain clusters could lead to areas with higher
local macrophage-related cytokine levels and subsequently to increased
proliferation activity and vessel growth. As a consequence, the corkscrew-
like pattern may develop.

Chemokines and chemokine receptors
A major feature of arteriogenesis is that it shares typical mechanisms
with other pathophysiological inflammatory processes. Inflammation is
based on the successful orchestration of a variety of effector cells which
are guided by a heterogenous group of proteins termed cytokines. Cytok-
ines control cell activation, attraction, proliferation and differentiation
from progenitor cells. Typically, the cytokine effects on their target cells
are exerted by binding to specific cell surface receptors. After ligand bind-
ing, the receptors initiate intracellular signaling cascades leading to spe-
cific cellular responses.

A subset of cytokines, named chemokines, participate in the activa-
tion of leukocytes and the control of their movement during inflamma-
tory processes16. Chemokines are small polypeptides with molecular
weights between 8 and 12 kDa and share a 20-70% homology in their
amino acid sequence. Like all cytokines, chemokines bind to specific cell
surface receptors. Four members of the chemokine family are described
including

and The designation of these subgroups has
been conducted on the basis of the relative position of their N-terminal
cysteine residues17,18. I.e., in CC-chemokines, the first two cysteine resid-
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ues are adjacent to each other whereas in CXC-chemokines the first two
cysteine residues are separated by one amino acid.

While multiple evidence has been gathered that chemokines play an
important role in a variety of pathophysiological processes, mainly one
group of chemokines, the CC-chemokines, are of certain interest for the
understanding of cellular mechanisms in arteriogenesis. The target cells
of CC-chemokines are leukocyte subsets which have been related to arte-
riogenesis, above all monocytes/ macrophages. But CC-chemokines also
act on lymphocytes and basophils and all those cells have been associat-
ed with arteriogenesis at least by the observation of their morphological
appearance in the growing collateral vessel wall. CC-chemokines are
dominated by the group of monocyte-chemoattractant-proteins (MCPs)
of which five so far have been identified (MCP-1 to MCP-5)16. Other
members of this group are for example the group of macrophage inflam-
matory proteines and RANTES. CC-che-

mokines are highly specific ligands. Biological activity and cell selectivity
are critically controlled by the N-terminal amino acids. The exchange of
a single amino acid can reduce activity and specificity by a factor of 100
and more 19.

Chemokine receptors are named after their ligands, i.e., eight CC che-
mokine receptors are yet identified (CCR1 through CCR8). Chemokine
receptors represent a group of G-protein-coupled cell surface receptors
and are expressed on different types of leukocytes. Besides the regulation
via local expression of the ligands, chemokine signaling is also regulated
by the expression pattern of their receptors. While expression of some
receptors is restricted to certain types of leukocytes (e.g. CXCR1 is found
only on neutrophils) and effects of their ligands are therefore limited to
the particular cell types, other chemokine receptors possess a wide ex-
pression range. In particular, CCR2 can be found on monocytes, macro-
phages, T-cells, natural killer cells, dentritic cells and basophils. Never-

6) Chemokines and chemokine receptors on leukocytes. Chemokines are classified on the basis
of the relative position of the cystein residues. In CXC-chemokines (also termed

one amino acid separates the first two cysteins, in CC-chemokines the
first two amino acids are adjacent to each other. The C-chemokine lymphotactin includes
only two cysteins. In CXXXC-chemokines, three variable amino acids separate the first two
cystein residues. Abbreviations: MCP: Monocyte chemotattractant protein, MIP: macro-
phage inflammatory protein, RANTES: regulated upon activation normal T-cell expressed
and secreted, GRO: growth-regulated oncogene, SDF: stromal-cell derived factor, R: receptor.
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theless, regulatory mechanisms are also established under these circum-
stances: Only monocytes and macrophages express CCR2 constitutively
on their cell surface. As a negative feedback, expression of the receptor is
reduced upon stimulation of the monocytes/ macrophages, e.g. by bacte-
rial lipopolysaccarides. As a consequence, sensitivity of activated cells to
the CCR2 ligand MCP-1 is dramatically reduced, but these cells are still
sensitive to other CC-chemokines like which binds to CCR1 and
CCR520. In contrast, no basal CCR2 receptor expression is found on other
lymphocytes, but expression is induced after stimulation with inter-
leukin-2, therefore making these cells insensitive for MCP-1 signaling in

the absence of particular co-stimulating factors21.

Intracellular signal transduction
Binding of an appropriate chemokine to its receptor induces a complex
intracellular signaling cascade leading to a specific cellular response like
cell migration or induction of protein biosynthesis. Like other members
of the G-protein receptor family, chemokine receptors are functionally

Chemokine signaling: intracellular signaling pathway. After MCP-1 bound to its receptor on the
monocyte surface, an intracellular signal transduction cascade is initiated leading to cell acti-
vation, mobility and expression of proteins such as adhesion molecules and cytokines.
Abbreviations: MCP: monocyte chemoattractant protein, CCR chemokine receptor, PKC pro-
tein kinase C, phosphoinositol triphosphate, phosphatidylinositol 4,5-diphosphate,
GTP: guanosin triphosphate, DARC: duffy-antigen receptor for chemokines, EC: endothelial cell.
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linked to phospholipases through G proteins, most of them in particular
by 22-24. The intracellular signaling cascade comprises genera-

tion of inositol triphosphate, release of calcium-ions from their intracel-
lular stores like the endoplasmatic reticulum and activation of protein

kinase C25. Subsequently, the signal is transduced to the nucleus where

gene expression, e.g. of genes linked to inflammatory processes, is initiat-
ed. Moreover, two groups of guanosine triphosphate binding proteins,
proteins of the Ras and Rho family are activated5. Rho proteins are

involved in cell motility because they regulate actin-binding processes
along the cytoskeleton: Cell membrane ruffling and pseudopod forma-
tion are important steps in the induction of cell migration. Furthermore,
so-called focal adhesion complexes comprising a panel of adhesion mol-
ecules (mainly integrins and selectins), which are required for interaction
procedures with neighboring cells, are formed by contractions and other

mechanical modifications of the cytoskeleton. Thus, chemokine recep-
tors activate multiple intracellular signaling pathways guiding the cell to
a specific activation and migration route.

The mechanism of action of chemotactic factors is still rather hypo-
thetic. It seems to be more or less obvious, however, that in order to at-

tract cells to a certain area, a concentration gradient of the designed
chemotactic factor has to exist. A systemic increase in the concentration
may only support cell adhesion and migration by activating effector cells
which then in turn increase expression of adhesion molecules. Interest-
ingly, chemokines are basic proteins which can bind to negatively charged

heparin and heparan sulfate26,27. Therefore, MCP-1 produced and released
by endothelial cells of the activated collateral arteriole may bind to the
heparan sulfate proteoglycans on the surface of these endothelial cells,
thus establishing a gradient with a peak at the area of highest activation28.
A receptor on erythrocytes termed duffy-antigen receptor for chemokines

(DARC) has no signaling function and is assumed to be a sink for plas-
maticMCP-1.

Role of chemokines and chemokine
receptors in arteriogenesis
In the last twenty years the observation of macrophages in proximity to
collateral arteries had been reported several times. As mentioned before,
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in mice and rabbit studies we were able to correlate the extend of collat-
eral artery growth with the concentration of circulating blood monocytesl3.

These observations inspired us to search for a mechanism which leads to
the accumulation of monocytes and -after their maturation- macrophages
around growing collateral vessels. The first evidence of a specific attrac-
tion process was gathered when MCP-1 was locally infused into the col-
lateral blood vessel network after occlusion of the femoral artery in the
rabbit hind limb, thus leading to a dramatic improvement of the growth
process29. In addition, MCP-1 was tested in a minipig model30. Local

infusion of MCP-1 enhanced collateral conductance almost twofold
compared to controls. Furthermore, investigations in MCP-1 gene defi-
cient mice showed a reduced hind limb perfusion in the knockout group
when compared to control animals31. This reduction could be rescued by
local infusion of MCP-1. Blood flow reduction was associated with
decreased rates of monocyte accumulation around the collateral vessel,
although monocyte infiltration was completely not abolished. From the
results of these studies we hypothesized, that parts of the same mecha-
nism which generates atherosclerosis under different circumstances, may
now have beneficial effects in enhancing the growth of collateral arteries.
This could be a result of the distinct regulation of the expression pattern
of chemokines and their receptors. We were able to collect additional
indications for the latter assumption, since in contrast to MCP-1 local
application of additional chemokines like RANTES
and lymphotactin did not improve arteriogenesis (unpublished results)
in our rabbit model. The CC-chemokine receptor-2 is the major receptor

for MCP-1 in humans and the exclusive MCP-1-receptor in mice. There-
fore, we focused on the investigation of the role of the MCP-1-CCR2 sig-
naling pathway during arteriogenesis. Fortunately, a CCR2 gene-deficient
mouse strain was established previously32. Using this mouse strain we
were able to obtain important information on the mechanisms by which
monocytes participate in arteriogenesis. Our hypothesis that the CCR2 is
responsible for monocyte attraction during the initial phases of collater-
al artery growth was impressively confirmed. Data obtained from CCR2
knockout mice showed a dramatically reduced recovery of

blood perfusion distal to the ligation side, which is a strong indication for
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reduced collateral artery growth33. This correlated with other physiologi-
cal parameters like the reduction in hemoglobin oxygen saturation in the

foot from the ligated side but was also reflected by functional parameters:

Due to the reduced blood supply distally to the ligation side the knock-
out mice showed signs of an impaired active movement of their operat-
ed leg. Histological morphometry of the collateral vessel size demon-
strated that indeed the mentioned observations were caused by the
reduced collateral artery growth rate in the CCR2-deficient mice34.

By using a specific monoclonal antibody we could illustrate and
quantify the accumulation of monocytes and their mature form, macro-
phages, in the perivascular space around the growing collateral vessel.
Interestingly, in mice the monocytes were not completely abol-
ished. A moderate number of cells was concentrated in the collateral ad-
ventitia. In contrast, when we investigated the distribution of monocytes
and macrophages in corresponding tissue of wildtype animals, we not
only found a markedly higher number of accumulating monocytes but
also a larger monocyte infiltration area. Parts of the skeletal muscle in close
proximity to the collateral vessels showed a strong aggregation of leuko-
cytes. Leukocyte infiltration into tissue is a typical sign for an inflamma-
tory process. Since we can exclude that femoral artery occlusion leads to
major ischemia in the adductor muscles of the upper limb, where collat-
eral arteries mainly grow (depending on the mouse strain, ischemia may
appear in other parts of the thigh), the mechanism which induces inflam-
mation may not be induced by the lack of oxygen in these areas. Other ini-
tiating processes may be operative: Mechanical forces leading to an acti-
vation of the preexisting collateral arteriole are the major candidates for a
potential trigger of the inflammatory cascade.

Arteriogenic potency of factors can be
secondary to monocytes
In addition to chemokines and their receptors other classes of cytokines
such as growth factors, colony stimulating factors and proteases can con-
tribute to collateral artery growth. By analyzing the mechanisms of their
contribution, it became obvious that many of the processes are second-
ary to monocyte or macrophage actions.
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Vascular endothelial growth factor and Placenta growth factor
Vascular endothelial growth factor (VEGF) is the major inducer of angi-
ogenesis35. Because VEGF stimulates capillary growth in response to
hypoxia its expression describes a response to the increased need of nu-
trients and oxygen of growing tissues. Furthermore, VEGF was associat-
ed with de novo growth of blood vessels in adult organism which is gen-
erally termed neovasculogenesis36, and we could show that VEGF pro-
motes experimental arteriogenesis14. Although our own results clearly
show that endogenous VEGF does not contribute to arteriogenesis under
‘normal’ conditions (see Chapter 4 Deindl), we and others found that
VEGF applied exogenously has the capacity to promote arteriogenesis, at
least to a minor extent.

Some of the VEGF-effects on endothelial cells and vascular system
like increase of vascular permeability or induction of tissue factor, a
major trigger of blood coagulation37, may interfere with processes

involved in collateral vessel growth. In order to unravel the mechanisms
controlling VEGF-activities in arteriogenesis, we performed studies

focusing on the role of the two VEGF-receptors, VEGFR-1 (also named
flt-1) and VEGFR-2 (also named flk-1/kdr). Endothelial cells express
both receptors but VEGFR-2 seems to play a dominant role in mediating

activity in those cells38. In contrast,
monocytes only express VEGFR-1.

We therefore hypothesized that
VEGF signaling in arteriogenesis
could in contrast to angiogenesis be
mediated via the VEGFR-1 on
monocytes. Our approach to this
question was to apply receptor spe-
cific ligands of the VEGF-family in
our rabbit model. Placenta growth
factor (PlGF) was previously iden-

tified as a specific ligand for
VEGFR-139. Seven days after femo-
ral artery occlusion we found PlGF

in the number of visible collateral

Vascular endothelial growth factor (VEGF) and
receptors. VEGF binds to VEGF receptor (VEGFR)
-1 and -2. In contrast, the VEGF-homologue pla-
centa growth factor (PlGF) hinds specifically to
VEGFR-1 only and the orf-virus derived VEGF-E
to VEGFR-2.
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arteries and collateral blood conductance superior to both VEGF and the
VEGFR-2 specific ligand VEGF-E. In an additional experiment we
deleted the monocytes from the blood of PlGF-treated animals which
totally abolished collateral artery growth. These findings strongly sug-
gested that the VEGFR-1 is the important VEGF receptor for arteriogen-
esis. Furthermore, it suggests that the signaling events evoked by VEGFR-1

contribute more to collateral formation than VEGFR-2 mediated signal-
ing. The fact that PlGF was superior to VEGF could have two reasons:
First, VEGF could have been immobilized by endothelial cells via their
VEGFR-2 which could have made it inaccessible for circulating mono-
cytes. Second, the side effects of VEGF could have been counterproduc-
tive to arteriogenesis.

In conclusion, the study shows that VEGF-induced enhancement of
arteriogenesis is most probably mediated via the VEGFR-1 and is sec-
ondary to monocyte recruitment.

Transforming growth
Transforming growth was reported to be chemoat-
tractive for monocytes40 and increase gene expression in a variety of cells
including monocytes40,41. Furthermore, collateral vessel growth was
detected in nonischemic regions40. We therefore investigated whether
treatment with could enhance arteriogenesis42. that was
found to be activated was detected immunohistochemically within and
around growing collateral arteries of controls and of rab-
bits three days after femoral artery ligation. However, in rabbits with
additional infusion of immunolabeling was strongly increased.
Furthermore, we could demonstrate by flow cytometry that in-
creased integrin expression on isolated monocytes and increased their
adhesion on endothelial cells. This data, showing that has multi-
ple effects on monocytes and macrophages were reflected by our in vivo
findings: Seven days after ligation of the femoral artery and local infusion
of collateral conductance was increased when compared to

buffer-treated animals. Our data show that –similar to other arteriogenic
cytokines- the effect is at least partly secondary to monocytes
which are activated and attracted by
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Urokinase-plasminogen activator
Two plasminogen activators, urokinase-plasminogen activator (u-PA)
and tissue-plasminogen activator (t-PA) belong to the fibrinolytic sys-
tem. Both factors can potentially convert the zymogen plasminogen into

its active form plasmin43. u-PA has been implicated in pericellular prote-

Laser Doppler Imaging (LDI) of blood
flow in u-PA-, u-PAR- and tPA-gene
deficient mice after femoral artery liga-
tion. Figures show representative LDI of
wildtype animals (a),

and  mice 14 days after
femoral artery ligation. e: Quantifica-
tion of hind limb blood perfusion over
three weeks using LDI.
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olysis during cell migration or tissue remodeling. Furthermore, the plas-
minogen system is known to be involved in angiogenesis and vascular
remodeling by modulating adhesion and migration of monocytes and
other leukocytes. Consequently, in the rabbit femoral artery occlusion
model we found an upregulation of u-PA mRNA in the quadriceps mus-
cle during early phases of arteriogenesis which correlated with increased
u-PA activity44. In contrast, in accordance with the literature45, our data
did not show any increase in t-PA mRNA expression and activity during
arteriogenesis. In order to unravel the role of different factors of the fib-
rinolytic system in more detail, a second panel of experiments was per-
formed in the mouse model using gene-deficient mice. In addition to the
confirmation of our rabbit data, the mice experiments demonstrated that
only mice showed a pronounced reduction in blood flow recovery
after femoral artery ligation. In contrast, when the u-PA receptor (u-
PAR) gene was disrupted, blood flow recovery was not altered from the
control group indicating a u-PAR independent role for u-PA in arterio-
genesis. Furthermore, mice did not show an effect, either.

Since u-PA was demonstrated to stimulate monocyte invasion46, at
least a part of the u-PA effect could be secondary to monocytes. We there-
fore analyzed the accumulation of leukocytes in the quadriceps muscle
three days after femoral artery occlusion. While numbers of activated

macrophages and granulocytes were reduced in mice, no differ-
ence to control animals was determined in and mice, con-
firming previous data that u-PA promotes monocyte migration inde-
pendently from the u-PAR47. In addition to the stimulation of monocyte
migration, u-PA might increase gene expression by monocytes and may
stimulate release of matrix metalloproteinases, and others48-50.

Besides its monocyte-specific role in arteriogenesis, u-PA also seems
to promote arteriogenesis by an alternative pathway: u-PA has been
described to play a role in smooth muscle cell migration, a process where
the u-PAR is involved but is not necessarily required51. The mechanism
most likely is based on the fact, that the serinprotease u-PA converts the
zymogen plasminogen to the active protease plasmin. Plasmin in turn
degrades the extrecellular matrix and interstitial tissue in the microenvi-
ronment of the growing collateral vessel thereby creating pathways for
migrating smooth muscle cells. However, there also may be a contribu-
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Leukocyte distribution in u-PA-, u-PAR
and tPA-gene deficient mice after fem-
oral artery ligation. Macrophages were
detected three days after ligation around
collateral arteries by endogenous biotin.
Figure shows section from a wildtype
mouse after ligation (a) or sham oper-
ation (b). c: Quantification of macro-
phage accumulation around collateral
arteries in wildtype,
and animals. CA: collateral
artery

tion of macrophages to this process in addi-
tion to their own production of tissue-de-
grading enzyms: u-PA may bind to u-PAR on
the macrophage surface, thus accumulating
additional lytic activity in the perivascular
space of the collateral vessel.

Finally, u-PA may contribute to the produc-
tion of proteins by smooth muscle cells, since
u-PA expression has been correlated to the
proliferative phase of vascular smooth muscle
cells52. Furthermore, it has been shown that u-
PA can act as a smooth muscle cell mitogen47.

Granulocyte monocyte-colony stimulating factor
Colony stimulating factors (CSF) influence

the development of blood cells and their
release from the bone marrow. Granulocyte-
macrophage colony stimulating factor (GM-

CSF) in particular is involved in stem cell
proliferation, differentiation and survival.
Therefore, treatment with GM-CSF stimu-
lates mobilization of monocytes and their
progenitors from bone marrow into periph-
eral blood. However, in our study we decided
to apply GM-CSF locally over a period of
seven days into the collateral system53. Thus,
systemic concentrations of GM-CSF re-
mained very low. Consequently, monocyte
concentration in the peripheral blood stream

did not increase significantly. Nevertheless,
we could observe a distinct increase in collat-
eral conductance in GM-CSF-treated rabbits
when compared to buffer-treated controls.

By FACS-analysis we could show that GM-CSF strongly reduced apopto-
sis of blood monocytes. Furthermore, a reduced number of apoptotic
macrophages along the collateral network was observed using the TUN-
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NEL-assay. In conclusion, we were able to show that in experimental arte-
riogenesis GM-CSF promoted collateral vessel growth by prolonging the
life cycle of both, blood monocytes and tissue macrophages. Subsequent-
ly, these cells have a longer time frame to produce and secrete arteriogenic
factors. Additionally, a group of rabbits was treated with two factors, thus
combining two strategies: Local infusion of MCP-1 was used to increase
monocyte attraction and GM-CSF was used to increase their life span.

Not surprisingly, this treatment caused a synerigistic effect: Collateral ar-
tery growth was strongly enhanced and collateral conductance after seven
days was almost 50% of the physiological perfusion values 53.

GM-CSF was the first cytokine which had been successfully tested in
coronary artery disease (CAD)-patients 54: Coronary collateral flow in
these patients was significantly increased -compared to a placebo-treated
control group- when GM-CSF was applied in a combination of intra-
coronar (bolus) and subcutaneous (over two weeks) injection. In the GM-
CSF-treated group, blood monocyte concentration after treatment was

more than twice of the concentration before treatment. Most likely, this is
based on two effects, the prolongation of monocyte survival and increased
mobilization of monocytes from bone marrow.

Tumor necrosis
The role of tumor necrosis in arteriogenesis has been
discussed controversially. Based on unpublished experiments on gene-defi-
cient mice in our group from the nineties which indicated a role for

in arteriogenesis, immunohistological studies in rabbits revealed that
monocytes which had accumulated around the collateral vessel showed

expression 2. Also in this study, a group of animals received bacte-
rial endotoxin, which is the strongest inducer of in monocytes.
However, no enhancement of collateral conductance was achieved by this
treatment. Instead, only angiogenesis in the ischemic lower limb was en-
hanced. Later on, a study was performed using and

knockout mice 15. The results from this investigation suggested that
arteriogenesis was reduced in either of those gene-deficient mouse strains
implicating an involvement of in collateral artery growth. However,
when this study was repeated with knockout mice and littermates which had
been backcrossed into the CS7BL/6 strain, these differences disappeared55.
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This discrepant outcome of the two cited studies suggests that
does not neccessarily play a crucial role in arteriogenesis. One can hypoth-
esize that the most prominent function of in the process would be
its ability to potentially stimulate endothelial cell activation. However, it
is unclear if such an activation is really needed during collateral artery
growth because the main trigger of activation of the collateral endothelial
is mechanical stress (shear stress) induced by blood flow (see chapter 3).
This is most likely the important step to induce monocyte attraction,
activation, adhesion and invasion. A stimulation of collateral endothelial
cells by (which probably would be monocyte-derived) could only
help to maintain the activity potency of the collateral endothelium in a sec-
ond phase. If such a modulation is required for arteriogenesis is doubt-
full, since our studies on monocyte kinetics suggest that monocyte inva-
sion might be important only in the very early phases of arteriogenesis.

Conclusion
Monocytes play a crucial role, since they act as ubiquitous “cytokine fac-
tories”, responsible for activation, proliferation and migration of other
cells types like endothelial cells and smooth muscle cells. Although our
studies made it quite obvious that monocytes play the key role in arteri-
ogenesis, optimal collateral vessel growth can only appear if each factor
of the chain is available for the system.

Second, monocytes are a possible target for a therapeutic approach to
enhance arteriogenesis in patients. This therapy could either be based on

a treatment increasing monocyte numbers in the blood, it could increase
their ability to invade the collateral vessel wall by increasing expression of

adhesion molecules on the monocyte surface or it could stimulate cytok-
ine production. Increased production of arteriogenic factor would then
enhance the process as an alternative of a single factors treatment. Finally,
a third route is conceivable: Monocytes could act as vectors to deliver
arteriogenic factors to the collateral system.

A summary of the findings described is presented in figure 11.
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8
Bone Marrow-Derived Cells

Tibor Ziegelhoeffer, Sawa Kostin, Borja Fernández,
Matthias Heil and Wolfgang Schaper

During embryonic life the vascular system arises from mesodermal
precursor cells called angioblasts that invade the different embryonic
organ primordia and assemble in situ to form the primary capillary
plexus. This process has been termed vasculogenesis. It is followed by
sprouting and non-sprouting angiogenesis of the primary, capillary plex-
us, and further differentiation, maturation and remodeling processes
which finally result in the mature vascular system 1,2.

Recently, the concept that vasculogenesis is restricted to embryonic life
has been questioned. Bone marrow-derived stem or endothelial progen-
itor cells have been proposed to circulate in adult organisms, to be
recruited to, and to incorporate into sites of physiological and patholog-
ical neovascularization3,4. Furthermore, transplantation of these cells
appears to augment recovery of perfusion and function in models of
myocardial and peripheral ischemia5-9. To differentiate circulating endothe-
lial progenitor or bone marrow-derived cells from native endothelial cells
in vivo fluorescent carbocyanine DiI-labeled cells, as well as sex-mismatched
and reporter gene-labeled cells isolated from bone marrow or from circu-
lating blood have been transplanted into recipient animals4,7,10,11. The
reported relative contribution of transplanted cells to the endothelium of
growing vessels varies widely, from almost no incorporation to more
than 50%7,12. Moreover, the results of some recent studies using laser
scanning confocal microscopy have suggested that the transdifferenti-
ation of bone marrow-derived cells into organ specific cells may occur
less frequently than anticipated. Wagers et al.13 employed a GFP-marked
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hematopoietic stem cell transplantation model as well as parabiosis

model to investigate a tissue chimerism of recipient and parabiotic ani-
mals. After cell transplantation they were able to detect only 1 GFP-pos-
itive non-hematopoietic cell in the brain and 7 positive cells in the liver
of recipient animals, whereas no positive cells were found in the kidney,
gut, skeletal muscle, cardiac muscle and lung. In their parabiosis model
no partner-derived GFP-positive non-hematopoietic cells were detected

in recipient animals. Similarly, Hillebrands et al.14 reported only a margin-
al endothelial contribution (1-3 %) of bone marrow-derived cells in a model

of transplant arteriosclerosis in rats and
strain combinations). Castro et al.15 reported the failure of LacZ-positive
bone marrow cells from Rosa26 mice to transdifferentiate into neural
cells in recipient animals. On the other hand, there are numerous studies
describing a positive effects of endothelial progenitor or bone marrow-
derived cells on blood flow recovery in various models of ischemic tissue
revascularization4,7,10,11. The described positive effects on blood flow
recovery were interpreted to be related to the incorporation of these cells
into growing capillaries. However, there is much evidence to suggest, that
after occlusion of a major artery the growth of true “bypass” arteries,
arteriogenesis, is the most effective and therefore necessary process to
restore bulk blood flow to the affected limb 16-18. Therefore, the crucial
question in explaining the positive effect of circulating bone marrow-
derived cells on blood flow recovery is whether these cells participate in
collateral artery growth. In a recent study, we addressed this question in
our mouse model of hind limb ischemia, which allows us to spatially sep-
arate angiogenesis (occurring in the distal ischemic bed) and arteriogen-
esis (occurring in the upper leg). Additionally, we implanted BFS-1
fibrosarcoma cells 19 subcutaneously on the back of the mice and 3 weeks

later we studied whether bone marrow-derived cells had incorporated
into the vessel walls during the end-stage tumor growth. In order to track
and distinguish the cells of bone marrow origin from the tissue-resident
ones, we transplanted lethally irradiated C57BL/6J mice with bone mar-
row from their eGFP-transgenic littermates. Using flow cytometry and

histological analysis we confirmed that all of the cells of transgenic ani-
mals, with exception of hair cells and erythrocytes, constitutively express
GFP (cac/eGFP) as previously reported 20. Six weeks after transplantation
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79-86%, and up to 93% after six months, of nucleated cells in peripher-
al blood expressed GFP, thus confirming the successful bone marrow
engraftment and hematopoietic reconstitution. Moreover, data obtained
by colony-forming assays, endothelial progenitor cell assays and flow
cytometry analysis indicate that all transplanted animals had an appro-
priate pool of stem/progenitor cells at the time of surgery.

We performed a rigorous analysis of proximal hind limb tissue with
growing collateral arteries, gastrocnemius muscles with ischemic and
normoxic tissue, end-stage tumors, spleen, liver, heart, lung, kidney and
intestine using conventional fluorescence and high power laser scanning
microscopy in order to verify whether bone marrow-derived cells trans-
form into vascular cells under different conditions (Fig. 1). Endothelial
and smooth muscle cell markers were used to confirm incorporation of
these cells into growing or quiescent vasculature. We never found co-
localization of GFP-signals with endothelial or smooth muscle cell mark-
ers. GFP-positive cells were frequently found in the perivascular space
and interstitium (Fig. 2). These cells were identified as leukocytes, mono-
cytes/macrophages, T-lymphocytes, fibroblasts and pericytes by shape
and distribution in the tissue as well as by co-localization with specific
markers (CD45, F4/80, CD3, vimentin, Figs. 3 and 4). In some cases con-
ventional fluorescence microscopy and confocal microscopy using thick
sections of vascular structures showed co-localization of endothelial
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Accumulation of bone marrow-derived cells around growing collateral arteries 3 weeks
after femoral artery occlusion. Red = BS-1 lectin; blue = nuclei. a: Numerous GFP-posi-
tive cells are clustered around growing collateral artery (CA), however, not co-localizing
with endothelial cell marker BS-1 lectin. b: Only a few GFP-positive cells are found
around quiescent collateral arteries (CA).

marker BS-1 lectin or smooth muscle cell markers with GFP-signals.
However, using high resolution confocal microscopy, we revealed that
overlapping of signals was due to the convolution of perivascular cells
around vessels and therefore clearly identify these signals as belonging to
separate cells.

Thus, in our experimental models of hind limb ischemia and tumor
growth, we have not found any evidence of postnatal vasculogenesis or an
integration of bone-marrow-derived or circulating cells into the endothe-
lium or tunica media of vessels. In order to test whether the irradiation or
bone marrow transplantation itself had influenced the incorporation of
bone marrow-derived cells into the vessel wall and thereby decelerate
blood flow recovery we performed relative blood flow and hemoglobin
oxygen saturation measurements in the mouse feet before, -immediately

3) Co-localization of GFP with CD45 (red), F4/80 (red) and CD3 (red) around growing col-
lateral arteries 1 week after femoral artery occlusion. a and b: Clusters of GFP-positive cells
around a collateral artery (CA) were mostly composed of CD45-positive cells demonstrating
the leukocytic identity of bone marrow cells accumulating specifically around growing collateral
arteries. Note that some (approximately 10%) of the CD45-posilive cells are GFP-negative
(arrows) supporting the results obtained by flow cytometry. c and d: Immunofluorescent sig-
nals for F4/80. Most perivascular GFP-positive cells are monocyte/macrophages. e and f: Some
of the GFP-positive perivascular cells co-localize with the T lymphocyte-specific CD3 marker.
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Co-localization of GFP with vimentin (red) in
the gastrocnemius muscle. Blue = nuclei. a and
b: Typical elongated fibroblasts in the fascia of
the gastrocnemius muscle show red vimentin fil-
aments together with GFP signals. c: Bone mar-
row-derived interstitial fibroblast (arrow) shows
vimentin filaments (red) surrounding GFP sig-
nals into the cytoplasm. Adjacent vimentin-pos-
itive fibroblasts are GFP-negative (arrowheads).

after, on day 3 and on day 7 after the
femoral artery ligation. We did not
observe any differences between trans-
planted and non-transplanted animals
at any timepoint (Fig. 5). Thus, we pro-
vide functional data that the incorpo-
ration of bone marrow-derived cells
into the vessel wall of growing collater-
al arteries is not required for successful
blood flow recovery after femoral
artery ligation. Moreover, intraperi-
toneal administration of rhVEGF,
which has been reported to promote
mobilization of bone marrow-derived
stem cells21,22, did not lead to any
demonstrable incorporation of GFP
cells in the vasculature of these mice.
These data are conflicting with other
studies evaluating the role of endothe-
lial progenitor or bone marrow-de-
rived cells in blood flow recovery using
similar or related models of ischemic
tissue revascularization4,7,10,11 reporting
various numbers of these cells incorpo-
rated into the growing capillaries.

However, findings of such incorpora-
tion were based on the use of conven-
tional light or fluorescence microscopy
with substantial variations between
magnifications used.

Our results suggest that conven-
tional microscopy techniques may not
be sufficient to rule out “pseudo dou-
ble-labeling”, i.e., immunostaining from

two cells in close proximity to each other appearing to originate from a

single cell. Moreover, some studies, in which vascular incorporation of



Bone Marrow-Derived Cells 165

progenitor cells was found, used iso-
lated cells of human origin without
immunosuppression, which makes
the interpretation of these results
difficult 4,7. The use of so called
“endothelial progenitor cells” in
these studies is also controversial.
Endothelial progenitor cells have
been isolated from peripheral blood
and suggested to enhance angiogen-
esis after infusion into host animals
7,23,24. The isolation procedure con-

sisted of density gradient centrifu-
gation of peripheral blood and sub-
sequent culturing of the isolated
peripheral blood mononuclear cells on fibronectin. These cells were orig-
inally characterized by uptake of acetylated LDL and binding of Ulex-
lectin7,24 and therefore considered to be consistent with endothelial cell
lineage. However, such a characterization turns out to be insufficient due
to a wide heterogeneity of the isolated cell population and thereby con-
fuses the interpretation of cellular contribution to vessel growth. Al-
though the original cell population referred to as EPCs shared certain
characteristics with endothelial cells, such as uptake of acetylated LDL,
binding of Ulex-lectin, expression of PECAM (CD31), a marker found on
endothelial cells and monocytes, only a minority of them expressed endo-
thelium-specific markers like VE-cadherin or E-selectin (CD62E) 25. Addi-
tionally, only a very small portion of them expressed endothelial and hem-
atopoietic stem or progenitor cells marker CD34 and even less markers for
hematopoietic stem or progenitor cells like AC 133 and c-kit (CD117)25-27.

Moreover, a vast majority of them expressed monocyte/macrophage
markers, such as CD11c, CD11b (Mac-1) or CD14, and nearly all of
them, more than 99%, expressed the panleukocyte marker CD45 sug-
gesting that they were derived from monocytes/macrophages 25. Finally, as
recently reported, these “EPCs” failed to proliferate in cell culture but
were able to secrete some angiogenic factors like vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), granulocyte

Serial measurements of Laser-Doppler perfusion in the
hind limbs of transplanted and non-transplanted,
non-irradiated mice until day 7 after surgery showing
that neither irradiation nor subsequent bone marrow
transplantation did affect blood flow recovery at the
time of histological evaluation.
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colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF). This implies that their proangiogenic
effect may be due to the paracrine secretion of growth factors rather than

providing endothelial cells for the growing capillaries 25. Thus, a better
characterization and purification of single homogenous populations is
needed in order to compare these studies and draw a final conclusion.

Currently, the original “EPC” population is suggested to be composed
of at least 3 different cell population: the “true” EPCs originating from
bone marrow, circulating EPCs originating from bone marrow or from
EPCs embedded in different organs and the systemic vasculature, and
myelomonocytic cells (for review see 28). Nevertheless, in the light of our
current findings and the relatively high internal proliferative activity in
the growing preexisting collateral arteries it is not very likely that bone
marrow-derived “true” EPCs would contribute substantially to the en-

largement of the endothelial layer of these vessels as a natural response to
injury. However, this does not necessarily imply that exogenous applica-
tion of stem- or progenitor cells will not have a boosting and therapeuti-
cally useful effect. First, it is possible that the isolation and subsequent
culture of progenitor cells under special conditions change the properties
incorporating capacity of these cells. Second, the amount of naturally
present bone marrow-derived progenitors in the peripheral blood is very
low representing much less than 1 % of the cells in the circulation.
Although the relatively moderate mobilization of bone marrow-derived
cells by application of VEGF did not lead to any incorporation of these
cells into the vessel wall of growing arteries in our model, the amount of
exogenous cells administered i.v., i.a., or i.p. will exceed this number in
magnitude and therefore may lead to their incorporation. Third, the
results of some recent studies have suggested differences in bone marrow
and stem cell recruitment due to different organ lesions 29.

Therefore, it is possible that these cells will behave differently depend-
ing on the conditions and organ investigated. Nevertheless, we did

6) Co-localization of GFP with FGF-2 (a, b), VEGF (c, d), and MCP-1 (e, f) in growing
collateral arteries 7 days after femoral artery occlusion. b, d and f show growth factor- or
cytokine-specific staining. a, c and e show co-localization with GFP. FGF-2 and VEGF were
both mainly found in GFP-positive perivascular leukocytes. MCP-1 was specifically local-
ized in the endothelium and perivascular leukocytes of growing collateral arteries.
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observe an accumulation of GFP-positive cells in regions of collateral
artery growth in the proximal thigh and also in the ischemic distal hind
limb. Staining for the monocyte/macrophage marker F4/80, T-lympho-
cytes marker CD3 and the panleukocytic marker CD45, together with
morphologic criteria, suggested that these cells were mainly mono-
cytes/macrophages and other leukocytes. They may act as supporting
cells providing a variety of growth factors and chemokines. Indeed,
monocytes/macrophages have previously been shown to play a critical
role in arteriogenesis18,30-33 by releasing activating cytokines, growth fac-
tors and metalloproteinases and thereby creating an inflammatory envi-
ronment necessary for the enhancement of collateral artery growth16,17,34-36

(see also chapter 8). Our current data support this hypothesis, since bone
marrow-derived GFP-positive cells clustered around growing collateral
vessels stained positive for fibroblast growth factor-2 (FGF-2), vascular
endothelial growth factor (VEGF) and monocyte chemoattractant pro-
tein-1 (MCP-1) (Fig. 6). In the light of these findings it is likely that the
reported restoration of limb function in patients suffering from periph-
eral arterial disease and receiving infusion of autologous whole bone
marrow mononuclear cells into the ischemic gastrocnemius muscle 37 is at
least partially due to the introduction of myeolomonocytic cells and not
to EPCs. More studies and a consensus on markers characterizing the dis-

tinct stem and progenitor cell populations and rigorous histological
analysis is needed in order to answer these questions. Much progress has
been achieved in functional and phenotypic characterization of stem and
progenitor cells (for review see 28), but the analysis of the incorporated
cells may also be complicated by cell fusion between donor and recipient
cells as recently described 38,39.

One must also consider the possible adverse effects of cell therapy. In
particular, tumor formation 40, atheromas41,42, and arrhythmias43 repre-

sent processes, where such negative effects could be manifested. There-
fore, understanding of the mechanisms for recruitment and selective tissue

homing of progenitor and bone marrow-derived stem cells is necessary
for efficiency and safety of these therapies.

In conclusion, although incorporation of progenitor and bone mar-
row-derived stem cells into the vessel wall does not seem to contribute
naturally to the process of collateral artery growth, these cells may rather
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support the arteriogenic process by paracrine mechanisms. Nevertheless,
the identification of cellular mediators and tissue specific chemokines

responsible for bone marrow-derived cell mobilization and selective tissue
homing, together with in vitro engineering of precursor cells, may open a
new possibilities for functional incorporation of these cells into growing
arteries and thus raise new horizons in revascularization therapies.
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9
Cell - Cell and Cell - Matrix
Interactions

Borja Fernández and Kerstin Broich

Normal organs in physiological conditions maintain tissue homeostasis
due to continuous interactions between the cells and the extracellular
matrix. These interactions are responsible for sensing changes in the
environment and transmitting information into the cell, mediating specific
cellular responses to different environmental cues. Normally, the response
of the tissue is not restricted to individual cells, and the environmental sig-
nal, or the mediated effect, is transmitted to adjacent cells through cell-
cell interactions. Thus, the molecular apparatus governing cell - cell and
cell-matrix communications is normally linked to the molecular path-
ways that regulate specific cellular functions (i.e. proliferation, migration,
cell death, differentiation).

As discussed above, the arteriogenic process is initiated in collateral
arteries by a sudden increase in shear stress. Shear stress is sensed on the
surface of endothelial cells by mechano-transducers that link the extra-
cellular space with the intracellular skeleton. The endothelial cells then
become activated and express cell surface proteins that mediate leukocyte
attachment and recruitment. Communication between vascular and peri-
vascular cells initiates a tissue response that affects the whole artery. Inter-
actions of SMCs with the surrounding matrix determine their phenotypical
status (synthetic vs. contractile). Synthetic SMCs migrate to form an intimal
layer. Cell migration is controlled by refined interactions between proteins
of the matrix and the cytoskeleton through specific membrane receptors.
Mechano-sensing, cell attachment and recruitment, cell - cell communica-
tion, and migration: all rely on cell-to-cell and cell-to-matrix interactions.
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Integrins
Cellular effects of the extracellular matrix are primarily mediated by inte-

grins. Virtually all molecules of the matrix are able to communicate with

cells by binding to integrins 1,2. They form a family of heterodimeric cell

surface glycoprotein receptors composed of one and one

non-covalently bound2. Currently, there are 18 different and 8 different
known in man, which form at least 24 different integrins3.

Sixteen of these are expressed by blood as well as vascular cells including

leukocytes, platelets, endothelial and SMCs 4,5.

Integrin is used by endothelial and SMCs to migrate and form
the neointima that characterizes proliferative vascular diseases such as

restenosis and atherosclerosis8-12. In addition, integrin is involved in
angiogenesis6 as well as macrophage adhesion and migration 7. The

process of arteriogenesis shares several cellular mechanisms with prolif-

erative vascular diseases, like leukocyte recruitment, proliferation, and

formation of a neointimal layer. Therefore, we decided to investigate the
possible involvement of this integrin in collateral artery growth by means

of quantitative immunohistochemistry using the rabbit model of femoral

artery occlusion.
Figure 1a shows the localization of integrin protein in quiescent

arteries. It is expressed in endothelial and SMCs of the vascular wall at
very low concentrations. Three days after femoral artery occlusion, the

integrin localization pattern and amount has changed substantially.

Most growing collateral arteries show an increased protein content in the

subendothelium (Fig 1b), or in the subendothelium and the media. How-

ever, we did not find any artery with increased expression of integrin in
the media only. These results already indicate that: 1) integrin is

selectively increased in the wall of growing collateral arteries during the
first 3 days after femoral artery occlusion. 2) Integrin upregulation first
occurs in endothelial cells and later spreads to the SMCs of the media.

The specific localization of integrin signals in the abluminal surface
of the endothelium is an interesting finding. The same observation was
obtained in vitro, when integrin expression or activation was increased

in endothelial layers subjected to elevated shear stress 13. As shear stress is

considered the main initiator of arteriogenesis, it is tempting to speculate
that the abluminal pattern of integrin expression in the endotheli-

um is a specific result of elevated shear stress. However, it is currently not
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known whether this restriction in integrin localization is a general
feature of endothelial cell behavior, or a specific consequence of shear

stress signaling. The former hypothesis is also reasonable since active inte-
grins in the endothelial luminal surface might be highly thrombogenic.

Hematoxylin-Eosin (c) and integrin immunoperoxidase stainings (a, b, d) in quiescent
(a), and growing (b-d) collateral arteries. a: in a quiescent collateral artery, signals are
just above the detection level. b: three days after femoral artery occlusion, most growing ar-
teries show intense staining in the subendothelium. c and d: seven days after occlusion,
increased expression of  integrin is evident in the neointima (I) and the media (M).
e: quantification of the immunoperoxidase signals seven days after occlusion. L = Lumen.
optical density in A.U. = arbitrary units. *p < 0.001
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a and b: Quantification of inte-
grin immunoperoxidase signals (opti-
cal densities) in quiescent and grow-
ing collateral arteries 14 days (a) and
56 days (b) after femoral artery occlu-
sion. c: Quantification of optical den-
sities (sham operated, 1, 3, 7, 14 and
56 days after occlusion). All values
were normalized in order to make the
groups comparable. A.U.=arbitrary
units. *p<0.005

Seven days after femoral artery occlusion, the levels of integrin
immunostaining are elevated in the endothelium and media of most
growing collateral arteries (Figs 1c and d). At this time point, some grow-
ing collateral arteries start to form a neointimal layer, composed of SMCs
with a synthetic phenotype embedded in a loose extracellular matrix.
SMCs of the intima show a pattern and intensity of integrin staining sim-
ilar to that of SMCs of the media. Quantification of the immunostainings
revealed an averaged 6-fold increase in the amount of protein in growing
collateral vessel walls compared to quiescent ones (Fig. 1e).

After 14 days of occlusion, some collateral arteries still show an increased

integrin content in the endothelium, intima, and media. However, most
collaterals show an intensity of staining similar to that of quiescent ves-
sels (Fig 2a). Fifty-six days after femoral artery occlusion, collateral arter-
ies are notably enlarged, and the intensity of immunoperoxidase staining
for integrin is similar to that of quiescent arteries (Fig 2b).

Figure 2c shows a comparative quantification of integrin protein
levels in the five time points analyzed. Integrin protein levels steadily
increase in the endothelium and media of growing collateral arteries dur-
ing the first week from the onset of arteriogenesis, returning to basal
levels during the second week. These results clearly indicate that
integrin plays a role in arteriogenesis. One important function of
integrin in vessel remodeling events is the promotion of SMC migration
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to form the neointima8-12. Vitronectin, the main integrin ligand, has
been shown to promote cell adhesion, spreading, and migration in vas-
cular cells by binding14,15. Thus, to further explore the precise
function of integrin during arteriogenesis we analyzed the localiza-
tion and amount of vitronectin in growing collateral arteries. Seven and
fourteen days after femoral artery occlusion were the selected time points,
together with sham operation, coinciding with maximal levels of
integrin content in growing collaterals (7 days), and its return to basal lev-

els (14 days).
Figure 3 shows the localization and quantification of vitronectin in

the wall of collateral arteries. In control vessels, vitronectin signals are
strong in the endothelium, whereas the media shows a light staining.
Seven days after femoral artery occlusion, the amount of vitronectin has
substantially decreased in the endothelium of growing collateral arteries.
Fourteen days after occlusion, the pattern of vitronectin immunos-
taining is similar to that of quiescent vessels. Quantification of the im-
munoperoxidase signals confirmed the downregulation of vitronectin in
the endothelium after 7 days of occlusion and its return to basal levels
after 14 days.

Immunoperoxidase staining of quiescent (a), 7 day-occluded (b), and 14 day-occluded (c)
collateral arteries stained for vitronectin. Quantification of immunoperoxidase signals was
also performed after 7 days (d) and 14 days (e) of occlusion. *p < 0.005
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These results clearly indicate that vitronectin is not the main
integrin ligand in arteriogenesis. Moreover, the strong down-regulation
of vitronectin after one week of surgery, when integrin levels peak, sug-

gests that a specific signaling mechanism is preventing
binding. Thus, it seems that the cellular functions stimulated by

binding are not necessary during arteriogenesis, and ligand
downregulation may be the way to avoid them. As indicated above,

binding has been demonstrated to mediate SMC migration
during neointima formation in atherosclerotic and restenotic arteries8,9,
whereas in arteriogenesis vitronectin is downregulated. Neointima for-
mation in collateral arteries is a highly coordinated process of growth.
Atherosclerotic and restenotic vessels develop a neointimal layer in
response to an aggressive stimulus, in order to protect the vessel wall
from an altered environment. Thus, it is a protective mechanism more
than a mechanism of growth. Blocking binding might
serve as therapy to change the fate of the pathological neointima in ath-
erosclerotic and restenotic vessels. Although vitronectin is the main lig-
and for integrin, this integrin receptor can bind to other proteins of
the extracellular matrix with adhesive and locomotive properties (osteo-
pontin16; fibrinogen17; thrombin, fibronectin and proteolysed forms of
collagen and laminin18,19). Additional studies must clarify, which particu-
lar ligand, if any, binds to integrin and promotes SMC migration
into the collateral neointima. In addition, integrin upregulation may
account for other mechanisms of the arteriogenic process at early stages.
Macrophage transmigration through the collateral vessel wall, a critical
event during arteriogenesis, can be modulated by integrin interac-
tions with cell adhesion molecules like PECAM20, or ICAM21, which are
known to be upregulated early in arteriogenesis. The gradient of integrin
upregulation, first in the endothelium and then in the media, is a sugges-
tive result in this regard. integrin can also physically associate with
growth factor receptors in focal adhesion points, thereby regulating the
capacity of the receptors to propagate downstream signaling22. inte-
grin in the collateral wall might also serve as an anti-apoptotic signal 23,
and as a mechanosensor24. Currently, we are conducting in vivo experi-
ments with specific integrin blockers in order to elucidate the spe-
cific cellular function/s of this integrin during arteriogenesis. These
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experiments are of special relevance because current anti-restenotic ther-

apies, applied for example after balloon angioplasty, use different non-
specific integrin blockers to inhibit post-surgical clotting25,26. These treat-
ments may interfere with proper arteriogenesis, the natural mechanism

of the body to fight against arterial stenosis that angioplasty is expected
to cure. Unraveling the functions of integrins during arteriogenesis is an
important challenge for the near future given that integrins may well
serve as one class of “master regulators” of cell function27.

Jagged/Notch
The Jagged/Notch system is an evolutionary conserved intercellular sig-
naling mechanism that regulates cell fate decisions and differentiation in
a broad spectrum of precursor cells throughout embryonic development27.

Both, Notch (receptor) and Jagged (ligand) are membrane bound proteins,
mediating signals between cells in contact. Upon activation, the Notch
intracellular domain is proteolyzed and translocated to the nucleus, where
it co-regulates transcription of target genes including transcription fac-
tors28. Jagged ligands can also activate transcription, consistent with a
model of bi-directional signaling. The general net effect of Jagged/Notch
activation is that cells become refractory to differentiation signals,
remaining competent to adopt different fates28,29. In vertebrates, 4 differ-
ent Notch and 5 different Jagged members have been decribed27,30. The

Jagged1 immunofluorescent (left) and immunoperoxidase (right) staining of rabbit quad-
riceps muscles. Jagged1 is restricted to endothelial cells of the microvasculature (arrows
left), arteries (arrow right), and veins (not shown). Note that in arteries, staining is con-
centrated in the subendothelium.
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specific ligand receptor interactions have yet to be fully elucidated, but
appear to be variable depending on the tissue studied31.

Expression and phenotypic analyses have demonstrated the impor-
tance of Jagged1 and Notch3 in the vascular system. Mice homozygote for
a null mutation of the Jagged1 gene die in utero due to failure of remod-
eling of the primary vascular plexus32. In addition, Jagged1 has been dem-

Notch3 immunoperoxidase staining of human (a) and rabbit (b) hearts, and rabbit adductor
muscle (c). SMCs of the coronary arteries are the only positive structure in the human heart.
In the rabbit, arteries and capillary vessels show a strong and specific staining. The same re-
sults were obtained with two different Notch3 polyclonal and monoclonal antibodies.
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onstrated to regulate human endothelial cell differentiation in vitro33,34.
Moreover, spontaneous mutations in the human Jagged1 gene cause the

autosomal dominant disorder Algille syndrome that includes congenital
heart defects35,36. Mutations in the Notch3 gene cause cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL), an inherited vascular dementia syndrome37-39.

We have studied the localization of Jagged1 and Notch3 proteins by
immunohistochemistry in quiescent and growing collateral arteries of
the rabbit hind limb and other organs in order to inspect the possible
involvement of this signaling system in arteriogenesis. As previously
described for mouse and man, rabbit Jagged1 is normally localized in the
endothelium of capillaries and bigger vessels, but it is absent from SMCs
(Fig 4). In arteries, the protein is clearly restricted to the abluminal sur-
face of the endothelium. The expression of Notch3 receptor, one putative
ligand for Jagged1, has been shown to be restricted to the SMCs of the
human vasculature in adult life37. Our immunohistochemical analyses re-
vealed however a more general distribution of the protein in the vascular
system of the rabbit, where endothelial cells show a clear and specific
staining as well (Fig. 5).

Thus, in the rabbit vasculature, endothelial cells express Jagged1 lig-
and, whereas both endothelial and SMCs express the Notch3 receptor. The
relevance of Notch3 function in the arterial system was discovered in
1996 by Joutel and collaborators38. They found that mutations in the
Notch3 gene were responsible for the human syndrome CADASIL, char-

acterized by alterations of vascular SMCs in small cerebral and dermal
arteries. Some years later37, the same group reported the restricted expres-
sion of Notch3 protein in SMCs of arteries of the whole body, suggesting
that it may be involved in the phenotypic modulation of these cells by
inducing the differentiated contractile phenotype in adult tissues. Our
results support this hypothesis. Cell – cell contacts between
endothelial cells and SMCs in the arterial wall may activate
a differentiation pathway in SMCs that keeps the cells in a quiescent, con-

tractile phenotype. Likewise, a differentiation pathway might also be acti-
vated in endothelial cells due to the known transcriptional capacity of
Jagged1 ligand40. Moreover, it has been shown in Drosophila embryos that

individual cells often express both, Notch receptor and Jagged ligand41,42,
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and studies in cultured cells indicate that Notch and Jagged can interact
in cis42. Thus, the co-expression of both Jagged1 and Notch3 in the endo-
thelial cells of the rabbit microvasculature may result in cell-autonomous
activation of Notch3 receptor, controlling differentiation and quiescent
status of adult microvessels.

In our experiments in rabbits, we found that soon after femoral occlu-
sion, Jagged1 is markedly downregulated in the endothelium of growing

J1 Immunoperoxidase (a and b) and imrnunofluorescent (c) stainings of growing collateral
arteries 3 days after femoral artery occlusion. J1 has almost disappeared from the endotheli-
um of growing collateral arteries (arrows; compare with Fig. 4). Note that the branches of
the collateral arteries (arrowheads) show basal high levels of J1.
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collateral arteries (Fig 6). This downreg-
ulation was consistent, occurring pro-

gressively during the first days after
femoral artery occlusion. In addition,
Jagged1 downregulation was very finely

restricted to the wall of the collateral ves-
sels and did not affect the collateral
branches (Figs 6a and c). When we ana-

lyzed the localization of Notch3 receptor,
we found a strong downregulation of the
protein in the SMCs of the media during
the first days of growth. The amount of
protein gradually decreased until it
almost disappeared from the collateral
media 1 week after surgery (Fig 7). The
process of arteriogenesis is based on the
remodeling of preexisting collateral ar-
teries into larger arterial conduits. This
remodeling requires a phenotypic shift of
the SMCs of the arterial media, which in

mice and rabbits takes place during the
first week after femoral artery occlusion.
The observed downregulation of Jagged1
and Notch3 may block the differentiation
signaling pathway normally active in ma-
ture SMCs and perhaps also in endothe-
lial cells, resulting in the acquisition of a
dedifferentiated phenotype.

The acquisition of a synthetic pheno-

type by SMCs of the collateral media is
followed by, or occurs concomitantly
with, their migration to the subendothe-
lial space to form a neointimal layer. The
neointimal layer, common to most proliferative events in arteries, serves as
the backbone of the regenerating collateral vessel. Proliferating neointi-
mal cells are the source of new cellular material in the growing artery.

Notch3 immunoperoxidase staining of rabbit
collateral arteries after sham operation (a),
3 days (b), and 7 days (c) of femoral occlu-
sion. The strong staining of the media is grad-
ually reduced during arteriogenesis. Note
that the intensity of Notch staining does not
change in the endothelium (arrow in c).
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These cells must finally re-differentiate into mature SMCs, stabilizing the
wall of the thicker and wider collateral artery (Fig 8).

Figure 9 shows the distribution of Jagged1 protein in the neointima of
a growing collateral artery. Jagged1 is expressed by neointimal SMCs,
whereas it is still downregulated in the endothelium. Upregulation of
Jagged1 occurs very early during neointima formation. Notch3 immun-
ostainings revealed, however, no signs of upregulation in the neointima
of collateral arteries (Fig 10). The intensity of staining seems even lower
than in the media. The immunostaining shown in figure 10 was per-
formed with monoclonal antibodies that specifically recognize the extra-
cellular domain of Notch3. When we used polyclonal antibodies against

Hematoxylin-Eosin staining of a rabbit collateral artery 10 days after femoral artery occlu-
sion. Neointimal cells appear loosely packed in the subendothelium and occupy half of the
collateral wall thickness (I = intima; M = media). Note that SMCs of the media seem to
migrate into the neointima (arrows).

Hematoxylin-Eosin staining (left) and Jagged1 immunofluorescence (right) of a rabbit col-
lateral artery 10 days after femoral artery occlusion. The neointimal layer (between arrows)
can be distinguished by its pale appearance compared to the media. Jagged1 staining is evi-
dent in the neointimal layer (red, right).



Cell-Cell and Cell-Matrix Interactions 185

the intracellular part of the molecule the picture changed substantially
(Fig 11). In many SMCs of the neointima, the intracellular domain of the
Notch3 protein has been cleavaged and translocated to the nucleus,
where it presumably regulates the transcription of specific genes. This
observation is surprising, as Jagged/Notch studies have shown that min-
imal amounts of the Notch3 intracellular domain are enough to activate
transcription in vivo, and it is usually not detectable by immunohisto-
chemical methods43. Therefore, we interpret our results as a strong acti-
vation of the Jagged/Notch dependent pathway in neointimal cells, which

may result in progressive redifferentiation of SMCs.
In summary, our results indicate that the embryonic Jagged/Notch

signaling system plays a role in arteriogenesis. The downregulation of
Jagged1 in the endothelium and Notch3 in the media of growing collat-
eral arteries correlates well with the loss of the mature phenotype of these
cells during arteriogenesis. Moreover, the re-expression of Jagged1 and
activation of the Notch3 nuclear pathway in neointimal cells suggests that

Notch3 immunoperoxidase staining of a rabbit collateral artery 7 days after femoral artery
occlusion. Small amounts of Notch3 are found in the media (M) at this stage, and even less
in the neointima (I). (Compare to Fig. 7a)
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Notch3 (intracellular domain) immunoperoxidase (left) and Hematoxylin-Eosin staining
of a rabbit collateral artery 7 days after femoral artery occlusion. Nuclear localization of
the intracellular domain of Notch3 (arrows) is prevalent in intimal cells (I) but not in the
media (M).

both dedifferentiation and redifferentiation of the collateral wall compo-

nents are regulated by this very conserved signaling system.
The Jagged/Notch system during embryonic life has been extensively

studied. However, the information regarding Jagged/Notch functions in
adult tissues is scarce. We propose that the main function of Jagged/
Notch signaling in the adult vascular system is to modulate the differen-
tiation status of vascular cells, much similar to its function in other sys-
tems like in skeletal muscle44 and in retinal45 differentiation, in chondro-
cyte maturation46, and in feather development47. In accordance with this
hypothesis, Notch3 is co-expressed with HeyL (a muscle specific differ-
entiation transcription factor) in SMCs of the digestive tract and the vas-
culature, so far the only Notch pathway detected in vascular smooth mus-
cles48. Although simplistic, the view of Jagged1-Notch3 interactions gov-
erning the differentiation status of SMCs of arteries seems the most fea-
sible current hypothesis. At least, this notion is attractive enough to con-
sider the Jagged/Notch signaling system as a good candidate to build
strategies for inhibition of differentiation in the arteriogenic neointima,
and for induction of differentiation in the restenotic or atherogenic
neointima.
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The fibroblast growth factor (FGF) family consists of at least 23 struc-
turally related polypeptides1 with new ones added at a regular basis. FGFs
bind heparin and heparansulfat and their important activities in numer-
ous aspects of embryogenesis, angiogenesis, growth and cell survival (for
review: see2,3) are mediated through four structurally related membrane
associated tyrosine kinase receptors that derive from separate genes.4,5

The prototype and best-known members of the FGF family are acidic
FGF (FGF-1)6-8 and basic FGF (FGF-2) (reviewed in9,10). It is beyond the
scope of this review to discuss the role of FGF-1 and -2 in angiogenesis.
Instead, we aim to provide evidence for a role of FGF-1 and some of the
other FGFs in collateral vessel growth/arteriogenesis. Furthermore, some
recent findings from the literature will be discussed in view of the role of
FGFs other than FGF-1 and -2 in vessel growth as such.

FGF-1 and FGF-2
During embryonic development FGF-1 is involved in the differentiation
of mesoderm derived tissues including the heart. The proliferation and
growth of the myocardium and the coronary vasculature correlates well
with the expression of FGF-1 and its receptors FGFR1-4 on endothelial
and smooth muscle cells as well as on cardiomyocytes.11-15
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In 1989 our group reported the isolation of FGF-1 and FGF-2 from
bovine, canine and porcine myocardial tissue.16 The presence of potent
growth factors in a normal heart where proliferation of cells is absent
indicates that these factors must have functions other than being a mito-
gen, e.g acting as trophic factors for terminally differentiated cells like
cardiomyocytes.17 In addition, we and others showed that in the adult
heart, FGF-1 and its receptors are upregulated during ischemia in several
animal models.17-19 Collateral flow and left ventricular function can be sig-

nificantly improved by either local or systemic administration of FGF-1
or FGF-2 protein during myocardial ischemia. This process is character-
ized by the formation of new vessels and hyperplasia of smooth muscle
cells, mainly in arteriolar vessels.20-22 Further evidence for a vessel-promot-
ing role of FGF-1 came from clinical studies on patients with coronary

heart disease. Local intramyocardial injection of the growth factor result-
ed in a 3-fold increase in capillary density, followed by the improvement
of myocardial perfusion as well as a reduction of symptoms and an
increase in working capacity.23 From all of these studies it became obvi-
ous that FGF-1 (and FGF-2; see below) is somehow involved in vascular
growth associated with ischemia and in cardiomyocyte protection.

Since the only FGF-1 transgenic mouse available showed lens-specific
FGF-1 overexpression due to fusion of the human FGF-1 to A-crystallin
promoter24 it was not an appropriate model to study the effect of FGF-1
in the heart and on coronary vessel development in more detail. Therefore,
we generated transgenic mice with heart-specific overexpression of FGF-1
driven by the MLC2v promoter. Three transgenic lines, two with and one
without the CMV enhancer, were studied. All 3 lines showed similar re-
sults except that in the line without enhancer the effects were weaker.25

In general, animals appeared normal despite a 1.9-fold overexpression
of FGF-1 mRNA and protein. Although increased in transgenic animals,
FGF-1 expression patterns were similiar in wildtype and transgenic animals.
The protein localized in cardiomyocytes and the extracellular matrix with

a clear epicardial to endocardial gradient. No difference was found in
gross anatomy and histomorphology between wildtype and transgenic
animals. Atria, ventricles, septae, valves and chambers were anatomically
and histologically intact. In addition, there were no ultrastructural alter-
ations in FGF-1 overexpressing cardiomyocytes and the surrounding tissue.
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Capillary density was unchanged between wildtype and transgenic an-

imals, indicating that angiogenesis is not pertubed in these lines. Howe-

ver, to our suprise the density of arteries and arterioles in transgenic mice
was significantly different (1.3-1.45 fold increase) in transgenic mice,

mostly due to an increase in the number of small arterioles (Fig 1). In ad-
dition, the number of branches of the coronary arteries was significantly

elevated (1.4-1.5 fold) in all transgenic lines compared to non-transgenic

littermates. The differences in the anatomic pattern between transgenic

and wildtype animals were established between the second and the sixth

week of postnatal life and were still detectable with 36 weeks of age. Fur-

thermore, ex vivo hemodynamic experi-
ments in isolated hearts showed that the

coronary flow was enhanced 1.2 -1.3 fold
in the transgenic hearts which was not due

to the vasodilatation capacity of FGF-1.25

These findings so far indicate FGF-1

as a key regulatory molecule of the dif-

ferentiation of the arterial system. It also

sheds new light on the cardioprotective

effect of FGF-1 seen in pigs following
intramyocardial infusion of the protein22

that may be due to its known growth pro-
moting effects for blood vessels or medi-

ated by a non-vascular mechanism. The
first possibility would result in a higher

coronary bloodflow, thereby reducing

maximal infarct size, while the latter one
may be due to the stimulation of ERKs
in ischemic myocardium.26

To test for both possibilities infarct

development was studied in transgenic
mice after coronary occlusion for 15 to

75 min27. Results clearly showed unal-

tered final infarct size (about 60% of the

risk area) between transgenic and wild-

type animals, suggesting a non-vascular

Capillary density per mm2 (a) versus
arteriolar density per mm2 (b) Capil-
lary density is not changed in FGF-1
transgenic mice but arteriolar density
is significantly increased.
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mode of cardioprotection. However, infarct development in transgenic

animals was significantly delayed when compared to non-transgenic lit-

termates. The maximal or final infarct size was reached after 45 min of
ischemia in wildtype animals, but at 75 min in the transgenics (Fig 2).

This delay of infarct development for 30 min is similar to the one seen in

pigs following intramyocardial infusion of FGF-1 protein.22 Most proba-

bly, binding of the ligand FGF-1 to its
receptors FGFR-1 and -2 induces a

signaling cascade, characterized by re-
ceptor dimerization and phosphory-

lation, followed downstream by sig-
naling via the mitogen-activated pro-
tein kinases (MAPK). Further analysis

of this effect revealed that transgenic

FGF-1 mice are characterized by a
constitutive higher expression of the
extracellular signal-regulated kinases

ERK-1 and ERK-2 in the myocardi-

um. Following injection of UO126,

an ERK-1/2 inhibitor, a decreased
cardioprotective effect of FGF-1 was observed.

In summary, these studies of the FGF-1 transgenic mouse showed a
dual effect of FGF-1 in the heart. On one side, FGF-1 is involved in the dif-

ferentiation and growth of the coronary artery system. On the other side,
FGF-1 is cardioprotective by delaying infarct size development. However,
the cardioprotective effect of FGF-1 is not due to increased arteriolar den-

sity because maximal infarct size was not reduced in FGF-1 transgenic
mice. Further studies will clarify the role of other molecules involved in

the FGF-1 mediated cardioprotection and arterial vessel growth (Fig 3).

Heparin-binding FGF-2, like FGF-1, is a prototype member of the
FGF family. Originally, it was identified as a 18k Da protein of 146 amino

acids, mitogenic for mesoderm and neuroectoderm derived cells.12 In

addition to the 18 kDa isoform, several higher molecular weight isoforms
(22, 22.5, 24 and 34 kDa) have been identified which arise from the use
of CUG start codons upstream of the traditional AUG codon. While the
18kDa isoform is mainly localized to the cytoplasm, the higher molecu-

Delay of infarct development in FGF-1 transgenic
mice. Transgenic mice with cardiac-specific over-
expression of FGF-1 show a delay in infarct devel-
opment of about 30 min (reprinted with permis-
sion from25 ).
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lar weight forms of FGF-2 are found in the nucleus due to a nuclear local-

ization signal.10 Another interesting feature of FGF-2 is the presence of an

antisense RNA transcribed from its end.28,29

Although FGF-2, like FGF-1, lacks a signal sequence for secretion it
acts as a multifunctional growth factor with pleiotropic functions in a

large number of cells. The protein is mitogenic, induces tissue remodel-

ing and regeneration, is neurotrophic

for neural cells, a potent angiogenic
stimulatory agent for vascular cells

such as endothelial and smooth mus-

cle cells and is involved in the patho-
genesis of atherosclerosis.9,10,30-32 Its

actions are mediated by binding to
four different receptors (FGFR1-

4)9,33,34 and are potentiated by hepar-
ansulfate sidechains of proteoglycans

like syndecan-2 and -435-38 and per-
lecan.39 This is not only true for the
setting of angiogenesis, but also in

arteriogenesis/collateral growth. In

the quail chorioallantoic membrane

FGF-2 directly increases arterial den-
sity and stimulates the growth of small

but not large vessels via FGFR1-4.40

However, the unstimulated tem-

poral and spatial expression of FGF-2 as well as FGF-1 and their high and
low affinity receptors during adaptive arteriogenesis has never been elu-
cidated in vivo. To address this question, we performed studies in our rab-
bit model of arteriogenesis. Results of Northern blot analysis for FGF-2

(and FGF-1) showed that neither of these growth factors is differentially

expressed. In contrast to these results, the expression of the FGFRs and

their isoforms (which have unique ligand binding properties) is tempo-

spatially restricted throughout the body during development and disease,
delineating that the mode of action of the FGFs is not only regulated by

the expression of the ligands but also by the availability of their receptors.
Our results displayed a rapid and pronounced induction of FGFR-1 on

Three-dimensional immunoconfocal image of a
thick section from a FGF-1 transgenic mouse

heart double labeled for smooth muscle
(green) and Bandeiraea simplicifolia lectin (red).
Shown is a single arteriolar tree (green) surrounded
by the capillary network (red). (reprinted by permis-
sion from25)
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RNA and protein level as well as an increased tyrosine kinase activity of
FGFR-1 in the early phase of arteriogenesis. Immunohistochemical stud-

ies showed a specific localization of FGFR-1 in SMCs of arteries in the m.
quadriceps (Fig 4). Fibroblasts and pericytes were also stained, but not
ECs of capillaries, arteries and veins, or skeletal muscle. The time rela-
tionship between the FGFR-1 expression and arteriogenesis, the strong
expression of FGFR-1 in collateral arteries, the specific immunoreactivi-
ty in vascular SMCs, as well as the fact that the FGFR-1 mRNA (which is,
like FGF-1 and FGF-2, already expressed in vascular SMCs under normal
conditions41,42) is the major form of the four known FGFRs expressed by
proliferating human arterial SMCs43 strongly suggest an important role of
FGFR-1 for signal-transduction in the arterial wall during the early phase
of collateral artery growth.44

As mentioned before, ligand induced dimerization of the high-affini-
ty receptor (FGFR) mediated by low-affinity receptors (heparan sulfate
proteoglycans, HSPGs) is a key event in transmembrane signaling. Atten-
tion is focused on the syndecans, a group of transmembrane HSPGs.35-38

Analyzing the expression of distinct syndecans in our model, we found a
pronounced upregulation of syndecan-4 in the m. quadriceps at the early
phase of arteriogenesis. Syndecan-4 has been described as a primary
response gene induced by FGF-2 in vascular SMCs in vivo.36 Further-
more, overexpression of syndecan-4 resulted in a significant increase in
cell growth and migration in response to FGF-2.45 In addition, syndecan-4
has been implicated in various processes like regulation of focal adhesion
assembly and protein kinase C activation.46 However, which functional
properties might be assigned to syndecan-4 during arteriogenesis re-

mains to be clarified.
Most probably, FGFR ligands, similar to TNF, are supplied by mono-

cytes/macrophages during arteriogenesis.47 Monocytes are known to play
an important role in adaptive and cytokine induced collateral artery
growth (see chapter 7). These mononuclear cells that have the capacity to
transmigrate the EC-layer have been shown to deliver growth factors
like FGF-2 to the vessel during arteriogenesis48 and accumulate in the
perivascular space already at 12h of femoral artery ligation.49 Our in vitro
results showed that stimulation of monocytes with LPS leads to an
increased level of FGF-2 in these types of cells44. Furthermore, flow
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Immunohistochemical analysis of FGFR-1 in m. quadriceps after femoral artery
occlusion. a: Fibroblasts were the main cells showing strong immunoreactivity after 3 days.
b: Capillary ECs (arrow) and skeletal muscle cells (asteriks) were negative at 12 h and all
other time points studied. Some pericytes were also labeled (arrowhead). c: SMCs of arteries
(arrow) and arterioles (arrowhead) were immunoreactive at 1d as well as at later time
points. No staining was found in ECs (small arrows). d: A growing collateral artery is shown
3 d after femoral artery occlusion (arrow). (reprinted by permission from44)

cytometry results revealed that monocytes treated with FGF-2 show an
increased expression of integrins that are part of the MAC-1 or
LFA-1 heterodimer. These two heterodimeres are receptors that

are responsible for monocyte interaction with the endothelium (see
chapter 7). Our adhesion assays revealed that FGF-2 as well as FGF-1 have
the ability to stimulate monocyte adhesion to EC-layers and that FGF-1
is an even more potent factor than MCP-1. These data strongly suggest
that during adaptive arteriogenesis FGFs – which might be released by
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haemodynamic forces from cells of the vessel wall as described for sever-

al in vitro systems before50,51– attract and activate monocytes, which then
in turn supply FGFs to the growing collateral arteries. This would mean
that FGFs support arteriogenesis in a paracrine manner independent
from an increased transcriptional activity in the vascular wall.

To elucidate the role of FGFs in our animal model system in more
detail we infused PAS [Poly(anetholsulfonoc Acid)], a non-toxic sulfonic
acid polymer that has been described to block the action of FGFs via
complex formation52 (and PAS plus MCP-1), into the proximal stump of
the occluded femoral artery. To investigate the specificity of PAS we first
performed adhesion assays. The results showed that PAS significantly
interfered with the action of FGF-1 and FGF-2 to stimulate adhesion of
monocytes to EC layers. However, the influence of MCP-1, a cytokine
that strongly promotes arteriogenesis48,53, as well as of VEGF, another
heparin-binding growth factor with strong angiogenic properties, was

not affected by PAS.
Our in vivo results showed that one week of continuous intra-arterial

infusion of PAS markedly reduced the size of growing collateral arteries44.
The strong immunoreactivity we found for FGFR-1 in vascular SMCs
(but not in ECs) does not only suggest that FGFR-1 mediates the signal
transduction cascade associated with the proliferation of SMCs but also
that the reduced vessel size observed after infusion of PAS is due to a
reduced SMC proliferation in growing collateral arteries resulting from
an interference of PAS with the action of FGFs. This assumption is cor-
roborated by results from Ueno et al. who recently showed that FGF-2

induced DNA synthesis and arterial SMC proliferation was abolished by
overexpressing a dominant-negative truncated FGFR-1.54 Concomitant
application of PAS, owing to its property to pass the EC layer of a vessel
(personal communication with S. Liekens), and MCP-1 showed an even
stronger negative effect on collateral artery growth than the application
of PAS alone, indicating that a significant part of the monocyte-related
arteriogenesis is caused by FGFs. Our in vitro results evidenced that PAS
can block the action of both FGF-1 and FGF-2 (and maybe of other
FGFs, too), and that FGF-1 is an even more potent factor than MCP-1 in
terms of stimulation of monocyte adhesion. Despite these findings, we

consider it likely that the observed in vivo effect of PAS was particularly
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due to an interference with the action of FGF-2, since the FGF-1 function
has been associated more with vessel differentiation and branching than
with growing proper.25

Additional hints for a ,,positive“ role of FGF-1 and -2 in collateral
artery growth come from a recently published study which shows that in

vivo application of FGF-2 in combination with PDGF-BB leads to a sig-
nificant improvement of collateral flow in a rabbit model of hind limb
ischemia55, similar to the one seen in SHR rats after infusion of FGF-2
alone56 (see also chapter 10). It is also noteworthy to mention that FGFs
released from the cell surface or secreted via a non-classical pathway were
described to regulate the expression of osteoglycin/mimecan, a proteo-
glycan component of the extracellular matrix, which is significantly
decreased during collateral growth57,58 (see also chapter 9).

Doukas and co-workers reported that the application of plasmid and
adenoviral vectors encoding either FGF-2 or FGF-6 transgenes produced
early angiogenic responses followed by arteriogenesis when these con-

structs/vectors were delivered directly to excisional wounds.59 FGF-2 was
much more potent than FGF-6, leading to a more than 11 -fold increased
arteriolar density at day 21. FGF-2 also enhanced muscle repair because
gene-treated wounds filled with regenerating myotubes expressing CD56
at an average 20-fold higher level. They also showed that these responses
required the transfection of a threshold number of cells only in injured
muscles. In their hands, neither delivery of FGF-2 protein nor PDGF-B
gene produced similar results.

While numerous in vitro and in vivo studies indicate that FGF-1 and
FGF-2 are involved in angiogenesis and collateral growth, the findings in
transgenic and knockout mice do not inevitably confirm these results.
Transgenic mice with FGF-2 overexpression under the control of a phos-
phoglycerate kinase promoter develop chondrodysplasia60 with absence
of any vascular defects, but they show enhanced angiogenesis if an angio-
genic substrate is provided.61 Furthermore, overexpression of FGF-2 in
mouse lens using the a A-crystallin promoter does not result in any vas-
cular abnormalities62 while overexpression in the heart using the Rous
sarcoma virus promoter results in a 20% increase in capillary density
with unchanged FGFR-1 expression and an up to 45% increase in cardiac
myocyte viability after injury.63
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Ablation of FGF-2 gene expression, in contrast, generally resulted in
only mild vascular defects while otherwise the knockout mice were
viable, fertile and phenotypically indistinguishable from the wildtype lit-
termates. Dono et al. reported the generation of mice in which

the first coding exon was replaced by a neomycin resistance gene, result-
ing in autonomic dysfunctions in adult mice, including impaired cerebral
cortex development and dysregulation of blood pressure as a conse-
quence thereof.64 Similar results with regard to the neural defects were
observed in another strain of mice in which exon 1 was deleted.
In addition, these animals showed a delay in wound healing which,
despite the redundancy of the FGF family, cannot be compensated by
other family members.65 The role of FGF-2 in the control of vascular tone
was confirmed by Zhou et al. who showed that FGF-2 knockout mice dis-

play decreased vascular smooth muscle contractility, low blood pressure
and thrombocytosis. Nevertheless, vessels of these animals undergo a
normal hyperplastic response following intra-arterial mechanical injury.66

Closer analysis of the same strain implicated a role of FGF-2 in bone
development, because disruption of FGF-2 led to a decrease in bone mass
and to a slower bone formation.67 Furthermore, osteoclast formation was
markedly decreased in response to stimulation with parathyroid hor-
mone, a potent bone resorbing agent.68 Disruption of exon 2 of the FGF-2
gene demonstrated that FGF-2 is not essential for tumor formation of the
retinal pigment epithelium, thereby indicating that tumor growth as such
is not dependent on the presence of FGF-2.69 The possibility that missing
FGF-2 is compensated by other members of the FGF family cannot be
excluded, although FGF-1/FGF-2 double knockout animals do not have
other mild phenotypic defects than those observed in mice.70 In
general, studies in FGF-2 knockout mice revealed thrombocytosis, neu-
rological defects, defects in bone formation, decreased vascular smooth
muscle cell contractility, followed by low blood pressure and impaired
wound healing, but no other vascular defects.

Still the question remains if there is a role for FGF-2 in arteriogenesis.
All studies using FGF-2 transgenic or knockout animals deal with angio-

genesis. None addressed arteriogenesis or collateral growth. Studies are
currently undertaken in the FGF-2 transgenic mice described by Coffin
et al60 and in the FGF-2 null mice generated by Foletti and co-workers.69
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FGF-3 and higher
Studies in the chicken embryo indicated that FGF plays a role in coronary

arterialization which then induces Purkinje fiber differentiation.71 Abla-

tion of the cardiac neural crest resulted in a 70 % reduction in the density

of intramural coronary arteries and associated Purkinje fibers. However,

retrovirus-mediated overexpression of FGF (the authors do not say

which one they used) induced hypervascularization, followed by Purkinje

fiber differentiation adjacent to this newly induced coronary arteries.
This indicates that a developing arterial bed is necessary and sufficient to

convert myocytes into Purkinje fibers. Furthermore, the results point to a
function of FGF in heart development distinct from its role in establish-

ing coronary blood circulation, similiar to our findings in FGF-1 trans-

genic animals.25 Interestingly, based on these results one may ask if there

is a direct link between arteriogenesis (or the development of blood ves-

sels as such) and neurogenesis. This hypothesis is supported by the well
known fact that in culture embryonic myocytes can differentiate into
Purkinje cells if ET-1, a vascular cytokine secreted from arteries in a shear-
stress dependent manner, is added.72

In 1994 FGF-3 was described as an “oncogenic growth factor produced

locally in mouse mammary tumor virus-induced tumorigenesis”.73 It is
not expressed during normal mammary development, but shows high

expression in tumorous mammary gland tissue. First hints for a possible

role of FGF-3 in angiogenesis came from the high degree of cellular pro-

liferation and angiogenesis that accompany the growth of this tissue.

Similar results were presented by Mario and co-workers who showed

that the FGF-3 retrovirus infected human epithelial mammary cell line
MCF-10A implanted in the chicken chorioallantoic membrane induced a
dense capillary network.74 Conditioned medium from these cells, inject-
ed twice daily i.p. over a period of 10 d in rats, induced numerous small

blood vessels, originating from the place where the conditioned medium

was injected. They concluded that FGF-3/int-2 is associated with the
acquisation of the angiogenic phenotype. When normal mouse mammary

EF43 cells were transformed by a retroviral vector carrying either FGF-3
or FGF-4 cDNA these cells displayed different tumorigenic potentials

when injected in nude mice.75 Cells transfected with FGF-3 developed

slowly growing tumors only in the fat pad while tumors induced by FGF-4
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were rapidly growing at all sites of injection. Interestingly, conditioned me-

dium of FGF-4 transformed EF43 induced an angiogenic phenotype in

HUVECs while FGF-3 has no effect. In parallel, MMP-1 and ETS-1

mRNA levels were significantly increased in these cells, while TIMP-1

mRNA levels were decreased simultaneously. VEGF mRNA and protein
were also expressed at high levels while they were unchanged in FGF-3

transfected cells. The angiogenic phenotype of the HUVECs induced by

the conditioned medium of FGF-4 transfected cells could be suppressed
by the inhibition of PKC.

These results are somehow in contrast to others cited before, making
it difficult to decide if FGF-3 has vessel growth promoting effects or not.

This is especially true in view of the fact that studies on mice had

shown that some of these animals are viable (although only at a low
number) and without any visible vascular defects in the surviving (and
dead) animals. However, animals show developmental defects in
the tail and inner ear76, indicating that FGF-3 is required for the normal

development of these parts of the body.

As already mentioned, the role of FGF-4/hst, a 21 kDa protein mito-

genic for endothelial cells, in angiogenesis is discussed controversially.

First clues for a positive role in promoting vascularization in tumors

came from studies of adrenal cortical carcinoma cells, genetically engi-

neered to express FGF-4. Following exposure to ionizing radiation cells
expressing FGF-4 survive at a higher rate or higher doses, probably due
to a significant increase in the duration of G2 arrest, suggesting pertur-
bation of a cell cycle checkpoint.77 In contrast to these results, levels of

FGF-4 mRNA expression were significantly lower in both endometrial

cancers and normal endometria when compared to those of FGF-1 and –2,
indicating no participation of FGF-4 in neovascularization.78

Furthermore, cells from a rat bladder carcinoma cell line (NBT-II cells)
transfected with FGF-4 and injected into nude mice behave like non-

transfected carcinoma cells, which is in contrast to FGF-1 transfected

NBT-II cells which, when injected, form rapidly growing, highly vascu-
larized carcinomas. Conditioned medium from FGF-4 transfected cells
does not induce vascular structures in vitro.79 In contrast to these results
which do not imply FGF-4 as an angiogenic factor is the fact that fusion
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of its signal petide to other FGF family members which do not have such
a secretion signal (e.g. FGF-1; FGF-2) induces or enhances the angiogenic

properties of these molecules.54,80 Furthermore, recent results from
Rissanen et al. even suggest a role of FGF-4 in arteriogenesis.81

FGF-4 knockout animals which would give anambiguous clues to the
role of the molecule in blood vessel growth are not viable due to severe-
ly impaired proliferation of the inner cell mass.82 However, there is evi-
dence that FGF-4 may be required for survival during the early postim-
plantation period of development.83

FGF-5 was first described as an angiogenesis-inducing factor in a pig
ameroid model of stress induced ischemia.84 Injection of a recombinant
adenovirus expressing human FGF-5 in the heart resulted in a significant

improvement of regional abnormalities in stress-induced function and
blood flow. These effects persisted for up to 12 weeks and were associated
with evidence of angiogenesis in the myocardial tissue but without in-
creased capillary density.

In addition, Schneeberger and co-workers found immunoreactive
FGF-5 present in most cells, including endothelial cells of vascular and
avascular epiretinal membranes from patients with proliferative diabetic
retinopathy or proliferative vitreoretinopathy where it colocalizes with
VEGF. These results seem to question the concept that the presence of a
single angiogenic factor determines the vascular status of epiretinal pro-
liferation.85 mice are viable and show no obvious vascular
defects.83 These animals, however, indicate that the normal function of
FGF-5 is the regulation of one step in the progression of the hair follicle
through its growth cycle, because mice have 50 % longer hair.

FGF-6 protein displays a strong mitogenic activity on 3T3 cells while

there is only a limited response from bovine aortic endothelial cells that
is also highly dependent on heparin concentration.86 However, just
recently Doukas et al. reported that plasmid or adenoviral vectors encod-
ing either FGF-2 or FGF-6 and delivered to excisional muscle wounds
produced early angiogenic responses that subsequently remodeled into
arteriogenesis59, results, which are in contrast to our own showing that
collateral arteries do not grow de novo but develop exclusively from pre-
existing anastomoses.87 Furthermore, they found significant increases in
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EC present at treatment sites as well as enhancement of muscular arteri-
ole density and an increase in regenerating myotubes. These results imply
a role of FGF-6 not only in angiogenesis and arteriogenesis or collateral
growth but also in myogenesis, thereby confirming previously published
results on myotubes as the primary source for FGF-6 expression in both
developing embryos and adults88 and confirming the findings from Floss
et al. in mice that ,,FGF-6 is a critical component of the muscle
regeneration machinery, possibly by stimulating or activating satellite

cells“.89 In addition, no significant difference in microvessel number was
found in these mice. Studies by Fiore et al., however, on mice
showed an apparently normal phenotype of these animals, indicating
that ,,FGF-6 is not required for vital functions in the laboratory mouse“.90

FGF-7, also called keratinocyte growth factor, so far has been linked
only indirectly to neovascularization. Coleman-Krnacik & Rosen report-
ed high expression of FGF-7 in mammary preneoplasias, tumors and

immortal cell lines, although at levels less than those seen during normal
mammary gland growth.73 These data do not implicate that FGF-7 has a
role in angiogenesis. However, when gene expression of the ubiquitous
heparan sulfate proteoglycan perlecan, a potent inducer of angiogenesis
was obliterated, the growth of colon carcinoma cells was markedly atten-
uated. These effects correlated well with reduced responsiveness to and
affinity for FGF-7, implying a role of FGF-7 in capillary sprouting.91

Supporting results came from Tilson et al.92 reporting FGF-7 as one of the
most upregulated genes in abdominal aortic aneurysms (besides VEGF
and TNF), characterized by extensive angiogenesis in the adventitia.

Wound healing is another process in which angiogenesis is a necessary
step. The role of FGF-7 in this process is controversially discussed. Stud-
ying wound healing in mice Werner et al. reported a 160-fold overex-
pression of the growth factor, implying an important role of FGF-7 in
this process.93 Knockout mice, however, do not show any disturbances or
delay in wound healing, indicating that KGF/FGF-7 is dispensable.94 Note
added in proof: FGF-7 mRNA was found strongly upregulated in rabbit
collaterals under high shear stress.

There is some evidence for an angiogenic potential of FGF-8, a secret-
ed heparin-binding protein which is most homologous to FGF-18 among
the FGF family members. It potentially codes for eight protein isoforms
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(a-h) which differ in their capacity to transform cells. When overex-
pressed in S115 mouse mammary tumor cells only isoforms 8a and 8b
show angiogenic properties. While FGF-8a only slightly increased tumor
growth and probably tumor vascularization recombinant FGF-8b protein
stimulates proliferation, migration and vessel-like tube formation in im-
mortomouse brain capillary endothelial cells and in CAM assays.95

Supporting evidence for a role of FGF-8 in neovascularization comes
from data published by West et al.96 They investigated 67 cases of prostate
cancer, previously checked for the expression of FGF-8, for the expression
of VEGF which is known to cooperate with the FGF-system to facilitate

angiogenesis in a synergistic manner. A significant association was found
between tumor VEGF and FGF-8 expression, indicating a tumor and pos-
sibly angiogenesis promoting activity of FGF-8.

With the exception of FGF-13 and -18 no data are available supporting
a role of FGF-9 to -23, in vessel growth.

FGF-13 was shown to induce cell growth of lung fibroblasts and aortic

smooth muscle cells but had no effect on dermal vascular endothelial
cells, making it difficult to decide on its angiogenic properties.97

FGF-18 was cloned in 1999.98 It is most homologous to FGF-8 and ex-
pressed primarily in the heart, skeletal muscle, and pancreas as well as, at
much lower levels, in other tissues and in certain cancer cell lines. When
transfected in mammalian cells, FGF-18 is secreted due to its typical
secretion sequence. The fact that recombinant protein stimulates prolif-
eration of NIH3T3 cells in a dose-dependent manner suggest that FGF-
18 acts as a typical growth factor. Its localization in certain tumor cell
lines points to possible role in tumor invasion and metastasis, driven by
neovascularization.

Although a lot of data are available on the role of FGFs in general, lit-
tle is known about the role of individual FGFs in arteriogenesis. Current
literature favors a function of FGF-2 in this process. However, our own
results showed no reduction in arteriogenesis upon femoral artery liga-
tion in mice (T. Ziegelhoeffer, unpublished). Interestingly, these
mice showed an activation by increased phosphorylation of the FGFR-1

during the early phase of collateral artery growth, similar to that observed
in wt mice upon femoral artery occlusion (M. Barancik, unpublished).
From our studies we conclude that arteriogenesis is more dependent on
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the availability of the FGFR-1 that becomes activated exclusively within a
limited time frame than on the presence of specific FGFs. We even hy-
pothesize that individual FGFs might substitute for each other.

The authors would like to thank E. Neubauer, C. Ullmann and M. Granz

for technical assistance.
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Phenotypic modulation of vascular
smooth muscle cells
Vascular smooth muscle cells (SMCs) form the backbone of functioning

arteries and play an indispensable role in the development of collateral

vessels. They possess a high degree of plasticity in terms of their ability to
respond to different growth factors. In addition to blood vessel develop-
ment, various physiological processes including injury response and vas-

cular remodeling all require SMC proliferation. Their role has been
extensively studied, particularly in the pathophysiology of vascular dis-

eases associated with excessive and accelerated SMC proliferation and

migration. SMCs mediate these versatile cellular responses by inducing

autocrine and paracrine growth mechanisms.

SMCs in the arterial vessel wall display morphological, phenotypical
and functional heterogeneity. There is substantial evidence that certain
medial SMCs are particularly»prone to replicate and accumulate within
the intima in response to appropriate stimuli.1-3 It is, however, unclear if

this heterogeneity is due to spatio-temporal differences in expression of
differentiation markers or to differences in origin, as shown for normal

and atherosclerotic aorta.4
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It has been described that two distinct SMC populations coexist in the rat

arterial media: spindle-shaped SMCs (S-SMCs) and epitheloid SMCs,
both exhibiting different biological features.5 Recently, the notion of SMC

heterogeneity has been extended to a porcine coronary artery model and,

therefore, to a well-accepted model for human atherosclerosis and resteno-

sis.6 Similar to the porcine arterial media the presence of two populations
of SMCs was demonstrated in the normal media of the porcine coronary

artery. Spindle-shaped (S-SMCs) display a classic “hill-and-valley” growth
pattern at confluence and clearly express the 4 differentiation markers

smooth muscle myosin heavy chain (SMMHC), smoothelin, desmin and

muscle actin. Furthermore, they switch their phenotype to rhom-

boid SMCs when co-cultured with endothelial cells. In contrast, rhom-

boid SMCs (R-SMCs) grow rapidly as a monolayer but cease to proliferate

at confluence. They display higher migratory activity compared to S-SMCs,
which is associated with an increased urokinase-plasminogen activator

(u-PA) activity. In contrast to S-SMCs, R-SMCs express no desmin or
smoothelin but some muscle actin and SMMHC type 2. Upon
co-culture with endothelial cells, R-SMCs proliferation increased but no

change in phenotype was observed.6

When SMCs were isolated from stent-induced intimal thickening

instead of normal media, R-SMCs were recovered maximally, indicating

that this sub-population predominantly participates in intimal thickening

formation in vivo 6. This is in accordance with the finding that R-SMCs

display low levels of differentiation markers while showing high prolifer-
ative and migratory activity.6

There is also some evidence that SMCs do not necessarily require
growth factors for proliferation. Cell cycle entry in response to mechani-

cal forces such as cyclic strain, stretch and shear stress has been exten-

sively studied but yielded controversial results as discussed below.

Activation of bovine or rat aortic SMCs by cyclic strain led to an

enhanced proliferation7,8 and this phenomenon was not mediated by PKC

or PKA activity7 but rather by activated p70S6K in bovine9 and p38 in rat

SMCs.8 On the contrary, cyclic strain decreased the proliferation of por-

cine aortic SMCs,10 suggesting that SMC responsiveness to cyclic strain
varies significantly depending on the species under study. Oscillatory
shear stress, which corresponds to turbulent flow pattern in vessels, aug-
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mented DNA-synthesis rate in cultured bovine aortic SMCs,11 similarly as
cyclic stretch, which also increased the number of proliferating SMCs.12

However, opposing results have been provided by Sterpetti et al., who
showed that increasing shear stress hindered SMC proliferation.13 This is
in agreement with findings obtained in the in vivo baboon graft model
where elevated shear stress induced neointimal regression in the grafts,
resulting from decreased SMC proliferation and increased apoptosis.14

Collateral growth is associated with profound phenotypic modulation
of SMCs, i.e., the change from the contractile to the synthetic phenotype.
Changes in morphological appearance include myofilament disassembly
and their replacement by a widespread endoplasmic reticulum and abun-
dant Golgi complex.15,16 The increase in synthetic cellular organelles cor-
relates with an augmented capacity to synthesize proteins and lipids
required for cellular proliferation, migration and secretory activity.

Although the mechanisms behind the transition of the SMCs from a
contractile to a synthetic phenotype are not completely understood, it has
been hypothesized that the process is at least in part a consequence of alter-
ations in the cellular environment, including extracellular matrix, growth
factor expression and lipid composition. Hedin et al. postulated that the
basement membrane (comprising laminin, collagen type IV, and heparan
sulfate proteoglycans), which usually surrounds the SMCs, favours the con-
tractile phenotype.17 Following its destruction, plasma and fibronectin come
into closer contact with SMCs to promote their conversion into the synthet-
ic phenotype. In the neointima of growing collateral vessels that contain nu-
merous SMCs of the synthetic phenotype high amounts of collagen VI and
fibronectin have been reported18, which would confirm Hedin’s assumption.

In addition to qualitative changes including the reorganization of con-
tractile and cytoskeletal proteins within the cell, the modulation from con-
tractile to synthetic phenotype is associated with a significant quantitative
change in expression of structural proteins. Expression of muscle

actin, SMMHC, calponin and desmin is present in differentiated SMCs
but significantly diminished in the de-differentiated state (reviewed by 19).
This is confirmed by our own study showing the modified SMCs of the
neointima of growing arteries are characterized by reduced amounts of

muscle actin and vinculin, almost no desmin and calponin but
abundant vimentin.18
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Further hallmarks of the transition are the early rise in expression of the
transcription factors c-jun, c-fos, and ets-1, as well as a sustained increase
in matrix metalloproteinases (MMPs) and osteopontin gene expression.
An elevated expression of the PDGF-A chain and was also
observed 20. In growing collaterals, MMP-2 and MMP-9 were highly ex-
pressed in addition to being activated.21 Phenotypic modulation is fur-
ther supported by kinase activation, whereby ERK1/2 phosphorylation22

and focal adhesion kinase seem to play a predominant role.23

The molecular mechanisms of signal transduction behind phenotypic
modulation of SMCs have been investigated to some extent. Hayashi et al.
studied the signaling pathways triggered by IGF-I involved in the main-
tenance of the differentiated phenotype of vascular SMCs in culture, and
compared them with those elicited by PDGF-BB, FGF-2 and EGF which
trigger SMC dedifferentiation.24 They demonstrated that PDGF-BB, FGF-2
and EGF activated the MAP kinases ERK1/2 and p38 which play an essen-
tial role in dedifferentiation of SMCs. IGF-I, however, failed to activate
these two MAP kinases, but triggered the PI3K/Akt pathway, indicating

that this pathway is critical in maintaining the differentiated state. Interest-
ingly, PDGF-BB, in addition to stimulating ERK1/2 and p38, also activated
the PI3K/Akt cascade, suggesting that changes in the balance between the
strength of the PI3K/Akt pathway and the ERK and p38 MAPK pathways
are likely to be the determinant of the phenotype of vascular SMCs.

Growth factors of the FGF and PDGF family have been implicated in
multiple aspects of vascular development. So far at least 5 isoforms of
PDGF have been identified, consisting of disulphide-bound homodimers
and heterodimers of A, B, C and D chains. Studies using mice deficient
either for PDGF or PDGF receptor genes confirmed the utmost impor-
tance of these genes in lung, kidney, blood vessel, and CNS development.
In adults, PDGFs stimulate cardiac angiogenesis,25 regulate the structural

integrity of blood vessels by promoting the recruitment of pericytes,26

and, being potent inducers of SMC proliferation and migration, have a
crucial function in vascular pathophysiology (reviewed by 27).

The family of FGFs comprises at least 23 distinct family members, in-
volved in mitogenic, chemotactic and angiogenic responses in cells of mes-
odermal and neuroectodermal origin (discussed in detail in chapter 10).28

So far, it has been demonstrated that exogenous administration of
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FGF-1, FGF-2 and, to some extent, FGF-4 increased the number of arter-
ies and improved blood flow, demonstrating that these factors are highly
potent in arteriogenesis.29-31 The data, however, regarding the role of FGFs
and PDGFs in SMCs during collateral
growth (arteriogenesis) are far from being
complete. Thus, we focused our attention on
the actions of FGF-2 on SMCs and com-

pared them with those elicited by one of the
PDGF family member, PDGF-AB.

Phase contrast micrograph of SMCs in
culture after stimulation with PDGF-AB
(1b) or FGF-2 (1c) for 7 days. Stimulation
of SMCs with these mitogens augments the
cell number and leads to morphological/
phenotypical changes compared to untreated
controls (1a).

Porcine aortic SMCs in
culture as a model system
for arteriogenesis
To obtain more insight into the proliferative
mechanisms and signaling events in SMCs
during the process of arteriogenesis, SMCs
from porcine aortic tissue were isolated and
stimulated with growth factors FGF-2 or
PDGF-AB from 10 minutes to 24 hours for

studying signaling pathways and up to 7d to
elucidate morphological and phenotypical
changes (Fig. 1). To exclude contamination
with other cell types, the expression of
smooth muscle specific marker proteins
such as muscle actin, tropomyo-
sin and desmin was tested by immunos-
taining and FACS analysis. As a measure of
proliferative activity, DNA-synthesis induc-
tion was determined by thymidine
incorporation. To assess the phosphoryla-

tion and activation of signaling pathway
components in response to these growth
factors, Western blot analysis using phos-
pho-specific antibodies was performed. Egr1
expression was analyzed by means of Nor-
thern and Western blotting.
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Growth factors of the FGF and PDGF family bind to their corresponding
membrane-associated receptors, which belong to a family of receptor
tyrosine kinases (RTKs). The catalytic activity of the receptor kinase is
significantly increased by phosphorylation of a specific, conserved tyro-
sine residue in the catalytic domain of the receptor.

The autophosphorylation of tyrosine residues outside the catalytic
domain creates docking sites for signal transduction molecules. The
interaction between FGF and PDGF receptors with down-stream signal-

ing effectors occurs predominantly through a specific domain termed Src
homology 2 (SH2) domain harbored in downstream effector molecules.

Four members of the FGF receptor family have been described and
termed FGFR1-FGFR4. FGF-2 preferentially binds to FGFR1, which itself
is the predominant FGFR form expressed by proliferating SMCs.32 FGFR1
is, therefore, the likely candidate to mediate signal transduction in FGF-
2-stimulated SMCs, whereby phosphorylation of tyrosine residues 653
and 654 activates the kinase domain of the receptor. In addition, FGFR1
activation was detected in growing collateral vessels in the rabbit model
of femoral artery occlusion.33

In our hands, FGF-2 stimulation led to a pronounced increase in re-
ceptor activation within 2 minutes.

Members of the PDGF growth factor family display their function by
binding to and was shown to be expressed
on the surface of SMCs.34 Since PDGF-AB binds with high affinity to

heterodimers, we analyzed the temporal phosphorylation pat-
tern of Stimulation of SMCs with PDGF-AB did not increase

the total amount of the but led to a rapid phosphorylation of a
conserved residue, Tyr857, which was described to be essential for recep-
tor activation.35 Within 2 minutes of stimulation the receptor reached its
peak activation, followed by a rapid decrease towards control value after
10 minutes. Receptor phosphorylation as well as the activation of down-
stream signaling mediators ERK1/2 and Akt in response to both factors
was efficiently counteracted by RTK inhibitor genistein.

Co-transcription factor Egr1 was found to be up-regulated in growing
collateral vessels after femoral artery occlusion in mice. Differential

expression of this factor in the very early phase of collateral growth
(mRNA was up-regulated 6 and 12 hours, the protein 24 hours following

occlusion) points to a role for this gene during the initial stage of arte-
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riogenesis. Strong immunostaining was found in endothelial cells and

some smooth muscle cells of arterioles including collateral arteries, how-
ever, not in veins or capillaries. Furthermore, some staining in nerves and
very rarely in myocyte nuclei was observed. Mutational analysis of puta-
tive transcription factor binding sites in the Egr-1 promoter revealed that
the activation of Egr-1 in response to shear stress is predominantly medi-

ated by three serum response elements located upstream of the tran-
scriptional start site.36 Studies by Lowe and co-workers using DNAzymes
provided clear evidence that abrogation of Egr1 expression significantly
inhibited SMC proliferation and their response to vascular injury.37 Since
SMCs play a pivotal role in the process of arteriogenesis, we investigated
whether stimulation of cultured SMCs with FGF-2 or PDGF-AB also
triggers Egr1 induction. Whereas Egr1 expression proved to be poor in
quiescent porcine aortic SMCs, both mRNA and protein levels of Egr1
were highly increased within 1 hour of stimulation with FGF-2 or PDGF-
AB. Egr1 expression was not only rapid but also of a transient nature
since the transcript vanished by 2 hours. This could be due to the subse-
quent binding of transcription factors, which downregulate the tran-
scription of this gene or raises the possibility of a rapid mRNA degrada-
tion by an enzyme.

To define key signaling mediators of FGF- and PDGF-induced mito-
genesis and Egr1 expression, the activation of an array of signaling path-
ways was analyzed (Fig. 2). The proliferative response in many cell types
depends on the activation of the Ras-Raf-MEK-ERK signaling module.
This cascade is employed ubiquitously in the transduction of growth and
differentiation signals from RTKs and G-protein coupled receptors.

In adult porcine SMCs, MEK displayed a rapid and transient pattern
of activation in response to both factors, returning to control levels after
approximately 10 minutes. This was followed by a strong activation of
ERK1/2, which decreased gradually over 12 hours. Furthermore, both
growth factors increased the phosphorylation of transcription factor c-
Myc, which, after being activated, transactivates genes predominantly
involved in cellular proliferation and differentiation.38,39 This activation
culminated within 10 minutes of stimulation and decreased to control
level after 20 minutes, thus correlating with previous findings that this
nuclear phosphoprotein has a short life-span. Transcriptional induction of

c-Myc did not occur during this initial stage of growth factor stimulation.
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Schematic presentation to summarise the network of signaling pathways elicited by PDGF-
AB or FGF-2 in proliferating vascular SMCs. The figure also depicts the regulatory mecha-
nisms of Egr 1 expression in this particular cell type.

Apart from the already described ERK1/2 (p44/p42), two additional

kinases of the MAPK family were demonstrated to be implicated in var-

ious cellular responses: SAPK/JNK and p38. Both kinases control cellular

responses to cytokines and stress40-42 and to some extent to growth factors.

Previous studies demonstrated that these two kinases also participate in
signaling cascades initiated by FGF and PDGF.24,43,44

We were interested whether these kinases acquire an activation status
when SMCs were stimulated with FGF-2 or PDGF-AB. In porcine aortic
SMCs no activation of these kinases could be detected either in response
to FGF-2 or PDGF-AB between 10 minutes and 24 hours. Significant

divergence may, however, exist between different animal species. In sup-

port of this notion, Yamaguchi et al. showed that in rat aortic SMCs sig-

naling of all PDGF isoforms depends on p38 activation, but also found

no indication for SAPK/JNK involvement.44

Protein kinase C (PKC) plays a central role in signal transduction, cel-
lular growth and differentiation.45 The family of structurally related PKC
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isoforms can be classified into three subfamilies based on their and
phorbol ester sensitivities. We differentiate between classical PKCs

novel PKCs and atypical PKCs In many cell
types, the mitogenic effects of FGF and PDGF are dependent on PKC
activation, but which PKC isoforms are involved, particularly in SMCs,

remains to be elucidated.
We analyzed the activation status of various classical, novel and atyp-

ical PKC isoforms within the time frame of 10 minutes to 12 hours. Our

results revealed that only novel isoforms and were phospho-
rylated in SMCs upon stimulation with FGF-2 or PDGF-AB. Interestingly,
although being rapidly activated, the and activity did not re-
turn to control levels even after 12 hours, suggesting that cross-regulation
with other signaling molecules may determine the response outcome.

We further focused our interest on the PI3K/Akt cascade, which takes
a central place in intracellular signaling events ranging from growth, dif-
ferentiation, chemotaxis, and actin reorganization to anti-apoptosis
(reviewed in 47). To assess the involvement of this cascade in FGF-2- and

PDGF-AB-induced mitogenesis of SMCs, activation of PKB/Akt was
analyzed.

Our studies demonstrated that in SMCs only PDGF-AB induced
rapid activation of PKB/Akt with concomitant phosphorylation of an
important downstream target, Peak levels at 10 minutes were fol-
lowed by a continuous decrease towards basal level after 12 hours. In
FGF-2-stimulated SMCs no PKB/Akt activation was observable at any
time point tested. Interestingly though, FGF-2 phosphorylated in
the same manner as PDGF-AB. These findings suggest different regulato-

ry mechanisms of inactivation in SMCs depending on the initial
proliferative stimulus.

To examine the contribution of individual signaling pathways to SMC
proliferation and Egr1 expression, specific inhibitors of particular key
molecules were used. The most common way to inhibit the Ras-Raf-
MEK-ERK cascade in living cells is to block the key mediator MEK. Two
specific inhibitors of MEK, UO126 and PD98059, have been successfully
used both in in vitro and in vivo systems. Preincubation of SMCs with
UO126 prevented the phosphorylation of components ERK1/2 (Fig. 3)
and c-Myc. In the presence of UO126, growth factor stimulated SMCs

46
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Western blot analysis of ERK1/2 phosphorylation and Egr1 protein expression in response
to PDGF-AB (3a) or FGF-2 (3b). Pre-treatment of SMCs with UO126, a specific in-
hibitor of MEK, abolished ERK1 and ERK2 phosphorylation induced by PDGF-AB or FGF-2
(upper panel in 3a and 3b) and counteracted the transcriptional induction of Egr1 (lower
panel in 3a and 3b). Note that the effect of FGF-2 on ERK1/2 phos-phorylation and Egr1 ex-
pression is more pronounced compared to PDGF-AB. Abbreviations: AB=PDGF-AB; FGF=
FGF-2; UO=UO126

ceased to proliferate as evidenced by a complete abolishment of the
DNA-synthesis rate. Finally, induction of Egr1 expression was counter-
acted by this MEK inhibitor, suggesting that this particular signaling cas-
cade plays a pivotal role in inducing DNA synthesis and Egr1 expression
in FGF-2- or PDGF-AB-stimulated SMCs (Fig. 3).



Signal Transduction Pathways in Smooth Muscle Cells 223

MEK itself, however, became highly phosphorylated in the presence of
UO126, an effect that lasted for several hours. The intensity of these
phosphorylation signals exceeded by far those observed with growth fac-
tor stimulation alone. The specificity of this hyper-phosphorylation
effect was confirmed by means of PD98059. Furthermore, inhibitor in-

duced hyper-phosphorylation of MEK was not an artefact of SMCs but
was also detected in vascular endothelial and microvascular endothelial
cells. The fact that MEK inhibition by UO126 and PD98059 closely cor-

relates with its hyper-phosphorylation is an important finding because it
demonstrates that a phosphorylation is not only a necessary prerequisite
for kinase activation but also for its inhibition.

To obtain more insight into the role of the PI3K/Akt cascade in pro-
life-rating SMCs, PI3K was inactivated by wortmannin. In PDGF-AB-
stimulated cells wortmannin abolished PKB/Akt and phosphory-
lation, i.e., inactivation. In FGF-2-stimulated SMCs wortmannin had no
inhibitory effect on phosphorylation. These results demonstrate

that whereas the classical PI3K/Akt cascade is utilized to inactivate
in PDGF-AB stimulated SMCs, other signaling molecules are required to
mediate this effect when FGF-2 is the proliferative stimulus for SMCs.

Experiments using wortmannin provided an important finding that
the inhibition of the PI3K/Akt cascade also leads to induction of Egr1 ex-
pression. Exposure of cells to wortmannin followed by a long term stim-
ulation with PDGF–AB (14–24 hours) resulted in a dramatic increase of
ERK1/2 activity with concomitant up-regulation of Egr1. This indicates
that the loss of PI3K signaling switches the cellular response towards the

mitogenic Ras pathway. We aimed to determine the consequence of this
switch on DNA-synthesis induction but obtained controversial results.
One set of experiments (performed in triplicates) demonstrated a clear
increase in DNA-synthesis rate when SMCs were pre-incubated with
wortmannin, whereas in the second experimental set wortmannin did
not influence the level of DNA synthesis. Since inhibition of PI3K coun-
teracts the survival processes, this discrepancy may result from the bal-
ance between apoptotic and proliferative responses. It is also tempting to
speculate that some not yet identified factor(s) may influence this balance

in our model system.
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In addition to porcine aortic SMCs, evidence for a similar cross-regu-

lation between the PI3K/Akt and the Ras-Raf-MEK-ERK signaling cas-
cades has been reported in rat neonatal SMCs.48

Apart from identifying signaling pathways we tested the influence of
FGF-2 and PDGF-AB on desmin expression. One of the early hallmarks

of arteriogenesis is the loss of this intermediate filament protein in phe-
notypically modulated SMCs of the neointima of growing collateral
arteries.18 We observed a similar effect in cultured SMCs stimulated with
FGF-2. The effect of PDGF-AB was modest by only 25 % downregula-
tion, whereas FGF-2 dramatically diminished the level of desmin by 80 %

compared to controls.
Our results point to a close correlation between Egr1 expression and

collateral growth. In an attempt to delineate the major signal transducers
that activate the Egr1 promoter, we demonstrated the complete abolish-
ment of Egr1 expression by UO126, indicating that the Ras-Raf-MEK-

ERK cascade plays the predominant role in the transcriptional induction
of this factor in FGF-2- and PDGF-AB-stimulated SMCs. In contrast to
endothelial cells, in SMCs SAPK/JNK and p38 are not likely to be
involved. Switching the response from the PI3K-initiated cascade to the
mitogenic Ras module provides an additional pathway of inducing Egr1
promoter activity.

The MAP kinase pathway was potently activated in FGF-2- or PDGF-
AB-treated SMCs as shown by the phosphorylation of prominent mem-
bers MEK, ERK1/2 and c-Myc. Inhibition of MEK correlated with the in-
hibition of ERK1/2 and c-Myc phosphorylation and, importantly, with the
inhibition of DNA-synthesis, suggesting a crucial role of the Ras-Raf-MEK-
ERK signaling cascade in mediating proliferative events in porcine SMCs.

Important links between the MEK/ERK pathway and the cell cycle
machinery is the induction of cyclin D1 expression49, activation of car-

bamoyl phosphate synthetase II (CPSII), the key regulatory enzyme of de
novo pyrimidine nucleotide synthesis50 as well as enhancement of protein
synthesis by ERK1/2. Furthermore, ERK1/2 facilitate gene transcription
by directly phosphorylating transcription factors c-jun, c-fos and c-Myc
or by modifying chromatin structure.51 Finding ways to influence and
regulate this pathway would provide a valuable therapeutic tool in the
clinical management of excessive SMC proliferation correlating with sev-
eral pathological disorders.
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The PI3K/Akt signaling cascade represents a cellular pathway impli-
cated in a wide range of cellular functions ranging from proliferation to
anti-apoptosis. In vascular SMCs, FGF-2 and PDGF-AB display distinct
effects on the activation of this pathway. Whereas PDGF-AB triggered a
rapid and long lasting activation of Akt, this effect was completely absent
when cells were stimulated with FGF-2. Importantly, however, both fac-

tors led to a phosphorylation and therefore inactivation of which
is an essential step towards Cyclin D1 stabilisation and cell cycle entry.52

Since both PDGF-AB and FGF-2 are potent mitogens for SMCs, it is not
surprising that their action consists in the inactivation of those molecules
that would attenuate proliferative responses. In studies using wortmannin
we demonstrated that PDGF-AB utilises the classical PI3K pathway to inac-
tivate whereas FGF-2 transmits the signal most likely via p70S6K.

Nevertheless, the experiments with UO126 do not lead to the conclu-
sion that the prime importance of the PI3K/Akt pathway in our system
lies in the mediation of proliferative signals. This role should rather be at-
tributed to the Ras mitogenic signaling because the PI3K signaling could
not compensate the abolishment of DNA synthesis by UO126. The MAPK
pathway seems to act in a “conditio sine qua non” fashion, orchestrating
downstream events required for smooth muscle cell cycle entry. Although
cell viability was seriously impaired in SMCs treated with wortmannin,

the role of PI3K/Akt in our model is not likely to be restricted solely to
survival regulation and suppression of apoptotic effects. Rather, PI3K/Akt
were shown to regulate important aspects of glycogen metabolism by
inhibiting protein synthesis by indirectly activating eIF2B,54 and
energy-dependent processes, all of them contributing to prepare cells for
passing the restrictive proliferative points. Furthermore, PI3K signaling
influences changes in cytoskeletal organisation.55 It thereby contributes to
the regulation of actin dynamics and cell movement, processes required
for physiological migration of SMCs during arteriogenesis.18

Importantly, normal cell functioning depends on the fact that these
signaling pathways never work in isolation; they are integrated in com-
plex cellular networks and the final response represents an outcome of a
cross-regulation of multiple, interconnected signaling molecules (Fig. 2).

In addition, using growth factors we simulated the arteriogenic behav-
iour of cultured SMCs and found key similarities to the SMC responses
during collateral growth. ERK1/2 activation (unpublished observations),

53
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Egr1 expression and the drastic reduction in desmin amount are impor-
tant features observed in growing collateral arteries. In our in vitro system
we could demonstrate that particularly FGF-2 was very efficient in elicit-
ing these responses. PDGF-AB effects were similar but less pronounced.

It is not surprising that FGF-2 simulated the arteriogenic SMC per-
formance so convincingly. Given the fact that the corresponding receptor,
FGFR1, was found to be up-regulated and activated early during arterio-
genesis33 and FGF-1 and FGF-2 clearly detected (although not differen-
tially regulated) in collateral vessels, we assume a potential role for this
growth factors in arteriogenesis in vivo. By contrast, PDGF receptors as
well as the ligands were neither detected nor found to be up-regulated in
growing collaterals (E. Deindl, unpublished). Although PDGF-AB proved
to be an important mitogen for SMCs, exactly which contribution the
PDGF family makes to the process of arteriogenesis is currently not clear.

However, recent studies in our laboratory using shear-stress stimulat-
ed collateral arteries showed activities very similar observed to those in
SMC cultures: a marked constitutive activation of the RAS/ERK pathway
but no activity of the JNK/SAPK and the p38 pathway. This is common
to both the FGF-2 as well as to the PDGF-AB effects. However, the factors
differ in that only FGF-2 strongly downregulates desmin and destrin, just
like in SMC culture. The mild activation of Rho found in collateral ves-
sels may be due to the direct stimulation by shear stress activated integrins.
In conclusion, we can say that although FGF-2 may not be the only
growth factor, it certainly plays a prominent part in the concerted action
called arteriogenesis.

A summary of the findings described is presented in figure 4.
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Schematic representation of growth factor signaling pathways in smooth muscle cells during
arteriogenesis/collateral growth.
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12
Expression Profiling of
Growing Collateral Arteries/
Hunting for New Genes

René Zimmermann, Kerstin Boengler,
Andreas Kampmann, Borja Fernández,
Elisabeth Deindl and Wolfgang Schaper

The number of genes involved in arteriogenesis is rapidly growing. We
and others have identified several growth factors (e.g. FGF-1, FGF-2,
FGF-4, NGF,  1-7, growth factor-associated genes (Notch 1 and
Dll4, DANCE)8-10, cytokines (MCP-1)11, as well as genes involved in the
composition of the extracellular matrix(ECM)12,13 and in the reorganiza-

tion of the cytoskeleton (e.g. cofilin2)14 as participants in these process-
es. Furthermore, our studies indicate that hypoxia and the expression of
hypoxia-regulated genes like VEGF do not play an important role in arte-
riogenesis15, implying that the basic mechanisms of collateral growth dif-
fer from those of angiogensis 3,16-18.

In order to identify addtional molecules involed in this process we
initiated molecular studies inour rabbit and mouse hind limb femoral
artery occlusion models as well as in the pig model of arteriovenous

shunt, which are still ongoing, Techniques used include Differential

Display RT-PCR, Suppression Subtractive Hybridization, Serial Analysis
of Gene Expression (SAGE),micro-arrays and 2D gel eletrophoresis fol-
lowed by mass spectrometry.
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The techniques
Differential Display Reverse Transcriptase PCR (DDRT-PCR) is based on

the amplification of cDNA, generated from RNA isolated from the tissue
of interest19. For amplification anchored oligo-dT primers and short
(~10-14bp) arbitrary PCR primers are used. Because these primers con-
tain an arbitrary sequence, DDRT-PCR is capable of isolating unknown
transcripts20. In short, the technique involves the amplification of first
strand cDNA by PCR and separation of the PCR products on a gel (for
review:21). In our experiments we used 48 different combinations to ana-
lyze RNA samples from control vessels and from growing collaterals after
3 and 7 days of femoral artery occlusion. These combinations can theo-
retically cover 62 % of the transcribed genes in a given cell-type or tissue.
Because DDRT-PCR is based on the amplification of cDNA, results ob-
tained with this method are only preliminary. It is necessary to confirm
the differential expression of the isolated clones with independent, reli-
able methods like Northern blot analysis or quantitative Real-Time PCR.

In order to perform Suppression Subtractive Hybridization (SSH),
collateral arteries were isolated, the mRNA extracted and amplified by
means of the SMART technique. SSH is a technique especially designed
for the detection of rare transcripts, which vary in their expression pattern
between two experimental setups22. SSH allows a synchronous normaliza-
tion and subtraction of two cDNA pools in one step and has the advan-
tage that it does not rely on the availability of specific sequences as do
DNA-microarrays. However, background molecules can arise via unspecific
annealing during the adapter-ligation or represent non-subtracted cDNAs
and have to be excluded from the cDNA libraries. To identify truly dif-
ferentially expressed genes different strategies can be applied: back-
ground molecules can be eliminated by application of mirror orientation
selection23or cDNAs from the subtracted libraries can be screened for dif-
ferential expression via spotting them on glass-slides and hybridizing with
fluorescent labeled cDNAs derived from experimental or control RNAs.

Serial analysis of gene expression (SAGE) was first described in 199524

and later adapted for the use in complex tissues 25. SAGE is a powerful
method to examine the expression profile of a certain tissue, disease state
or growth process because it allows the quantitative and simultaneous
analysis of a large number of transcripts. The method is based on short
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(approximately 10bp) tags, which are diagnostic for a transcript. RNA
isolated from the tissue of interest is reverse transcribed into cDNA,
which is then cleaved by two restriction enzymes to generate short 10bp
tags. These tags are ligated to form concatemers, cloned and analyzed by

sequencing. SAGE is a quantitative method because it does not involve
any PCR step. The number of the appearance of a certain tag in a SAGE-
library is a direct measurement for the expression of the corresponding
gene in a given context, e.g. arteriogenesis. SAGE libraries in combination
with appropriate statistical methods provide a reliable and comparable
overview of gene expression. The comparison of two different libraries is
done by comparing the tags-counts of these two libraries. This numerical
analysis does not necessarily require the direct comparison of two librar-
ies; in fact, it is possible to perform it separately. Therefore, genes that are

differentially expressed may be identified just by counting the tags from
two independent libraries.

Genes involved in arteriogenesis
Osteoglycin/Mimecan
By means of DDRT-PCR we cloned a gene, which was downregulated
after day 3 and 7 of femoral artery occlusion. The originally isolated
DDRT-PCR fragment of approximately 250bp showed no homology to
any known gene. However, after the cloning of the rabbit full-length
cDNA, we found that this cDNA has a homology of 89% to human
osteoglycin (Ace. No. XM 011797.3), also known as osteoinductive factor
or mimecan. The protein was originally isolated as osteoinductive factor,
because of its ability to induce bone formation 26. This activity was later
shown to be due to a contamination of the analyzed protein preparation

by bone-morphogenetic-protein-1 and 227. Because of the possible con-
fusions associated with the name osteoglycin it was renamed mimecan28.

Mimecan/osteoglycin is a member of the family of the small leucine-
rich proteoglycans29 with a molecular weight of approximately 34kDa
and it maps to human chromosome 9q2230. The small leucine-rich pro-
teoglycans are characterized by tandem leucine repeats, six of them can
be found in the central domain of mimecan/osteoglycin. They play a role
in the organization of tissues and of collagen fibers, both during normal
and pathological conditions29,31.
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Our results show that osteoglycin is
downregulated in response to the oc-
clusion of a major artery (Fig. 1).
mRNA expression levels decreased
to 37% and 33% of control (expres-

sion in non growing collaterals) after
3d and 7d of femoral artery occlu-
sion, respectively. Three weeks after
femoral artery occlusion, when col-
lateral growth has stopped due to
near normal shear stress levels in the
growing collaterals, osteoglycin is ex-
pressed on a level comparable to rest-
ing collaterals (approximately 72 %).
Comparable changes were seen
when osteoglycin protein levels were
analyzed: three days after femoral

Northern blot hybridization of osteoglycin.
mRNA levels were 37% of control value after 3 days
of femoral artery occlusion and 33 % after 7 days,
respectively. After 3 weeks of occlusion the expres-
sion was 72 % of the control value

artery occlusion protein levels were
44 % of the control value while at 7d
they reached 51 %. However, at 3
weeks the protein level did not reach

the original level in control vessels, as seen with the mRNA, but stayed at
low levels (44%) (Fig. 2).

These findings are in accordance with reports in the literature, which
show that osteoglycin is downregulated in proliferating smooth muscle
cells and after vascular injury (also a process characterized by proliferat-
ing smooth muscle cells)32. Our own in vitro data show that osteoglycin
mRNA expression can be influenced by different cytokines, including
FGF-2, which leads to a strong downregulation of mRNA levels after 48h
and 72h. FGF-2 is of special interest because it was shown that it can
stimulate arteriogenesis3. Furthermore, our own data showed that
administration of PAS (polyanetholsulfonic acid) – a substance blocking

the action of FGFs via complex formation – almost completely abolished
the downregulation of osteoglycin in rabbits after femoral artery occlu-

sion (E. Deindl, unpublished).

Immunohistochemical analysis of normal rabbit tissues revealed lo-
calization of osteoglycin protein in the adventitia of all arteries and veins.
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In the aorta, osteoglycin mRNA was
expressed by smooth muscle cells

and adventitial fibroblasts, but not
by endothelial cells. Heart and skele-
tal muscles showed focal osteoglycin
accumulation in the extracellular ma-
trix surrounding myocytes, whereas
intestine and uterus showed homog-
enous distribution of the protein.
Non-muscular tissues like brain, kid-
ney, liver, and lung showed low levels
or no expression of osteoglycin in
the parenchyma, although the pro-
tein was always present in the arteri-

al adventitia.
During collateral artery growth

osteoglycin mRNA was localized in
smooth muscle cells of proliferat-
ing and non-proliferating vessels
as well as in nerve fibers. The pro-
tein accumulated in the adventitia
of all vessels, was less abundant in
the media and appeared in the inti-
ma of a few big vessels. After 7 days

Western blot analysis of osteoglycin.
Two forms of the protein were detected: the complete
core protein (app. 34kDa) and the protein after re-
moval of the signal peptide (app. 31kDa). The changes
in protein expression were comparable to the changes
on the mRNA level. The expression was 44% when
compared to the control value after 3 days of femoral
artery occlusion and 51 % after 7 days, respectively.
After 3 weeks of occlusion the expression was 44 % of
the control value.

of femoral artery occlusion the protein was significantly reduced in the

adventitia of growing collaterals when compared to quiescent vessels.
We therefore conclude that osteoglycin plays an important role dur-

ing the growth of collateral arteries. It is a key component for remodel-
ing of the extracellular matrix (ECM). Downregulation of its expression
allows proliferation of smooth muscle cells and a partial breakdown of
the ECM while in mature collaterals it seems to be involved in keeping
them functional and preventing that the vessels get leaky.

RGS5
RGS is an acronym for Regulator of G-protein Signaling and it is one

member of a larger family of proteins. The core function of RGS-proteins

is to regulate G-protein signaling strength and duration by binding to and
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dephosphorylating The exact function of RGS5, however, is
currently unknown33,34. RGS5 is highly expressed in heart and aorta, but
at very low levels in other tissues35-37.

In growing collaterals RGS5 is strongly downregulated between 6 hours
and 3 days of femoral occlusion, but upregulated in the same setting at 3
weeks, implicating an important role of G-proteins and their regulators
in arteriogenesis (Zimmermann, unpublished).

Cofilin2
Arteriogenesis, which is mainly induced by fluid shear stress, is promot-
ed by growth factors and cytokines supplied by monocytes38. It was
shown that both stimuli, shear stress as well as growth factor binding,
cause a re-organization of the cytoskeleton39. Among the proteins con-
tributing to actin dynamics, cofilin is well-characterized40,41. Previous
studies demonstrated that cofilin depolymerizes and severs actin in a pH-
dependent manner42 whereby the activity of the protein is controlled by
its phosphorylation status. LIM-kinases, effectors of Rho-GTPases, phos-
phorylate cofilin, thereby converting it to the inactiveform43,44, while the
dephosphorylation of cofilin via the phosphatase slingshot activates the
protein45. In mouse and human, two cofilin genes are described: cofilin 1,
which is widely expressed in non-muscle tissues, whereas cofilin2 is

found in muscle tissue as well as in smooth muscle cells46.
By immunohistochemistry endothelial cells and smooth muscle cells

of collateral arteries of the rabbit m. quadriceps were positive for both
isoforms, i.e., cofilin 1+214. Additionally, the proteins were detected in the
nuclei of skeletal myocytes as well as in some interstitial cells. In contrast,
cofilin1 expression was restricted to endothelial cells of collaterals, capil-
laries and veins. These data indicated that cofilin2 is mainly localized in
the smooth muscle cells of collateral vessels.

The mRNA and protein levels of cofilin2 increased in collateral arteries
24 hours and 3 days after femoral artery ligation compared to sham oper-
ated animals, but not in the m. quadriceps devoid of collateral arteries.

However, the protein level of cofilin1 was unchanged in collaterals be-
tween experimental and control animals (Fig. 3). These data make it like-
ly that cofilin2 is the isoform involved in the early phase of arteriogenesis.
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Interestingly, there are data indicating that the expression of the dif-

ferent isoforms of cofilin is characteristic for the species studied: in a pig
model of chronical shear stress due to arteriovenous shunting, cofilin
expression in the collateral vessels differs from that in the 7d rabbit mod-

el by the fact that increased levels of cofilin 1 were detected while cofilin2
was decreased (S. Boehm, unpublished; see also chapter 5).

We hypothesize that the two cofilin isoforms play distinct roles in the
turnover of actin in specific cell types during specific stages of collateral

artery growth. Previous studies already have demonstrated that cofilin 1
and 2 differ in their ability to depolymerize actin47.

Furthermore, the phenotype of smooth muscle cells changes from con-
tractile to synthetic, a process associated with a decrease of the
muscle actin protein level48. Our results indicate that the mRNA level of

muscle actin is also downregulated, namely at a point of time,

3a: Northern blot analysis of cofilin2 mRNA expression in collaterals at distinct experimental
intervals (6h–3d), in the m. quadriceps, and in rabbit organs. Positions of the 18S and 28S
rRNA are indicated (top). To control for RNA loading, the blot was rehybridized with an
18S rRNA specific probe (bottom). 3b: Western blot analysis of cofilin1 and cofilin2 in collater-
al arteries. Protein extracts were probed with an antibody against cofilin 1+2 (top) or against
cofilin1 (bottom). To control for equal loading, a representative ponceau S stained band is
shown (reprinted from14 with permission).

Expression pattern of cofilin2.
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when cofilin2 is upregulated. These data suggest a common mechanism

for the regulation of the cofilin2 and muscle actin mRNA

expression in collateral artery growth.

Based on our findings we hypothesize that cofilin2 is associated with

the integrin signaling network (Fig. 4). Mechanical stress like fluid shear

stress, the main stimulus of arteriogenesis, induces a remodeling of the
focal adhesions, which are complexes of integrins. The integrins are also
differentially expressed during arteriogenesis. Studies from our laboratory

demonstrated increased protein levels of integrin in the endotheli-

um as well as in the media of collateral arteries after femoral ligation

(K. Broich, unpublished; see chapter 9).

Previous studies showed that on the one

hand the integrins regulate the Rho
family GTPases, and on the other hand

the Rho-GTPases are influencing the in-
tegrins49. LIM-kinases, effectors of the
Rho-GTPases, as well as phosphatases
like slingshot were demonstrated to con-
trol the phosphorylation status of cofilin

and thereby the activity of the protein.

The active cofilin proteins exert their

function in regulating the actin turnover

of migrating and proliferating cells and

thereby the progression of arteriogenesis.

Asb5 (Ankyrin repeat containing
SOCS box protein 5)
Asb5 is a member of the asb family,

which comprises 18 members50. The asb

proteins – not well characterized up to

now – are depicted by a non-conserved

N-terminus, a various number of ankyr-

in repeat motifs as well as a C-terminal
SOCS box (suppressors of cytokine sig-
naling). The SOCS box, a conserved
motif of 39 amino acids, was originally

Schematic representation of the putative signal
transduction cascade regulating the level of actin
polymerization in growing collateral arteries.
The clustering of the heterodimeric integrins
located at the focal adhesion is regulated by me-
chanical stress. The integrins and Rho-GTPases
interact with each other. The phosphorylation
status of cofilin is either controlled by kinases
like the LIM-kinases or via phosphatases like
slingshot. The active cofilin is able to depolymer-
ize actin filaments. ECM = extracellular matrix
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identified in the proteins SOCS1-3, which are implicated in the inhibi-
tion of cytokine signaling via a negative feedback mechanism51. The exact
functions of asb proteins in physiological processes remain to be eluci-
dated. We cloned the rabbit asb5 cDNA, which is highly conserved
(~96%) compared to the human and mouse cDNAs52. Analysis of the
asb5 amino acid sequence revealed a putative N-terminal transmem-
brane domain, six ankyrin repeats, which are mediating protein-protein
interactions, and a C-terminal SOCS box (Fig. 5).

Asb5 mRNA is expressed in rabbit heart as well as in skeletal muscle,
but not in brain, lung, kidney, thyroid gland or uterus. This expression

pattern is similar to that of asb2 and
asb 10, which both are predominantly

expressed in heart and muscle. Im-
munohistochemical data showed that
endothelial cells and smooth muscle
cells of collateral arteries as well as the
endothelial cells of capillaries stained
positive for asb5. Additionally, asb5
was localized in the satellite cells of
striated myocytes, but not in the myocytes themselves (Fig. 6).

Asb5 was increased in collateral arteries on mRNA as well as on protein

level 6, 12 and 24 hours after occlusion of the femoral artery. However, in
the m. quadriceps devoid of collaterals asb5 was not differentially ex-
pressed, indicating that asb5 is specifically upregulated in collateral arter-
ies. Furthermore, asb5 mRNA levels were decreased in collateral vessels
after infusion of the anti-tumor agent doxorubicin, but not after infusion
of or MCP-1, both substances known to promote arteriogenesis.
We speculate that the downregulation of asb5 mRNA by doxorubicin
may inhibit arteriogenesis, since it has been shown that the delivery of
doxorubicin in rats inhibits vascular smooth muscle cell proliferation53.

In summary, our results show that asb5 is a novel protein associated
with collateral artery growth. However, the exact function of asb5 in arte-
riogenesis remains unclear. We speculate that asb5 interacts via its
ankyrin repeat motifs with target proteins (Fig. 7). The SOCS box of asb5
may contact the elongin BC complex, as it was shown for asb254. E3 ubiq-
uitin ligase was also demonstrated to be part of the elongin BC complex

Schematic representation of the functional
domains of the rabbit asb5 protein.
The putative transmembrane domain is marked
in green, the ankyrin repeat motifs in red and the
SOCS box in blue. Numbers are indicating the
position of the respective amino acids (reprinted
with permission from52).
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Immunoperoxidase localization of asb5 (a-d) and hematoxilin/eosin
counterstaining (e) of rabbit m. quadriceps.
6a: Asb5 immunoreactivity was found in the wall of collateral arteries (A) and veins (V).
6b: both endothelial cells (arrowheads) and smooth muscle cells (arrows) stained positive for
asb5. 6c: Some satellite cells (arrows) were found positive, but myocytes (M) were negative.
6d,e: asb5 stained the cytosol of ECs and SMCs of arteries (arrowheads and small arrows).
Capillaries were also positive (big arrows). (reprinted with permission from52)

and was shown to transfer polyubiquitin chains to a target protein, there-
by labeling it for proteasomal degradation (Fig. 7). Asb5 might therefore
play a role in the termination of a specific signal transduction pathway by
targeting itself and specific signaling molecules for degradation. It remains
to be elucidated, which factors represent specific asb5 targets. However, it
is unlikely that substrates of asb5 are members of the JAK/STAT family,
which are described to interact with SOCS proteins, since asb5 does not
contain the SH2 domain necessary for this protein-protein interaction55.

Carp (cardiac ankyrin repeat protein)
The rabbit carp cDNA encodes a 36 kDa protein containing a PEST like

sequence, which targets proteins for rapid degradation, four ankyrin
repeats, shown to mediate protein-protein interactions, as well as nuclear
localization signals (Fig. 8).
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Model of the asb5 function in terminating a signal transduction cascade.
Asb5 may contact an interaction-partner via the ankyrin motifs. The SOCS box can inter-
act with elongin BC and the E3 ubiquitin ligase, which may ubiquitinylate the interaction-
partner, thereby targeting it for proteasomal degradation.

Carp mRNA is expressed in a segment-specific manner during em-

bryonic heart development56 and elevated levels are a marker of cardiac
hypertrophy57,58. Carp is localized in the nucleus where it functions as a
transcriptional co-factor59. Additionally, previous data indicated that
carp functions in the negative regulation of cardiac gene expression60.

Our data61 showed increased levels of the carp mRNA in rabbit collat-
eral arteries 6, 12 and 24h after femoral ligation compared to sham oper-
ated animals. Furthermore, an upregulation of the carp transcript was
detected in a similar arteriogenesis model in mice. Carp, also enhanced
on protein level, was shown to be localized in endothelial cells as well as
in smooth muscle cells of collateral arteries by immunohistochemistry.
The expression of carp was not restricted to the nuclei, but was found
throughout the whole cells. In contrast, in striated myocytes only the nuclei
stained positive for carp.

The mRNA level of carp
was further increased by in-
fusion of in rabbits,
but was not affected by the
application of doxorubicin –

shown to downregulate the
carp mRNA in vitro – or by

Schematic representation of the functional
domains of the rabbit carp protein.
The nuclear localization signals are marked in
green, the PEST-like sequence in blue and the an-
kyrin repeat motifs in red. Numbers are indicating
the positions of the respective amino acids.
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infusion of MCP-1. These data suggest that during arteriogenesis, in
which both, MCP-1 or are involved, carp represents a specific
downstream target of

The overexpression of carp in cos-1 cells resulted in increased expres-

sion of the early growth response factor Egr-1,
thereby indicating that carp is not only able to
inhibit but also to enhance protein expression

(Fig. 9).
Previous data showed that after the onset of

fluid shear stress, mRNAs for Egr-1, carp as well
as for were upregulated in vitro62-64 and
induced during collateral artery growth. We hy-
pothesize that known to increase the
number of collaterals as well as their conduc-
tance, activates carp via the SMAD proteins,
which were shown to bind to the carp promot-
er65. Carp itself may – among other genes –
induce Egr-1, a protein functioning in regulat-
ing the expression of target genes like bFGF or

66,67. Therefore, we suggest a putative
feedback mechanism, in which carp controls
the mRNA levels of genes associated with the
process of arteriogenesis as shown in Fig. 10.

Cytochrome b
In the forward subtracted library we found a
high number of mitochondrial encoded genes 14.
We confirmed the upregulation exemplary for
the cytochrome b, where we detected a minor,
but significant increase of the mRNA levels in
collateral arteries 24h after surgery. We suggest
that the high quantity of mitochondria in cells
and the therefore over-representation of the tran-
scripts in comparison to nuclear encoded genes
was presumably responsible for the numerous
mitochondrial encoded genes in the subtracted

Influence of carp overexpression on
the Egr-1 protein level in vitro.
9a: Cos-1 cells were transfected with a
carp expression plasmid (pCMSCARP)
or with the vector pCMS-EGFP as con-
trol. The protein level of carp and Egr-
1 2d after transfection were monitored
in the nuclear fractions by Western blot
analysis. To demonstrate equal loading,
a representative ponceau S stained
protein signal is shown. 9b: Quantifica-
tion of the Egr-1 expression. The val-
ues of the control vector pCMS- EGFP
were set as 100%. Each transfection was
performed 6 times independently.
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libraries. We furthermore hypo-
thesize that an upregulation of
the cytochrome b mRNA and
perhaps of other mitochondrial
encoded genes is most likely

needed for the increased energy
demands of the proliferating
cells during arteriogenesis.

Lsm5
Lsm5 was found to be upregu-
lated in growing collaterals 24h
after femoral artery occlusion14.

Lsm5 encodes a protein binding
to the 3’ end of the U6 snRNA
that contributes to the spliceo-
somal complex and is thereby
involved in the regulation of
transcription.

Schematic representation of the putative role
of carp in arteriogenesis.
Occlusion of the femoral artery results in elevated levels
of shear stress in the collateral arteries. Shear stress in-
creases the expression of Egr-1, carp, and which
may target carp via the SMAD proteins. Carp itself may
induce Egr-1, which can re-act on thereby pro-
viding the possibility of a feedback mechanism, regulating
the expression of target genes associated with the process
of arteriogenesis.

Preliminary findings from gene chips
Affymetrix chips were used for expression profiling of mouse and rabbit
mRNA obtained from collateral vessels at various stages of development.
The C57Bl6 strain was used because collaterals grow after femoral artery
occlusion in an ischemia-free surrounding. However, skeletal muscle
contamination could not be entrirely avoided given the extremely small
size of the collateral vessels. Although no rabbit-specific chip is currently
available from Affymetrix, we used the human one with good results. A
total of 724 genes were positively identified from the mRNA obtained
from shear-stressed collaterals (see chapter 5) at day 7. Of the 724 se-
quences 303 were upregulated, 89 showed no change of expression com-
pared to 7 day old collaterals not under high shear stress, and 332 exhib-
ited downregulation. Many of the upregulated genes reflected the ongo-
ing (rabbit) or restarted (pig) shear stress induced proliferative activity.
Of note is the strong upregulation of FGF-7, which, of all the screens used
so far, was the first time that a growth factor of the FGF-family appeared.
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Most of the changes in SMC gene expression (mRNA from the rabbit
shunt experiments) encompass the proteins of the cytoskeleton, of sig-

naling and transcription. About 22 transcription factors are down- and
14 are upregulated in states of high shear stress, several of them incom-
pletely studied zinc finger proteins (ZNF142, ZNF7, ZNF pT3, ZNF28,
ZNF258, ZNF286, ZNF177, ZNF138, ZNF 259 (all down), ZFHX 1B,
ZNFN1A3, ZFHX 1B, ZNFN1A3, ZNF184, HKR3, and the homeobox
gene PAX 9). Other transcription factors with differential expression

between high- and normalized shear stress are the homeobox C10, fork-
head box 11, sonic hedgehog homolog, distal-less homeobox DLX2,

VSX-1, helix-loop-helix TF4, homeobox B6, human kruppel-like zink-
finger ZNF184, GLI Kruppel family member HKR3.

In the endothelium as well in the SMC layers the dominant signaling
system is the RAS system with phosphorylation of the ERK-1 and 2- pro-
teins. This is easy to understand in view of the active proliferation going
on in these cells during the early phases of arteriogenesis. However, the
MAPkinases are in itself a complex system and we found the MAPK 11

and the MAP4K5 genes downregulated by shear stress, whereas
MAP3K2, MAP3K7, and the MAP2K1 genes upregulated. Other signal-
ing pathways may also be also involved like the WNT-system: the WNT
10A precursor and WNT inducible signaling pathway protein WISP-3
were found upregulated. In tune with this the “secreted frizzle like”
SFRP1and SFRP5 were also differentially regulated. The toll-like receptor
7 was down- whereas the toll-like receptor 3 was upregulated. We found
evidence for the marked involvement of the Rho pathway with its associ-
ation with the cytoskeleton (see destrin and cofilin in preceding chapters)
supported by the upregulation by shear stress of the Rho-guanine
nucleotide exchange factor. Feeding into this signaling chain are the
proto-oncogenes vav2 and vav3 both of which we found strongly upreg-
ulated by high shear stress. Vav 3 is co-localized with actin, which it is able
to rearrange. Ephrin A3 and Ephrin B3 are downregulated but the impor-
tance of this is at present unclear.

In our gene hunting projects the classical vascular growth factors did
not show up probably because of their very low transcript concentration:
no FGFs (with the notable but unexpected exception of FGF-7 and

angiopoietin-2, the Tie-2 antagonist, which were upregulated), no mem-
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bers of the VEGF-family, and none of the PDGF-family. However, a
strong case for the role of a ligand of the FGF-family exists because of the
findings discussed in previous chapters: upregulation of the FGF-recep-

tor 1, which is phosphorylated after femoral occlusion even in FGF-2
knockout mice. Also of interest is the differential regulation of the the
bone morphogenic proteins BMP 3 and –5 (the latter up-, the former
down regulated), the interleukins IL3 and –15, the chemotactic peptides
MCP-1 and –3 together with the receptor CCR-6.

In the mouse screen over 3000 genes were identified of which 243
showed differential expression. At day 1 after femoral artery occlusion, 7
genes were upregulated and 4 were downregulated. At day 3 (the peak of
mitotic activity) 45 genes were up- and 187 were downregulated. Due to
skleletal muscle contamination the number of collateral-specific genes
will probably be much smaller. However, it was reassuring to note that

carp, detected by other screens in uncontaminated rabbit collaterals, was
strongly upregulated.
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13
Theory of Arteriogenesis

Wolfgang Schaper

The scheme presented in figure 1 shows the time relationship of changes
observed during arteriogenesis. It is descriptive and the only suggestion
of causality is precedence: later ones cannot have caused early events. In
figure 2 causality is expressed and dependencies had been tested for
causality either by transgenic studies or by pharmacological interven-
tions. As said several times during the course of this book: shear stress
acting on the endothelium starts the entire arteriogenic cascade. Shear
stress increases when the pressure in the reentry part of a preexisting
arteriole falls which is the case with tight stenoses or acute arterial occlu-
sions. Shear stress must be present for several hours before the endothe-
lium becomes activated, which manifests itself in swelling and edema.
The endothelial cell tries to correct the partial loss of volume regulation
by changing the open probability of anion-, (later by kation-) Channels.
Interfering with that process (regaining of volume control, blockade with
T-type Ca++ channel blockers) inhibits arteriogenesis. The signaling of
the activated endothelium starts at channel activation (and probably
reactive oxygen species), proceeds via the MAPKinases and results in
upregulation of a number of genes, mainly of cell adhesion proteins
(ICAM, VCAM, osteopontin), in chemo-attractants (MCP-1), chemo-
repellents (eNOS), and proteases (u-PA). The resulting adhesion and
invasion of monocytes leads to the production of growth factors and pro-
teases (MMPs) and starts remodeling and growth by lysis of the extracel-
lular matrix, thereby releasing again growth factors (released FGF-2
increases the transcription of FGF-7) and upregulating growth factor
receptors. The MMPs are activated by u-PA and elastolysis is probably one
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of the most important steps of outward remodeling: the breakdown of
the tension-bearing skeleton increases the circumferential wall tension
for the SMCs, a proliferative stimulus which is increased by the growth-
induced increase in radius and becomes normal again (by negative feed-
back) only after the final step of remodeling, the increase in wall thick-
ness. Elastin fragments attract new monocytes, they downregulate the
elastin transcription in SMCs that change phenotype, become mobile,
move toward the intima and proliferate. That proliferation becomes
directional and results in a larger vessel is probably caused by the expres-
sion of eNOS which, by NO production, directs the intimal smooth mus-

cle cells towards the media and outer layers. Smooth muscle cells, nor-
mally devoid of a junctional system, develop one during the process of
arteriogenesis (connexin 37). Meanwhile changes occur in the expression
of a number of cytoskeletal proteins as well as proteins of the extracellu-

lar matrix which are first downregulated and, at later mature stages,
upregulated again. Signaling proceeds via the MAPKinases and via Rho
and starts with the upregulation of the FGF receptor 1 and with down-
regulation of RGS-5 which opens the chain of signals processed via G-
protein coupled receptors. Prominent transcription factors are Egr-1,
Mef2A and carp, together with a number of not very closely studied
(within the context of arteriogenesis) zink finger and homeobox factors.
The larger dimensions of the remodeled collateral vessel together with
the restitution of normal blood flow reduce shear stress and the endothe-
lial activation stops and with it all endothelial-dependent changes in gene
expression. Smooth muscle proliferation continues for some time until

the wall thickness has reached values that are compatible with normal
circumferential wall tension.
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Therapeutic Considerations, the Bottom Line
From what is presented in this book arteriogenesis stimulation is a real-
istic goal and almost normal maximal blood flow values can be obtained
after arterial occlusion in animal models. It is difficult to foresee whether
similar results can be obtained in patients with atherosclerosis. However,
the small arterioles from which large collateral vessels develop are usual-
ly free from atherosclerotic lesions with the exception of diabetic vascu-
lopathy. From our studies we would predict that a solution containing a
proteolytic enzyme that digests the extracellular matrix including elastin,
plus a chemotactic peptide that attracts monocytes, together with a non-
specific mitogen and a potent vasodilator should be successful in restor-
ing blood flow reserve. Such a solution should be infused at a strategical-
ly chosen place in the arterial system. The clinical feasibility of such a
treatment is at present unknown.

A summary of the findings described is presented in figure 1 and 2.
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14
Effects of Physical Activity

Swen Wolfram

Background
One of the first studies that explored the role of exercise for the treatment
of peripheral arterial obstructive disease (PAOD) was done by Foley in
19571. He reported faster healing of gangrenous feet when patients were
subjected to a walking program. The German clinician Schoop focussed
mainly on the importance of the collateral circulation2. He hypothesized
that the speed of blood flow, but not ischemia, causes an increase in the
collateral circulation and that exercise is the simplest, most effective
method for increasing blood flow. He even suggested a precise interval
training program for the treatment of PAOD. Unfortunately, these
studies were mainly based on clinical impressions and little data were
presented to prove the hypothesis and the effect of exercise on PAOD in
general and on the collateral circulation in particular. In 1967, Skinner
and Strandness3 investigated the effect of a walking exercise program on
three different parameters in patients with PAOD. Systolic pressure at the
ankle after exercise, maximal walking time, and the time of the onset-of
claudication pain were significantly improved in all of the five study
subjects. They concluded, without supplying further data, that a signifi-
cant increase in collateral circulation of long-term exercised patients is
improving the blood supply to the obstructed leg. In 1969, Alpert et al.4

observed a significant correlation between the improvement in maximal
walking time and the increase in calf blood flow during exercise after a
six months walking regimen. The authors concluded that functional
factors (e.g. better coordination of the working muscles) as well as ana-
tomic factors (increase in the number and/or size of collateral vessels) are
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involved in the improvement of performance of patients after regular
physical activity.

In 1968, Sanne and Sivertsson5 performed one of the first experimen-
tal studies with regard to exercise and PAOD. After unilateral ligation of
the femoral artery cats were trained for five weeks on a treadmill. The col-
lateral resistance at maximal vasodilation was significantly reduced in
trained cat, when compared to sedentary controls. They also reported
that the flow resistance in the distal vascular bed was not changed after
occlusion and not affected by exercise. Even though not providing any
histological evidence they suggested that the “spontaneous” growth of the
collateral vessels in the occluded limb was excellent. Five weeks after oc-
clusion, the collateral resistance during maximal vasodilation decreased
almost exactly threefold in the untrained animals. The authors hypothe-
sized that the “normal” stimuli for collateral development, whatever their

nature would be, are very efficient. They concluded that physical exercise
is a very potent additional stimulus, which further enhances the develop-
ment of collateral vessels. This study, being very elegant for its time, was
pointing into a new direction. From there on, more attention was paid to
collateral vessel development as a therapeutic mechanism for the treat-
ment of PAOD.

Exercise-induced arteriogenesis in the rat
Terjung and coworkers mainly established the rat model of PAOD and

exercise as a stimulus for arteriogenesis. In 1986, the results of their first
study about the influence of exercise on rat hind limbs with femoral

artery occlusion were reported6. Their results indicate a clear beneficial
effect of exercise on maximal running duration and intensity. Functional
performance of the gastrocnemius-plantaris-soleus muscles in trained
animals with femoral artery occlusion was similar to control rats but
reduced in sedentary animals. However, blood flow measurements with
microspheres did not yet provide conclusive results about the exercise-
induced arteriogenesis with subsequent increase in skeletal muscle perfu-
sion during exercise.

Four years later this work was continued with slightly modified tech-

niques 7. After an endurance exercise program of six weeks no significant
difference in total hind limb blood flow was observed between acutely
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occluded, sedentary occluded, and trained occluded animals. Total hind
limb blood flow reached only 46-63% when compared to unoperated
control rats. However, a significant difference could be observed when
blood flow distribution was analyzed. Animals with acute occlusion
showed a markedly reduced blood flow to the gastrocnemius-plantaris-
soleus muscle group relative to proximal blood flow. In sedentary animals,
distal blood flow partially recovered and further increased in trained ani-
mals with occlusion. The authors suggested that the increase in blood
flow to the distal hind limb in trained animals is due to better collateral
vessel function. However, it is important to state that the total hind limb
perfusion could not be recovered by exercise alone.

In the same year, Terjung and colleagues detected a significant in-
crease in total hind limb blood flow in rats with occlusion and trained for
up to eight weeks8. Again a significantly greater redistribution of blood
flow to the gastrocnemius-plantaris-soleus muscles was observed in
trained rats with occlusion compared to sedentary rats.

In 1993, the same group reported increased blood flow to the total hind
limb, to the proximal muscles, and to the distal muscles, when the femo-
ral artery was occluded after treatment with an ACE inhibitor for up to
seven days9. The authors hypothesized that a larger diameter of the col-

lateral vessels due to ACE inhibition is responsible for the increased blood
flow. In a follow-up study10, it was observed that long-term administra-
tion of an ACE inhibitor combined with physical activity for three weeks
elevated total hind limb blood flow and exercise tolerance to a greater
extent than physical activity or ACE inhibition alone.

The next pharmacological intervention in the same model was hepa-
rin treatment11. It was demonstrated that heparin treatment further en-
hanced blood flow to the entire hind limb, to proximal muscles, and to
distal muscles. Heparin treatment in combination with physical activity
also increased contractile force of the gastrocnemius-plantaris-soleus
muscle group as well as exercise capacity as compared to sedentary hepa-
rin treated animals. This study is particularly interesting because heparin
is known to interact with angiogenic growth factors. Through its high-
affinity binding, heparin aids in the storage and possibly in the mobiliza-
tion of growth factors in and from the extracellular matrix. It interacts
with cell surface receptors and growth factors initiating the growth factor
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signaling. Therefore, it is not surprising that heparin enhances the proc-

ess of collateral artery growth by possibly potentiating the effects of
growth factors released due to physical activity.

In 1996, these investigators determined the influence of FGF-2 on col-

lateral artery dependent blood flow12. FGF-2 infusion via osmotic pumps
for four weeks markedly increased blood flow to the total hind limb, to
proximal muscles, and to distal muscles. Muscle performance of the gas-
trocnemius-plantaris-soleus muscle group was enhanced and capillary-
to-fiber ratio of FGF-2 infused rats was increased in high-oxidative fiber
regions but not in a predominantly low-oxidative region as compared to
rats with acute ligation and to heparin infused control animals. Post-
mortem angiograms revealed more collateral arteries and a better filling
of the femoral artery distal to the point of occlusion. Thus, the authors
proved FGF-2 treatment to be very efficient in inducing arteriogenesis

upon femoral artery ligation.
When the stimulating effect of FGF-2 was combined with physical

activity, a more pronounced increase in collateral artery dependent blood
flow could be observed13. Hind limb blood flow measurements compared
to the sedentary carrier group revealed an increase in the following order:
trained carrier group, sedentary FGF-2 group, trained FGF-2 group. In-
terestingly, blood flow to the proximal hind limb muscles was especially
enhanced in the trained FGF-2 group indicating a significant treatment

interaction. However, when muscle performance was analyzed, the two
sedentary groups could not maintain the tension as well as the trained
carrier group. Again, the interaction of training and FGF-2 application
led to the highest increase of muscle performance. These data indicate
that muscle performance is not just determined by blood flow to the
working muscle. But, other factors must also have contributed. Unfortu-
nately, the investigators did not determine blood flow and muscle per-
formance in unoperated control animals. It would be very interesting to
compare the potency of the combined treatment with the physiological
conditions. This could reveal whether blood flow to the occluded limb is

partially or even totally restored and thus, the true significance of the
combined treatment. Additionally, capillary-to-fiber ratio increased only
in the low-oxidative gastrocnemius section of trained rats opposing their
findings of the previous FGF-2 infusion study12.
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In 2000, the efficacy and specificity of FGF-2 application on the in-
crease in collateral artery blood flow were determined 14. The investigators
found similar increases in the intraarterially infused group when com-
pared to the intravenously infused group or the subcutaneously injected

group as long as similar amounts were administered. There was no obvi-
ous difference in collateral artery blood flow when FGF-2 application was

short-term or prolonged and continuous or intermittent. Chronic FGF-2
treatment did not alter blood flow upon acute femoral artery occlusion
compared to untreated or carrier treated control rats. Therefore, the au-
thors conclude that FGF-2-induced arteriogenesis requires vascular oc-
clusion and can be restricted to short-term application through different
routes to be effective.

In the same year, Yang et al.15 evaluated the influence of an endurance

exercise program before acute occlusion of the femoral artery on collat-
eral artery blood flow. Prior endurance exercise training increased blood
flow to the hind limb in the distal as well as in the proximal segment in
comparison to sedentary control rats. Blood flow to the gastrocnemius-
plantaris-soleus muscles was significantly increased but did not nearly
reach the level of trained FGF-2 infused rats as shown earlier13. These
results indicate that prior exercise training is effective in increasing blood
flow to the distal hind limb muscles upon acute occlusion of the femoral
artery. But since there is no need for an excessive use of the preexistent
collateral arterioles during exercise with intact legs the increase in shear
stress is just enough to induce a moderate growth of these vessels.

The most recently published study by Terjung and colleagues indicates
that nitric oxide (NO) is implicated in arteriogenesis induced by FGF-2
as well as VEGF16. Nitric oxide synthase (NOS) inhibition abolished the
effect of both FGF-2 and VEGF on arteriogenesis. Both growth factors
alone were capable of increasing blood flow to the total hind limb, to
proximal muscles, and to distal muscles to a similar extent when com-
pared to untreated control rats. However, NOS inhibition together with
FGF-2 or VEGF treatment resulted in unchanged blood flow when com-

pared to untreated control rats. Thus, reduced NO production, availability,
and/or responsiveness, which are frequent phenomena in patients with
PAOD and CHF 17-19, could inhibit the arteriogenic response to FGF-2 and

VEGF treatments.
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Summarizing the results of Terjung and colleagues, one could specu-
late that the ideal treatment for rats with an arterial occlusion would
begin even before the onset of occlusion with at least six weeks of tread-
mill running and possibly ACE inhibition. After femoral artery occlusion
FGF-2 application via different routes has proven to be extremely effec-
tive when combined with an endurance regimen for at least four weeks.
In this model, exercise appears to potentiate the effect of FGF-2 via fur-
ther increase in shear stress and increased release of NO (for review see20).
It has also been shown that FGF-2 application to vascular smooth mus-
cle cells in vitro upregulates the expression of VEGF21. A marked syner-
gistic effect on VEGF expression could be observed when hypoxia was
combined with FGF-2 application. This study suggests that FGF-2 and
skeletal muscle hypoxia during exercise could have promoted among
other factors an amplified VEGF response in trained FGF-2 treated rats.

Exercise-induced arteriogenesis in the dog
In the late 1970s, researchers and clinicians paid much more attention to
the possible effect of exercise on the development of the collateral circu-
lation upon occlusion of a major coronary artery. Arteriosclerosis had
become the leading cause of death some years ago and cardiovascular
medicine was looking for ways to increase perfusion in areas distal to the

site of occlusion. The dog model had been shown to be useful for clini-
cians, surgeons, and researchers at the time for three reasons:

Surgical techniques used for humans could be applied with slight
modifications.
Dogs develop impressive coronary collaterals that could be visualized
by angiography.
Last but not least dogs proved to be very good runners.

In 1978, Heaton et al.22 reported that exercise enhanced blood flow only

to the endocardium of the collateral dependent zone in dogs with occlu-
sions of the left circumflex coronary artery and of the distal part of the

left anterior descending artery. The enhanced endocardial blood flow
could only be observed during exercise. The training program of six
weeks was sufficient to induce a decrease in heart rate at a given work-
load. In sedentary control animals blood flow did not change over the
same period, which would indicate that no significant arteriogenic re-
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sponse occurred. However, the baseline measurements were performed

two weeks after the initial operation, which is the period were the main
arteriogenic adaptation occurs. Thus, these results are not indicative for
the entire process of arteriogenesis.

Neill and Oxendine23 reported that trained dogs with occlusion of the
left circumflex coronary artery had a higher retrograde flow from the dis-
tal part of the occluded artery when compared to their sedentary con-
trols. However, the retrograde flow method does not indicate the true tis-
sue perfusion by collaterals. The greater pressure drop across the coronary
collaterals observed in sedentary dogs is most likely due to increased scar

formation in the collateral dependent zone of the myocardium. There
was no apparent difference in the angiographic images of trained and
sedentary dogs. Furthermore, the microsphere technique demonstrated

that there was no beneficial effect of physical activity on blood flow to the
collateral dependent zone of the myocardium.

In 198124, it was reported that exercise promotes collateral dependent
blood flow after a three months convalescent period after occlusion of the
left circumflex coronary artery. Again, the retrograde perfusion method
used in this study does not allow conclusions about the tissue perfusion
provided by collateral arteries. Daily low intensity exercise for six weeks

did not alter collateral dependent blood flow in control dogs with normal
coronary arteries.

In 1982, our group at the Max-Planck-Institute in Bad Nauheim con-
ducted a study to precisely determine the role of exercise in the induction
of collateral coronary growth25. For this purpose, we used a standardized
isolated heart model to determine regional blood flows with tracer mic-
rospheres during maximal vasodilation and under a wide range of perfu-
sion pressures (40-140mm Hg). The dogs performed a vigorous exercise
program (up to three months) before the left circumflex and the right
coronary arteries were slowly occluded with ameroid constrictors (one-
vessel occlusion was used in most of the aforementioned studies). After a
recovery period of two weeks the dogs continued the exercise program
for another 12 weeks. The workloads used in this study were the highest
reported so far. At the end of the training period the dogs achieved a very
high level of physical fitness. They were able to run at an inclination of
22 % and a speed of eight miles per hour for one hour. However, there
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was neither a difference in coronary nor in collateral blood flow in exer-

cised dogs when compared to the sedentary control animals. Collateral
conductance in trained and sedentary dogs reached only about 40 % of
that of the replaced coronary artery. Calculated total collateral resistance
of trained dogs was not different from sedentary animals. No significant
change in mortality was observed. This study was mainly designed to pre-
cisely determine the influence of physical activity on coronary collateral

arteries of the dog. The isolated heart preparation allowed the use of fixed
pressures under maximal vasodilation and the determination of the cor-
responding blood flow via use of radiolabled microspheres. The study
demonstrated that a very high level of physical activity does not produce
an increase in coronary collateral blood flow in dogs and thus, did not
provide a further stimulus for arteriogenesis. Because of the advanced
techniques used in our study the observations are at variance with other
studies that reported beneficial effects of physical activity on collateral
dependent blood flow. Nevertheless, we cannot exclude the possibility
that treadmill running at a certain workload could have produced differ-

ences in collateral blood flow when comparing the highly trained dogs
and their sedentary controls. Note that the beneficial effect of exercise on

final infarct size that was previously reported by our group26 was not

again assessed in this study.
A study that partially confirmed this assumption was conducted in the

same year27. Dogs with a stenosed left circumflex coronary artery were
trained for 12 weeks on a treadmill in sprints and endurance running. In
comparison to sedentary controls trained dogs exhibited less evidence of

left ventricular failure (higher cardiac output, lower left atrial pressure)
upon total occlusion of the left circumflex coronary artery during a sin-
gle exercise session. Trained dogs showed improved collateral dependent
blood flow at rest and during exercise while there was virtually no im-
provement in the sedentary control dogs. The authors concluded that
running exercise stimulates the development of collateral vessels in dogs
with a stenosed coronary artery, and that the enhanced collateral flow has
salutary effects on myocardial function. However, compared with our
findings regarding myocardial blood flow these results could also be in-

terpreted differently. Physical activity induced beneficial changes of my-
ocardial function during exercise, leading to enhanced perfusion of the
myocardium upon total occlusion during a given level of exercise.
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In 1985, Cohen and Steingart reported their findings on coronary col-
lateral development after occlusion of the left circumflex coronary artery
in dogs submitted to an endurance exercise program for six weeks28. Us-
ing thallium-201 scintigraphy during exercise, the investigators revealed
a significant improvement in scintigraphic measurements over the first
four weeks. Microsphere measurements showed a good recovery of per-
fusion distal to the site of occlusion. Serial angiographic studies showed
the development of collateral vessels and the increase in collateral circu-
lation to the left circumflex coronary artery. Cardiac output during exer-
cise increased and left atrial pressure decreased significantly during the
study period. However, the lack of a real control group makes it difficult

to ascribe these beneficial effects to the exercise regimen used in this
study. Nevertheless, this study demonstrated that collateral coronary ar-
tery development is a dynamic process and that exercise hemodynamic
measurements improve with progression of arteriogenesis.

Two years later, the same model was used to investigate the effect of an
exercise program prior to occlusion of the left circumflex coronary artery
on the degree of infarction and collateral dependent blood flow29. No sig-
nificant change in infarct size was observed. The effect of exercise on col-
lateral dependent blood flow did not reach the level of significance.
Evaluating the parameters used in this study, no clear beneficial role of
prior exercise in cardioprotection was observed.

Cohen and coworkers30 investigated the role of exercise training in
collateral vessel development in dogs with normal coronary arteries. Ten
to 12 weeks of endurance exercise resulted in significant adaptations of
the cardiovascular system and skeletal muscle. However, the increase in
collateral dependent blood flow was not significant, suggesting that exer-
cise is not an appropriate stimulus for arteriogenesis in dogs with normal
coronary arteries.

In 1990, it was reported that endurance training does not induce

changes in collateral development in dogs with normal coronary arteries31.
After an endurance exercise regimen of 12 weeks collateral blood flow de-
termined by microspheres was not different from sedentary animals. The
author concluded that exercise in dogs with normal coronary arteries does
not alter the development of collateral vessels. This suggests that arterio-
genesis is not an adaptation mechanism to an exercise program of 12 weeks
in dogs with normal coronary arteries.
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Weiss et al.32 investigated the effect of treadmill walking on collateral
dependent blood flow in dogs with unilateral occlusion of the femoral
artery and its branches for over one year. At the end of the exercise peri-
od, blood flow during resting conditions as well as immediately after
exercise was determined using microspheres. Interestingly, there was no

difference in blood flow between the control leg and the leg with occlu-
sion under both conditions, suggesting that walking exercise induced an

immense increase in collateral dependent blood flow to hind limb muscles.
However, due to the lack of a sedentary control group no definite con-
clusion can be drawn about the true role of physical activity in this study.

In summary, dogs with occlusion of one or two coronary arteries de-
velop large and well visible collateral arteries. The collateral conductance
reaches only about 40 % of that of the replaced coronary artery leaving
room for therapeutic intervention. Exercise has failed to induce arterio-
genesis. Increases in tissue perfusion in exercised dogs have mainly been
observed during exercise but not under pressure controlled ex vivo con-
ditions. Cardiac output increases, heart rate and atrial filling pressure
decrease at a given workload. Therefore, regular physical activity could
lead to either increased myocardial perfusion at a certain workload due
to the increased cardiac output and/or to reduced myocardial oxygen
demand due to enhanced oxidative metabolism. These questions remain
to be solved.

Furthermore, there are no studies that undoubtedly prove the acceler-

ation of arteriogenesis due to exercise in dogs with femoral artery occlu-
sion. However, regular physical activity causes beneficial changes of he-
modynamic parameters. Applying these results to the human should not
result in questioning the importance of physical activity. Even without
paying attention to the anatomical and physiological species differences
it should be encouraging for us that trained dogs with coronary occlu-
sions can develop an impressive physical fitness even though their collat-
eral conductance remains similar to that of sedentary controls.

Exercise-induced arteriogenesis in the pig
Bloor and coworkers made major contributions to the knowledge of de-
velopment of coronary arteries due to exercise. In 1984, Bloor et al.33

investigated the effects of exercise on coronary collateral artery develop-
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ment in pigs with occlusion of the left circumflex coronary artery. The
investigators have chosen pigs as study species because it has sparse in-
nate coronary collaterals like in humans. Two weeks after placing an am-
eroid constrictor around the left circumflex coronary artery, the pigs were
assigned to an endurance exercise regimen for five months. Physical
activity resulted in an increase of exercise capacity, a reduction of infarct
size, and an increase in collateral blood flow to the noninfarcted jeopard-
ized myocardium as compared to sedentary control animals. Therefore,

with respect to the utilized exercise regimen and the experimental proto-
col, it appears that collateral vessels develop primarily in or near the
ischemic zone of the myocardium and served in tissue salvage.

The influence of strenuous exercise on cardiac hypertrophy as well as
capillary and arteriolar density of pig myocardium was assessed in a later
study34. A reduction in capillary density and an increase in arteriolar den-
sity were reported. However, densities were assessed in number per mm2

and since myocyte cross sectional area was increased by 21% in the
trained group, these data are not conclusive. Nevertheless, the increase in
arteriolar density would be more meaningful when expressed as capil-
lary-to-fiber ratio. Blood flow was not significantly different at rest, dur-
ing exercise, and during exercise under maximal vasodilation. The only
change that could be detected in trained pigs was an increase in epicar-
dial blood flow during exercise and exercise under maximal vasodilation.

In 1987, these investigators reported similar results considering capillary
and arteriolar densities35. Additional measurements revealed increased
maximal oxygen consumption, and increased stroke volume and end-
diastolic volume during exercise. The initial reduction in left ventricular
end-diastolic diameter during progressive exercise was abolished after the
strenuous training regimen. This study is again highlighting the impor-

tance of functional adaptations of the myocardium to exercise stimuli. In
addition, arteriolar growth had been induced by strenuous physical activ-
ity in pig myocardium.

Four years later, another study was carried out to determine the effect
of exercise on myocardial blood flow and function after occlusion of the
left circumflex coronary artery36. An increase in systolic wall thickening
during exercise could be observed after a running regimen of 25 days. The
effect of the training regimen on myocardial blood flow was best visible
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during severe exercise. Subepicardial, submyocardial, and subendocardial
blood flow ratios increased significantly when compared to the initial
blood flow measurements prior to training. Neither systolic wall thickening
nor blood flow changed during exercise in sedentary control animals over
the study period. The authors concluded that exercise improved myocar-

dial function and blood flow to the collateral dependent myocardium.
There are no data available regarding the effect of exercise on arterio-

genesis after femoral artery occlusion in the pig.
In summary, pigs with occlusion of the left circumflex coronary artery

respond to regular physical activity with improved myocardial perform-
ance. Blood flow to the jeopardized myocardium is increased at a given
workload suggesting that arteriogenesis has taken place. Nevertheless,
these results are in need of confirmation by other techniques. The isolat-
ed heart preparation could be useful to detect if the increase in blood
flow during exercise is induced by growth of collaterals or by enhanced
myocardial performance. However, exercise has been demonstrated to
induce the growth of arterioles in hypertrophied myocardium of pigs. This
growth appears to be merely a mechanism for blood flow maintenance.

Exercise-induced arteriogenesis in the mouse
To the best of our knowledge, there are no studies concerning the effect
of exercise on arteriogenesis in mice. In recent years it has been a major
issue in our department to develop a mouse model of PAOD. This was
especially important because the availability of different transgenic mice
provides the possibility to explore the underlying mechanisms of arteri-
ogenesis. The small size of the animal allows the use of very expensive
and rare compounds. After investing a lot of time and effort, we were able
to develop a mouse model of PAOD together with techniques to detect
changes in collateral dependent blood flow via Laser Doppler Imaging
(LDI)37 and Magnetic Resonance Imaging (MRI). We adapted our histo-
logical methods to visualize arteriogenesis in tissue. Angiography of the
hind limbs depicts the growth pattern of the collateral vessels. Furthermore,
we developed a technique to quantify reactive hyperemia in mice with
femoral artery occlusion and we found that Balb/C mice displayed sig-
nificantly greater reactive hyperemia in the legs with arterial occlusion
compared to two other mouse strains (129/Sv and C57BL/6) (Helisch et
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al. unpublished data). The fact that reactive hyperemia was similar in the
normal legs among all three strains suggests that the legs with occlusion
of 129/Sv and C57BL/6 mice were fully vasodilated at this stage.

Determination of exercise capacity provides us with information about
functional relevance of arteriogenesis (see Appendix)38. We developed a
progressive, moderate intensity exercise program for mice with femoral
artery ligation to determine the influence of physical activity on arterio-
genesis in mice.

The first study was carried out in mice overexpressing FGF-2 and their
nontransgenic littermates39. In a preliminary study we have observed the
beneficial effect of constant FGF-2 infusion on collateral dependent
blood flow as well as on the size of collateral arteries. We hypothesized
that subjecting FGF-2 transgenic mice to regular physical activity would
result in accelerated growth of collateral arteries and that this would pos-
sibly lead to total recovery of the blood flow deficit caused by femoral
artery occlusion. After unilateral occlusion of the femoral artery 12 FGF-2
transgenic mice and 12 nontransgenic littermates were randomly divid-
ed into sedentary and trained groups. The exercise program was started
at day 3 post occlusion. Initially, mice ran at a speed of 10 m/min at an
inclination of 9° for 30 minutes. Every day speed and duration were in-
creased by 1 m/min and 5 minutes, respectively, until the animals were
able to run for one hour at a speed of 25 m/min. The trained groups exer-
cised six days per week for five weeks while the sedentary mice were
restricted to cage activity. The trained mice never reached the point of
fatigue during an exercise session. Therefore, we considered the intensity
of our exercise regimen to be moderate.

Collateral dependent blood flow of the foot determined by LDI in-
creased significantly in trained transgenic animals when compared to seden-
tary wildtype animals and trained wildtype mice (Fig 1). A trend towards
an increase in foot blood flow of sedentary transgenic mice was noted.

MRI measurements revealed that both trained and sedentary FGF-2
transgenic animals showed a dramatic increase in gastrocnemius blood
flow of the leg with femoral artery occlusion, which reached the blood
flow level of the normal leg of sedentary wildtype mice (Fig 2). This sug-
gests that FGF-2 overexpression causes a total compensation of the blood
flow impairment due to femoral artery occlusion. In transgenic mice,
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Collateral dependent blood flow to the
foot (determined by LDI) of sedentary
nontransgenic (NTG sedentary),
trained nontransgenic (NTG trained),
sedentary FGF-2 transgenic (TG sed-
entary), and trained FGF-2 transgenic
(TG trained) mice at day 39 post oc-
clusion. Data are means ± SEM. *  p <
0.05 vs. sedentary nontransgenic mice.

Collateral dependent blood flow to the
gastrocnemius (determined by MRI) of
sedentary nontransgenic (NTG seden-
tary), trained nontransgenic (NTG
trained), sedentary FGF-2 transgenic
(TG sedentary), and trained FGF-2
transgenic (TG trained) mice at day
39 post occlusion (R = right occluded
femoral artery, L = left normal leg).
Data are means ± SEM. *  p <0.05 vs.
sedentary nontransgenic mice.

endurance exercise training even led to a sig-

nificant increase in gastrocnemius blood
flow of the normal leg. These results imply

that the combination of FGF-2 overexpres-
sion and exercise promotes skeletal muscle
blood flow not only under disease conditions
but also under physiological conditions.

Much to our surprise we did not detect an
increase in the number or in the diameter of
collateral arteries in transgenic and/or trained
mice. However, angiographs of the hind limb
vasculature suggested that exercise training
causes growth of straight collateral vessels
rather than the regular corkscrew growth
pattern observed in untrained mice (Fig 3).

Interestingly, capillarity of the gastrocne-
mius muscle in the leg with femoral artery
occlusion was similar among all groups.
However, capillarity in the normal leg was
increased by expression of the transgene and
by exercise (Fig 4). The greatest capillary
density was observed in trained transgenic
mice, which coincides with pronounced
staining of skeletal muscle (i.e. tissue perfu-
sion with contrast agent) observed in
angiographs of this group. Note that femoral
artery occlusion alone caused an increase in

capillarity.
FGF-2 overexpression seemed to protect

skeletal muscle as we did not observe a fiber
type shift towards the oxidative type I skele-
tal muscle fibers displayed by wildtype mice

(Fig 5).
The most impressive finding of the study

was the pronounced increase in functional
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performance due to training (Fig 6).
When compared to sedentary wildtype
mice, trained transgenic mice demon-

strated the greatest exercise capacity fol-
lowed by trained wildtype mice. Trained
transgenic mice improved exercise ca-
pacity to more than 300 % while trained
wildtype animals improved to more than
200%. Interestingly, there was no signif-
icant difference between the sedentary

groups.
These findings are important for var-

ious aspects of the treatment of PAOD.
They suggest that FGF-2 might be an

important treatment option for patients
with PAOD. In our mouse model, FGF-2
caused improved blood flow to distal tis-
sues. It increased capillarity of skeletal
muscle and prevented the fiber type shift
due to femoral artery occlusion. Howe-
ver, these changes might not be sufficient
to cause an increase in functional per-
formance. On the other hand, exercise

alone did only moderately affect blood
flow and skeletal muscle fiber type com-
position but resulted in a pronounced
increase in treadmill performance. When
FGF-2 was combined with exercise the
greatest improvement in treadmill per-
formance was observed. Our findings
strongly emphasize that evaluating the
success of growth factor therapy has to

involve blood flow measurements and
determination of structural changes of
vasculature and skeletal muscle.

Representative angiographies of a) of seden-
tary nontransgenic mice, b) sedentary FGF-2
transgenic mice, c) trained nontransgenic
mice, and d) trained FGF-2 transgenic mice.
Note the site of occlusion (arrowhead) and
the typical corkscrew growth pattern of the
collateral arteries in sedentary mice (arrow).
In trained mice, collateral arteries display a
straight growth pattern.
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Capillary-to-fiber ratio in gastrocne-
mius muscle of sedentary nontrans-
genic (NTG sedentary), trained non-
transgenic (NTG trained), sedentary
FGF-2 transgenic (TG sedentary),
and trained FGF-2 transgenic (TG
trained) mice at day 39 post occlusion
(R=right occluded femoral artery,
L=left normal leg). Data are means ±
SEM,      p < 0.05 vs. left normal leg
of sedentary nontransgenic mice.

Gastrocnemius area occupied by myo-
sin heavy chain 1-positive fibers of sed-
entary nontransgenic (NTG sedentary),
trained nontransgenic (NTG trained),
sedentary FGF-2 transgenic (TG sed-
entary), and trained FGF-2 transgenic
(TG trained) mice at day 39 post oc-
clusion. Data are means ± SEM. *
p < 0.05 vs. left normal leg, # p < 0.05
vs. right leg with occlusion of corre-
sponding transgenic group.

Exercise and arteriogenesis
in humans
There are numerous studies that demon-
strate the beneficial effect of exercise on
increase in both pain free walking distance
and maximal walking distance in patients
with PAOD (for reviews see40,41). However,
results are conflicting considering increased

blood flow due to regular physical activity in
patients with PAOD. There are some studies
that report increased bloodflow3,4,42-44, some
that demonstrate unaltered perfusion45-50,
and one study that even reports a decreased
resting perfusion51.

Two recently published studies can be
used as examples for the existing diversity.
Gardner et al.52 reported that calf blood flow

was increased in elderly patients with PAOD
after taking part in a six months treadmill
exercise program. Blood flow was slightly
elevated under resting conditions and more
pronounced under reactive hyperemic con-
ditions. The increase in reactive hyperemic
blood flow correlated with the increase in

pain free walking distance. On the other
hand, Tan et al.53 reported that three months
of exercise training did not result in an in-
crease in femoral artery blood flow.

Explanations for the opposite findings
might involve the methodological differ-
ences in assessing blood flow. Furthermore,
blood flow was determined at various time
points and under different conditions. The

duration and the intensity of the exercise regimen differ markedly. There
is no consensus whether blood flow should be assessed under resting con-
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ditions, during or immediately after exercise,

or during reactive hyperemia. These studies

were conducted over a period of almost 40
years, which might explain the use of differ-
ent methods. Nevertheless, establishing a
widely accepted standard for measuring
blood pressure in the human could solve this
problem for further studies.

Exercise proved to exert beneficial effects
on the endothelial function of patients with
heart failure54. Therefore, the beneficial effect
of exercise training on blood flow could also

be ascribed to enhanced endothelial function
in some of the experimental settings. Restora-
tion of the normal vasodilatory response due

Exercise capacity of sedentary nontransgenic
(NTG sedentary), trained nontransgenic
(NTG trained), sedentary FGF-2 transgenic
(TG sedentary), and trained FGF-2 trans-
genic (TG trained) mice at day 36 post oc-
clusion. Data are means ± SEM. * p < 0.05
vs. sedentary nontransgenic mice, ** p < 0.05
vs. trained nontransgenic mice.

to endurance exercise is extremely relevant to achieve sufficient blood
flow to skeletal muscle. This fact has to be considered for all studies inves-
tigating the influence of exercise on blood flow recovery in subjects with
PAOD, especially if definite conclusions about the contribution of angio-
genesis, arteriogenesis, or various treatments to increase blood flow can
be drawn.

Furthermore, exercise influences a variety of other factors that are
likely to contribute to the increase in maximal walking distance. These
factors include skeletal muscle metabolism and morphology, blood rhe-
ology, development of atherosclerosis, walking economy, pain percep-
tion, and cardiac adaptations (for review see55). It is worth mentioning
that a 2003 textbook on “Peripheral Artery Disease” states that exercise is
the only proven therapy in PAOD56.

Growth factors therapies for cardiovascular diseases are presently eval-
uated in clinical studies mainly focusing on coronary collateral develop-
ment. However, many unresolved issues appear as these trials proceed
(for review see57). An answer to the question which growth factor is effec-
tive in the induction of arterial growth in different cardiovascular diseas-
es cannot be given with certainty. There is no study investigating the
combined effect of regular physical activity and growth factor treatment.
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Despite all efforts to introduce other treatment options for patients
with PAOD endurance exercise training is still superior to any other ther-
apy. One possible explanation is the increased shear stress in response to
exercise. Skeletal muscle is rarely utilized for substantial work in patients
with PAOD. On the other hand, the heart of patients with an occluded
coronary artery is still incessantly contracting. Thus, an increase in physical
activity is more likely to exert a beneficial effect on skeletal muscle than
on the heart. However, more patients with PAOD could and should take
advantage of the improvement potential of endurance exercise training.

In conclusion, there is no definite evidence for induction of arterio-
genesis in patients with PAOD by exercise. However, exercise has been
proven to be beneficial for maximal walking distance and quality of life
of these patients. Further studies are needed to investigate the role of
exercise in arteriogenesis in humans suffering from PAOD.

Appendix
As mentioned above (Exercise-induced arteriogenesis in the mouse) we
investigated whether a relationship between collateral artery develop-
ment and functional performance after femoral artery occlusion exists38.
We observed that the recovery of collateral dependent foot blood flow
under resting conditions differs markedly among three strains of mice
with unilateral femoral artery occlusion. When compared to Balb/C
mice, 129/Sv and C57BL/6 mice displayed a pronounced improvement in
collateral dependent foot blood flow (Fig 7). At the end of the study foot
blood flow in the leg with occlusion reached the level of the normal leg
in 129/Sv and C57BL/6 mice. In contrast, in Balb/C mice resting foot
blood flow of the leg with occlusion reached only 51 % of the normal leg
after the 28-day study period.

In order to determine whether the observed differences in collateral de-
pendent resting foot blood flow are reflected by differences in functional
capacity we quantified exercise capacity of the three mouse strains. A

graded exercise test on a rodent treadmill was carried out every seven
days over the course of four weeks after bilateral femoral artery occlusion.
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The pattern of recovery of exercise

capacity after femoral artery occlusion
was similar to the pattern of recovery of
foot blood flow (Fig 8). In 129/Sv and
C57BL/6 mice, exercise capacity recov-
ered significantly faster and to a greater
extent than in Balb/C mice. Thus, we
conclude that the recovery of exercise ca-
pacity resembles the arteriogenic growth
process as depicted by the recovery in
foot blood flow. In our mouse model of
PAOD, the determination of exercise
capacity serves as a physiological marker
for the severity of blood flow limitation
due to femoral artery occlusion. Addi-
tionally, the recovery of exercise capacity
reflects the increase in blood flow due to
arteriogenesis on the functional level.

Furthermore, we noted several impor-

tant details. The increase in collateral
dependent resting foot blood flow pre-
cedes the increase in exercise capacity.
Even though resting foot blood flow has
totally recovered 28 days after femoral
artery occlusion in 129/Sv and C57BL/6
mice exercise capacity was only partially
restored. This suggests that skeletal mus-
cle blood flow during exercise is still significantly impaired in our mouse
model of PAOD, thereby closely resembling the situation in human
patients with PAOD.

Collateral dependent blood flow to the
foot (right/left ratio) determined by
LDI of Balb/C, 129/Sv, and C57BL/6
mice with unilateral femoral artery
occlusion immediately before and
after occlusion and at days 3, 7, 14,
21, and 28. Data are means ± SEM. *
p < 0.05 vs. Balb/C.

Recovery (% of control mice) of exer-
cise capacity of Balb/C, 129/Sv, and
C57BL/6 mice with bilateral femoral
artery occlusion and at days 7, 14, 21,
and 28 post occlusion. Data are
means ± SEM. * p < 0.05 vs. Balb/C.
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Cerebral Arteriogenesis

Ivo R. Buschmann, Joerg Busch, Edda Schneeloch
and Konstantin-Alexander Hossmann

Introduction
The previous chapters of this book have focused on the physiological, cel-
lular, molecular and developmental aspects of myocardial and peripher-
al arteriogenesis. However, in the cerebrovascular system, similar studies
have not been carried out.

This is surprising because a multitude of extra- and intracranial col-
lateral systems, such as the leptomeningeal anastomoses of Heubner or
the anastomotic pathways via the ophthalmic artery or the circle of Willis,
provide the chance of improving blood supply under conditions of slowly
progressing vascular occlusion1. In fact, there is evidence that the hemo-
dynamic reserve of the cerebrovascular system correlates inversely with
the severity of cerebral infarction and, in turn, seems to rely on the effi-
cacy of the collateral circulation 2-5.

Amelioration of the cerebrovascular hemodynamic reserve by improv-
ing collateral cerebral circulation via induced arteriogenesis is therefore a
promising approach for the prevention of cerebrovascular disorders6. We
addressed this question using different experimental models of brain
ischemia.

In the first part of our experiments we used Sprague-Dawley rats
Which. Were randomly assigned to uni- or bilateral common carotid and
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vertebral artery occlusions in different combinations for the development
of an extracranial vascular occlusion model (Fig. 1). Common carotid
arteries were exposed by ventral cervical midline incision, and ligated

either unilaterally or bilaterally. Vertebral arteries were electrocoagulated
via a paravertebral access7,8. This study led to the identification of a 3-ves-
sel-occlusion model (3-VO, left common carotid and bilateral vertebral
artery occlusion), for induction of non-lethal brain hypoperfusion,
which was subsequently used for the investigation of cerebral arteriogene-
sis. Bilateral common carotid artery occlusion reduced cerebral blood

flow to about 30 % of control. By combining bilateral vertebral with uni-
lateral carotid artery occlusion the collateral system comes close to its
limits. Kawata and coworkers reported in an earlier study in Wistar rats9

that resting cerebral blood flow was not impaired, but the hemodynamic
reserve tested by azetazolamide application was distinctly reduced. In the
present study in which Sprague-Dawley rats were used, blood flow was
reduced to levels of about 50 %, and the hemodynamic reserve was com-
pletely abolished, indicating that in this strain the collateral system is less
efficient. However, even under this more critical condition ischemia did
not produce morphological lesions, indicating that oxygen supply still re-
mained above the threshold of structural integrity6.

Arterial circle of Willis of the rat.
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Identification of collateral proliferation upon 3-VO
Once we had identified a stable experimental setting of arterial occlusion
in the rat model we were uncertain about the site of collateral prolifera-
tion after 7 days. Our first idea was that upon 3-VO Heubner’s anasto-
moses should be at least partially recruited and show typical patterns of
collateral proliferation (increased tortuosity, increased diameters).

We used the cerebrovascular latex perfusion method (Fig. 2), which vis-
ualized the arterial vasculature upon complete vasodilation (papaverine).
(We had learned form our studies in the periphery, that a complete vasod-
ilation is the key to achieve stable values of blood flow and pressure and
thus to calculate the conductance of the collateral circulation. In the rabbit
in-vivo hind limb model, the slow vasodilatory effect of papaverine (even
under high concentrations) was disadvantageous and less effective com-

pared with adenosine. In the brain model, however, this was not the case.)
The common carotid artery ligated for 3-VO was cannulated with a

polyethylene tubing (internal diameter 0.75 mm), and a lethal dose of
papaverine hydrochloride (40-50 mg/kg) was intra-arterially injected to
produce maximal vasodilatation. Undiluted warm (37°C) latex was
mixed with a small amount of carbon black. Of this solution, 3.5-4 ml/kg
were injected through the intracarotid catheter at 150 mmHg pressure.
Thoracotomy was performed, and the right atrium was incised to facili-
tate venous outflow. To harden the latex, animals were placed on crushed
ice for 15 minutes. Subsequently, brains were carefully removed and fixed
by immersion in 4 % paraformaldehyde.

The external diameter of the main supplying arteries of the brain was
measured at the various survival times after 3-VO and compared with
non-ischemic control animals (Fig. 3). Immediately after 3-VO no
changes were observed, demonstrating that the application of high dose
of papaverine prior to latex perfusion produced maximal vasodilation

that was unaffected by intravital differences in vascular tone.
After one and three weeks of 3-VO we further examined the diameter

of the anterior and middle cerebral arteries, the internal carotid artery
and Heubner’s dorsal leptomeningeal anastomoses. We expected that ar-
teriogenic growth would also take place in regions of smaller arteriolar
connections, as described by Wei and coworkers in rats after stroke10.
However, after one week the only significant difference in vessel diameter
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Visualization of cerebral angioarchitecture by intravascular latex perfusion. Basal view of
control brain. Brains inspected immediately or 1 week after 3-vessel-occlusion. The arrows
point to the ipsilateral posterior cerebral artery.

was observed in the ipsilateral posterior cerebral artery (PCA). After
three weeks a significant increase in vessel size was also detected in the
ipsilateral anterior cerebral artery (ACA) and the contralateral PCA. At

this time the diameter of the ipsilateral PCA had increased significantly
from 187±127 to (plus 72%), that of the contralateral PCA
from 196±29 to (plus 33%) and that of the ipsilateral ACA
from 251±37 to (plus 28%). Other supplying arteries did not
change in diameter during the observation period. Heubner’s lep-
tomeningeal anastomoses did not change either: in control animals the
mean diameter was ipsi- and contralateral; after 3-VO it was

on the ipsilateral and on the contralateral side, and
after GM-CSF treatment it insignificantly changed on the ipsilateral side
to and on the contralateral side to Any other supply-
ing arteries did not change.
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Functional parameters
of collateral growth in the brain
The hemodynamic consequences of 3-VO were tested by measuring the
alterations of blood flow during ventilation with 6 % on the surface
of both hemispheres via Laser-Doppler flow transcranial Laser-Doppler
flowmetry (LDF). The skull above the fronto-parietal cortex was bilater-
ally exposed, and laser probes were placed directly on the bone. Changes
in blood flow were expressed in percent of pre-ischemic baseline value.

The hemodynamic reserve de-
scribes the amount of flow impair-

ment brain vessels may compensate
by reducing the vascular resistance.
At decreasing brain perfusion pres-
sure – induced either by cardiovas-
cular reduction of systemic blood
pressure or occlusion of the main
supplying arteries – brain arterioles
dilate to maintain blood flow at a
constant level (cerebrovascular auto-
regulation). A reduced hemodynam-
ic reserve is equivalent to an in-

creased risk of suffering ischemic
injury under such conditions 11-13. In
fact, this has been confirmed by
measurements of hemodynamic re-
serve for predicting the clinical out-
come of patients with internal carot-
id artery occlusions14-16.

Here we observed a similar in-
crease of arterial in all four
groups: by 21±7mmHg in the con-
trol animals, and by 21±9mmHg,
24±4mmHg and 20.5±6mmHg in
the animals examined immediately
or one and three weeks after 3-VO,

respectively (NS).

External diameter of posterior cerebral artery (PCA)
in control rats and in rats studied immediately, 1 week
or 3 weeks after 3-VO with or without GM-CSF treat-
ment. Note gradual extension of vessel diameter in ipsi-
lateral-hemisphere. * p<0.05 as compared to control.

reactivity of cerebral blood flow in normal rat
(control) and after different times (immediately, 1
and 3 weeks) after 3-vessel-occlusion with or without
GM-CSF treatment. Blood flow was measured during
ventilation with 6% by Laser-Doppler flowme-
try (LDF) in the parietal cortex of the ipsilateral
hemisphere. reactivity is expressed as percent
change of LDF per mmHg increase of arterial
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In the non-ischemic controls, LDF (Laser-Doppler flow reflecting
changes in cerebrovascular reactivity) increased during ventilation
by 1.48±0.3%/mmHg           in the right and by 1.1±0.2%/mmHg in the
left hemisphere (no significant difference). Immediately after 3-VO, the
cerebrovascular response was reduced to 0.07±0.16%/mmHg in the ipsi-
lateral and to 0.17±0.3%/mmHg in the contralateral hemisphere (Fig. 4).
After one week survival, this reduction only slightly improved (ipsilater-
al 0.06±0.35/mmHg, contralateral 0.18±0.6%/mmHg) but after three

weeks     reactivity returned to 0.48±0.08%/mmHg in the ipsilateral
and to 0.3±0.39%/mmHg in the contralateral hemisphere. These values
amount to about 32% of the control response. Arteriogenesis thus mark-
edly improves the hemodynamic capacity of the hypoperfused brain.

Regional differences between angiogenesis
and arteriogenesis in the brain
In patients with peripheral vascular disease the spatial dissociation be-
tween capillary sprouting (angiogenesis) and collateral artery growth
(arteriogenesis) is obvious: collateral growth may be found in the thigh,
whereas clinical signs of ischemia are located in the foot. In the brain
however such dissociations have not been explicitly described, but may
be concluded from published data. During focal brain ischemia, the
angiogenic factor VEGF is upregulated within the ischemic territory,
whereas proliferation of collateral pathways occurs outside the ischemic
region in the posterior part of the circle of Willis4,17-19. Whereas angiogen-

esis is observed mainly within the ischemic territory, arteriogenesis is
usually temporally and spatially dissociated from this region20,21. Collat-
eral arteries grow in oxygen rich tissue and, in contrast to angiogenesis,
are able to supply blood from outside the risk region to prevent ischemic
injury22. Indeed these data support our theory about the regional differ-
ences between angiogenesis and arteriogenesis. In the coronary situation
it was believed for a long time that collateral growth is closely linked to
ischemia. Due to the complex coronary architecture of the coronary
arteries, collaterals were often found in regions with low oxygen tension.
However, in the last years we have learned that ischemia and collateral
growth are two independent variables which may occur at the same time
(“three dimensional myocardium”) but are not directly linked to each
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other (in arterio-venous shunt situation for instance collateral growth is
induced, whereas ischemia or low oxygen tension are absent).

Monocyte invasion and proliferation of
brain collateral anastomoses
In our previous investigations one important key feature of arteriogene-
sis was the active proliferation of collateral arteries detected either with
Brd-U or with Ki-67 and the invasion of circulating mononuclear cells.
When we analyzed histological sections of the posterior cerebral artery
monocytes (detected via the ED-1 antibody in paraffin sections) as well
as the proliferation marker Ki-67 were not detectable in quiescent non-

Cross-section of ipsilateral posterior cerebral artery of intact rat (control) and 1 weeks after
3-VO. Note 3-VO-induced enlargement of vessel lumen, positive staining of endothelial cells
with the proliferation marker Ki-67 (arrows).
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ischemic controls, but could be detected in the enlarged PGA at three
days after 3-VO (Fig. 5). Proliferation was mainly located in endothelial
cells, whereas the vast majority of macrophages was found in the adven-
titia of the PCA. Interestingly, hypoxia-dependent angiogenesis markers
such as VEGF could neither be detected in controls nor 3-VO animals.

Therapeutic induction of arteriogenesis
In the past, attempts have repeatedly been made to improve blood flow
to the brain upon vascular stenosis. One approach was the pharmacolog-
ical dilation of vessels with vasoactive compounds to improve collateral
flow (e.g. prostacyclin, nimodipin). However, blood flow to the ischemic
territory did not change or only marginally improved, since the con-
comitant drop in systemic blood pressure counteracted any positive
effects on the decline of the vascular collateral resistance. Other strategies
(parasympathetic denervation, hyperglycemia, hemoconcentration) did
also not positively influence the reduction in infarct size. Moreover the
poor outcome of pharmacological treatment options led to the develop-
ment of surgical procedures such as the end-to-end anastomoses of the
temporal artery with pial branches of the middle cerebral artery.
Although several groups reported positive results, controlled studies did
not confirm a substantial improvement.

A second point referred to the possibility of infarct reduction or even
prevention by therapeutical induction of neo-angiogenesis. Since the
focus was primarily set on angiogenesis, it was believed that the brain
might suffer irreversible injury before any ischemia-induced angiogenic
mediators could become operative.
Now, ten years later this presumption is explicitly confirmed by our data:
1. Angiogenesis is too slow to compensate for arterial occlusion
2. Any increase in capillary density (area of risk) does not remedy the

deficiency in flow to the ischemic zone
3. Any increase in capillary density cannot compensate for arterial ob-

struction (law of Hagen Poiseuille)
4. Arteriogenesis takes place before any ischemia is to be expected (pro-

phylactic approach).
Since several experimental studies in the periphery and the myocardium
had meanwhile shown that the speed of arteriogenesis is not limited to its
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natural time course (infusion of fibroblast growth factors (FGF), CC-
chemokines (MCP-1), Placenta like growth factor (PlGF), or the granu-
locyte-macrophage colony-stimulating factor (GM-CSF) into the periph-
eral or coronary collateral circulation led to a significant increase in col-
lateral conductance as compared to untreated animals) we decided to
transfer these data to the cerebral situation. In the experimental model of
the rabbit hind limb, we tested whether the application of pro-arterio-
genic cytokines could enhance the speed of collateral growth.

In our 3-VO rat model of hypoperfusion we choose GM-CSF (Gran-
ulocyte-Macrophage Colony-Stimulating-Factor) due to the availability
of this factor via the subcutaneous route. We hypothesized according to
our peripheral studies, that one important mode of action of GM-CSF
was the adhesion and transmigration of mononuclear stem cells/mono-
cytes to arteriolar collateral pathways. Interestingly, recent clinical trials
demonstrated a positive effect of GM-CSF on therapeutically enhanced
arteriogenesis in patients with coronary artery disease.

GM-CSF in hypoperfused rat brain
Sprague-Dawley rats were submitted to 3-VO occlusion. After 7 days of
continuous s.c. treatment with either GM-CSF (treated) or Ringer’s infu-
sion (untreated) cerebral angiographies confirmed the PCA as the main
collateral pathway to the left hemisphere: the untreated 3-VO led to a sig-
nificant increase in the diameter of the left PCA, measured after maximal
vasodilation by latex infusion. Upon GM-CSF treatment every second
day the increase in diameter during natural arteriogenesis could be ther-
apeutically enhanced by 24 % after 1 week and 18 % after 3 weeks (Fig. 6,
left side). On the functional level blood flow measured in both hemi-
spheres via Laser-Doppler flowmetry under normal air ventilation as well as
during ventilation with additional 6 % The increase in arterial
under ventilation reached comparable levels in all three groups. In
non-ischemic control animals Laser-Doppler flow increased during 6%

ventilation by 1.48 ± 0.3% per mmHg change in the left
hemisphere and by 1.1 ± 0.2% per mmHg in the right hemi-
sphere. One week after 3-VO, untreated animals showed a severe reduction
of reactivity. In the left hemisphere (i.e., ipsilaterally to the occluded
common carotid artery) reactivity declined to 0.006 ± 0.35%
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and in the right hemisphere to 0.18 ± 0.6% per mmHg. These values rep-
resent 4 % and 16 % of the control response, respectively. At 3 weeks after
3-VO reactivity of untreated animals slightly improved on the left
side to 0.48 ± 0.08% and on the right side to 0.30 ± 0.39% per mmHg

representing 32% and 27% of the control response, respectively.
Following GM-CSF treatment the hemodynamic reserve of the brain
almost completely recovered (Fig. 6, right side). On the left (ipsilateral)
hemisphere reactivity returned to 1.43 ± 0.68% per mmHg
after 1 week, and to 1.16 ± 0.44% per mmHg after 3 weeks, i.e., 97% and
78 % of the control response, respectively. In the right (contralateral)
hemisphere the corresponding values were 1.12 ± 1.1 % and 0.7± 0.16%
per mmHg after 1 and 3 weeks. These values represent 101 % and

64% of control and reflect the substantial therapeutic improvement by the
arteriogenesis-promoting drug.

To test the effect of GM-CSF-induced arteriogenesis for the preven-
tion of ischemic injury, we developed a hemodynamic stroke model of rat
brain by combining 3-VO with hemorrhagic hypotension (Schneeloch et.
al. submitted). One week after 3-VO arterial blood pressure was lowered
to 20 mmHg to reduce blood flow in the hemisphere ipsilateral to the
carotid artery occlusion below the threshold of energy metabolism. The
volume of energy-depleted tissue was determined by bioluminescence
imaging of tissue ATP content. Treatment with subcutaneous injections
of GM-CSF every other day for 1 week significantly decreazed the volume
of ischemic energy failure from 48.4 ± 44.2% to 15.8 ± 17.4% of the ipsi-
lateral hemisphere (p<0.05% of total hemisphere volume).

Immunohistochemistry with an antibody recognizing the ED-1 anti-

gen from rats revealed significant differences among the numbers of ma-
crophages accumulating in the adventitia of proliferating collateral path-
ways. In the non-ischemic control group mononuclear cells were rarely
detectable. 3-VO without treatment resulted in the appearance of a small
number of macrophages in the adventitia of the posterior cerebral artery.
Upon GM-CSF treatment the number of these mononuclear cells mark-
edly increased.

In summary, this study provided the following data: Cytokines influ-
encing monocyte survival and adhesion (e.g. GM-CSF) enhance the
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Visualization of cerebral angioarchitecture and corresponding CO-2 reactivity in control rats and
rats after 3-VO, untreated and treated with GM-CSF. Note marked enlargement of ipsilateral PCA
(arrows) in GM-CSF-treated animals compared with control and untreated animals.

adaptive proliferation of collateral pathways in the brain; GM-CSF in
particular may be given subcutaneously; GM-CSF acts by promoting

invasion of mononuclear cells (macrophages) at the site of vascular col-
lateral proliferation.23

The terminology of “arteriogenesis” has been controversially dis-
cussed over the last year24. One major criticism of our opponents was that
it is not legitimate to create a supplemental terminology for collateral
growth, since angiogenesis covers basically all issues related to neovascu-
larization. Although we agree that all forms of vascular growth show a
certain overlap, we could not follow these arguments, since the growth of
collateral arteries obeys mechanisms very different from angiogenesis.
Moreover the transfer of our concept of arteriogenesis to the cerebral cir-
culation clearly confirmed this point of view. Nearly all observation from
the heart and the periphery could be confirmed in the brain:
1. An increase in perfusion in hypoperfused brain regions can be clearly

linked to collateral enlargement
2. These collateral pathways provide the ischemic zone from outside the

risk region with blood.
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3. The time-course of collateral growth exceeds the speed of capillary

sprouting, in other words small caliber changes in collateral pathways
(law of Hagen-Poiseuille) are more efficient than the relatively slow
speed of angiogenic sprouting.

4. Enhancement of capillary sprouting in the risk region cannot com-
pensate for a deficit in in-flow to the ischemic zone.

5. Modulation of monocyte/macrophage function influences the speed
of monocyte driven arteriogenesis

In fact, in our model of brain hypoperfusion, the main collateral path-
ways are not arterioles but functional arteries. We feel, however, that arte-
riogenesis defined as the “positive outward remodeling of preexistent col-
lateral pathways” is a proper descriptor of this important biological
mechanism. Current and future studies will further explore the molecu-
lar and cellular basis of this adaptive rescue mechanism.

From the therapeutic point of view our data are (to the best of our
knowledge) the first in vivo studies providing evidence that a single pro-
arteriogenic growth factor may significantly improve collateral growth in
the brain. This observation is supported by our infarction studies
(Schneeloch et al. unpublished) revealing that the growth of collaterals is
directly linked with an increase in perfusion and thus a reduction in
ischemic energy failure.
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The Coronary Collateral
Circulation in Man

William F.M. Fulton and Niels van Royen

Introduction
Intercommunication in the coronary arterial circulation has been a focus
of interest for over 3 centuries. The evidence on the collateral circulation
depended for a long time on anatomical and pathological studies. But in
the latter third of the twentieth century and continuing, evidence has
been explored in clinical studies. There is an important difference to be
recognized between these two disciplines. Carefully conducted patholog-
ical studies can provide evidence that is more detailed and precise than
can be determined in vivo but for the most part pathology examines the
situation at the time of death and the full picture as it evolved must
remain conjectural; whereas clinical investigation assesses the situation in

non-fatal lesions, although they may be life-threatening; and the contri-
bution made by the collateral circulation is becoming increasingly acces-

sible to modern methods. The first part of this chapter is devoted to the
morphology as studied post mortem. The second part deals with the
methods of measurement of the function of the collateral circulation in
life, enabling the determination of the protective role of the collateral cir-
culation as witnessed clinically. Much insight into enlargement of anas-
tomoses and their protective effect after coronary occlusion has been
derived from experimental studies which are described in detail in this

volume.
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A: Morphology of the collateral
circulation in the human heart
William F.M. Fulton

When I entered this field in 1952, there was general agreement that com-
paratively large communicating arterial vessels could be found in severe
ischaemic heart disease; but the existence of such anastomoses in the nor-
mal heart was surprisingly still controversial. Failure by some workers to
demonstrate arterial collaterals in the normal heart led to speculation on
the origin of the enlarged vessels in disease. That they arose from the cap-

illary bed or de novo was widely entertained: and possibly still is. There
was evident need for better definition. The development of a technique
which included a more penetrating injection medium and stereo-arteri-
ography allowed the demonstration of numerous arterial anastomoses in
the normal human heart post mortem. All stages from them to the
enlarged communicating vessels in disease could be traced. Based on
detailed structural evidence, the conclusion was reached that the prime

stimulus for vessel enlargement was the effect on the vessel wall of aug-
mented blood flow; and this in turn was governed by differential pres-
sures consequent on coronary artery obstruction.

Exploration of factors which might translate the effect of blood-flow
into vessel growth was beyond the scope of my investigation but the need
for such enquiry cried out. At a conference organised in 1967 by Wolfgang
Schaper, I commented that “..if some means could emerge.. of encourag-
ing the rate at which normal coronary arterial anastomoses enlarge to
form the wide channels of collateral blood flow in disease then a consid-
erable potential advantage would be gained in the management of
ischaemic heart disease1.

This challenge was already being taken up by Schaper and his col-

leagues; and has been addressed more recently by many others. This
aspect of the subject features in other chapters of this volume.

Some historical comments
This is but a synoptic account up to the 1960’s. Further reference can be
made to Gross2, Spalteholz3, Gould4 and Fulton5. The existence of normal
coronary arterial communication has been demonstrated in several ways:
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a. By introducing fluid into one coronary artery post mortem and ob-

serving its arrival in the other. Remarkably this was undertaken in
1669 by Lower6. Others included Crainicianu7, Dock8, Barmeyer9, and
it formed a small part in the technique of Fulton5.

b. By section of a coronary artery in the experimental animal beyond a

ligature and observing retrograde arterial blood flow from the distal
vessel10.

c. By the observation that the extent of ischaemic myocardial damage is
often less than the entire territory of an acutely occluded coronary
artery11. Non of these methods of course revealed the pathways that
were followed.

The anatomy of coronary arterial anastomoses requires some form of
injection technique, especially in normal hearts. Many have been the
methods used and the list of over 70 presented in Fulton5 is undoubted-
ly far from complete. Extensive review of methods and observations is to
be found in Gross2, Spalteholz3 and Schoenmackers12. Several methods of
visualisation of the injected vessels have been employed:
a. Corrosion, leaving only the cast of the arterial lumen. By this method

Hyrtl13 and Henle14 failed to demonstrate communications in normal
hearts; but convincing demonstration was obtained by Baroldi et al.15

and by James and Burch16. A major disadvantage is that all evidence

other than the arterial lumen is destroyed.
b. Clearing in organic solvents after injection with an opaque medium

was developed by Spalteholz17. This achieved the demonstration of
even the smallest calibre anastomoses in normal hearts. Disadvanta-
ges were visualisation of vessels for only a few mm below the surface
and the removal of all lipids from the vessel wall. Gross2 also resorted
to clearing for the demonstration of small vessels, finding radiological
demonstration less adequate at that time.

c. Arteriography, injection of radio-opaque medium followed by X-ray
exposure on film is the most widely used method. Not surprisingly

the quality of evidence varies greatly between different studies. Not-
withstanding the shortcomings of 2-dimensioal radiography for the
demonstration of small-calibre anastomoses, it has been widely adopt-
ed. Stereoarteriography was used by the author for all stages in the in-
vestigation. Only in 3-dimensions can distinction be made with con-
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fidence between continuity of lumen and mere overlap, especially
with finer vessels and in the thickness of the left ventricular wall where
anastomoses are most abundant. Stereoarteriography has been used
by Jamin and Merkell8, Gross2, Crainicianu7 Vastesaeger et al19 and a
number of others, including Schaper20.

Controversy about collateral vessels in normal hearts
The issue of whether arterial anastomoses exist in normal hearts is fun-
damental to our understanding of the collateral circulation in disease.

The pendulum of opinion has swung several times. The authoritative
statement in 1881 by Cohnheim and von Schulthess-Rechberg21 that the
coronary arteries (in the dog) were “end arteries” probably stultified
progress for many years.

However Spalteholz3,17, Gross2, Crainicianu7 and Campbell22, found
that coronary arterial anastomoses were abundant in normal human hearts
and were able to give a detailed description of them. Unfortunately this
knowledge was eclipsed by the advent of a simplified technique of 2-

dimensional arteriography23.
A single radiograph was made of the “unrolled” heart, after the inter-

ventricular septum, (perhaps the most important site of anastomoses!)
had been excised. Schlesinger concluded that the coronary arteries of
man were end-arteries in the sense used by Cohnheim. This was later
modified, (after an astonishingly large series of over 1000 hearts), to
anastomoses being present in less then a quarter of 244 normal hearts
examined24.

Notwithstanding the most valuable contribution made in coronary
artery disease by this group, these numerically over-whelming negative
findings left the origin of the larger calibre anastomoses in diseases open

to speculation- which still persists in some quarters. It is well to bear in
mind that absence of demonstration is not proof of absence.

The findings derived from the Schlesinger method, which has been
employed by many others, were in stark contrast to those of earlier work-
ers (Spalteholz, Gross, Crainicianu and Campbell)2,3,7,22 and with my own
findings5,25. The discrepancy depends on differences in technique.



Arteriogram of a normal heart. Radiological exposure by the immersion method, which al-
most entirely eliminated tissue shadow and gave the same exposure to all vessels.
Ligation of a branch of the left circumflex artery was performed before injection. The exis-
tence of anastomotic communication was demonstrated by retrograde filling of the distal
artery in less than 20 seconds. x 1.
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In my study there were several differences
a. The contrast medium was highly penetrating. Filling of small vessels

down to 15 microns was regularly attained, with radiological demon-
stration down to 20 microns in diameter – some x5 smaller than
achieved by the Schlesinger method. This depended on the prepara-
tion of the contrast medium, Bismuth oxychloride, by precipitation
from filtered solutions; so that particle size was nearly uniform at
about one micron.

b. Stereoarteriography was used at all stages including the intact heart,
the basal portion after opening out, transventricular section(s), apex

and atrial “cap”.
c. Immersion radiography allowed the same radiological exposures to

all vessels, independent of the thickness of the myocardium26 as can
be seen in figure 1.

d. Fine-grain X-ray film and viewing in the stereoscope at x5 magnification.

Description of the collateral circulation in normal human hearts
based on the author’s study.
The description which follows is but a summary. Greater detail can be
found in Fulton5,25. The findings in nearly normal hearts (slightly larger
than accepted normal) and in valvular heart disease with unobstructed
coronary arteries were essentially similar to normal but with some in-
crease in calibre.

Numerous anastomoses were found in all normal hearts. There was con-

siderable difference between individuals. Anastomoses could be classed as
either superficial (epicardial) or deep (transseptal or subendocardial),
being scanty in the middle layers of the left ventricular free wall.

Superficial anastomoses tended to occur mainly at the interface be-
tween major arterial territories. Thus they were characteristically found
on the anterior wall of the right ventricle between the anterior descend-
ing artery and the right coronary artery, or conus artery where present; at
or on either side of the posterior interventricular groove, between the ter-
ritories of the right and left circumflex arteries; and near the apex where

anterior descending, artery and marginal branches of right and/or left
circumflex arteries may converge (Fig. 2). A readily demonstrable net-

work was usually found in the atrial wall especially of the left (and in

interatrial septum) (Fig. 3).
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Deep anastomoses: These were more numerous than superficial and
often of larger calibre They comprised the trans-interven-
tricular septal, subendocardial plexus of the left ventricle and the suben-
docardial plexus of the right ventricle.
a. Interventricular septum. Numerous communicating arterial vessels

traversed the interventricular septum connecting the anterior descend-
ing artery (LAD) with the posterior interventricular branch of the right
coronary artery or, less commonly the circumflex artery, rarely both.

They coursed nearly parallel to the atrio-ventricular groove (Fig. 4).

2) Apex of a normal heart. Communications can be traced between the anterior descending
artery (LAD) and a marginal branch of the right coronary artery. x 0.7.

3) Enlarged arteriogram of left atrial wall in a normal heart. Small caliber anastomoses can
be traced. x 2.

4) Interventricular septum, upper part, of a normal heart. Some communications can be
traced, even in 2D, linking the anterior descending (LAD) and posterior descending arteries.
A few running nearly at right angles to the general course are part of the subendocardial
plexus. x 0.5.

5) Interventricular septum, upper part, in coronary artery disease. Enlarged anastomoses
carry blood flow from the posterior descending artery on the left to the anterior descending
artery, which was obstructed. x 0.5.
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(When enlarged in disease they are much more readily demonstrable
post mortem (Fig. 5) and may often be identified in clinical coronary

angiography.)
b. The subendocardial plexus of the left ventricle (Figs. 6 and 7) is a net-

work of intercommunicating arterial vessels in the inner 1/3 of the
free wall, largely in relation to the columnae carneae. It continues
onto the innermost layers of the interventricular septum, where the
vessels tend to run nearly at right angles to the transseptal vessels.

The subendocardial plexus of the left ventricle was well described in nor-
mal hearts by Spalteholz17 and confirmed by Gross2 and thereafter
appears to have been overlooked until “rediscovered” by me in the early
1950’s; and its role in ischaemic heart disease had received no mention.
Because that role has great importance, I shall give it special attention.

Also not only in disease the deep net-
work may perhaps serve a circulatory
function in normal hearts, which is im-
probable for other normal anastomoses.

The inner third or thereby of the left
ventricle is particularly vulnerable in re-
spect of its blood supply. This is not only
due to its distance from the epicardial
arteries but because on systole its blood

vessels are emptied by compression, with
reversal of blood flow in the arteries10,27.
The inner zone of the ventricular wall
therefore depends entirely on return of
blood flow in diastole. (Fig. 8). To meet
this problem the deep network has been
advantaged by special supply vessels

which pass directly from the epicardial arteries through the heart wall
with few side branches and little or no reduction in calibre. This feature
has been confirmed by Farrer-Brown28 and by Estes et al.29. It is tempting
to speculate that this adaptation may have a survival role, allowing return
of blood flow to the inner zone with the minimum of delay in the short

diastolic intervals in tachycardia as from exertion. There is no doubt

about its importance in disease.

The subendocardial plexus of the left ventri-
cle: schematic drawing. Note the deep net-
work is supplied by vessels with few branch-
es, directly from epicardial arteries.
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Subendocardial plexus of the left ventricle in a slightly enlarged heart with a healthy coro-
nary circulation. In the preparation of this transventricular section the floor of the left ven-
tricle just above the apex remained in contact with the free wall. This has given a display fo
of the deep network and its vessels of supply. Stereoscopic image. x 1.0.

The deep network interconnects all the vessels, which supply the left
ventricle; they are therefore not only intercoronary as with most other
anastomoses but also intracoronary. In obstructive coronary artery dis-
ease the subendocardial network can undergo very great enlargement.
This may be dominantly local in 1 - or 2- vessel disease but is characteris-
tically global in multi-vessel obstruction (Fig. 9) and exerts a major influ-
ence on the extent and distribution of ischaemic damage. It is surprising
that it has received so little attention in the literature. This may be partly
due to difficulty in its display in clinical coronary angiography, possibly
because of the phasic conditions of blood flow referred to above. In post-
mortem investigation its recognition is favoured by stereoarteriography
and by transventricular sections, procedures that are not often applied.
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Phasic conditions of blood flow in the deep vessels
of the left ventricle. Note that the deep vessels
receive forward flow only in diastole. DBP - dias-
tolic blood pressure, SBP - systolic blood pressure.

c. Subendocardial plexus of the
right ventricle.

A similar deep network exists in the
right ventricle but because of the thin-
ness of the wall it is more easily over-
looked. Identification is made easier
where that chamber is hypertro-
phied. Interestingly it is partly sup-
plied by a septal branch of the ante-
rior descending artery (LAD) which
courses across the moderator band.

Other coronary intercommu-
nications
1. Vasa vasorum: these very small

calibre vessels often communicate
and sometimes may greatly en-
large to “bridge” a coronary occlu-
sion, a form of coronary bypass.
Extracoronary connections.2.

a. atrial-mediastinal communications were common in my studies.
They were usually of small calibre in normal hearts but one of
diameter was recorded. It is conceivable that a contribution to blood
supply to the atria and SA node could occur where atrial arteries have
been obstructed at their origins.

Communication with vasa vasorum of aorta and pulmonary arteries was
witnessed. Also leakage of injection medium beside pulmonary veins
required control, but their destination was not part of my procedure. For
more information see, Gross2 and Schoenmackers12.

Measurement and enumeration.
Anastomoses were measured and counted in normal hearts and at all
sites. Methods, observations and calculations are detailed in Fulton 5,30.

Superficial anastomoses measured in diameter, being most
numerous when less than in diameter and only a few were greater
than in diameter. Deep anastomoses tended to be of larger cali-
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bre and more numerous, the greater number being between
in diameter; but many were over in diameter.

The same exercise was undertaken in the other groups in the series,
and the results from the coronary artery disease group was compared to
the normal in figure 10. This shows that large calibre anastomoses are fre-

quent in coronary artery disease, mostly in diameter while
those less than are fewer. There has been, so to speak, a “shift to
the right”.

The important finding is that sufficient numbers of anastomoses are
to be found in normal hearts to account for the numbers of anastomoses
of larger calibre found in coronary artery disease. Moreover, there were
no patterns of anastomoses found in coronary disease that did not have
their counterparts of smaller scale in normal hearts. These observations
validate the concept that the large collateral arterial vessels seen in

ischaemic heart disease can arise by enlargement of preexisting arterial
communications of smaller size.

At the time that I made these observations I found no comparable
arteriographic studies with measurement and enumeration of anasto-
moses. Remarkably, however, Prinzmental et al perfused normal hearts

Generalized enlargement of the subendocardial plexus of the left ventricle in severe long-
standing multivessel coronary artery disease. x 1, x 2.4.
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Comparison of numerical distribution
of coronary anastomoses in normal
controls and total coronary artery dis-
ease group.

with a medium that contained graduated glass
spheres and recorded measurements of

lumen diameter for interarterial com-
munications31. Also the measurements made

by Baroldi et al were in accord with mine15.

Anatomical origin of coronary
anastomoses.
Sufferers from ischaemic heart disease are

fortunate that their hearts are endowed with
arterial anastomoses with the potential to
mitigate the effect of coronary artery ob-
struction. But it would be teleological and
unscientific, and therefore wrong, to suppose
that they are there for such a beneficial pur-
pose. In my view, they are remnants of the

retiform, early stages of arterial development, of angiogenesis in foetal
life; and the advantages they present may be fortunate but are fortuitous.

Arterial anastomoses were described in the foetal human heart by
Vaestesaeger et al19 and in neonates by Reiner et al.32. The persistence of

an obvious network in a normal heart is shown in figure 11. This is an
unusually rich network; and the anastomotic pattern in other parts of the
same heart was the most abundant that I have witnessed. This might sug-
gest a genetic component or perhaps something else.

I am reluctant to embrace Darwinian/Wallacean “survival-of-the fittest”
grounds for the presence of anastomoses in the heart of man. It seems
unlikely that the anastomotic network can make sufficient contribution
to the circulation of the normal heart to influence survival of the species.
An advantage that is usually manifest today only in middle-aged and eld-
erly men and women is unlikely to have favoured the survival of our
ancestors during their reproductive period of life.

On the possible genesis of anastomotic channels from the capillary
bed, no positive evidence can be derived from my studies. The injection
medium did not enter the capillary bed except in traces. A single rare
exception to this is illustrated in figure 6:12 in Fulton5. In an area of long-
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term ischaemia with inner-zonal fibrosis the capillaries themselves were
dilated. I have however no evidence in this or any other case of connec-

tion being made between two arteries through capillaries. Having already
remarked that absence of demonstration is not proof of absence, I prefer
to leave the question open. The demonstration of abundant pre-capillary
arterial communications however, reduces the need to invoke a capillary
origin for collateral vessel development.

Radiograph of left atrial wall showing unusually rich network of arterial anastomoses.
Vessels could be traced down to 20 microns diameter. x 4.0.
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Factors in the enlargement of coronary anastomoses.
It is generally accepted that the main underlying stimulus for anastomot-
ic enlargement is coronary artery occlusion or severe stenosis, that the
differential pressure gradient so caused promotes augmented blood flow
from the well-provided donor artery into the ischaemic territory, and
that increased blood flow provokes vessel enlargement. Although it may
exert an influence, simple vasodilatation can account only for a small
increase in diameter and blood flow10. It is evident that the major
increase in diameter which occurs must involve actual growth of the ves-
sel wall, increase for instance from 50 to  lumen diameter involves

increase in circumference of the order of 30 times.
Careful study of the structure involved reveals that the donor, non-

ischaemic, portion of the collateral vessels characteristically enlarges to a
similar degree as does the recipient portion in the area of ischaemia

(Fig. 12).

Enlargement of atrial anastomoses in coronary artery disease. An acute (fatal) occlusion of
the left circumflex artery is seen.
Before this event the circumflex artery had been supplying the territory of the right coronary
artery, which was completely occluded 1 1/2 years earlier. There is no difference in degree of
enlargement of the donor, non-ischemic vessels and the recipient vessels in the ischemic area
on the right of the picture. x 1.2.
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This reinforces the concept of blood flow as the prime stimulus; and

goes against a primary role for ischaemia itself. Indeed it is not only the
collateral vessels themselves that respond to the stimulus of blood flow
but in course of time some arterial branches feeding them and even the
main stems may respond. The complex factors which translate flow stim-
ulus into vessel growth have been addressed by the Schapers and by oth-
ers and will receive attention elsewhere.

Enlargement of anastomoses depends not only on the intensity of the
stimulus but also on its duration. Short of complete occlusion, for strong

stimulation to be exerted by stenosis, reduction in the epicardial artery
lumen requires to be of the order of 10 % of cross sectional area33. Yet it

is conceivable that lesser degrees of stenosis will also be effective over long
periods of time; indeed my studies are in keeping with this being so. Final
thrombotic occlusion is nearly always preceded by previous episodes of
encroachment on the lumen, not always so severe as suggested above; yet
sufficient collateral enlargement has been engendered for the protection
of much of the myocardial territory of the freshly occluded artery.

Enlargement of anastomoses does not take place in anticipation of
need, as has been suggested. It is a pathological response to, and therefore
a sequel to, coronary artery obstruction. Accordingly it is no surprise that

the response lags behind the threat and ultimate completion of occlusion
usually finds the protection insufficient to prevent some degree of ischae-
mic damage.

It would appear that in man a much longer period of time is required
than has been reported in the dog. Instead of weeks we need to think in
terms of months and years. When I divided cases into three categories
according to duration of ischaemic histories (0-3 months, 6 months, 2
years and 7-14 years) there was a progressive increase in the number of
anastomoses of and only in cases with the longer histories
were vessels greater than diameter found5,34. These were largely in
the subendocardial plexus of the left ventricle. It is important to recog-
nise that these observations refer only to the state of the collateral circu-
lation at the time of death and give no precise information on the anas-
tomotic status at the time of old occlusions that had been survived. The
process initiated by coronary artery occlusion evidently continues for
years.
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While enlargement of an anastomotic channel may indicate that at
one time it had been carrying augmented blood flow, it must not be
assumed that it had continued to do so to the end. The situation in coro-
nary artery disease is so often complex that every detail must be taken
into account before a valid relationship between structure and function

can be reached. Thus a donor vessel that had been contributing substan-
tial relief blood flow will cease to do so when it in turn becomes obstruct-
ed - as happens frequently. This may result in infarction not only of its
own territory (ipsi-regional infarction) but of much of the territory of its
neighbour, which it had till then being supporting (eg case 22,5 Fig. 11,
Fulton 196435). This event gives us convincing retrospective evidence of
the extent to which collateral blood flow had indeed supported a neigh-
bouring territory. This phenomenon, which I refer to as pararegional
infarction, occurs only where occlusion involves at least a second artery;
and in varying degree is common in these circumstances. It can be recog-
nised with certainty only where arterial territories have been identified by
arteriography. It has been described by others ( e.g. Blumgart et al36).

Another circumstance where enlarged vessels cannot carry increased
forward flow is found in long-standing multi-vessel disease where, as
already described, the subendocardial plexus has become a network of
wide-bore interconnecting channels. Yet they are unable to relieve ischae-
mia because total inflow to the coronary circulation is severely curtailed
by obstruction of all epicardial arteries. But they do serve to arrange an
equitable distribution of the severely impoverished blood supply. When
further adverse events, be they fresh complete arterial occlusion or one of
many extra-coronary factors, carry ischaemia beyond a degree critical for
myocardial survival, the entire inner zone of the left ventricle suffers, and
infarction takes the form of multiple areas of focalnecrosis5,35,37. The great
enlargement of the vessels of the deep plexus is not immediately in
accord with concepts of blood flow as the prime stimulus. I believe this
paradox can be resolved if we allow that non-laminar ebb- and -flow can
exert a stimulus to vessel growth similar to augmented forward flow38.

Anastomotic enlargement and ischaemic myocardial damage
The most important single factor in determining the extent and distri-
bution of myocardial infarction following coronary artery occlusion is
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the pattern of anastomotic enlargement present at the time35. In individ-
ual hearts all gradations and combinations of coronary artery obstruction,
ischaemic myocardial damage and patterns of collateral circulation may
be found and the situation may be highly complex. Nevertheless some
general principles emerge.

Very little protection is afforded by a collateral circulation that has
increased only slightly from the normal. This occurs where the evolution
of arterial disease to occlusion has been rapid, the history - if present -

short; and the myocardial damage is characteristically massive. The other
extreme in long-standing multi-vessels disease has already been dis-
cussed. Where the evolution of obstructive diseases has taken place over
longer periods of time enlargement of anastomoses can mitigate the
effects of occlusion to the extent that the resultant damage may be much
limited and even, uncommonly, absent.

Credit is commonly given to enlargement of superficial anastomoses
and also transinterventricular vessels, but the subendocardial plexus has been
overlooked. In my findings, this deep network played a major role in region-
al infarction as well as in inner-zonal (diffuse subendocardial) infarction.

In my series of fatal myocardial infarction coronary occlusion was
always complete or nearly so, so that precise observations could usually
be made on the collateral status at the time. But it could have been oth-
erwise in non-fatal infarction, for two reasons. Firstly the anastomotic
enlargement at the time must remain speculative because much of the
observed enlargement may have resulted from occlusion, the process hav-
ing continued after the event. Secondly there is often the possibility that
the occlusion may not have been complete or had been complete for only
a short period of time so that the smaller size of old infarcts may have
been related to the incompleteness of the obstructive lesion rather than
to the degree of anastomotic enlargement at the time39,40. In a later series
most infarct-related old coronary occlusions were incomplete at death41.

There is a further point about the protective effect of coronary anasto-

moses that has relevance to early interventions in evolving myocardial
infarction. It is probable that the time-period occlusion to necrosis may
be prolonged. Thus, for instance, thrombolytic therapy may still be appro-
priate several hours after onset, and not be constrained to the very short
interval that acute experimental occlusion in normal subjects might suggest.

The Coronary Collateral Circulation in Man 313



In a second series, 48 cases of fatal myocardial infarction were ana-
lysed in detail in respect of the final occlusion, old obstructive lesions,
distribution of old and new infarction, anastomotic enlargement and the

patency or otherwise of donor vessels. The concept that the collateral cir-
culation modifies the extent and distribution of ischaemic myocardial
damage resulting from coronary occlusion was upheld in 92 % of cases.
In 4 cases (8%) some of the anastomotic evidence had been obliterated
in necrosis. Importantly, no case ran counter to the above concept42.

Following non-fatal coronary artery occlusion augmentation of the
collateral circulation continues, for the stimulus has not only increased
but persists: provided of course that the foster artery remains patent. This
brings progressive security to the myocardium that has survived and
favours restoration of function and reduction in ischaemic symptoms. In

this context my studies suggest a major role for collateral blood flow. But
amelioration may also result from recanalisation of the occluded artery.
Indeed both processes may co-exist and possibly compete.

My studies of obstructive coronary artery disease indicated that it is not,
as sometimes supposed, a gradual process but that it evolves by episodes.
Each episode may elicit a degree of anastomotic enlargement. Many sub-
clinical episodes may occur over a long period before anginal symptoms
are manifest. The background to stable (effort) angina is commonly one
of multi-vessel obstructive coronary artery disease with considerable en-
largement of the collateral circulation. In long-standing angina severe
multi-vessel disease with great enlargement of the subendocardial plexus
of the left ventricle is characteristic37. Ultimately the stage of so called “acute
coronary insufficiency”43 or status anginosus as some prefer, e.g. Papp and
Smith44, is reached on a basis of severe chronic disease; aggravation of symp-
toms is commonly due to extracoronary factors or to further obstruction
of the coronary arteries. On the other hand the precise pathology underly-
ing unstable angina that has been survived is hard to determine. One may
expect that survival may well be favoured by the collateral circulation at the
time, as with coronary artery occlusion and myocardial infarction. In
fatal cases studied by me, pre-infarction unstable angina was related to epi-
sodic acute changes in the occlusive lesion with intimal dissection preced-
ing thrombotic occlusion45. The pathogenesis of unstable angina has been
reviewed by Conti46, without assessing the role of collateral circulation.
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Editorial comment by W. Schaper
Dr. Fulton has shown more than 40

years ago that collateral vessel growth
during evolving coronary artery dis-
ease in man depends on the presence
of preexisting arteriolar connections
within and between vascular territo-

ries. Even today one finds in the liter-
ature reports that assume recruitment
of smooth muscle cells by newly
formed capillaries as a mechanism of
arteriogenesis in adult organism47.

We have often shown that such a
“neo-arteriogenesis” is rarely ob-
served and that the old Fulton dogma
is much more likely. If no arteriolar
interconnecting vessels preexist col-
lateral vessels cannot develop in re-
sponse to arterial stenosis. A case in
point is the heart of the domestic pig
that lacks preexistent collaterals. The
fact that slowly occurring coronary
occlusions in this species is tolerated
with only small infarctions or even
only minor scarring is an apparent
contradiction of the above stated dog-
ma. However, angiographic and his-

Relationship between aortic perfusion pressure (AOP) and blood flow to the normal myocardium of
hearts with one constricted coronary artery and between peripheral coronary pressure (PCP) and
collateral blood flow (CCF).
Panel a. Pressure flow relationships in dog hearts with chronic coronary occlusion. The relationship
PCP vs collateral flow overlaps with AOP vs coronary flow and suggests that minimal vascular re-
sistance in the recipient bed was not changed. Panel b: In the three pig hearts available for detailed
pressure-flow studies the relationship PCP vs collateral flow is much steeper than that of AoP vs cor-
onary flow, suggesting a substantially decreased minimal resistance of the recipient bed. Panel c: Re-
lationship between aortic perfusion pressure and peripheral coronary pressure (measured in the
distal stump of the occluded artery) determined during maximal coronary vasodilation with ade-
nosine. In canine hearts PCP is much higher than in porcine hearts.
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tological studies had shown that in contrast to the dog heart (where large

muscular arteries develop subepicardially) many capillaries had enlarged
and served as collateral vessels that were located mainly in the subendo-
and mid-myocardium, were thin-walled and lacked an arterial coat. The
fact that cardiac myocytes are closely apposed to the endothelial/pericyte
structure, thereby supporting the fragile vessel wall, and the low intra-
vascular pressure prevented their rupture. These vessels are the product
of the strong angiogenic response that occurred during the ischemic
phase and their genesis lowered the total resistance of the sum of serial
resistors, which is composed of the conduit- resistance and micro-vessels
(capillaries). Reductions of the minimal resistance of the microcircula-
tion can be demonstrated by varying the perfusion pressure of isolated
blood-perfused pig hearts with a chronically occluded left circumflex
artery: although the peripheral stump/wedge pressure is significantly
lower than in the dog under comparable conditions, any increment in
pressure moves significantly more blood flow into the collateral supplied

myocardial regions compared to flow in normally perfused regions of the
same heart (Fig. 13) in the pig compared to the dog where no angiogenic
but a strong arteriogenic response occurs48.

The low intra-vascular pressure of the capillary-derived pig collaterals
and their location close to the endocardium makes them vulnerable for rises
in the left ventricular enddiastolic pressure which reduces perfusion in that
region and may lead to ischemia and infarction. In contrast to the canine
heart where the left circumflex plus the right coronary artery can be oc-
cluded in a graded manner without ensuing infarction, the pig heart will
not survive such an operation because of its inability to generate a second-
ary network of collaterals. Thus: pig hearts devoid of preexisting arterio-
lar connections between perfusion territories are unable to produce mus-
cular collateral vessels. Their numerous enlarged interconnecting capillar-
ies are unable to recruit smooth muscle. The low wedge pressures may be
the result of the low pressure that normally exists in the capillary system
from which the capillary collaterals emerge but also because collateral flow
is transported by many small tubes that lead to cumulative energy losses.
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B: Clinical measurements, tools and demonstration
of its protective role during the course of coronary
artery disease
Niels van Royen

Before the 1960’s, research on the collateral circulation was focused on
the central issue whether arterial anastomoses are present in normal
human hearts and whether they enlarge in the course of coronary artery
disease. This debate was emphatically settled by Fulton around 19655,25,30

by showing unequivocally that preexistent anastomoses are abundant in
human hearts and that their caliber, and not their number, increases in
the course of coronary artery disease. In vivo studies on the human coro-
nary collateral circulation that were performed thereafter, in the last third
of the century, can be roughly divided into three categories: method-
ology of measurements at the collateral circulation in the clinical setting,
protective role of the collateral circulation in coronary artery disease and
pharmacological modulation of the collateral circulation (the latter is

beyond the focus of this chapter).

Measurements of the collateral circulation in patients
Balloon inflation for accurate measurement of the collateral circulation
To make exact measurements of the collateral circulation, antegrade
inflow in the recipient artery needs to be interrupted in order to deter-
mine the contribution of the collateral circulation to the perfusion of a
jeopardized vascular territory. The introduction of balloon angioplasty
has made such observations possible in the clinical setting and it was

Feldman who first did so by applying brief balloon occlusions and meas-
uring simultaneously the pressure deficit over the occlusion to detect the
development of the collateral circulation49. Since we believe such coro-
nary total occlusions are of paramount importance for the reliable meas-
urement of the functionality of the collateral circulation, the methodology
section of this chapter will be dedicated mainly to techniques in which
such short-term balloon occlusions are implemented.
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Angiography
Using brief coronary occlusions, recruitment of the collateral circulation
can be visualized by angiography. This is the basis of the Rentrop classi-
fication50 requiring repeated contrast injections, which is rarely used to-
day in its original form. Other methods are based on angiographically
measured diameter of the recipient artery51 or washout of contrast agent
during balloon occlusion52.

ST-segment changes
Brief coronary occlusions also provoke ST-segment changes and the
magnitude of these changes can be used as a measure of collateral flow53-55,
whereas in cases of significant collateral artery development ST-changes
can be completely absent. ST-segment changes thus provide an indica-
tion of the extent of the collateral circulation in individual patients.
However, ischemic preconditioning can obscure the relationship.

Intracoronary derived pressure measurements
Probably the most valuable parameters during brief coronary occlusion

are the pressure deficit over the occluded arterial segment and the resid-
ual flow in the recipient coronary artery. Feldman performed a balloon
inflation in the proximal LAD in a group of 19 patients49. Based on the
pressure deficit over the occlusion and venous flow from the great cardiac
vein, he found that collateral resistance was about 45 % lower in patients
with retrograde angiographic filling of the occluded LAD, as compared to
patients without such retrograde filling49. Probst then showed in a larger
group of 63 patients with single-vessel disease that the distal pressure
during balloon inflation correlated with the extent of the non-provoked

spontaneously visible collateral circulation56. Meier showed that distal
coronary pressure is higher in patients with either spontaneously visible
or recruitable collateral arteries than in patients without visible collater-
al arteries. He also showed that values for distal pressure of 30 mmHg or
more were only found in patients with spontaneously visible or recruita-
ble collateral arteries57. In order to obtain a more precise calculation of
the pressure index, Pijls subtracted venous pressure from both aortic and

coronary wedge pressure59, a calculation that is nowadays referred to as
pressure derived collateral flow index (CFI)60.
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Flow velocity measurements and resistance index calculation
As mentioned above, Feldman used venous flow return in combination
with pressure deficit to determine collateral resistance during balloon
inflation49. The venous circulation of the heart is characterized by sever-
al anastomotic connections, so that venous flow return does not neces-
sarily represent collateral flow. Later studies therefore attempted to meas-
ure collateral flow directly in the recipient artery. Ofili was the first to
report data on residual flow in the recipient artery as obtained with a
Doppler-tipped angioplasty guidewire61. Seiler’s group was the first to
compare velocity data with pressure-derived indices and with the intra-
coronary ECG60. Subsequently, Kern reported that collateral flow, in a
group of patients that received angioplasty, was approximately 30 % of
post-procedural antegrade flow62. During balloon occlusion of the LAD,
Kyriakidis measured flow increase in the right coronary artery that served
as donor artery for the collateral circulation to the diseased LAD. He
found that in patients with spontaneously visible collateral arteries flow in

the RCA increased during LAD occlusion with a mean of 66 % in patients
with spontaneously visible collateral arteries as compared to no signifi-
cant change of flow in patients without visible collateral arteries63. These
studies also paved the way for the calculation of resistance from the com-
bined measurement of collateral flow and pressure in the donor and/or
the recipient coronary artery64,65, which can be used to document for
example the pharmacological responsiveness of the collateral vascular
bed to vasodilators66. Three main pitfalls in collateral flow measurements
from the recipient artery are to be noted. First of all, flow measurements
with Doppler guidewires are actually flow velocity measurements. To cal-
culate true flow, also the diameter of the vessel needs to be known, for
example with the use of quantitative angiography (QCA) or intravascu-
lar ultrasound (IVUS). Secondly, flow measured in the recipient artery
will vary with the position of the Doppler sensor in the recipient artery.
When the sensor is proximal to a major re-entry of the collateral circula-
tion in the recipient artery, a very different signal will be found as com-
pared to a position directly distal from such a re-entry. Finally, flow (but
also pressure) measurements are not feasible in case of a non-revascular-
izable total occlusion. Nevertheless, resistance measurements directly re-

flect the capacity of the collateral circulation. It is to be expected that
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future methodological studies will be focused on techniques which meas-
ure this parameter reliably since it would serve best as an endpoint for
studies on pharmacological modulation of the collateral circulation.

The protective role of the coronary
collateral circulation in man

Acute myocardial infarction
The protective potential of collateral arteries in the human heart was
already recognized at their first discovery in 1669 by Richard Lower. He
described the following: “Coronary vessels describe a circular course to
ensure a better general distribution, and encircle and surround the base
of the heart. From such an origin they are able to go off respectively to
opposite regions of the heart, yet around the extremities they come to-
gether again and here and there communicate by anastomoses. As a result
fluid injected into one of them spreads at one and the same time through
both. There is everywhere an equally great need of vital heat and nour-
ishment, so deficiency of these is very fully guarded against by such anas-
tomoses”67. As described in the first part of this chapter, research in sub-
sequent centuries was dedicated to the very existence of collateral anas-
tomoses in the heart and the preexisting nature of these vessels. After the
publication of highly detailed post-mortem studies by Fulton finally set-
tled this debate by around 1963, attention was now fully focused on the

functionality and the protective role of the collateral circulation.
The introduction of coronary angiography made it possible to deter-

mine the extent of the collateral circulation in living patients68. Conse-
quently, the extent of the collateral circulation could also be linked to
outcome after myocardial infarction. In 1976 Williams showed in a group
of 20 patients with acute myocardial infarction, that “adequate” collater-
al vessels, as observed with angiography, were associated with a lower LV

end-diastolic pressure, a better cardiac index and ejection fraction as well
as a smaller area of dyskinesia as compared to patients with an “inade-
quate” collateral vasculature. It was also found that patients with “ade-
quate” collateral vessels more frequently reported preceding angina pec-
toris. Finally, Williams observed that all patients with “adequate” collat-
eral vessels survived myocardial infarction whereas in the group with
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inadequate collateral vessels 10 patients had cardiogenic shock and 8 pa-
tients died69. Schwartz et al showed that residual flow in the infarct relat-

ed artery, either due to subtotal occlusion or due to a well developed col-
lateral circulation, preserves left ventricular function after myocardial

infarction70. It was also shown that in the scenario of an acute myocardial
function, myocardial damage as measured by creatin kinase level can be
limited by the presence of a well developed collateral circulation71. Not
only outcome directly upon AMI but also long-term (10 year) survival
depends on the extent of the collateral circulation. Probably, one of the
reasons for this long-term benefit is the prevention by collateral arteries
of LV aneurysm formation as a result of extensive transmural infarction
as shown by Hirai in patients with unsuccessful thrombolytic reperfusion
therapy73. In another study from this group it was shown that preinfarc-

tion angina is linked to a better functional preservation of the left ventri-
cle and they claim that this is caused by stimulation of the development
of the collateral circulation by repetitive brief ischemic periods74. In our
opinion, this merely reflects the differences between slow and rapid pro-
gression of arterial obstruction, whereby in the case of slow progression
the collateral circulation can adapt better to the increased demand of
blood flow. The collateral circulation can also serve as a bridge between
the acute event and a late-stage revascularization procedure. Sabia et al
showed that success of late-revascularization of an occluded infarct-relat-
ed artery strongly depends on the percentage of the infarcted area that is

supplied by collateral flow. Patients in which 50 % or more of the infarct
bed is supplied by collateral flow, show better improvement of wall
motion score after revascularization75.

In contrast to the above mentioned studies on the protective role of
the collateral circulation during AMI, Boehrer et al. found no relation
between angiographic evidence of collateral filling and long-term sur-
vival or cardiac function after AMI76.

It should be noted though that in this study, no Rentrop score was
performed and patients were simply divided in a group with and without
collateral filling of the infarct related artery, resulting in a large number
of patients (120 out of 146) assigned to the group with angiographic evi-
dence of collateral filling. It can be postulated that a more refined system
of collateral circulation grading would have resulted in a different outcome.
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Taken together, we feel that it can be safely concluded that a well

developed collateral circulation preserves left ventricular function and
results in a better outcome after AMI.

Chronic coronary artery disease
The protective role of the collateral circulation in situations of chronic
coronary artery disease is most dramatically shown in a small subgroup
of patients that present with total occlusion of the stem region of the left
main coronary artery and well preserved left ventricular function. Several

of such observations in small series of patients have been published77-82.
In most of these cases, a dominant right coronary is described from
which collateral arteries towards the left coronary artery originate.
Hamby performed a retrospective study on 465 patients with complete
obstruction of either the LAD or the RCA. In his studies he found that
the collateral circulation towards a chronically obstructed LAD is of great
functional significance with regard to preservation of ventricular func-
tion83. Cohen and Rentrop showed in patients with chronic coronary
artery disease that poor filling of the collateral circulation upon balloon
occlusion was associated with anginal pain, ST-segment changes and ven-
tricular asynergy during the procedure53. These results were confirmed in
a later study by Norell et al55. Using thallium scintigraphy, Nakatsuka et
al found that post-infarction patients with fixed defects that were associ-
ated with akinesia had a relative underdevelopment of the collateral cir-
culation as compared to patients with still viable myocardium84. In a
population that was referred to the catheterization lab for elective coro-
nary angioplasty it was observed that patients with a well developed col-
lateral circulation (based on intracoronary pressure measurements) are
at lower risk for future ischemic events59. These results were confirmed in
a study with 403 patients undergoing PTCA for stable angina pectoris. It
was shown that patients with a well developed collateral circulation were
at a significantly lower risk for major cardiac ischemic events85. The pro-
tective role of collaterals was also shown in patients that received an LAD
bypass graft in a beating heart procedure. During coronary occlusion,
patients with a well developed collateral circulation had a superior pres-
ervation of left ventricular function as measured with transoesophageal
echocardiography and thermodilution86. Van Liebergen showed that pa-
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tients with good collateralization, based on either intracoronary derived
pressure or flow measurements during balloon occlusion, were best pro-

tected against ischaemic episodes resulting from occlusion87.
Thus, also in patients with chronic stable coronary artery disease, a

well developed collateral circulation salvages myocardial function and in
addition reduces the risk for future ischemic events.

Morphologic preservation
In a very elegant study by Schwarz, the protective role of collateral vessels
was shown on a morphological level rather than a functional level.
During open heart surgery, transmural myocardial biopsies were taken
from patients with severe stenosis of the LAD. Patients with a poorly
developed collateral circulation showed increased myocardial fibrosis as

compared to patients with a well developed collateral circulation88. Van-
overschelde et al showed profound morphological changes like cellular
swelling, loss of myofibrillar content, and accumulation of glycogen in
patients with a total coronary obstruction and a poorly developed collat-
eral circulation89.

Protective role during exercise
Whether development of the collateral circulation is stimulated by exer-

cise remains controversial although most studies did not find a signifi-
cant effect of exercise on collateral artery growth90-95. What has been
shown though is that coronary collateral arteries are of importance in
maintaining left ventricular function during exercise. Goldberg et al
showed that in a group of patients with at least one severe stenosis and a
mean left ventricular ejection fraction at rest of about 50 %, the decrease
in ejection fraction was significantly more pronounced in patients with a
poorly developed collateral circulation96. Bonetti et al observed that after

termination of exercise, ECG returned to baseline more rapidly in patients
with a well developed collateral circulation, indicating a faster recovery

from exercise-induced ischemia97. This was confirmed in a study showing
that the recovery of left ventricular dysfunction after dobutamine stress

echocardiography is also related to the extent of the collateral circulation98.
Using exercise thallium-scintigraphy, Wainwright et al found that especial-
ly the right coronary bed benefits from collateral flow during exercise99.
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With the same technique, Iskandrian showed that the protective value of
collateral vessels largely depends on patency of feeder vessels100. This
dependency of the collateral circulation on feeder vessels was also found
in a study by Dilsizian et al101. They showed in patients with multi-vessel
disease and a non-revascularizable or re-obstructed stenosis of the LCX
that collateral flow and function of the jeopardized territory is improved
after bypass surgery to an obstructed feeder vessel (either LAD or RCA).

Summary
The first part of this chapter starts with a brief historical account. The
description of coronary arterial anastomoses in normal and diseased
human hearts is based mainly on the author’s study (Fulton), using a
technique, which included stereoarteriography. From these studies the
following can be concluded:

Anastomotic vessels were found in all normal hearts. The coronary
arteries of man are not end-arteries. Their distribution, enumeration

and measurement are described, in normal hearts and in the presence
of coronary artery disease.
The enlarged collateral vessels present in ischaemic heart disease are
derived from preexisting arterial anastomoses. These are present in
normal hearts in sufficient numbers to account for the numbers
found in disease. The difference is of calibre, not of number.
The main stimulus to collateral vessel growth is coronary artery occlu-
sion or severe obstruction. The resultant pressure gradients promote
increased blood flow from neighbouring donor arteries to the arteries
in the ischaemic area distal to the obstruction. Morphological evi-

dence is in keeping with blood flow as the prime stimulus for vessel
enlargement.

Attention is directed to the importance of the deeply placed anasto-
moses which in the human heart are often more numerous and of
larger calibre than the superficial. Emphasis is given to the subendo-
cardial plexus of the left ventricle, which has been largely overlooked.
The role of collateral blood flow in determining the extent and distri-
bution of ischaemic myocardial damage resulting from coronary
artery occlusion is described and discussed.
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The second part of this chapter (van Royen) is dedicated to a review

of methods that enable functional measurement of the collateral circula-
tion during life. It is emphasized that total occlusion of the recipient
artery, either due to underlying occlusive disease or by means of artificial
coronary balloon occlusion, is a prerequisite for exact measurements of
the functionality of the collateral circulation. Sensitive measurements of
the collateral circulation will gain further importance in the nowadays-
evolving field of clinical studies on the stimulation of collateral artery
development. It is our belief that intracoronary derived pressure and flow

measurements will be of great value in determining efficacy of such ther-
apeutic approaches. Finally, a brief summary is given of clinical studies

that have been performed in the last third of the century that une-
quivocally show the protective role of collateral arteries during exercise,
in chronic coronary artery disease as well as during acute coronary occlu-
sion. The human collateral circulation is capable of salvaging myocardial
tissue, preventing it from undergoing necrosis, fibrotic degradation and
aneurysm formation, preserving left ventricular function and limiting
the extent of myocardial ischaemia. A well-developed collateral circula-
tion constitutes a natural escape from the devastating consequences of

coronary artery disease.
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17
Function of the Coronary
Collateral Circulation in Man

Christian Seiler

Abstract
Well developed coronary collateral arteries in patients with coronary
artery disease (CAD) mitigate myocardial infarcts with less ventricular
aneurysm formation and improved ventricular function, they reduce
future cardiovascular events, and improve survival. Myocardial infarct
size is a product of coronary artery occlusion time, area at risk for infarc-
tion and the inverse of collateral supply. Collateral arteries preventing
myocardial ischemia during brief vascular occlusion are present in 1/3 of
patients with CAD. Collateral flow sufficient to prevent myocardial
ischemia during coronary occlusion amounts to of the normal
flow through the open vessel. Among individuals without relevant coro-
nary stenoses, there are preformed collateral arteries preventing myocar-
dial ischemia in 20-25%.

Coronary collateral flow can be assessed only during vascular occlu-
sion of the collateral-receiving artery. Presently, the gold standard for
clinical coronary collateral assessment is the measurement of intracoro-
nary occlusive pressure- or velocity-derived collateral flow index which
expresses collateral function as a fraction of flow during vessel patency.

Clinical variables predicting the development of collateral arteries are
the hemodynamic severity of coronary stenoses and the duration of my-
ocardial ischemic symptoms.

One fifth to one third of patients with CAD cannot be revascularized
by percutaneous coronary intervention or coronary artery bypass graft-
ing; therapeutic promotion of collateral growth appears to be a valuable
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treatment strategy in those patients. Promotion of collateral growth
should aim at inducing the development of large conductive collateral
arteries (i.e. arteriogenesis) and not so much at the sprouting of capillary
like vessels (i.e. angiogenesis). So far, the largest controlled clinical angio-

genesis trials on the efficacy of VEGF and basic FGF have been negative
with regard to treadmill exercise time and myocardial scintigraphic data.
Large conductive collateral arteries (i.e. arteriogenesis) appear to be
effectively promoted via the activation of monocytes/macrophages.

List of abbreviations
AR
bFGF
CAD

CFI
CVP
GM-CSF
IS

VEGF

area at risk for myocardial infarction
basic fibroblast growth factor
coronary artery disease

collateral flow index (no unit)
central venous pressure (mmHg)
granulocyte-macrophage colony-stimulating factor

infarct size
mean aortic pressure (mmHg)
mean coronary occlusive or wedge pressure (mmHg)
vascular endothelial growth factor
intracoronary occlusive blood flow velocity (cm/s)
intracoronary non-occlusive blood flow velocity (cm/s)

Introduction
Cardiovascular diseases, in particular coronary artery disease (CAD), are
the leading cause of death in industrialized countries. Established options
for revascularization include angioplasty and surgical bypass, both of which
are not or only partly suitable in 1/5 to 1/3 of patients in whom the extent
of coronary atherosclerosis is especially severe1. An alternative treatment
strategy for revascularization is therefore warranted, both to control symp-
toms as well as to alter the course of advanced CAD. An ideal candidate to
fill in this gap is therapeutic promotion of coronary collateral growth, i.e.,
the induction of natural bypasses. In order to reach this goal, a compre-
hensive understanding of the function of the coronary collateral circulation
in man regarding its relevance, accurate assessment, pathogenetic and
pathophysiological aspects as well as therapeutic promotion is mandatory.
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Relevance of the coronary collateral circulation
The coronary collateral circulation has been recognized for a long time as
an alternative source of blood supply to a myocardial area jeopardized by
ischemia. More than 200 years ago, Heberden described a patient who
had been nearly cured of his angina pectoris by sawing wood each day2,
a phenomenon called warm-up or first effort angina which was tradi-
tionally ascribed to coronary vasodilation with opening of collateral ves-

sels to support the ischemic myocardium. Alternatively and more recently,

Coronary angiogram in a patient with triple arterial occlusion (red circles; upper panels)
and normal left ventricular angiogram (lower panels). Contrast injection into the right
coronary artery (RCA; upper left panel) reveals proximal vascular occlusion with faint ap-
pearance of the RCA distal to the occlusion and of the left anterior descending coronary
artery (LAD). Proximal occlusion of the left circumflex coronary artery (LCX; upper middle
panel) is shown using an right anterior oblique caudal projection. The LCX distal of the
blockage is entirely filled via collateral arteries from the LAD (angiographic collateral degree
of 3). The LAD is entirely obstructed distal to its first diagonal branch (left anterior oblique
cranial projection; right upper panel). There is also degree angiographic retrograde filling
of the LAD. Furthermore, retrograde filling of the RCA can be seen during left coronary
injection (at least degree angiographic collaterals). All of the three major coronary artery
supply areas (imaged in left anterior oblique view at end-diastole and during systole,
respectively; left and right lower panels, respectively) reveal normal systolic wall motion.
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“walk-through angina” has been interpreted as a biochemical (i.e.
ischemic preconditioning) rather than biophysical (i.e. collateral recruit-
ment) event leading to the heightened tolerance against myocardial
ischemia. Even more likely, both mechanisms contribute to the described
phenomenon which is easily obtainable by careful history taking of the

patient3,4. Aside from controversies just alluded to, there have been
numerous investigations demonstrating a protective role of well versus
poorly grown collateral arteries in man (Fig. 1) showing smaller infarcts5,
less ventricular aneurysm formation6, improved ventricular function5,
fewer future cardiovascular events7, and improved survival8. However,
the functional relevance of coronary collateral vessels in humans had also
been a matter of debate for many years9. Much of this controversy was
likely due to inadequate means for gauging human coronary collaterals
and to the investigation of populations too small to be representative for
all the patients with CAD. The latter is well illustrated by the fact that
among patients with hemodynamically significant atherosclerotic
lesions, only about 1/3 have functionally sufficient coronary collaterals
which are able to prevent signs of myocardial ischemia during brief vas-
cular occlusions (Fig. 2;10). In the absence of stenoses, it has been tradi-

Frequency distribution (in percent of the entire population, vertical axis) of collateral flow
obtained during coronary artery balloon occlusion relative to normal flow during vessel
patency (collateral flow index, horizontal axis). The left side shows the distribution in 500
patients with hemodynamically relevant coronary artery stenoses. On the right side, the
distribution in 120 individuals without coronary stenoses is depicted.
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tionally assumed that coronary arteries are functional end-arteries11.
Using direct and quantitative intracoronary collateral measurements (see
below), it has, however, been documented very recently that the notion of
the human coronary circulation being built without preformed func-
tioning anastomoses between vascular territories is a myth rather than
reality; in the absence of obstructive CAD or even in entirely normal

hearts, there has been collateral flow to a briefly occluded coronary artery
sufficient to prevent ECG signs of myocardial ischemia in one fifth to one
fourth of the population studied (Fig. 2;12).

Assessment
Natural coronary occlusion model (chronic total occlusion model)
In the situation of a spontaneously occurring coronary artery occlusion
without myocardial infarction, a well developed collateral circulation
must be the reason for the salvaged cardiac muscle (Fig. 1). A pathophys-
iological alternative to this scenario is indicated by the following equation
describing infarct size (IS), and it consists of an exceedingly small is-
chemic myocardial area at risk (AR) 13:

The entire filling of a chronically occluded, collateral-receiving (i.e.
ipsilateral) coronary artery from a collateral-supplying (i.e. contralateral)
vessel (Fig. 1) illustrates that AR is closely and inversely dependent on
collateral flow, to the extent that the AR of a certain vessel may disappear
in the presence of well grown collaterals. The validity of the concept
described in equation 1 has been recently confirmed in the clinical setting
by documenting that coronary occlusion time no longer plays a role as a
predictor for IS in the presence of a collateral relative to normal flow (col-
lateral flow index; see below) 14. Thus, to detect normal ventricular
wall motion (Fig. 1) in the presence of a proximal or mid chronic occlu-
sion represents a way of qualifying “good” collateral flow. The major dis-
advantage of this qualitative method for collateral assessment is that it
requires coronary angiography to detect vascular occlusion. Having
established the diagnosis of an entirely blocked coronary artery, various
myocardial perfusion tracers (different radioactive tracers, echocontrast
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media) are in principle appropriate to measure the gold standard of col-
lateral function (i.e. absolute perfusion in ml/min/g of tissue) non-inva-
sively by positron emission tomography or Doppler echocardiography 15-18.

Artificial coronary occlusion model (angioplasty model)
At present, invasive cardiac examination is a prerequisite for reliable
qualitative or quantitative assessment of coronary collaterals. In the nat-
ural occlusion model, it is necessary to confirm total vascular obstruc-

tion, in the artificial occlusion model, it is essential to briefly block the
vessel using an angioplasty balloon catheter. In addition, systematically
consistent and exclusive collateral characterization in man (Fig. 3) re-
quires the permanent or temporary occlusion of the epicardial collateral-
receiving artery yielding the so called recruitable as opposed to sponta-
neously visible collateral flow. Employing the angioplasty model, there
are several qualitative and quantitative methods subsequently described
which can be used to characterize the collateral circulation.

Angina pectoris and intracoronary ECG during vessel occlusion: The

simplest but rather imprecise way to qualify collateral vessels is to ask the
patient about the presence of angina pectoris shortly before the end of
the one- to two-minute arterial balloon occlusion. The predictive value of
absent or present chest pain for collaterals sufficient or insufficient, re-
spectively, to prevent ischemia as detected by intracoronary ECG (Fig. 4)

Schematic drawing illustrating the
principle of collateral assessment
during coronary artery balloon oc-
clusion using an angioplasty sensor
guidewire (red line). This pressure
or Doppler guidewire is positioned
distal to the occluded site. Pressure
signals (except for venous back pres-
sure) or flow velocity signals detect-
ed during vascular occlusion origi-
nate from collateral vessels supplying
the blocked vascular region.
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is rather low 19-20. The use of an intracoronary ECG lead obtained via the
angioplasty guidewire for collateral assessment provides a good represen-

tation of the pertinent myocardial area. Intracoronary ECG ST-segment
changes of >0.1mV constitute the definition of collaterals insufficient to

prevent ischemia in the respective myocardial territory 19. A current
analysis of our data base including 564 patients with one or more coro-
nary stenotic lesions undergoing invasive ECG- and sensor-derived

Sufficient coronary collaterals. Simultaneous recordings of an intracoronary (i.c.) ECG lead
(top), phasic (left side) and mean (right side) aortic ( mmHg), coronary occlusive (
mmHg) and central venous pressures (CVP, mmHg). Pao is gauged via a 6 French coronary
artery guiding catheter, via a pressure guidewire positioned distal of a stenosis to be
dilated and CVP via a right atrial catheter. To the right of the phasic pressure tracings
obtained during coronary artery patency, mean pressures are recorded during and after
angioplasty balloon deflation. During inflation, there are no relevant ECG ST-segment
changes indicating collateral vessels sufficient to prevent myocardial ischemia. Collateral
flow index (CFI) is calculated as follows:

The insert shows intracoronary Doppler flow velocity signals obtained simultaneously as the
pressure recordings using a 0.014 inch, 20MHz Doppler angioplasty guidewire. Upper panel:
Instantaneous occlusive flow velocity profile recorded over time (horizontal axis). Bi-direc-
tional velocity signals indicate collateral flow towards and away from the Doppler sensor
which is located at the tip of the guidewire. Lower panel: Flow velocity trend obtained over
90s. Doppler-derived collateral flow index roughly corresponds to the ratio of flow velocity
during occlusion ( cm/s) divided by flow velocity at the same site during vessel patency
( cm/s).



340 Chapter 17

collateral assessment during balloon occlusion provides the following
results: Individuals with ECG signs of ischemia in the collateralized
region had a sensor-derived flow to this area amounting to 16.7±8.8 % of
normal antegrade flow through the patent vessel, those without ischemia
showed a corresponding value of 35.5±17.8% (p<0.0001). The best cut-
off to distinguish between present and absent ischemia was equal to a col-
lateral relative to normal flow of 25 %.

Angiographic methods: The coronary angiographic method for col-

lateral qualification most widely used is similar but not identical to the
one first described by Rentrop and coworkers21. The latter provides a
score from 0-3 for recruitable collateral vessels upon occlusion of the
ipsilateral artery, the former an identical score for spontaneously visible
collaterals without artificial vascular occlusion. The score describes epi-
cardial coronary artery filling with radiographic contrast dye via collater-
als as follows: 0=no filling, 1=small side branches filled, 2=major side
branches of the main vessel filled, 3=main vessel entirely filled. The fact

that in clinical routine, only spontaneously visible collaterals are scored
further impairs the method’s sensitivity, which is quite blunt already.
Recruitable collateral vessel grading in the absence of chronic coronary
occlusion, however, requires the insertion of two coronary catheters, i.e.,
one for balloon occlusion of the collateral-receiving vessel and the second
for injection of contrast dye into the collateral-supplying artery. An alter-
native, semi-quantitative angiographic method consists of determining

the number of heart beats during coronary occlusion needed to wash out
the angiographic medium injected into the ipsilateral artery immediately
before balloon occlusion (i.e. washout collaterometry,22). The contrast
dye caught distal to the occlusive balloon can only be washed out by collat-
eral flow. A washout time of heart beats accurately predicts collater-
als sufficient to prevent ischemia during a brief coronary occlusion.

Intracoronary pressure or Doppler sensor measurements: Today, pres-
sure- or Doppler-sensor-tipped angioplasty guidewires are available which
are almost equivalent to regular guidewires in their handling properties.

The theoretical basis for the use of intracoronary pressure or blood flow
velocity measurements to determine collateral flow relates to the fact that

perfusion pressure (> central venous “back” pressure) or flow velocity sig-
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nals obtained distal to an occluded stenosis originate from collateral vessels
(Fig. 3). The measurement of aortic and intracoronary pressure or velocity

provides the basic variables for the calculation of a pressure-derived or
velocity-derived collateral flow index (CFI) 19, both of which express the
amount of flow via collaterals to the vascular region of interest as a fraction
of the flow via the normally patent vessel. Pressure-derived CFI is deter-

mined by simultaneous measurement of mean aortic mean distal
coronary occlusive and central venous pressure (CVP) (Figs. 4 and 5):

Velocity-derived CFI is measured by obtaining distal occlusive coro-
nary flow velocity and coronary flow velocity during vessel paten-
cy taken at the same location and following occlusion-induced
reactive hyperemia: (Fig. 4). CFI measurements have
been documented to be very accurate with regard to ECG-derived
dichotomous collateral assessment, with regard to each other, but also
with regard to quantitative imaging during balloon oc-
clusion 19,20,23. Pressure- and Doppler-derived intracoronary collateral
measurements are regarded as the reference method for clinical assess-
ment of coronary collateral flow. Preliminary data from our laboratory
have shown that real-time myocardial contrast echocardiography can be
reliably employed to measure absolute myocardial perfusion in ml /min/g17.
This for the first time provides the opportunity to directly obtain coro-
nary collateral perfusion not only in patients with chronic coronary
occlusions but in all individuals undergoing a brief coronary balloon
occlusion. Among 24 patients undergoing simultaneous invasive pres-

sure-derived CFI measurement and quantitative contrast echocardiogra-
phy of the collateralized myocardial territory, absolute collateral perfu-
sion ranged from 0.06 ml/min/g to 0.88 ml/min/g corresponding to a col-
lateral perfusion index (CPI, no unit; i.e. absolute perfusion in the myo-
cardial region of interest during to that at identical location after coronary
angioplasty and after cessation of reactive hyperemia) between 0.045 and

0.671. The agreement between pressure-derived CFI and contrast-echo-
derived CPI was good: CPI = 1.05CFI + 0.01, p<0.000118.
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Pathogenesis
Clinical or “environmental” factors consistently described to influence
the development of coronary collaterals in humans are the severity of
coronary artery stenoses10,21,24, and the duration of myocardial ischemic
symptoms24. Conversely, there has been discordant information about

the influence of metabolic disorders on collateral development such as
diabetes mellitus25-27. In our experience encompassing 437 non-diabetic
and 89 diabetic patients who underwent intracoronary collateral flow
measurements, collateral flow index (see above) is practically identical:
0.215±0.146 and 0.209±0.128, respectively (p=0.71). A possible relevance
of the cholesterol metabolism on the expansion of the collateral circula-
tion has been indicated only experimentally28. The presence of systemic

hypertension has also been suggested to promote well grown collaterals.
Previous studies on the pathogenesis of collateral vessels in humans have
often lacked sufficient patient numbers and/or quantitative means for
collateral assessment. Although coronary stenosis severity is the inde-
pendent predictor for collateral development in humans, CFI may vary
for a given stenosis of, e.g., 95 % diameter narrowing between 0.0 and
0.7010. Conversely, in the absence of a coronary artery stenotic lesion CFI
ranges between 0.05 and 0.412. Therefore, aside from “environmental”
factors just described the influence of a certain genetic background or the
temporarily varying up- / down-regulation of genes on the formation of

well conductive collateral arteries even before the start of CAD must be
very relevant but, so far, only rarely investigated 29.

Functional aspects
Functional, hemodynamic or biophysical aspects of well grown collater-
al arteries relate to the fact that they constitute a network within the coro-
nary circulation (Fig. 6). Such connections between adjacent vascular ter-
ritories together with spatially varying vascular resistances to blood flow 30

are the basis for pathophysiological aspects of collaterals rarely consid-
ered, such as the redistribution of blood during vasodilation away from a
region in need (i.e. coronary steal, Fig. 6; 31,32), the decrease in collateral
flow to a certain vascular region following recanalization of a chronically
occluded coronary artery33,34, and the enhanced risk of coronary resteno-
sis following percutaneous coronary intervention in the presence of high
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and competitive collateral flow to this area 35. The latter situation is simi-
lar to that of competitive flow between a barely stenotic coronary artery

and a bypass graft to this vessel which was unnecessarily implanted; usu-
ally, the lifespan of such a bypass is very much abridged.

Regarding the vasomotor response of collateral arteries, experimental
studies have illustrated that physical exercise induces a more than two
fold perfusion increase in collateral dependent myocardium via beta ad-
renergic and nitric oxide mechanisms36. For comparison, the capacity to
increase flow during hyperemia in the normal human coronary circulation
amounts to a factor of 3 to 4 (i.e. coronary flow reserve). In 50 patients
with chronic CAD undergoing coronary angioplasty and CFI measure-
ments, dynamic handgrip exercise during 3 minutes induced an increase in
CFI by a factor of 1.8 among those without treatment (Fig. 7) 37;

there was no exercise-induced CFI change in patients under

Insufficient coronary collaterals. Simultaneous recordings of an intracoronary (i.c.) ECG
lead (top), phasic (left side) and mean (right side) aortic ( mmHg), coronary occlusive
( mmHg) and central venous pressures (CVP, mmHg). Pao is gauged via a 6 French
coronary artery guiding catheter, via a pressure guidewire positioned distal of a stenosis
to be dilated and CVP via a right atrial catheter. To the right of the phasic pressure tracings
obtained during coronary artery patency, mean pressures are recorded during and after
angioplasty balloon deflation. During inflation, there are marked ECG ST-segment eleva-
tions (arrows) indicating collateral vessels insufficient to prevent myocardial ischemia. Col-
lateral flow index (CFI) is calculated as follows: Abbreviations
see Fig. 4.
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In up to 50 % of patients with chronic total coronary artery occlu-

sions, there may be no infarcted myocardium within the vascular territo-
ry supplied by the blocked vessel. It is unknown how many such patients
remain completely asymptomatic, and therefore, must even have a nor-
mal collateral coronary flow reserve, i.e., the capacity to augment flow in
response to increased myocardial demand. However, some of the patients
with chronic total occlusions without myocardial infarction suffer from
chest pain on exertion, and they have been found, using positron emis-
sion tomography, to exert a reduced collateral dependent flow reserve in
response to dipyridamole38; interestingly, the same patients also revealed
impaired systolic function in the collateral supplied left ventricular
region as opposed to individuals with maintained collateral coronary
flow reserve featuring normal regional wall motion.

Coronary collateral steal. Schematic drawing illustrating the coronary circulation at rest
and during hyperemia as a network of two major epicardial and microcirculatory regions
which are interconnected by a collateral vessel. The thickness of the red arrows indicates the
blood volume flow rate. In the situation ofcoronary collateral steal, the changing balance of
the microcirculatory vascular resistances at rest versus hyperemia (specified by the size of
the rectangles) leads to an enhanced hyperemic perfusion in the collateral-supplying territo-
ry at the expense of a diminished blood flow rate in the vascular area downstream of the
stenotic, collateral-receiving artery.

Therapeutic promotion
In 1/5 to 1/3 of patients with CAD in whom the extent of coronary ath-
erosclerosis is too severe to allow conventional revascularization, an alter-
native treatment strategy is needed. Therapeutic angiogenesis/arterio-
genesis are new strategies for revascularizing ischemic myocardial tissue
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by formation of “natural bypasses”, i.e.,
collateral vessels. Understanding the

many steps and regulatory mechanisms of
angio- and arteriogenesis as opposed to
vasculogenesis is important for designing
such strategies.

Vasculogenesis: The initial steps for
the formation of the vascular system dur-
ing embryonic life involve the differentia-
tion of mesodermal cells into angioblasts
that give rise to endothelial cells forming
the first primitive blood vessels 39.

Angiogenesis: New vessels can subse-
quently develop from the preexisting
plexus by sprouting and intussusception.
This formation of new vessels from preex-
isting ones has been called angiogenesis40.
In addition to endothelial cells, pericytes
(for capillaries) and smooth muscle cells
(for larger vessels) are necessary for the

Exercise induced coronary collateral flow
reserve. Coronary collateral flow reserve
values (vertical axis) obtained during ves-
sel occlusions without and with dynamic
handgrip exercise (DHE) in patients with
and without betablocker treatment (hori-
zontal axis). Coronary collateral flow re-
serve without DHE was calculated as col-
lateral flow index (CFI) at the end of 1st
or 2nd 1-minute coronary occlusions with-
out DHE divided by CFI at the start of the
respective occlusions; coronary collateral
flow reserve with DHE was computed as
CFI at the start of 1st or 2nd 1-minute cor-
onary occlusions with DHE divided by CFI
at the start of occlusions without DHE.

maturation of these newly growing vessels40. Angiogenesis and arterio-
genesis are not restricted to the growing organism. Tissue repair and

regeneration are manifestations of angiogenesis. New capillaries form
around zones of tissue ischemia, as it occurs in myocardial infarction and
stroke. However, vessel formation and growth is also a part of pathogen-
ic processes like proliferative retinopathies, psoriasis, hemangiomas,
tumors and atherosclerotic plaques 41. Upon angiogenic stimulation, e.g.
after tissue injury or ischemia, with hypoxia or hypoglycemia, growth
factors and inflammatory mediators are released locally leading to

vasodilation, enhanced vascular permeability and accumulation of
monocytes and macrophages which in turn secrete more growth factors
and inflammatory mediators 42. These inflammatory cells release metallo-
proteinases that dissolve the surrounding matrix and the basal mem-

brane of the preformed vessel. Hypoxia sensitizes the local endothelial
cells to the chemotactic and proliferative effects of various growth factors
by upregulating their receptors. Endothelial cells detach from their neigh-
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bors, migrate, proliferate and subsequently form a new vessel with a lumen.
Pericytes and smooth muscle cells are also involved in this process.

Arteriogenesis: Invasive cardiologists have long been aware of the
occurrence of large and often epicardial collateral vessels after total or
subtotal occlusion of a major coronary artery (Fig. 1). These usually
become visible within two weeks following an occlusion, and they arise
from preformed arterioles. The remodeling process involved in this re-

cruitment of already existing collateral vessels has been termed arterio-
genesis43. Large bridging collaterals are likely much more effective in sal-
vaging ischemic myocardium at risk for necrosis than small peri-
ischemia capillaries. The complete obstruction of a coronary artery leads
to a fall in poststenotic pressure and to a redistribution of blood to pre-
existing arterioles. The resulting stretch and shear forces may lead to an
increased expression of certain endothelial chemokines, adhesion mole-
cules and growth factors. Within days, circulating monocytes attach to
the endothelium of the bridging collateral vessels causing a local inflam-

matory reaction42. Matrix dissolution occurs and the vessels undergo a
growth process with active proliferation of their endothelial and smooth
muscle cells.

Growth factor candidates: A variety of physiological molecules have
been identified that appear to promote angio- and arteriogenesis. Most of
them act by stimulating migration and proliferation of endothelial cells
and/or smooth muscle cells, like the family of FGFs and VEGFs. Both
cause vasodilation by stimulating the release of nitric oxide. It is therefore
important in animal as well as clinical studies to differentiate between
improved perfusion due to mere vasodilation and true collateral growth.
Other growth factor candidates include placental growth factor, angio-
poietin 1, transforming growth factor platelet derived growth factor,
and about half a dozen other cytokines, proteases and proteins 41. Arteri-

ogenesis has been shown to be induced by activated macrophages44, by
lipopolysaccharide42, monocyte chemotactic protein-143, tumor necrosis
factor-alpha, FGF, and also via granulocyte-macrophage colony-stimu-
lating factor (recombinant human GM-CSF; Molgramostim®) 39,45.

Clinical studies: Angiogenesis may be induced by surgical or catheter-
based delivery of various promotors, such as VEGF and FGF, angiogenic
agents most often used in current clinical studies46,47. Although animal
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studies have established the principle that collateral function improves
after delivering angiogenic growth factors48, and although first uncon-
trolled clinical studies have demonstrated safety and feasibility of VEGF
and basic FGF49, efficacy data of angiogenic therapy have been scarce and
controversial. The most recent and largest controlled clinical trials using
VEGF165 (VIVA, VEGF in Ischemia for Vascular Angiogenesis50) and
FGF2 (FIRST, FGF Initiating Revascularization Trial 51) in 178 and in 337
patients with CAD, respectively, have not shown an effect on the study
endpoints, i.e., treadmill exercise time, angina pectoris at 60 and 120 days
(VIVA), and respectively, exercise tolerance test duration at 90-day-fol-
low-up and changes in the magnitude of myocardial ischemia by Tc99m
SPECT. Controversy on the ability of angiogenic growth factors to pro-
mote coronary collaterals is likely due to the use of endpoints for their
assessment which are too blunt to discern subtle changes in collateral
flow. At this early phase of clinical angio-/arteriogenic therapy during
which screening for the most effective growth factor among more than a
dozen candidates has not even started properly, selection of the best
agents ought to be based on accurate and direct invasive measurements
of coronary collateral flow (Figs. 3 and 4), i.e., the variable hypothesized
to be positively influenced by the growth factors. Equally important,
angiogenic factors may have been employed, which induce the formation
of small, high resistance capillaries (angiogenesis) rather than large inter-
connecting arterioles (arteriogenesis), which are required for the salvage
of myocardium in the presence of occlusive CAD. In a first randomised
placebo-controlled clinical trial, granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) has been shown to be effective with regard to
sequentially and invasively obtained collateral flow among 21 patients

with CAD 52.
There has been evidence presented in previous studies that adaptive

regulation of wall shear stress to flow changes is operative through
remodeling of the vessel; its purpose is to maintain wall shear stress at a
constant level53,54. Arteriogenesis is related to enhanced flow-related shear
forces at the vessel wall of preexisting collaterals along a pressure gradi-
ent between a normally and abnormally perfused (i.e. stenotic) vascular
territory 55. Correspondingly, physical exercise would be an ideal thera-
peutic option for inducing arteriogenesis, because cardiac output and thus
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coronary flow is elevated along the arterial branches of the coronary cir-
culation during exercise. In the absence of CAD, the effect of physical
endurance exercise among healthy volunteers appears to correspond well
with the mentioned investigations, since an augmented caliber with in-
creased functional capacity of the coronary (non-collateral) circulation
can be observed 56. So far, the only prospective investigation in humans on
the effect of exercise regarding collateral growth has employed an insen-

sitive instrument for collateral assessment, i.e., angiographic imaging of

spontaneously visible collateral vessels, and has been negative 57. Preliminary
data from our own laboratory suggest that even in the absence of CAD
collateral flow as assessed by intracoronary pressure-derived measurements
is augmented substantially in response to endurance exercise training 58.
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18
Collateral Circulation in
Clinical Practice

Own clinical observations
Ralf Ritter

Natural collaterals, consisting of a network of vessels of varying caliber,
can circumvent vessel stenosis or vascular occlusion. Depending on the
efficiency of the collateral circulation, basal or even functional metabo-
lism can be maintained in organs requiring an arterial blood supply.

In the human body two collateralization pathways may be distin-
guished. The first pathway utilises preexisting collateral circulation, such
as the circulus arteriosus cerebri, the vertebra-vertebral circulation, Rio-
lan’s anastomosis or the pancreatic-duodenal vascular system1,2,3,4. The
second pathway includes the terminal arterioles in the arterial blood-
stream. Here, terminal arterioles undergo transformation into small
arteries, which can then bridge a vascular occlusion in a vessel such as the
superficial femoral artery.

The capacity of collateral vascularization to overcome vascular occlu-
sion in the human is not the same for all vessels. The efficiency of collat-
eralization is limited by the number and caliber of preexistent arterioles.
Another decisive factor is the period of time preceding final vessel occlu-
sion, which means differentiating between acute and chronic, progressive
arterial stenosis. Acute occlusion often exceeds the ischemic tolerance of
the dependent organ, causing irreparable damage, whereas chronic, grad-
ual arterial occluding processes not only allow basal but also functional
metabolism to be maintained. An example is acute versus chronic renal
artery occlusion5 (Fig. 1).
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Occlusion of the right renal artery
with blood supply to the kidney
via the medial suprarenal artery
with flow reversal in the inferior
suprarenal artery. Cathetertip in
A. suprarenalis media.

Occlusion of the left subclavian ar-
tery. Flow reversal in the left ver-
tebral artery and blood supply to
the left arm via the posterior cere-
bral circulation. Cathetertip in A.
vertebralis dextra.

Tissue served by endarteries cannot be collat-

eralized, since these arteries have no preexisting
connection to other arterioles. This is the case in
the parenchymal organs: kidney, liver and spleen,
and also the brain and the retina. Occlusion of
small terminal arteries results in typical, wedge-
shaped infarcted areas.

From a clinical point of view, collateral vas-
cularization can be divided into three categories:

Category 1
An occlusion in a conduit vessel can be bypassed
by retrograde flow in another conduit vessel,
when both arteries are naturally joined. This
leads to complete clinical compensation and the
occluded transport artery remains asymptomat-
ic. A typical clinical example is occlusion of the
proximal subclavian artery5, which results in
retrograde flow in the ipsilateral vertebral artery
(subclavian steal phenomenon) (Fig. 2). Another
clinical example is occlusion of the celiac trunk,
which in the case of a sufficiently extensive pan-
creatic-duodenal arcade also remains asympto-
matic (Fig. 3)3,6. The same can be said for occlu-
sion of the superior mesenteric artery, which can
be compensated for by Riolan’s anastomosis 3

(connection between the inferior and superior
mesenteric arteries) (Fig. 4).

Category 2
An occluded conduit vessel can be bypassed by a
naturally existing parallel arteriolar network,
which previously took part in perfusing the area.
During this compensating process, arterioles are
transformed into small arteries, which connect
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3) Occlusion of the truncus coeliacus and blood supply to the liver, stomach, spleen via pan-
creatic-duodenal arcades supplied from a sidebranch of the upper mesenteric artery with
flow reversal in the gastro-duodenal artery. Cathetertip in A. mesenterica superior.

4) Occlusion of the upper mesenteric artery and blood supply to the small intestine via the
inferior mesenteric artery and Riolan’s anastomosis. Cathetertip in the inferior mesenteric
artery.

5) Occlusion of the superficial femoral artery with blood supply to the leg via collaterals
originating from the deep femoral artery and connecting with the supragenuidal part of the
popliteal artery, the intact reentry segment.

6) Occlusion of the right subclavian artery and blood supply to the right arm via the inter-
nal mammary artery and pectoral sidebranches connecting with the thoraco-acromialis
artery and to the lateral thoracic artery. Cathertip in A. subclavia dextra.
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Occlusion of the left superficial fem-
oral artery together with a signifi-
cant stenosis in the deep femoral ar-
tery at the reentry part in the upper
popliteal artery.

Infrarenal occlusion of the aorta with
blood supply to the legs via the infe-
rior mesenteric artery connecting
with the iliacal artery and finally to
the common femoral artery (ileo-
mesenteric collaterals) On the right
side: collaterals also via ureteral col-
laterals. Cathetertip in the aorta.

distally to the occluded artery. This type of
collateral circulation does not lead to complete
compensation and, depending on the degree
of physical exertion, there will be discomfort
rising from the inadequately perfused area7.
The classic clinical example is occlusion of the
superficial femoral artery with development of
a collateral profunda artery circulation8. Re-
sidual functional limitation in the form of
intermittent claudication (Fig. 5) persists.
Similarly, brachial claudication can manifest
itself, especially when occlusion of the subcla-
vian artery incorporates the entrance to the
vertebral artery (Fig. 6).

Category 3
After occlusion of a conduit artery collateral-
ization is hindered or the anatomic localiza-
tion does not allow collateralization as charac-
terized in categories 1 and 2. Insufficient col-
lateralization takes place by connection of ar-
terioles from different perfusion areas or
where the preexisting arteriolar density is not
high enough to allow adequate compensation.

Such collateralization provides for basal me-
tabolism in the perfusion area but leads to
substantial functional impairment9. The clini-
cal picture stems from stenosis or occlusion in
the feeder artery of the dependent collateral
network or in the re-entry segments of the re-

ceiving artery. Examples are stenosis in the supragenicular popliteal
artery, which serves as the receiving segment of the profunda collateral
circulation (Fig. 7), the collateralization of the pelvic blood stream
through the inferior mesenteric artery (Fig. 8) or the rete articulare genus
to bypass an occlusion of the popliteal artery (Fig. 9).
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The severity of peripheral arterial occlusive dis-
ease (PAOD) is primarily determined by the quali-
ty of collateral vascularization. Making full use of
the natural potential for collateralization, i.e., by
encouraging exercise, which will increase flow and
shear stress, is the mainstay of conservative therapy.

Knowledge of the natural collateral pathways is
important for two reasons:

1. Angiographic data show that these pathways
are rather uniform and practically always employed
(depending on lesion location). No unusual pat-
terns are described which makes the assumption

redundant of a “neo-arteriogenesis” starting with
sprouting capillaries that recruit smooth muscle

and thereby create a completely new artery in places
where no arteriolar network had previously existed.

2. Lesion site and collateral pathways determine
the outcome of non-surgical therapy. Vessels bridg-

ing the groin and the knee may be difficult to stim-
ulate because of their scarceness. This should be
considered when recruiting patients for growth fac-

tor trials.
The success of efforts to stimulate the natural reserves of the body,

such as stimulating the growth of the collateral vasculature (arteriogene-
sis) determines the course PAOD will take. Despite intensive research
directed at improving collateralization after arterial occlusion, including

the TRAFFIC study published in 2002 (one of the few randomized stud-
ies in humans directed towards clinical application of growth factors),
the therapeutic implementation of arteriogenesis has fallen short of
expectations.10

Occlusion of the popliteal artery.
Blood supply to the lower leg via the
rete genu.
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19
Arteriogenesis and
Atherosclerosis:
Strange Bedfellows

Niels van Royen and Wolfgang Schaper

Arteriogenesis, the escape hatch in cases of atherosclerotic occlusions,
shares surprisingly many features with the processes leading to occlusion,

i.e. atherosclerosis. These are tortuosity, activation of the endothelium,
upregulation of adhesion molecules, invasion of monocytes, expression
of MCP-1, activation of matrix-metalloproteinases, digestion of elastin,
smooth muscle cell (SMC) proliferation, and intima formation. Even
outward remodeling, the most striking aspect of collateral artery growth,
also occurs in the early stages of atherosclerotic plaque formation. It pro-
vides for a constant size of the internal diameter of the artery for a rela-
tively long time. The difference is that the substrate for the atherogenic
process is large arteries whereas in arteriogenesis it is small arterioles,
which are virtually immune against atherosclerosis except in patients
with diabetic microangiopathy. Another common denominator is the
damage that is inflicted in both cases: in large arteries this is dysfunc-
tional endothelium and lipid overload and in case of collateral vessels it
is endothelium, which is activated by the sudden, marked and long last-
ing increase in fluid shear stress. In both structures the limited repertoire
of arterial defense, which at first consists in monocyte attraction and
invasion as a start of the remodeling process, is initiated. Small arterioles,
consisting of only one layer of endothelium and one to three layers of
smooth muscle, are easily remodeled at first. Later, when the collateral
arteriole has attained more SMCs by proliferation, the re-arrangement
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and migration of the new cells is more difficult, and enlarged collaterals
in some aspects resemble atherosclerotic lesions. Large arteries are much
too thick to be remodeled by monocytes: After being cut off from their
stem cell factor, they will die soon and release their lipid burden, and the
damage is increased by the inflammation. Thus, their penetration is lim-
ited. In view of the similarities of these processes, difficulties with regard
to growth factor therapy for the stimulation of arteriogenesis can be
imagined. It can be envisaged that this may constitute a double-edged
sword: pro-arteriogenic factors may also be pro-atherogenic. This is par-
ticularly significant because most of the classical growth factors are also

pro-thrombotic. This aspect will be discussed in detail below.

MCP-1
MCP-1 is a strong and well-documented pro-arteriogenic factor. The
efficacy of this compound in stimulating the development of the collater-

al circulation has been shown in small as well as in large animal species1-3.
However, MCP-1 has also been associated with atherosclerosis and is

expressed in plaque tissue4. Moreover, increased levels of circulating
MCP-1 are associated with increased rates of myocardial infarction and
with acute coronary syndromes5, suggesting a role of this cytokine in
plaque progression and rupture.

More significant evidence for a role of MCP-1 in atherogenesis was
provided by two studies showing that a deficiency in either MCP-1 or its
receptor CCR2 leads to diminished plaque formation in mice 6,7. On the

other hand, we could show that the receptor knockout almost complete-
ly prevents the recovery of blood flow after femoral artery occlusion
because collateral artery growth is severely inhibited. Additionally, it was
shown that overexpression of MCP-1 next to the vessel wall leads to

increased macrophage infiltration and neointima formation8. Finally, in
irradiated ApoE-deficient mice that were repopulated with bone marrow
cells from MCP-1 transgenic mice, the localized overexpression of MCP-
1 by macrophages resulted in aggravation of atherosclerosis 9. These stud-
ies show that disruption of the MCP-1/CCR-2 interaction can prevent

progression of atherosclerosis and that local MCP-1 expression leads to
local aggravation of atherosclerosis. This does not necessarily implicate

that pro-arteriogenic therapeutic strategies using local MCP-1 protein
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infusion bear the risk of invoking atherosclerosis at a coronary or aortic
level. To specifically address this question we have conducted a study in
both, Watanabe rabbits as well as mice. Two questions were posed
for the study: 1st: Is MCP-1 still effective under hyperlipidemic condi-
tions, and 2nd: Does local intra-arterial application of MCP-1 aggravate

atherogenesis?
In a first approach, hyperlipidemic Watanabe rabbits were treated

with MCP-1 protein10. Total treatment period was one week, with a
dosage of either 1 or The protein was infused locally into
the proximal stump of the occluded femoral artery. In this manner, sub-
stances are delivered directly into the collateral circulation. After 1 week,
adenosine-induced hyperemic hind limb flow was measured by means of

fluorescent microspheres that were infused into the abdominal aorta. If
measured under conditions of maximal vasodilatation, conductance
directly reflects the degree of development of the collateral vessels. We
could show that of MCP-1 were effective in stimulating
the development of the collateral circulation upon femoral artery liga-
tion, whereas had no effect. The latter dose was used in pre-
vious studies in normal New Zealand White (NZW) rabbits of the same
age where it produced a pro-arteriogenic effect. It could thus be conclud-
ed that MCP-1 efficacy is preserved under conditions of hyperlipidemia,
although the dose-response curve is shifted to the right. Furthermore,
we aimed at assessing pro-atherogenic effects of local MCP-1 protein
infusion. In a follow-up study of 6 months, we did not detect changes of
the aortic plaque surface. However, the issue of induction of atheroscle-
rosis was not satisfactorily addressed in this model because the large
spread of data on atherosclerotic plaque surface might have caused a type

II analytic error.
Therefore, a second study was conducted in mice11 that were

treated with either MCP-1 or PBS after ligation of the femoral artery.
Compounds were delivered directly into the collateral circulation of the
hind limb via a catheter inserted into the proximal part of the occluded
femoral artery. Animals at the age of eight weeks were used to determine
the pro-arteriogenic effects as well as the effects on early stages of ather-
osclerosis, whereas mice aged 6 months served to determine the effects of

MCP-1 on terminal stages.
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Similar to our results in Watanabe rabbits, we found that collateral

conductance was increased in mice treated with MCP-1
The finding that the effects of a short-term therapy (one week) were

detectable up to two months after initiation of the experiment, was of

additional interest. It showed that not only arteriogenesis can be acceler-

ated but that perfusion can be improved by MCP-1 treatment in the long

run, as well. The increase in collateral conductance in treated mice was

accompanied by increased accumulation of monocytes around prolifer-
ating arteries providing further evidence for the mediating role of these
cells during arteriogenesis and the feasibility of interfering with this

mechanism via MCP-1.
Local MCP-1 treatment also induced activation of circulating mono-

cytes as reflected by increased expression of MAC-1. In young mice,

MCP-1 treatment led to an increased intima/media ratio and monocyte

adhesion in the aorta. In older mice, an increase in plaque surface was

found in a two-month follow up. Furthermore, MCP-1 treatment mod-

ulated cellular composition of plaques, resulting in a decrease of smooth
muscle cell content. The significance of these experiments for possible
treatment of patients is difficult to judge. Our experiments in mammals
larger than the mouse have shown that systemic infusion of very high dos-
es of MCP-1 does not stimulate arteriogenesis, most probably because

the cytokine is rapidly bound to the membrane of erythrocytes and inac-

tivated via Duffy receptors. For this reason, the acute and subchronic toxi-

city of MCP-1 is low. Only locally produced MCP-1 or close infusion does

produce an effect. Cardiac myocyte-specific overexpression of MCP-1 in

transgenic fertile mice leads to chronic low-grade myocarditis but not to

atherosclerotic coronary heart disease, as we could show12. The increase
of lesion size in ApoE mice after continuous infusion of MCP-1 is probably

caused by overwhelming Duffy receptor capacity. Furthermore, the
model does not reflect all aspects of human thrombogenic atherosclerosis.

GM-CSF
GM-CSF has as well been described to induce arteriogenesis both in

experimental13 as well as clinical settings14. The role of GM-CSF during
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atherogenesis is not yet fully understood. A pro-atherogenic role of GM-
CSF has been advocated. GM-CSF was found to be increasingly expressed
in human atherosclerotic plaque tissue, located to macrophages, smooth
muscle cells and endothelial cells15. It has been shown that oxidized low-
density lipoproteins strongly induce GM-CSF expression in endothelial
cells16. GM-CSF is also expressed in plaque-macrophages17 and monocyte
adhesion to endothelial cells results in high levels of GM-CSF mRNA and
protein expression18.

However, in patients treated with GM-CSF for aplastic anemia it has
been observed that total cholesterol levels decrease by about one third
during the time of therapy19. Similar effects were found in hyperlipidemic
rabbits20. In a group of patients with coronary artery disease, GM-CSF
treatment led to a reduction in both total cholesterol as well as HDL-
cholesterol, though leaving the ratio of HDL to total cholesterol

unchanged l4.
The clearest evidence of interaction between GM-CSF and plaque

development was provided in a study showing that long-term treatment

with GM-CSF in Watanabe rabbits significantly slowed down plaque pro-
gression. It should be noted, however, that plaque progression was accom-
panied by a decrease in smooth muscle and collagen content and an
increase in macrophage content of plaques potentially leading to plaque
instability21. Such plaque-destabilizing effects were also attributed to
GM-CSF in a study showing that myeloperoxidase expression of macro-

phages is related to GM-CSF expression 22. These findings on plaque-
destabilizing effects of GM-CSF are in strong contrast to conclusions of
another study, which suggests that endogenous GM-CSF induces colla-

gen VIII and contributes to plaque stability23.
Altogether, experimental evidence that exogenously applied GM-CSF

partially inhibits plaque progression exists. Exogenously applied GM-
CSF additionally modulates serum lipids, although in patients with coro-
nary artery disease both total cholesterol as well as HDL levels decrease
without their ratio being affected. The potential plaque-destabilizing role
of endogenously produced GM-CSF in atherosclerotic plaques therefore

remains uncertain.
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is expressed during natural arteriogenesis and intra-arterial infu-

sion of increases the arteriogenic response upon femoral artery

ligation in rabbits 24. The mechanism of induction of collateral artery

growth can probably in part be attributed to direct influence of
on monocytes/macrophages25. Interestingly, it has recently been shown

that also produces a direct effect on the vascular wall of collater-
al arteries by inducing the expression of cardiac ankyrin repeat protein
(carp) 26. Carp is expressed during natural arteriogenesis and might serve as

an upstream regulator of the immediate early gene Egr-126. Egr-1 in turn

is a transcriptional regulator of numerous pro-arteriogenic growth fac-

tors like PDGF-B, and FGF-2 27 but also of ICAM-1, an adhesion

molecule that is involved in monocyte adhesion during arteriogenesis28.

Furthermore, is expressed in atherosclerotic plaque tissue in
humans, and it has been suggested that it contributes to progression of
atherosclerosis via induction of proteoglycan biosynthesis and subse-
quent lipoprotein retention in the vessel wall29. However, other investiga-
tors have advocated a plaque-suppressing role of by inhibition of

inflammation and cell turnover 30. Grainger et al. showed that serum con-

centrations of active are severely reduced in advanced atheroscle-

rosis. Patients with triple vessel disease showed a marked decrease of the

active form of to levels less than 25% compared to patients with

chest pain but showing normal coronary angiograms, who showed in-

creased levels of total, active and inactive, levels. These data suggest
that the active form of exerts anti-atherogenic effects, although
total concentrations might be increased in atherosclerotic lesions31.

In addition, experimental evidence is mounting that exerts a
stabilizing effect on atherosclerotic plaques. Direct gene-transfer of
to the porcine vessel wall leads to extracellular matrix production 32. Treat-

ment of mice with neutralizing antibodies recognizing

and interfered with plaque composition, resulting in a

more vulnerable phenotype of plaques. These data were confirmed by a

later study, in which signaling was blocked by the use of soluble
receptor II, which also resulted in an increase of inflammatory cells

and lipids within the plaque, whereas the content of collagens decreased 33.
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Conclusion
Progression of atherosclerosis leads to slow or sudden arterial obstruc-
tion. Collateral arteries constitute a natural escape mechanism from the
devastating effects of progressive atherosclerotic disease. In a large cohort

of patients the natural development of the collateral circulation does,
however, not preclude the occurrence of clinical symptoms of exercise-
induced angina or claudication, and stimulation of arteriogenesis would
be of clinical benefit. As every other medical intervention this does bear
the potential risk of side-effects and this chapter focused on the interac-
tion of vascular growth and atherosclerosis. Therapies aiming at the
induction of vascular growth can be divided into pro-angiogenic and
pro-arteriogenic strategies. The induction of angiogenesis might lead to
direct induction of atherosclerosis, since angiogenesis is an integral part

of atherosclerosis. Indeed, anti-angiogenic compounds inhibit plaque
progression, whereas pro-angiogenic compounds like VEGF induce
plaque progression. Pro-arteriogenic strategies do not necessarily pro-
mote atherosclerosis but it should be noted that depending on the com-
pound chosen, pro-atherogenic effects need to be excluded in pre-clini-
cal studies since the aggravation of atherosclerotic disease would prohib-
it clinical application of such strategies.
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