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FOREWORD

Anecdotal observations about the existence of a bypass circulation in the presence of an
arterial obstruction, spontaneous or induced, exist since a long time. It may have started in the
Royal deer park of King George where Dr. Hunter occluded vessels feeding the deer’s antler
and where the site of occlusion was bypassed by collateral vessels without disturbing the
growth of the majestic trophy. Centuries later post mortem studies in humans showed that
most hearts are endowed with collateral vessels even in the absence of arterial occlusions,
notably the human heart. The descriptive part of research culminated in the work of Fulton [1,
2] who showed the marked enlargement of pre-existing collaterals in human hearts in the
presence of arterial occlusive disease. Dr. Fultons impressive angiograms were, apart from his
scientific insights, the results of technical refinements, i.e., the use of a contrast material with
high density for “soft” X-rays and 3-D viewing. About a decade later in-vivo coronary
angiography took off and showed for the first time coronary collaterals in the beating heart,
and cases were reported where these vessels had enlarged just in time to prevent an infarct.
The important life and tissue-saving role of collaterals was questioned, again a decade later,
when angiographers showed that the degree of collateralization correlated with the degree of
coronary disease [3, 4], and the erroneous conclusion was drawn that collaterals were rather a
bad omen for the downhill course of the disease. This was finally straightened out by studies
showing the beneficial effect of collaterals [S]. Basic science became interested in the
mechanisms of vascular growth and studies on the rate of growth, the functional capacity, the
structure and ultra-structure appeared, because it was obvious that this new knowledge was
potentially useful to design new types of therapy, which would benefit patients [6]. However,
the interest in vascular research suffered setbacks by allegedly easier and more profitable
types of therapy that consisted also of bypasses but this time produced by surgeons, or by
eliminating occlusions and stenoses by balloon dilatation and stent deployment at the hands of
cardiologists. Only when the stents became occluded, interest in vascular research soared
again [7]. Another impediment to “Arteriogenesis”, as research into collateral vessel
development was now called, was the flood of publications that followed the claim by Dr.
Folkman [8] that with the advent of vascular growth factor the scourges of mankind, i.e.,
arteriosclerosis and cancer, could be cured by application of one single principle:
angiogenesis and its antidote, anti-angiogenesis. Since this almost coincided with the
discovery that genetic targeting of the newly discovered vascular endothelial growth factor
(VEGF) was embryonic lethal [9], research in endothelial biology received an enormous
boost, almost completely neglecting the fact that, at least in arterial disease with tissue
ischemia, no shortage of endothelial cells exists and that diseased arteries cannot be replaced
by capillaries. Clinical studies using vascular growth factors remained inconclusive in arterial
disease [10, 11] and growth factors were not included into the armamentarium of standard
therapies. Antiangiogenic therapy in cancer did also not live up to initial expectations [12].

In spite of these impediments arteriogenesis has made great strides forward and we know now
that bone marrow derived cells, in particular monocytes, play an essential role [13, 14]. We
know now the principal players in the field, thanks to the availability of genetically altered
mice. We know that increased fluid shear stress [15, 16], as it occurs in pre-existent arteriolar
collaterals as a consequence of an acute occlusion, is the primary physical stimulus, which is
responded to by changes in the activity of numerous ion channels, in the up-regulation of NO-
producing enzymes [17] and in gene expression. We do not know enough about the molecular
signaling that originates from the activated endothelium to the smooth muscles in the media,
the major players in arteriogenesis, because their multiplication and remodeling results in the
vessel enlargement by a factor of up to 10-fold its original diameter and tissue mass
(depending on species and organ supplied and size of occluded artery). The smooth muscles
of the media, stimulated somehow by signals from the activated endothelium, produce
monocyte chemoattracting protein-1 (MCP-1) [18], which is responsible for the accumulation
of monocytes in the wider adventitial space of the developing vessel. Surprisingly, NO plays
also a defining role [17]. Surprising, because NO is an anti-mitogen for smooth muscles [19],
the most important players in arteriogenesis. However, L-NAME, a non-specific inhibitor of
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all NO producing enzymes, prevents arteriogenesis and the double knock-out of eNOS+iNOS
seconds that.

Can we now hope that we have come closer to the development of a new therapeutic principle
applicable to human patients? Yes, we can! However, we have to overcome strong
competition and perhaps even adversaries. Any new drug or vector has to be superior to the
well-established revascularization procedures of the surgeons and cardiologists. Industry has
to be convinced that it is worthwhile to invest into vascular research again. Again, because
most pharmaceutical companies had closed their labs for cardiovascular research in favor of
the development of high priced anti-cancer drugs. However, there is hope, but only when we
succeed in the complete unraveling of the pathways that rule the development of arterial
bypasses, which would enable us to find the limiting step that had escaped evolutionary
selection pressure and that we have to stimulate to better Mother Nature.

Wolfgang Schaper
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PREFACE

Arteriogenesis describes the growth, remodelling and maturation of pre-existing collateral
arteries into true arteries. Functioning as natural bypasses these collaterals are able to
compensate for nonfunctional stenotic/occluded arteries and, therefore, may, in the hopefully
not too distant future, substitute for clinical interventions such as balloon dilatation or even
heart transplantation. Pre-existing collateral arteries, the growth of which is triggered by
increased mechanical stress, occur not only in the heart, but virtually in every organ of the
body. Research on molecular mechanisms of arteriogenesis aiming to comprehend this
naturally occurring physiological process in order to induce it therapeutically where needed,
started several years ago. A first book reporting basic and current knowledge on
arteriogenesis was released in 2004 (“Arteriogenesis”, Wolfgang Schaper and Jutta Schaper
(eds.)). Since then, a lot of progress has been made on understanding how mechanical stress
(fluid shear stress) is translated into the diverse biological signal transduction cascades finally
resulting in cell proliferation and arterial growth. With the publication of this volume, we
want to update the current knowledge in collateral artery growth.

Wolfgang Schaper gives an overview of the basics and focuses on the mechanistic role of
physical forces, the innate immune system and nitric oxide; Kerstin and Christian Troidl
report on the function of Ca’" and Ca®" channels, as well as on downstream signaling
mechanisms. Due to the pro- as well as anti-arteriogenic properties of nitric oxide, the
involvement of the NO-system in arteriogenesis has been heavily discussed for several years
and Joseph Unthank depicts in detail the influences of NO and reactive oxygen species on
vascular remodeling. In a more systemic approach, Paul Quax and Vincent van Weel report
on the role of bone-marrow-derived cells. Elisabeth Deindl discusses epigenetic influences;
James Faber gives insight into genetic and environmental mechanisms controlling the
formation and maintenance of collateral arteries; Ferdinand Le Noble addresses the molecular
pathway controlling arteriolar branching in the developing embryo and Florian Limbourg
summarizes the role of the Notch signaling pathway for arterial cell types in embryonic
development and postnatal life.

While the first part of this book concentrates more on the molecular mechanisms of collateral
artery growth, involving also the embryonic development of collaterals, the second part deals
with the current clinical situation and therapeutically approaches. Niels van Royen illustrates
the relevance of collateral arteries in patients with vascular diseases and reviews the
therapeutic options to stimulate arteriogenesis. Ivo and Eva Buschmann delineate the function
of external counterpulsation and Christian Kupatt and Teresa Trenkwalder present the features
of thymosin betad4. Finally, Imo Hoefer introduces novel intra-arterial delivery platforms
defined to enable clinicians to promote arteriogenesis locally. In summary, this volume aims
to provide a comprehensive update of the current knowledge in the challenging and
increasingly important field of arteriogenesis continuing a series in the timely form of an e-
book. The story begins now...

Elisabeth Deindl
Wolfgang Schaper

e

by S. Leese
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Chapter 1. Genetic and Environmental Mechanisms Controlling
Formation and Maintenance of the Native Collateral Circulation

James E. Faber
Xuming Dai
Jennifer Lucitti

Abstract: Most tissues have arteriole-like vessels that cross-connect one or more of the outer-most branches
of opposing arterial trees. These pre-existing “native collaterals” have unique characteristics and functions—
as unique from vessels of the general and lymphatic circulations as the latter are from each other. Rare in
number, these vessels somehow defy the developmental patterning cues that assure that branching proceeds
from arteriole-to-capillaries-to-venule in the general circulation. As a consequence, blood flow and shear
stress in collaterals of healthy tissues are exceedingly low and oscillatory, and circumferential wall stress is
high, relative to elsewhere in the microcirculation. Yet these vessels persist in this unusual hemodynamic
environment—one that favors inflammation, hemostasis and vessel pruning elsewhere in the general
circulation. Their persistence is crucial: When blood flow to an arterial tree is reduced or blocked by acute or
chronic obstructive disease, native collaterals serve as endogenous bypass vessels, providing retrograde
perfusion from the adjacent unobstructed tree. The amount of perfusion and thus ischemic injury is initially
dependent on the extent (density and diameter) of these vessels, and subsequently on their ability to
anatomically enlarge, a process termed “arteriogenesis”. Despite the uniqueness and importance of the
collateral circulation, until recently almost nothing was known about when or how it forms, ie,
“collaterogenesis”. Moreover, evidence suggests that the extent of this circulation varies widely among
healthy individuals. Yet only recently have the responsible mechanisms begun to be examined. This chapter
will review recent work that is beginning to answer these questions and also to identify how genetic and
environmental factors govern formation and maintenance of the native collateral circulation.

Introduction: Collaterals -- the “Third” Circulation

In recent decades much has been learned about the mechanisms governing formation of the
General arterial-venous and Lymphatic circulations. These circulations are uniquely
different, with regard to certain differentiation molecules and morphogenic processes that
mediate their development, as well as in their anatomic features, functions and physiological
regulation. In many ways, collateral vessels are as different from general and lymphatic
vessels, as the latter are from each other. So much so that collaterals might be regarded as
comprising a “third” circulation — the Collateral circulation.

How so? Most healthy adult tissues have a population of native (pre-existing) collaterals
that cross-connect one or more distal-most arterioles of one arterial tree with those of an
opposing arterial tree. There are also large, anatomically named collateral conduit arteries
in certain regions of the body (eg, the recurrent radial artery around the elbow). This
chapter will focus on the microvascular collaterals. These have a much more varied
abundance and importance in coronary artery disease (CAD), peripheral artery disease
(PAD) and intracranial thromboembolic stroke. Native collaterals average 10-40 microns in
diameter in healthy tissues. They are relatively rare. For example, the thigh of the mouse is
estimated to have 10-20 of these vessels [1], while similarly sized arterioles in the thigh’s
general circulation number in the thousands. Native collaterals are unique in four major
ways. By inter-connecting arterioles from adjacent trees, the process by which they form
somehow defies instructions from canonical patterning molecules (eg, ephrin-B2 and eph-
B4) that in the general circulation insure that arterioles connect to capillaries that, in turn,
connect to venules. Perhaps more remarkable—owing to absence of a consistent pressure
drop across them—blood flow in collaterals in healthy tissues is exceedingly low and
disturbed or oscillatory [2], conditions that in the general circulation promote vascular wall
inflammation, hemostasis and pruning. Yet native collaterals persist in these conditions of
low shear stress and high circumferential wall-stress.

E. Deindl and W. Schaper (Eds)
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A third unique feature of collaterals is that they undergo extensive growth in the radial and
longitudinal directions over a period of days-to-weeks, when unidirectional shear-stress is
induced by obstruction of flow into one of the trees they cross-connect. This growth
response, termed “arteriogenesis” by Schaper and colleagues [3], increases diameter up to
10-fold. This greatly increases collateral conductance and thus the protective function of
these vessels as “endogenous bypass vessels” to restore perfusion in the dependent tissue
towards resting values. However, the extent (ie, density and diameter) of these vessels in a
healthy tissue determines not only the blood flow and therefore severity of ischemic tissue
injury immediately after acute thromboembolic obstruction, but also the number of
collaterals that are then able to undergo arteriogenesis over time. A fourth special feature is
that the extent of the native collateral circulation varies dramatically among healthy
individuals as a function of not only genetic background [4,5] but also from environmental
factors (see below). Yet, the general and lymphatic circulations in such individuals are
comparable in both form and function.

—— Genetics | Environment 3

Risk Factors
" hypertension, diabetes, dyslipidemia,

obesity, age, genetic bkgd, atr fib, etc

Atherosclerosis, Thrombosis
(variation in complex disease traits)

e !

MI, stroke, chronic ischemic disease of

heart, brain, peripheral limbs
(phenotype variation)

T

Vascular anatomic protective Msms:

| * angiogenesis
» extent of the native collateral circ
« outward collateral remodeling

Figure 1: Individual variation in genetic background and environmental factors accounts for variation in risk
factors and complex disease traits, which in turn are responsible for phenotypic variation in vascular diseases.
As well, variation in protective mechanisms, including extent of the native collateral circulation and its
capacity to remodel in obstructive disease, can be ascribed to individual differences in genetic and
environmental factors.

Despite these special features, until recently almost nothing was known about when or how
this circulation forms, how these vessels are able to persist in such disturbed hemodynamic
conditions, or the basis for the wide variation in extent of this circulation among otherwise
healthy individuals. As with other phenotypic differences, variation in collateral extent is
attributable to genetic and/or environmental factors (Fig. 1). However, the nature of these
factors has, until recently, been unknown. This chapter will summarize recent studies that
have begun to address these questions. Mechanisms of collateral remodeling in obstructive
disease—discussed in subsequent chapters and recent reviews—will be limited to
summarizing evidence identifying genetic factors that impact this process.
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Embryonic and early postnatal formation of the native collateral circulation

It is estimated that one-fifth of patients with CAD are not candidates for percutaneous
coronary intervention or coronary artery bypass grafting [6]. Hence, arteriogenic therapies
to boost positive remodeling of exiting collaterals, or collaterogenic therapies to induce
formation of additional ones, have been pursued for more than a decade. However, no drug
has emerged for clinical use with either benefit, owing to lack of efficacy, co-morbidities or
unacceptable side effects [7]. Understanding how native collaterals naturally form could
provide important clues about how to induce more to form when obstructive disease strikes.
Unfortunately, there are major outstanding questions about this process, although they are
now beginning to be addressed.

' : - mid-saggital
pial collaterals = - sulcus

ACA
branch

\)enetrating artérioles

Figure 2: Native pial collaterals (denoted by red dotted lines) interconnecting distal arterioles of the middle
cerebral and anterior cerebral artery trees in an adult mouse. The vasculature was dilated, fixed and filled with
a high-viscosity material that does not cross capillaries, followed by clearance of tissue refractance, to
highlight penetrating arterioles (two are denoted) and confirm that native collaterals are confined to the pial
surface. From Ref 16.

When and how do native collaterals form and grow to their mature density, diameter, length
and characteristic tortuosity in healthy tissues? In the embryo, neonate or during growth to
adulthood? Surprisingly, very little has been reported, although several possibilities have
been proposed [8]. What information we have comes from early studies examining the
cerebral circulation, where anastomoses were noted to already be present in newborn mice
[9] and rats [10] cross-connecting some of the distal-most branches of the anterior, middle
and posterior cerebral artery (ACA, MCA, PCA) trees. Such collaterals, which range from
10-40 microns in diameter, are present in all adult mammalian species examined (including
humans) [11], as well as in birds and reptiles [12,13], and in most tissue types. We have
recently begun to address the above questions in murine brain and several other tissues. The
cerebral cortex is particularly well suited because, as Figure 2 shows in an adult mouse, its
collateral circulation resides outside of the brain in the pia mater where it can be imaged
with high fidelity after craniotomy, dilation, fixation and staining or filling with casting or
contrast material [4,14-16]. Penetrating arterioles branch from both pial arteries and
collaterals into the cortex, where they supply intracerebral terminal arterioles (“end
arteries”), capillaries and post-capillary venules [16].

Studies in newborn mice have confirmed that pial collaterals are already present by
postnatal day-1 (P1) [15,16]. We have also found that “gene-dose-dependent” reduction or
increase in expression of either Vegfa or Clic4 (Chloride Intracellular Channel-4) reduces or
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increases collateral number and diameter at P1, respectively (Fig. 3) [15,16]. Altered
expression of these proteins also modulates an obligate postnatal pruning process that
reduces the collateral density by the end of the third postnatal week to the density present in
the adult (Fig. 3). Experimentally targeted changes in collateral abundance significantly
impact the severity of stroke after MCA occlusion (Fig. 3) [15,16]. Thus, the collateral
circulation is established sometime during embryogenesis and subsequently undergoes early
pruning, with the above two genes involved in both processes.

p= 0.0,
609 r2=09770

W/

VEGFLo*
20+ wildtype

Infarct volume
(% cortex)

VEGFHi+

T T T J
0 5 10 5 20
Collateral number

Figure 3: The number of native pial collaterals interconnecting the MCA and PCA trees (per cerebral
hemisphere) in healthy adult mice is affected by VEGF-A expression. Mice are hypo- or hypermorphic for
VEGF-A expression at one allele. Infarct volume (white region), measured 24h after permanent unilateral
MCA occlusion, correlates closely with collateral number. From Ref 15. Comparable findings were obtained
in intact hindlimb and after femoral artery ligation (Ref 4), and also in both brain and hindlimb for CLIC4
expression (Ref 16).

cerebellum

-

Figure 4: Wide difference in native pial collateral density (red stars) between MCA, ACA and PCA in two
inbred mouse strains. BALB/c have almost no collaterals and suffer massive strokes after MCAO, compared
to C57BL/6 where they are small and cause little or no functional impairment. The vasculature was dilated,
fixed and filled with a high-viscosity fluorescent material unable to cross capillaries. Collateral density in
skeletal muscle and intestine in the two strains shows a similar but less dramatic difference. From Ref 14.
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But when in the embryo do collaterals form? What is the nature of the postnatal maturation
phase? What are the responsible mechanisms and does genetic background affect them?
We [2] focused on two strains of mice, C57BL/6 and BALB/c, with large differences in
adult collateral density in multiple tissues (Fig. 4) [2,4,14,17]. In fact, these strains have the
largest difference among more than 15 adult inbred strains examined [4]. We reasoned that
comparing collaterogenesis in such divergent strains may begin to answer the above
questions. In both strains, collaterals appear by ~E14.5-15.5 as a plexus of ring-like ephrin-
B2-positive endothelial tubes interconnecting the crowns of the cerebral artery trees (Fig.
5A,B) [2]. This “primary collateral plexus” appears abruptly after the cerebral artery trees
have become well-developed. Collateral density increases during expansion of the plexus
through ~E18.5 (Fig. 5C).

3 = * P=0.001 ws. C57BL/6

4' 30 ANOVA, Bonferroni {-test

Lo
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o g 20

..EO.E 15
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Z ohh’\‘\’\\'\-bb’\‘\'\\‘-
Q:f:c\‘& QR Q"Irvpo (5:;",\%' R qq'?'bo

Co7BLfG

C57BL/6 BALB/c

Figure 5: A,B, Collaterogenesis in the mouse cerebral circulation. Collaterals begin forming at ~E15.5 as a
proto-collateral plexus of ephrin-B2-positive endothelial cell tubes in the region between the already-formed
cerebral artery trees that expands through E18.5. BALB/c mice form fewer collaterals during embryogenesis.
The nascent collateral circulation of BALB/c mice undergoes greater postnatal pruning. From Ref 2.

However, many fewer proto-collaterals form in the BALB/c strain. This is not due to the
presence of fewer endothelial cells, ie, the area of the primary embryonic capillary plexus
present at ~E9.0 and E12.5 in the region between the cerebral artery trees that will become
the “collateral zone” is similar in both strains [2]. Nor is it from differences in brain size or
branching morphogenesis of the cerebral artery trees [2]. The nascent collaterals of BALB/c
mice also undergoe more pruning, which occurs from E18.5 through the first few weeks
after birth, ie, the collateral maturation phase (Fig. 5C). Collaterals that are retained during
this phase increase their diameter and length and begin to acquire tortuosity — a
characteristic of collaterals. However, BALB/c collaterals are smaller in diameter at birth
and grow less in both length and diameter during maturation, features in common with mice
deficient in VEGF-A or CLIC4 expression [15,16]. These differences are also not due to
differences in mural cells. Pericyte density on nascent collaterals is comparable in both
strains [2], and acquisition of SMCs does not occur until after P7 (Fig. 6A-C).

So if not from the above mechanisms, what is responsible for formation of fewer, smaller
diameter collaterals in the BALB/c embryo and less growth of those that do form in the
neonate? [n silico analysis to test for the presence of expression quantitative trait loci
(eQTL), using a database obtained from a recombinant inbred set of mice derived from
C57BL/6 and BALB/c parentals, suggested the presence of a polymorphism at or near the
Vegfa locus linking low VEGF-A expression (a feature of the BALB/c strain) to predicted
low PDGF-B and high angiopoietin-2 expression, compared to C57BL/6 mice [14]. We
recently confirmed these differences in baseline expression in tissue samples taken from the
collateral zone between the MCA and ACA trees of perinatal mice (Fig. 6D) [2]. Adult
BALB/c mice also express less VEGF-A during another time of vascular growth—during
ischemia/hypoxia in skeletal muscle, brain and pulmonary airways [14,15,18,19]. Mutant
mice haplo-insufficient for VEGF-R1 (Fltl) also form fewer collaterals in the embryo
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(unpublished). These studies suggest that VEGF-A, VEGF-R1, angiopoietin-2, PDGF-B
and CLIC4 are important in formation and maturation of the proto-collateral plexus in the
embryo and neonate and thus in determining the extent of the collateral circulation in the
adult. Additional studies are needed to define how the above factors, which are key
regulatory molecules in branching morphogenesis, muralization and pruning of the general
circulation [20-23], impact these processes in collateral formation, as well as to identify
other candidate molecules, localize their expression, and alter their activity for effect on
collateral formation and maturation. As well, whether common mechanisms control
collaterogenesis in different tissues is not known, although qualitatively similar strain-
specific differences in density have been found in skeletal muscle, brain and intestine of
several adult inbred and mutant mouse strains [14-16]. Collaterals in mouse skeletal muscle
are well-developed at birth (Fig. 7), indicating that their formation in tissues in addition to
brain also occurs during embryogenesis.
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Figure 6: A, Confocal image of isolectin-B4 (red), anti-NG2 (green) and Draq5 (blue); stars, pericytes. B,
Number of pericytes per collateral length-x-width and per length are not different between strains on postnatal
dayl (P1, shown) (or E15.5 (data not shown)). C, Collaterals do not acquire smooth muscle cell coverage
until after P7 (H Zhang, unpublished). D, qPCR of tissue samples taken from the collateral zone between
MCA and ACA. BALB/c collaterals have increased angiopoietin-2, reduced PDGF-B and reduced VEGF-A
expression. Data normalized to 18S rRNA. Data in A, B and D from Ref 2.

VEGF-A is a determinant of collateral formation in the embryo

Given the above data suggesting that VEGF-A levels influence collateral formation in the
embryo [15], we have begun to further investigate its involvement using mouse embryos
constitutively over- and under-expressing global endogenous VEGF-A [24,25]. Collaterals
between the MCA and ACA trees first become evident shortly after emergence of the ACA
tree from the mid-saggital sulcus at E14.5, with the number that form being greater in
over-expressing and smaller in under-expressing embryos (Fig. 8A). The vessels first appear
as thin extensions (Fig. 8B, arrows), often at points where penetrating arterioles that
descend into the cortex. These extensions appear to arise from sprouting of endothelial tip
cells. Interestingly, these extensions span the opposing arterial trees by forming on top of
the existing pial capillary plexus (Fig. 8B). This is consistent with formation of the primary
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embryonic collateral plexus well after formation of the primary embryonic capillary plexus
[2]. This is also different from how the pial arterial trees form, which involves remodeling
of the primary embryonic capillary plexus. Moreover, the collateral plexus forms as an
artery-fated plexus of endothelial cell tubes expressing ephrin-B2 [2]. Current studies are
using inducible mice to pinpoint the cell source and time-frame over which VEGF acts to
modulate collateral formation. No doubt, the above process likely has some features that
are specific for the special anatomy of the pial circulation. However as mentioned above,
evidence suggests common signaling molecules and genetic polymorphisms control
collaterogenesis in different tissue types despite their unique anatomic arrangements of the
general circulation.
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Figure 7: Collaterals in the adductor musculature form during embryogenesis and are well developed at
postnatal day 1. Scale bar=500pm.

Intriguing results from Vogel, Marti et al. [26-28] support the concept that VEGF
expression regulates collateral formation. These investigators [27] designed a transgenic
mouse with increased expression of VEGF driven by a neuron-specific promoter to
investigate effects on cerebral vascular function. Total vascular volume increased, as
determined by micro-CT, but maximal cerebral blood flow was only minimally increased.
The authors proposed an increase in formation of arteriole-to-arteriole “anastomoses” to
account for the findings, although segmental analysis could not distinguish such structures
for confirmation [28]. Another study found that these mice experienced smaller infarct
volumes and neurological deficits after MCA occlusion, plus an increase in blood flow in
the ACA distribution [26]. These findings are consistent with an increase in ACA-supplied
collateral-dependent flow to the outer penumbral region of the occluded MCA tree. This
would be expected if pial collateral density and/or diameter are increased.

Once nascent collateral connections form in the embryo, how are they maintained? Platelet-
derived growth factor (PDGF)-B promotes the migration of mesenchymal cells to newly
formed vessels, where they differentiate into pericytes that stabilize the endothelial network
[29,30]. Price et al. [20] examined the progression of coverage of the developing
vasculature by cells expressing smooth muscle actin in the early postnatal rat gracilis. They
found that coverage of arteriole arcades (anastomoses; possibly in the process of formation)
by cell processes that express smooth muscle actin, was continuous on the opposing
arterioles but sparsely distributed on the capillary-like arcade segment. This observation is
consistent with the hypothesis that collaterals form from the fusion of capillary-like
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branches sprouting from established arterioles rather than forming de novo. This concept is
also congruent with our findings that proto-collaterals express the arterial endothelial cell
marker, ephrin-B2 [2]. Why collaterals form only between certain distal arterioles is not
known but may be related to small localized differences in oxygen tension and VEGF
gradients or hemodynamic forces. The latter would be highly disturbed when sprouting
nascent collaterals first cross-connect opposing arterial trees and experience high pressure
from both ends. In this regard, both increased shear stress and wall stress can increase
VEGF-A expression in vascular tissue [31-33]. Interestingly, as discussed above, BALB/c
embryos, which form many fewer collaterals than C57BL/6, have sharply reduced
expression of PDGF-B in the pial collateral zone at E18.5 [2]. These findings support the
idea that PDGF-B expression during embryogenesis is necessary to recruit pericytes to
newly formed collaterals and insure their persistence.
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Figure 8: A, VEGF-A expression dictates pial collateral density at embryonic day (E)16.5. Embryos
underexpressing VEGF (Vegf lo/+) form fewer collaterals at this developmental stage than wildtype
littermates. Conversely, embryos overexpressing VEGF (Vegf hi/+) form significantly more collaterals. B,
Collateral vessels are forming by ~E14.5 and often appear as narrow endothelial cords situated superficial to
the existing pial capillary plexus.

Based on the above findings, a model of cerebral collateral formation during embryogenesis
is beginning to emerge (Fig. 9). CLIC4 deficient mice form fewer collaterals [16], and
CLIC4 is known to promote endothelial proliferation, lumenization and network formation
[34,35]. Shukla er al. showed in vascular smooth muscles cells that TGF-B signaling
stimulates cytoplasmic CLIC4 to associate with the transcription factor Schnurri-2 [36], plus
activated Smads and -catenin, leading to nuclear translocation and induction of VEGF-A
expression [37]. VEGF has an essential role in vessel formation, branching and guidance.
The longer splice isoforms (VEGF164 and VEGF188) contain basic amino acids that
interact with negatively charged heparin sulfate side chains on cell surfaces and
extracellular matrix molecules, serving to anchor VEGF near the secreting cell. Endothelial
cells respond to this gradient via Flkl (VEGFR2) and initiate/interact with multiple
intracellular signaling cascades (see [38-40] for recent reviews) that modulate cell activity
and phenotype. During angiogenesis, VEGF signaling in tandem with notch/delta signaling
lead to the “selection” of an endothelial tip cell that undergoes cellular changes and extends
filopodia toward the VEGF source. Neighboring cells are signaled to become stalk cells,
trailing behind the mobile tip cell. Together they extend a cord that becomes a branch of the
existing vessel. The local concentration of VEGF available to bind to Flk1 is modulated by
the presence of Fltl (VEGFR1), which in turn regulates endothelial branching [41,42]. Fltl
has high affinity for VEGF and is believed to act as a VEGF sink, reducing the amount of
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VEGF available to bind to Flk1 and initiate kinase activity. This cord of cells extends and
joins with a similar cord, or to an arterial branch. The cord then develops a lumen, becomes
pressurized by blood and forms a proto-collateral. This simplified model of collaterogenesis
can be expected to undergo much refinement as future work unfolds.

Extent of the collateral circulation varies widely among individuals

In the late 19™ century various mammalian species were noted to have differences in both
the presence of inter-coronary artery collaterals and the amount of tissue injury after ligation
of one coronary artery [43]. Schaper [44] was the first to systematically compare infarct
size, risk zone and collateral-dependent flow. Rat, rabbit, pig, sheep, pony, baboon and
wild boar sustained large transmural infarctions after coronary ligation, in association with
low collateral flow, while dog and cat experienced more slowly developing and incomplete
infarctions associated with greater collateral flow, and guinea pig sustained little or no
infarction and had collateral flows approximating those present before ligation. These
findings were confirmed by Maxwell et al. [45]. Large variations in collaterals and ischemic
lesion size have also been described in humans with regard to the presence and diameter of
the ophthalmic artery collaterals and the bilateral anterior and posterior communicating
arteries of the circle of Willis (the so-called “primary” cerebral collaterals) [46,47]. Similar
variability in these primary collaterals has been described in experimental animals,
including inbred mouse strains [48].
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Figure 9: Model depicting possible mechanisms of collaterogenesis in the cerebral circulation of the embryo.
TGF-B, CLIC4 and other factors increase VEGF expression. VEGF isoforms and Flt1 create a local VEGF
gradient which causes endothelial cells to express a tip cell phenotype, extend filopodia and mobilize up the
gradient. Neighboring endothelial cells receive tip cell signals that suppress the tip cell phenotype and initiate
a stalk cell phenotype. This proto-collateral plexus extends over the pial capillary plexus and joins other
chords emanating from opposing arterioles, followed by lumen formation and cross-connection of the arterial
trees. See text for additional details.
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There is also recent evidence of significant variation in the pial collateral circulation in
humans (discussed below). And large variation in clinical outcomes of patients with PAD
suggests significant variation in collaterals to the lower extremities. However, due to the
small size of most collaterals, an analysis of the native collateral circulation in the
extremities of healthy individuals has not been conducted. Thus, it is not known whether
this variation reflects differences in collateral extent before disease, or differences in
remodeling after it develops.

The severity of tissue injury and functional impairment in patients with CAD, PAD and in
individuals suffering acute thromboembolic stroke are known to vary widely. Although
much effort has been directed at identifying the potential sources of this variation, the
possibility that individual differences in the native collateral circulation exist and contribute
significantly has received little attention. Findings from several recent studies, however,
support this hypothesis. In an important recent paper, Meier, Seiler and colleagues [5]
reported data collected over ten years from 106 healthy human subjects showing that
pressure-derived coronary collateral flow index (CFI,), an index of conductance of the
collateral circulation, varied by 10-fold. This variation is remarkable, since these
individuals were free of known disease. Although CFI, may be affected by other factors
[49], this suggests that significant variation exists in extent of the native coronary collateral
circulation in humans. That is, the variation they measured could not result from
differences in collateral remodeling, which is known from animal studies to vary depending
on degree and duration of obstruction [50-57]. In contrast, other studies—whether using
CFI,, or other measures (eg, angiography)—examined patients with CAD or PAD, wherein
differences in collateral remodeling confound any interpretation vis-a-vis extent of the
native collateral circulation.

Additional findings in patients with stroke support the concept that collateral extent varies
in healthy human tissues. Building on earlier studies [eg, 58], B