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STELLINGEN BIJ HET PROEFSCHRIFT 

Therapeutic arteriogenesis: 

from experimental observations towards clinical application 

1. Arteriogenese is de meest efficiënte vorm van natuurlijke vaatgroei voor het herstellen van 
verminderde bloedstroom ten gevolge van obstructief vaatlijden (dit proefschrift). 

2. De functie van capillaire netwerken is gericht op een optimale uitwisseling van metabolieten 
tussen bloed en weefsel, maar niet op het transport van bloed (dit proefschrift). 

3. De afwezigheid van de CD44 receptor op celmembranen leidt tot een geremde ontwikkeling van 
collaterale vaten door een gestoorde transendotheliale migratie van witte bloedcellen en een 
verminderde vasculaire expressie van FGF-2 en PDGF-B (dit proefschrift). 

4. TGF-B1 stimuleert arteriogenese door een verhoogde expressie van de MAC-1 receptor en de 
daaropvolgende aanhechting en transendotheliale migratie van witte bloedcellen (dit 
proefschrift). 

5. Lokale toediening van MCP-1 stimuleert de groei van collaterale vaten, maar heeft tegelijkertijd 
een systemisch pro-atherogeen effect (dit proefschrift). 

6. De term arteriogenese is omstreden, maar het gebruik van het onlangs voorgestelde "abluminal 
remodeling of preexisting collateral vessels" zou dit proefschrift verlengd hebben met 2085 
woorden (oftewel de lengte van hoofdstuk 3). 

7. De recent gepubliceerde uitspraak: "the future of therapeutic myogenesis is so bright, we have 
gotta wear shades!" dient beantwoord te worden met: "take of your shades and face the reality of 
the many more hurdles to come before the hypothetical concept of therapeutic myogenesis can 
be implemented". 

8. "Gesundheit ist gewiss nicht alles, aber ohne Gesundheit ist alles nichts." Arthur Schopenhauer 

9. Een ménage a trois is ook wetenschappelijk gezien een spannende maar niet altijd eenvoudige 
verhouding. 

10. Onbegrip tussen medische staf en ziekenhuisbestuur vindt vaak zijn oorsprong in het verschil 
tussen kort-cyclisch en lang-cyclisch werken; de arts organiseert zijn werk per dag, de bestuurder 
per jaar (Dr. E.A. van Royen). 

11. Het feit dat Nederland al anderhalfjaar niet geregeerd wordt, zonder dat dit duidelijke 
consequenties heeft, pleit voor de terugkeer van meer bestuurlijke verantwoordelijkheden voor 
het koninklijk huis. 

12. Snelwegen bestaan niet in Nederland. 

13. "Das Leben ist zu kurz urn schlechten Wein zu trinken." Johan Wolfgang Goethe. 

14. Het ultieme doel van therapeutische arteriogenese is het veroorzaken van een "bloedend hart". 

15. Na de monarchie en de democratie is nu ook de teeveecratie aan de Nederlandse vormen van 
bestuur toegevoegd; het poldermodel is definitief verworden tot het koldermodel. 

16. Meer gebruik van openbaar vervoer leidt alleen maar tot hoger ziekteverzuim ten gevolge van 
virale infecties. 

Amsterdam. 10juni, 2003 
Niels van Royen 
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CHAPTER 1 

Introduction 
Current therapeutic approaches to obstructive coronary or peripheral artery disease 
entail pharmacological reductions in oxygen demand in tissue with inadequate 
vascular supply or mechanical or interventional restoration of blood flow. 
Pharmacologically induced reductions in energy needs are however associated with 
diminished function. Conversely, mechanical revascularization carries a finite 
morbidity and mortality, as well as the risk for recurrent vascular obstruction. 
Alternate therapeutic approaches would therefore be desirable in patients with 
obstructive vascular disease. Accordingly, investigations have focused on the 
development of "pharmacological bypasses" as potential alternatives. 

Forms of vessel growth 

There are different forms of vessel growth. One is vasculogenesis. that is the 
formation of a primary plexus of vessels by angioblasts. Whether vasculogenesis 
can occur in adulthood has remained under discussion. The concept of stem cells 
leading to growth of new vessels in instances of arterial obstruction is an attractive 
one, but proof of its existence is still lacking. This in part is because of the lack of a 
uniform detection system for endothelial progenitor cells believed to induce 
vasculogenesis in adulthood. Knowledge on the origin of these cells is therefore still 
lacking. Further, it seems unlikely at present that vasculogenesis contributes 
significantly to restoring blood flow to tissue subtended by obstructed or occluded 
arteries. 

Two other forms of vessel growth, angiogenesis and arteriogenesis, have been 
shown to occur after birth. Angiogenesis refers to the sprouting of endothelial cells, 
leading to formation of new capillary networks. Angiogenesis is an integral 
component of processes like inflammation, wound healing, tumor growth and 
atherosclerosis. In occlusive arterial disease, angiogenesis occurs in the presence of 
ischemia. Ischemia leads to expression of hypoxia inducible factor-1 (I1IF-1) and 
subsequently vascular endothelial growth factor (VEGF), a pro-angiogenic factor. 
Arteriogenesis, as another form of "vessel growth." refers to the transformation of 
pre-existing collateral arteriolar pathways into large conductance arteries. This 
process is independent of ischemia but is related to increased shear forces as a 
consequence of increased flow through pre-existing collateral arterioles due to an 
increase in the pressure gradient following occlusion of a major artery. Thus, in case 
of severe ischemic arterial disease, angiogenesis and arteriogenesis can occur 
simultaneously. However, both are distinctly different processes with different 
modulators and different outcomes (Table I). The current review will focus on 
arteriogenesis as the most effective form of vessel growth for restoring or improving 
perfusion of tissue affected by an arterial occlusion . 

Arteriogenesis: a built-in natural self-defence system 
"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 
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come together 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 nourishment, so deficiency of 
these is very fully guarded against by such anastomoses." This concise description 
and initial proof of functional collateral arteries by the English anatomist Richard 
Lower dates back to 1669. Since then, numerous studies have confirmed Lower's 
observations. Later, Fulton demonstrated that the presence of such collateral arteries 
in the human heart depended on a history of prior coronary artery disease ". Other 
studies have shown that collateral arteries can protect against myocardial infarction, 
cardiogenic shock and death when the coronary artery becomes occluded 4'5-6. 
However, as known from the clinical setting, the built-in natural defence system of 
collateral vessels does not invariably and fully protect against myocardial infarction. 
In fact, coronary artery disease remains the leading cause of death in developed 
countries. Therefore, investigations have focused on approaches for stimulating or 
augmenting the natural process of arteriogenesis. 

Mechanisms of arteriogenesis: interplay between shear stress and circulating 
monocytes 
Arteriogenesis has long been known to be an ischemia-independent process because 
clinical observations had demonstrated development of collateral arteries in regions 
far distant from regions of ischemia. More recent experimental studies confirmed 
these early clinical observations. For example, ligation of the femoral artery in 
rabbits was followed by a marked arteriogenic response in absence of a raise in 
ischemia markers like ADP, AMP or lactate 7"9. 

The arterial diameter is known to increase in response to an increase in wall shear 
stress, that ultimately leads to a normalization of wall shear stress . Thus, the most 
plausible mechanism of arteriogenesis is the hypothesis of a shear stress induced 
vessel growth. Upon closure of a major artery, flow redistributes over pre-existing 
collateral pathways (see figure 1 and 2). Increased How through these collaterals is 
accompanied by increased shear forces, leading to activation of the normally 
quiescent endothelial cells in the pre-existing collateral arterioles. This in turn is 
followed by release of factors like monocyte chemoattractant protein-1 (MCP-I) " 
or transforming growth factor-beta (TGF-fj) '2 and an upregulation of endothelial 
receptors for circulating monocytes l?. The final steps of this process are the docking 
of monocytes to the endothelium of the pre-existent collateral arterioles, their 
perivascular accumulation in the form of macrophages and their production of 
factors like MCP-I, basic fibroblast growth factor (bFGF), tumor necrosis factor 
alpha (TNFa), matrix metalloproteinases (MMPs) and other factors '4. Synthesis and 
release of these factors is delicately regulated with distinct roles for each factor. 
MCP-1 production for example leads to attraction of more monocytes/macrophages 
to the site. GM-CSF (granulocyte macrophage-colony stimulating factor) production 
increases the life-span and thus the functionality of the perivascular macrophages. 
TGF-B production induces synthesis of several other factors by the perivascular 
monocytes like platelet derived growth factor (PDGF) and bFGF. PDGF and bFGF 
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in turn are directly mitotic for endothelial- and smooth muscle cells. TNFa creates 
the inflammatory milieu needed for arteriogenesis. Finally, the MMPs lead to 
degradation of tissue thereby creating the space needed for the growing vessels. 
It is emphasised that this complex interplay of various factors regulating 
arteriogenesis is only beginning to become unravelled and, hence, far from being 
fully understood. Generally, about two days after an arterial occlusion, mitotic 
indices of vascular cells begin to rise. In some histological sections of such vessels, 
more than 50% of the cells of the pre-existing collateral arterioles stain positive for 
proliferation of markers as compared to normal quiescent vessels, where mitotic 
indices approach 0%. The increase in mitotic indices leads to a rapid natural 
response to arterial obstruction and restoration of perfusion starting within the one 
week (see figure 3). Thereafter, the pre-existing collateral arterioles transform into 
large conductance arteries with an as much as 20-fold increase in their diameter. 
However, under ideal conditions in healthy young animals the maximum achieved 
restoration of blood flow approaches only about 50% of normal. In patients, the 
natural arteriogenic response may be more variable. In some patients, occluded 
coronary arteries arc completely compensated for by collateral arteries while in other 
patients development of collateral arteries is only marginal and inadequate. This 
then provides the rationale for therapeutically stimulating and enhancing the natural 
process of arteriogenesis as an important new treatment option in many patients. 

Experimental data on stimulation of arteriogenesis 
As was highlighted above, arteriogenesis entails the following steps: Increased shear 
stress and endothelial activation, monocyte adhesion and transmigration, production 
of growth factors by peri-vascular macrophages and finally, transformation of small 
pre-existing collaterals into large conductance arteries (see Figure 1-3). 
Theoretically, stimulation of arteriogenesis can be directed at any of these steps. 
Thus arteriogenic therapies can act via 1. alteration of shear stress and activation of 
endothelium, 2. the monocytic pathway, or 3. direct stimulation of endothelial and 
smooth muscle cell proliferation. 

1. Exercise increases cardiac output and thus the energy requirements of the 
myocardium. Coronary flow increases and thus raises the shear stress along the 
arterial branches of the coronary circulation IS. The higher shear stress prompting 
endothelial activation might be the mechanism accounting for the well documented 
improvement of the exercise training. However, other mechanisms like improved 
oxygen metabolism and changes in rheologic blood factors could be alternate 
explanations . The latter possibility is supported by several studies that failed to 
show an improvement of tissue perfusion upon exercise training. Thus, definitive 
proof of the arteriogenic potential of exercise training is still lacking. 

2. Stimulation of arteriogenesis via monocytic pathways is well supported by 
experimental findings. The first substance found to increase arteriogenesis via a 
monocytic pathway was MCP-1 |7. Continuous intra-arterial infusion of MCP-1 was 
shown to produce an about sevenfold increase in the magnitude of the arteriogenic 
response to femoral artery ligation in rabbits. Further, the beneficial effect of MCP-
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1 can be abolished by antibodies using one of the endothelial receptors for 
monocytes, intercellular adhesion molecule-1 (ICAM-1) which provides proof of the 
mode of action of MCP-1 via the monocytic pathway. Subsequently two other 
substances, granulocyte macrophage colony stimulating factor (GM-CSF) and TGF-
6 were found to enhance arteriogenesis via the monocytic pathway. GM-CSF 
inhibits apoptosis of monocytes/macrophages and increases the mean life-span of 
these cells. The function of TGF-B during barteriogenesis is probably a dual one. 
One is that it may increase monocytic transendothelial migration and a second one is 
that it induces the expression of growth factors like b-FGF and PDGF by 
monocytes/macrophages. 

3. bFGF is a mitogen for both endothelial cells and vascular smooth muscle cells 18 

and its beneficial effect on flow restoration upon arterial occlusion was 
demonstrated in several experimental studies 19. However, these promising results 
thus far have not been reproduced in the clinical trials on b-FGF, although it is likely 
that more information on the clinical effects of b-FGF will soon become available 
from the TRAFFIC trial. 

Substrate: 
Drivinq force: 
Involved Factors: 
Tarqet Cells: 
Result: 

Anqioqenesis 
Capillary sprouting 
Ischemia 
VEGF 
Endothelial Cells 
Capillary networks 

Arterioqenesis 
Arteriolar remodelling 
Shear stress 
MCP-1, bFGF 
EC's & SMC's 
Collateral arteries 

Table 1: Angiogenesis versus arteriogenesis 

Where to go? 

It seems likely that the therapeutic use of only a single growth factor is insufficient 
for augmenting the stimulation of the naturally occurring process of arteriogenesis. 
This is because arteriogenesis entails a cascade of events, depending on a series of 
factors with each exerting a different effect. Monocytes are multifunctional cells 
capable of producing all of these factors. Hence, intervening therapeutically with the 
monocytic pathway holds promise for a successful arteriogenic strategy. However, 
several issues need to be resolved before an arteriogenic strategy, acting via a 
monocytic pathway, will become clinically applicable and effective. 

Mimicking the clinical situation 
In experimental models, arteriogenesis is studied directly in relation to the time of an 
acute arterial occlusion. Such models are unlikely to fully represent the clinical 
situation with a slowly progressive arterial occlusion as part of the progression of 
atherosclerotic disease. Experimental models employing ameroid constrictors may 
mimic more closely this process although the occlusion still markedly differs from 
the time frame of months or even years in humans. It is important to bear this in 
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mind because the effects of arteriogenic substances on mature collateral vessels are 
unknown. In addition, patients enrolled in arteriogenic trials might suffer from 
hyperlipidemia. Whether this influences the process of arteriogenesis and the 
arteriogenic response to exogenously applied substances also needs to be determined 
in the experimental setting. 

Another difference between the clinical and the animal experimental setting is the 
size of the species. Data on arteriogenic substances were mostly derived from small 
sized animal models. It remains unknown whether results from smaller species can 
directly be extrapolated to larger sized species as for example humans. Although the 
rate of the cell cycle is independent of the species, the number of mitosis required 
for the development of a functional human collateral artery is much greater in 
humans than in mice. 

Potential side-effects of arteriogenic therapy 
Folkman et al. showed that inhibition of angiogenesis by TNP-470 or Endostatin 
caused a reduction in atherosclerotic plaque growth in ApoE deficient mice, 
showing a direct role of angiogenesis in the progression of atherosclerotic plaques ~ . 
Although arteriogenesis is not directly involved in atherosclerotic plaque formation, 
arteriosclerosis and arteriogenesis share many aspects like invasion of monocytes, 
the inflammatory environment, elastolysis. migration and proliferation of smooth 
muscle cells and upregulation of adhesion molecules. It is possible that different 
arteriogenic factors differently affect atherosclerosis. While MCP-1 is believed to be 
associated with plaque formation, although definite proof is still lacking, GM-CSF 
was shown to be anti-atherogenic. The role of TGF-B during atherogenesis still 
remains controversial. Before using any of these substances in clinical trials 
potential detrimental effects on atherosclerosis must be excluded. 

How can arteriogenic substances be delivered? 
The risk of possible side effects can largely be diminished by delivering the 
arteriogenic agents locally. In addition, arteriogenic growth factors, like angiogenic 
growth factors, were shown to be most effective when administered continuously 
and intra-arterially l9. Thus, most ideally, arteriogenic substances are delivered 
locally through arteries, over prolonged periods and without washout to adjacent 
territories or organs. Gene transfer to vascular wall cells might be an option to 
circumvent the delivery problem. A stable transfection will result in a continuous 
intra-arterial delivery without any exogenous instrumentation (except for the 
transfection catheter). Other options include the use of slow-releasing stents or 
sustained-release microcapsules. The monocytes themselves might also be used as 
carriers of arteriogenic agents to the proliferating arteries. Isolated monocytes can be 
loaded ex-vivo with fluorescent microspheres and be re-infused into the circulation. 
We were able to show that such loaded and re-infused monocytes preferentially 
accumulate at sites of active arteriogenesis ~ . 
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Endpoints for arteriogenic therapies 
For proof of concept of therapeutic arteriogenesis, it will be important to define 
clinical endpoints. Treadmill exercise time and quality of life scores for example are, 
at the current developmental stage of therapeutic arteriogenesis, of little 
significance. The aim of any arteriogenic strategy is the restoration of tissue 
perfusion via growth of large collateral conductance arteries. Restoration of 
perfusion is achieved by normalizing the resistance of the vascular bed that supplies 
the tissue at risk. Therefore, three parameters are particularly useful for assessing the 
efficacy of arteriogenic therapies. 

1. The angiographic appearance of collateral vessels: In the experimental setting, 
angiographic appearance of collateral vessels is a useful measure for detecting the 
outgrowth of pre-existent collateral arterioles that are still below the threshold of X-
ray angiography (approximately 50 urn) towards collateral conductance arteries that 
measure between 100 urn and 2 mm in diameter. However, there may be patients 
with already full recruitment of the collateral circulation so that stimulation of 
arteriogenesis might not lead to an increase in the number of visible collateral 
arteries but rather to a slight increase in vessel diameter of the already visible 
collateral arteries. Even mild increases in diameter can significantly affect the 
resistance to flow as it is a function of the fourth power of the radius of the vessel. 
However, subtle diameter changes might be difficult to detect so that angiography 
will be of limited value in clinical studies. Use of the Rentrop score might to some 
extent overcome this limitation. It better reflects the haemodynamic functionality of 
the collateral circulation because it accounts for filling of the collateral arteries and 
the collateral-dependent coronary arteries. 

2. Resistance of the collateral circulation: Resistance is calculated from the ratio of 
pressure difference and flow over a vascular bed. Such combined measurements of 
flow and pressure are feasible with guidewires, equipped with miniaturized flow and 
pressure sensors. These guidewires have become available in recent years and were 
shown to accurately document collateral vascular resistance 22. 
3. Myocardial tissue perfusion: Any successful arteriogenic strategy increases 
perfusion of the collateral-dependent region. This in fact is the ultimate goal of any 
therapeutic arteriogenesis trial, that is restoration of perfusion and supply of oxygen 
leading to a decrease in clinical symptoms and an increase in physical activity. Most 
studies performed thus far on stimulating growth of the coronary collateral 
circulation employed an improvement in regional tissue perfusion as endpoint. 
Myocardial perfusion can be evaluated with echocardiography, Magnetic Resonance 
Imaging (MRI) or radionuclide perfusion imaging. Of these techniques, positron 
emission tomography (PET) and single photon emission computed tomography 
(SPECT) are standard approaches for evaluating regional myocardial perfusion. 
SPECT imaging with 20IT1 or ""'"Tc labeled flow agents has been well established as 
a means for the non-invasive detection of ischemic heart disease. Recently, Hendel 
et al. reported a beneficial effect of rhVEGF administration as documented by a 
reduction of perfusion defects using SPECT-imaging 2 \ However, whether SPECT 
perfusion imaging can specifically detect changes in collateral flow remains 

17 



CHAPTER 1 

unknown. There may be two shortcomings of SPECT for evaluation of therapeutic 
arteriogenesis. First, it is unclear whether resting or stress perfusion images are more 
accurate for detecting arteriogenesis. As mentioned earlier, the aim of arteriogenic 
therapy is the decrease of resistance of the vasculature supplying the area at risk. 
Resistance is calculated from the ratio of the pressure difference over myocardial 
blood flow. Detection of changes in resistance requires a stress hyperemic challenge 
of the coronary circulation. Evaluating myocardial perfusion at rest is therefore 
limited in detecting changes in collateral flow. On the other hand, stress imaging 
may be associated with a coronary steal causing a decline in blood flow in the 
collateral dependent myocardium. Secondly, collateral vascular growth in humans 
preferentially targets the subendocardium while visualization of subendocardium 
perfusion by both SPECT and PET is limited 3.Thus, although PET and SPECT are 
the best validated non-invasive perfusion imaging techniques, some issues need to 
be clarified before these techniques can be implemented in human trials on 
therapeutic arteriogenesis. A new promising concept in radionuclide imaging is the 
use of specific imaging targets. Virtually every adhesion molecule, receptor or 
protein involved in arteriogenesis could potentially be imaged with a specific 
radiolabeled antibody. Such imaging might result in highly sensitive and accurate 
detection of arteriogenesis in vivo. 

Conclusion 
Of the three known forms of vessel growth, arteriogenesis is the most efficient in the 
restoration of flow upon arterial occlusion. From experimental studies it is known 
that arteriogenesis can be stimulated via a monocytic pathway. 
Monocytes/macrophages are conceivably the most effective mediators of 
arteriogenesis since they are capable of producing the required arteriogenic factors. 
However, additional experiments are required that are designed to better reflect the 
anatomic substrate in humans with long-lasting atherosclerotic disease, 
hyperlipidemia etc.. Moreover, issues need to be resolved regarding potential side-
effects, delivery techniques and imaging tools. 
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Outline of the thesis 
The outline of this thesis is depicted in figure 4. Chapter 2 concerns a detailed 
review, describing the mechanisms of arteriogenesis, the differences between 
angiogenesis, vasculogenesis and arteriogenesis as well as some future perspectives 
for therapeutic arteriogenesis. In chapters 3 and 4 basic mechanisms of collateral 
artery development and the role of specific pathways of arteriogenesis have been 
studied in genetic knockout mice. This includes the TNF-a and the CD44 pathway. 
Chapters 5 to 7 are studies on the pharmacological modulation of collateral artery 
growth via the exogenous application of MCP-1, GM-CSF and TGF-B. Chapters 8 
and 9 describe a newly developed large animal model of arteriogenesis and the 
effects of MCP-1 using this model. Chapter 10 and 11 concern the effects of MCP-1 
under conditions of hyperlipidemia as well as the interactions with the development 
of atherosclerosis. Finally in Chapter 12, the design of the START-trial is presented. 
In this trial, a total of 40 patients with peripheral artery disease will be treated with 
GM-CSF. 

19 



CHAPTER 1 

A Hiaca Interna 

Perfusion 
pressure 

High 
Quiescent collateral 
arteriolar connections 

A. Femoralis Profunda 

Figure I. Pre-existing collateral arteriolar connections are present in the normal hindlimb 
circulation but flow is preferentially directed through the patent femoral artery. 

Shear-stress activated collateral 
arteriolar connections 

1. Endothelial 
acti\«tion 

4. Macrophage 
A / V accumulation and 
i7 ^ ^ grovth factor 

v production 

5. Replication 

Figure 2. Pre-existing collateral arteriolar connections are recruited in case oj acute 
occlusion of the femoral artery. Thereupon, the endothelium is activated and the process oj 
arleriogencsis is initiated 
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Figure 3. In time, large collateral conductance arteries are formed, possessing several layers 
of smooth muscle cells. The diameter of these arteries can be up to 211-fold as large as 
compared to the original diameter. 
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Chapter 5 
Chapter 6 
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Clinical 
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Figure 4 Outline of this thesis. 
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CHAPTER 2 

Abstract 

After birth two forms of vessel growth can be observed; angiogenesis and 
arteriogenesis. Angiogenesis refers to the formation of capillary networks. 
Arteriogenesis refers to the growth of preëxistent collateral arterioles leading to 
formation of large conductance arteries that are well capable to compensate for the 
loss of function of occluded arteries. The process of arteriogenesis is initiated when 
shear stresses increase in the preëxistent collateral pathways upon narrowing of a 
main artery. The increased shear stress leads to an upregulalion of cell adhesion 
molecules for circulating monocytes, which accumulate subsequently around the 
proliferating arteries and provide the several required cytokines and growth factors. 
Several strategies are currently tested for their potential to stimulate the process of 
arteriogenesis. These strategies focus either at shear stress, at direct stimulation of 
endothelial and smooth muscle cell growth or at the monocytic pathway and 
promising results were obtained from experimental studies. However, some 
important questions remain to be answered before arteriogenesis can be brought 
from bench to bedside. 
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Introduction 
Coronary artery disease is still the most frequent cause of death in the Western 
world. Outside the Western world, the number of patients with coronary artery 
disease or peripheral vascular disease is increasing rapidly. Current options to treat 
occlusive arterial disease include medical therapy or revascularization techniques 
such as percutaneous transluminal angioplasty (PICA or PTA) or bypass surgery. 
These techniques have been developed over the last decades and can be performed 
nowadays with low morbidity and mortality in patients with chronic coronary artery 
disease '"3. However, a large number of patients remain for whom this kind of 
therapy is not feasible cither primarily or after non-successful PTA-PTCA or 
bypass-surgery, and for many patients outside the industrialized world it is 
unaffordable. Moreover, the increased survival of patients with acute coronary 
syndromes, treated medically or with revascularization techniques , leads to an 
increase in the number of patients with chronic arterial disease. The stimulation of 
collateral artery growth (arteriogenesis) and/or capillary network growth 
(angiogenesis) would be of potential benefit to these patients. 
It is estimated that diseases that may be treated with drugs, either inhibiting 
angiogenesis or stimulating angiogenesis and/or arteriogenesis, encompass around 
500 million cases in Western nations \ Therefore, a lot of effort has been put 
forward in recent years to unravel the mechanisms of vessel growth before and after 
birth. 

Angiogenesis: Mechanisms 
Background 
Pioneering work in the field of angiogenesis, especially with regard to the 
vascularization of tumors has been performed by Folkman 6"s. Angiogenesis refers to 
the sprouting of endothelial cells leading to capillary networks 9. Defective 
oxygenation of cells, as can be observed during pathological events like cancer, 
stroke and ischemic vascular disease, leads to the expression and activation of the 
transcription factor HIF-1. HIF-1 functions as a master regulator of oxygen 
homeostasis and its expression leads to an increase of the transcription of several 
genes including those encoding for NOS 1-3 and VEGF l 0 1 \ As a consequence, 
one of the first recognizable phenomena during tissue ischemia is vasodilation due 
to increased levels of NO and other not yet defined transmitters. Secondly, an 
increase in vascular leakage is observed, due to the increased levels of VEGF (also 
known as Vascular Permeability Factor). In fact, the occurrence of oedema is a 
strong predictor of the angiogenic response 1415. Apart from oedema, VEGF also 
induces, albeit moderately, endothelial cell proliferation. This leads to budding, 
sprouting and the formation of capillary networks. 

Therapeutic stimulation of angiogenesis: 
Therapeutic angiogenesis has gained interest tremendously, leading to the start of 
the first clinical trials using FGF-1 or VEGF-A in 1994 16'17. Although initially very 
promising results were reported from small non-controlled studies in patients with 
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either peripheral arterial disease l718 or coronary heart disease l6,l9~21 these results 
could not be confirmed in the subsequent placebo-controlled multi-center studies. 
One of the shortcomings of strategies designed to stimulate angiogenesis as a 
treatment for occlusive artery disease is the fact that capillary networks are formed 
instead of large conductance arteries. Flow is related to diameter in the fourth 
potency according to Poisseuille's law. It is clear that in order to replace a large 
conductance artery an enormous amount of capillaries (diameter around 10 
micrometer) is required. The efficacy of capillary networks to conduct blood flow is 
even further reduced due to high losses of energy in these small vessels. Capillary 
networks are not designed by nature to conduct blood but rather to deliver locally 
nutrients and oxygen. These considerations might explain the disappointing results 
of the VIVA-trial that did not show any improvement of the primary endpoints after 
the intracoronary delivery of VEGF-A. 

Arteriogenesis: Mechanisms 
Background 
The second form of vessel growth after birth, arteriogenesis, is now recognized as a 
mechanism distinct from angiogenesis that constitutes a potentially novel therapeutic 
option -"""4. 
Arteriogenesis refers to the growth of preëxistent collateral arterioles into functional 
collateral arteries. These preëxistent arterioles are present in both the coronary and 
the peripheral circulation. In fact the presence of these preëxistent collateral 
connections was first reported from Oxford University in 1669. There, the English 
anatomist Richard Lower observed the follow ing; "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 together 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 nourishment, so deficiency of these is very fully guarded 
against by such anastomoses"2S. Thus, this English researcher not only observed 
very precisely the presence of preëxistent collateral connections between different 
vascular regions, but actually already recognized their function as alternative 
pathways for blood flow in case of flow deficiency. In subsequent centuries, these 
observations were challenged repetitively and around 1900 it was the common 
assumption that coronary arteries were endarteries. However, in a series of studies 
between 1956 and 1965, Fulton elegantly demonstrated that collateral connections 
between coronary arteries are abundantly present in the human heart, irrespective of 
the presence of coronary artery disease 26. 

In contrast to the preëxistent nature of these collateral vessels, their presence in 
pathological conditions of obstructive arterial disease was never disputed. In 1971 it 
was shown for the first time that preëxistent collateral arterioles develop into large 
collateral arteries via proliferation of endothelial and smooth muscle cells and that 
collateral vessel growth is not simple vasodilatation 2'. Moreover, the dispute about 

28 



THERAPEUTIC ARTERIOGENESIS. A NEW CONCEPT 

the functionality of collateral arteries was ended by a series of studies relating the 
extent of their development to outcome after myocardial infarction28"31. In these 

studies it was definitely shown that "collateral arteries save tissue and life". 

Arteriogenesis is mediated via increased shear stress and circulating monocytes 

The process of arteriogenesis is mediated mechanically via an increase in shear 

stresses. It has been described by several authors that arterial diameter increases 

upon an increase in wall shear stress, finally resulting in a normalization of wall 

shear stress " 6. 
Collateral arteries are recruited after the occurrence of a haemodynamically relevant 
stenosis of a main feeding artery. Due to the decrease in arterial pressure behind the 
stenosis, blood flow is redistributed via the pre-existent arterioles that now connect a 
high-pressure with a low-pressure region 37. This leads to an increased flow velocity 
and hence increased shear stress in the preëxistent collateral arteries. This causes a 
marked activation of the endothelium with increases in the expression of MCP-1 and 
of endothelial surface receptors involved in monocyte tethering, rolling and 
migration ^8"41. The uprcgulation of cell adhesion molecules in the proliferating 
collateral arterioles under conditions of elevated shear stress was recently confirmed 
42. The subsequent increased adherence of monocytes 4 j and their transformation 
into macrophages are obligatory for the growth of these vessels since these cells 
produce numerous cytokines and growth factors involved in arteriogenesis. Among 
these factors are MCP-1 which induces the attraction of more monocytes to the sites 
of proliferation, TNF-a which provides the inflammatory environment in which 
collateral vessels develop, b-FGF which is a mitogen for both endothelial and 
smooth muscle cells and MMP's that remodel the old arterial structure and create the 
space that is needed for the expansion of the collateral arteries 44'45. 

Morphological changes during arteriogenesis 

Several morphological changes can be observed in the proliferating arteries. 
Endothelial cells are activated and transform into a synthetical phenotype with an 
increase in the endoplasmatic reticulum, the number of mitochondria and the size of 
the Ciolgi apparatus. They also lose volume control, swell and upregulate adhesion 
molecules. The lamina eiastica interna is degraded, facilitating monocyte and 
smooth muscle cell trafficking within the vessel wall, but within the next few weeks 
new elastin is synthesized by smooth muscle cells and a new internal elastic lamina 
is formed 42. Numerous mitotic cell divisions of both endothelial- and smooth 
muscle cells can be observed and the arterioles are remodeled into collateral arteries, 
expanding their original diameter up to a 20-fold increase in the canine model. This 
increase in diameter is about 10-fold in the rabbit hind limb model and 2-fold in the 
mouse hind limb model. A characteristic of coronary collateral arteries in the canine 
(but also in the hindlimb collaterals of rabbits) is the formation of a cell-rich intima. 
which can assume a large fraction of the new arterial mass. It is believed that the 
reduction of the number of collaterals as a function of time after coronary occlusion 
(to the advantage of the few large remaining vessels) is caused by the obliteration of 
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the lumen by excessive intimal proliferation. Thus, the increase in diameter is not 
simple dilation of the preëxistent collateral vessels, but a morphogenic adaptation to 
their new physiological role with an increase in the number of smooth muscle cell 
layers. 

Angiogenesis versus Arteriogenesis 
The human heart 

Previous animal experiments had shown that the adaptation to chronic experimental 
coronary occlusion can either proceed via the arteriogenic pathway (canine model) 
or via a predominantly angiogenic pathway (pig model) 4('. The latter is 
characterized by low pressures in the post-occlusive arterial system (peripheral 
coronary pressure), which stems from the fact that capillary connections (with low 
intravascular pressures) between adjacent vascular territories were the initial 
substrates of the collateral circulation. On the basis of these experiments it was 
possible to predict whether arteriogenesis or angiogenesis was the prevailing 
pathway of adaptation 4 ' . The principle of these earlier animal experiments can now 
be repeated in human patients thanks to the miniaturization of pressure and How 
catheters. Results by Piek and others have shown that single vessel occlusions are 
characterized by relatively high peripheral (post-occlusive) pressures indicative for 
arteriogenesis like in the canine model48"52. A minor difference with results obtained 
in the dog coronary system was that injection of vasodilators like adenosine or 
nitroglycerine into the coronary system of patients did cause increases of collateral 
blood flow, but no fall of post-occlusive pressure, as always observed with 
adenosine (but not with nitroglycerine) in the dog 53. This can be explained by the 
dilatation of both the collateral vessels as well as of the resistance vessels. Since a 
decrease of collateral resistance can only be imagined in the presence of smooth 
muscle, a predominantly arteriogenic mechanism must be assumed to exist in man. 
Multiple vessel occlusion in man leads to low post-occlusive pressures in contrast to 
the dog model where the occlusion of the left circumflex- plus the right coronary 
artery did not lead to reduced peripheral coronary pressures. We may thus conclude 
that multiple occlusions in the human heart may give rise to a mixed 
arteriogenic/angiogenic type of adaptation. The reason for this is not well known but 
may reside in the reduced ability to recruit smooth muscle to the enlarging capillary 
collateral vessel, the basic defect in the heart of the domestic pig. 

Different mechanisms of induction 

As outlined above, angiogenesis and arteriogenesis are two distinct processes. First 
of all, the driving mechanisms differ. While angiogenesis is induced by hypoxia, 
arteriogenesis is induced by an increase in shear stress. It was shown that collateral 
arteries develop in non-ischemic areas 54. This can also be observed in patients with 
distal peripheral arterial disease in whom the collateral arteries origin from areas as 
proximal as the thigh region, far remote from the ischemic vascular territories. A 
retrograde signaling substance, traveling against the arterial blood flow over such 
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large distances is unlikely and, in contrast to angiogenesis, ischemia is most 

probably not a major determinant for arteriogenesis. 

Different chemokines and growth factors 
The factors involved in both processes also differ. In figure 1 it is outlined which 
factors were shown to be angiogenic, which factors were shown to be arteriogenic 
and which factors stimulate both processes. Factors inducing angiogenesis induce 
proliferation of endothelial cells, whereas factors stimulating arteriogenesis induce 
also proliferation of smooth muscle cells. 

Different involvement of circulating cells 
Further differences between angiogenesis and arteriogenesis exist in the role played 
by circulating cells. While monocytes play a crucial role during arteriogenesis, 
angiogenesis is partially depending on lymphocytes. It was shown in nude mice, 
lacking T lymphocytes, that angiogenesis is inhibited. This defective angiogenesis 
was normalized after the application of VEGF 55. However, arteriogenesis, as 
measured with both X-ray angiograms and flow measurements, is unaffected in 
these animals (own data). 

Vascu/ogenesis: ongoing process after birth? 

Vasculogenesis refers to the formation of a primitive network of blood vessels 
during embryogenesis. Angioblasts differentiate into endothelial cells forming a 
vascular network 56. 

Recently some reports were published claiming that so-called endothelial progenitor 
cells can induce vessel growth after birth 5 , 5 S . However, these interesting findings 
raise unresolved questions. Of specific concern are the cellular markers used to 
identify the so-called endothelial progenitor cells. It has been shown in vitro that a 
subset of CD34+ hematopoietic stem cells can differentiate into endothelial cells 5 

61. However, the CD34T population is very heterogeneous and the origin of the 
endothelial progenitor cells remains unclear. 

The only way to differentiate endothelial progenitor cells from other cell types is the 
co-expression of CD34, VEGFR2 and ACC 133. Such cell type classification has 
until now only been performed in one single study 62. This study did not relate the 
endothelial progenitor cells to angiogenesis. Of particular interest are the recent 
findings that CD347CD14' monocytes express the same surface cell markers under 
angiogenic stimulation. A strong expression was observed of the endothelial markers 
von Willebrand Factor, VE-cadherin and ec-NOS (data from Schmeisser, submitted 
to the current issue). Furthermore, it has been claimed that endothelial cells are 
unique in their feature to form tubular structures when taken into culture. However 
many other cells, including monocytes, can display the same structural changes. 
Therefore it might well be that the results obtained from in-vivo experiments 
stimulating the differentiation and mobilization of endothelial progenitor cells were 
not mediated by endothelial progenitor cells but rather by the common progenitor 
cell, the haemotopoetic progenitor cell or even mature monocytes. In this context it 
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is noteworthy that it was claimed that GM-CSF, known to induce the release of 
monocytic progenitor cells, can induce vasculogenesis via "endothelial progenitor 
cells" 6 \ 
Thus, although it is an interesting concept to treat obstructive arterial disease via 
recapitulation of vasculogenesis, many uncertainties will have to be unraveled 
before this potential therapeutic pathway can be applied in the clinical setting. 

Vasculogenesis? 

Progenitor cells 

Formation of a 
primary plexus 

Figure I. Three forms of vessel growth, angiogenesis, arteriogenesis and vasculogenesis, are 
depicted. It shows the differences in underlying mechanisms of induction, as well as the 
involved mediators and the role of growth factors that are mentioned in this review. 
Furthermore, it emphasizes the overlap between angiogenesis. arteriogenesis and 
vasculogenesis. It is currently unknown whether vasculogenesis is operative in the process of 
vessel growth in response to obstructive arterial disease (abbreviations in text). 
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Strategies to stimulate arteriogenesis via circulating monocytes 
The role of MCP-1 
The role of monocytes during arteriogenesis can be utilized to stimulate 
arteriogenesis. It was shown that the increased attraction of monocytes to the sites of 
collateral artery development with the use of MCP-1 significantly increased the 
number of visible collateral arteries (> 50 micrometer) and the conductance capacity 
of the collateral circulation 44'64. Human MCP-1, also called human 
macrophage/monocyte chemotactic and activating factor (MCAF), is an 8.6 kDa 
protein containing 76 amino acid residues. It is a strong chemoattractant for 
monocytes and binds to the monocyte via the CCR-2 receptor. MCP-1 is not only 
chemoattractive for monocytes in the standard Boyden chamber assay but also 
increases transendothelial migration of monocytes 65. The blockage of the 
endothelial binding sites for monocytes with the use of ICAM antibodies abolishes 
completely the arteriogenic effect of MCP-1, showing that this effect is indeed 
monocyte-mediated (data submitted for publication in the Journal of Leukocyte 
Biology, I. Hoefer). 

The role of GM-CSF 

Apart from the increased attraction of monocytes a second mechanism can be 
utilized for the stimulation of arteriogenesis. Granulocyte-monocyte colony-
stimulating factor (GM-CSF) prolongs the life-span of monocytes/macrophages via 
the inhibition of apoptosis of these cells both in vitro and in vivo 66( '7. It was shown 
that the continuous infusion of GM-CSF after femoral artery occlusion in the rabbit 
hindlimb also stimulated the development of collateral arteries 68. Moreover, the 
combination of both MCP-1 and GM-CSF had a synergistic effect leading to a 40 % 
flow restoration one week after femoral artery ligation up to a 75 % flow restoration 
four weeks after ligation. This combination therapy is the most successful strategy of 
reperfusion via collateral growth thus far reported from experimental studies. 

TheroleofTGF-P 

The expression of TGF-(3 by different cell types increases under conditions of 
increased shear stress b9~12. Moreover an increase in TGF-P has been found around 
growing collateral vessels in both experimental settings 73 as well as in humans 4. 
Recently it was found in our laboratory that TGF-P exerts arteriogenic properties. 
TGF-P markedly increased the capacity of the collateral vasculature as compared to 
the control animals when infused directly into the collateral circulation of the rabbit 
hindlimb . TGF-P is a well-known chemoattractant for monocytes. Moreover, it 
stimulates the expression of IL-1, TNF-ex. b-FGF and PDGF by these cells 7 6 7 7 . 
Therefore, most probably the arteriogenic potency of TGF-P is also monocyte-
mediated. 

Other strategies to stimulate arteriogenesis 
Exercise 

In a recently published meta-analysis, it was shown that exercise is the most 
effective treatment, as compared to medical treatment and smoking cessation, to 
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alleviate symptoms of claudicalio intermittens and to increase walking distance in 
patients with peripheral arterial disease Fontaine stage II /S. Exercise improves the 
utilization and extraction of oxygen from erythrocytes, influences blood viscosity, 
raises the pain threshold and inhibits the progression of atherosclerosis. In addition, 
it is believed that exercise improves collateral flow. However, the exact influence of 
exercise on arteriogenesis in the peripheral circulation is unknown . 
Exercise was also reported by some authors to stimulate collateral flow in the 
coronary circulation 80,81. It was shown that an 8-weeks training program increased 
the contractile response to low-dose dobutamine in patients with chronic coronaiy 
artery disease and a left ventricular ejection fraction below 40%. Moreover thallium 
uptake as well as coronary collateral score improved after the exercise training . 
Exercise leads to an increased cardiac output, an increase in coronary perfusion and 
an increase in shear stress along the arterial branches of the coronaiy circulation . 
In the presence of a high-grade stenosis, flow will be redirected partially through the 
preëxistent collateral connections and thus exercise might lead to an increase in 
shear stress in these vessels and, hence, to an induction of arteriogenesis. However, 
the study by Belardinelli. using thallium scintigraphy, differs from a large number of 
clinical studies showing no evidence at all for improved collateralization after 
various exercise programs 83"S6. Earlier rigorous studies in experimental animals with 
chronic coronary artery occlusions (littermates served as controls) also showed no 
improvement of collateral blood flow after months of training that raised heart rate 
to over 200 bpm 87. 

Furthermore, it is uncertain whether a decrease in shear stress after cessation of the 
exercise program will lead to a regression of the collateral circulation. Finally, this 
therapy is not feasible in patients with end-stage obstructive arterial disease who are 
unable to perform exercise training. 

Heparin 
It was shown by Fujita et al. that heparin induces collateral formation upon 
repetitive occlusion of the left circumflex in dogs ' . These results initiated several 
clinical studies. Patients with stable angina were treated with either heparin 
combined with an exercise program or an exercise program alone. Angiographic 
collateral score increased in patients treated with the combination therapy as 
compared to patients treated with exercise therapy alone. In addition the rate-
pressure product at onset of angina and ST depression increased ,s . A subsequent 
randomized study showed comparable effects of enoxaparin . Other authors 
confirmed the beneficial effects of heparin treatment, both in patients with stable 
coronary artery disease91 or on cardiac rehabilitation , although no direct evidence 
for collateral artery growth was provided. The mechanism through which heparin 
influences arteriogenesis remains largely unclear, although it has been suggested that 
heparin increases collateral vessel growth via the induction of bFGF release \ 
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bFGF 
bFGF is a mitogen for both endothelial cells as well as smooth muscle cells 94 and 
increases both angiogenesis and arteriogenesis in experimental in vivo models 9 \ It 
was shown in the rat hindlimb circulation as well as in the dog coronary circulation 
that an intra-arterial infusion of bFGF significantly increases flow restoration upon 
arterial occlusion 96-97. These positive experimental results could not be reproduced 
in the placebo controlled FIRST trial. In this trial 337 patients, ineligible for CABG 
or PTCA, were treated with one intracoronary bolus of bFGF in a dosis of 0.3, 3 or 
30 microgram/kilogram. This treatment resulted in a reduction of anginal symptoms, 
while the primary endpoint, exercise duration, remained unchanged. It can be 
speculated that single bolus delivery is not sufficient for the stimulation of 
arteriogenesis. Furthermore, it can be anticipated that more factors are needed at 
different time points. Another possibility is the fact that for arteriogenesis most 
probably more factors are needed at different time points. Therefore, mono-therapy 
with bFGF may not be sufficient to potentiate arteriogenesis and, hence, induce 
symptomatic improvement. 

Arteriogenesis: from bench to bedside 
The aforementioned experimental studies on stimulation of arteriogenesis offer 
promising new treatment-options for clinical application. However, several issues 
will still have to be addressed before therapeutic arteriogenesis will become a 
clinical reality. 

Can arteriogenesis be stimulated when the collateral circulation has already 
matured? 
Potential candidates for arteriogenic therapy are patients at a progressive stage of 
their disease. Therefore, unlike the experimental models, their collateral circulation 
has been remodeled already for a long time period. Nevertheless, these patients 
remain symptomatic in spite of maximal growth of the collateral circulation. 
Whether such mature vessels remain responsive to arteriogenic therapy remains 
unknown. In this context, it is interesting that the further growth of collateral arteries 
three weeks after ligation of the femoral artery in young and otherwise healthy 
rabbits cannot be stimulated with MCP-1 alone. However, a combination of MCP-1 
and GM-CSF can still increase the capacity of a matured collateral circulation 98. 

Arteriogenesis and atherosclerosis- a difficult match 
The hypothesis that angiogenesis stimulates the atherosclerotic process was first 
proposed in 1984 by Barger et al. " . It was observed that microvascular networks 
arising from native vasa vasorum were more abundantly present in atherosclerotic 
vessels . Moreover, proliferation rates of endothelial cells of up to 43% were 
found in these plaques, whereas normal endothelial cells are quiescent and undergo 
mitosis only occasionally l0'. The hypothesis of Barger was recently confirmed in a 
paper published by the group of Folkman. They showed that the inhibition of 
angiogenesis via TNP-470 or Endostatin caused a reduction in atherosclerotic plaque 
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growth in ApoE deficient mice, suggesting a direct role of angiogenesis in the 
progression of atherosclerotic plaques . 

Such direct involvement in formation of atherosclerotic plaques does not apply to 
arteriogenesis. However, when studying the morphology of coronary collateral 
arteries, it became clear that several morphological aspects of arteriosclerosis can 
also be recognized during arteriogenesis. The invasion of monocytes, the 
inflammatory environment, the elastolysis, the migration and proliferation of smooth 
muscle cells, the upregulation of adhesion molecules, the tortuosity of inflicted 
arteries are characteristic of both arteriogenesis and atherogenesis. Moreover, most 
angiogenic growth factors are pro-thrombotic. The major difference is. however, that 
the arteriogenic process leads to positive arterial remodeling while atherosclerosis 
leads to negative remodeling. On the molecular level the difference is the substrate 
(a small arteriole in arteriogenesis) which can be positively remodeled by monocytes 
whereas the large artery in arteriosclerosis cannot. 

Although the process of aneriogenesis itself is not involved in atherosclerotic plaque 
development, it is not known if the stimulation of arteriogenesis will aggravate 
plaque formation. It involves many features like neo-intima formation and monocyte 
invasion that are also pan of the atherosclerotic process. The first described 
arteriogenic substance, MCP-1, has been associated with the development of 
atherosclerosis, although no causal relationship is proven. Interestingly, the second 
described arteriogenic factor, GM-CSF, was shown repetitively to be lipid-lowcring 
and anti-atherosclerotic both in animal models as well as in patients l0 ' . 
It is known that the angiogenic response to ischemia is reduced under conditions of 
hyperlipidemia in Watanabe heritable hypercholesterolemic rabbits and in the Apo-E 
deficient mice ' . However, it is unknown whether arteriogenesis is equally 
reduced under hyperlipidemic conditions and whether hyperlipidemic patients are 
responsive to arteriogenic therapy. A report published by Abace showed that 
arteriogenesis is reduced in diabetic patients with coronary artery disease suggesting 
that this process may be influenced by systemic disease . On the other hand, a 
former report showed no reduction in arteriogenic response in hyperlipidemic dogs 
that became atherosclerotic (with development of coronary occlusions) after 
induction of hypothyroidism and a high cholesterol diet . 

Is body mass a determinant of therapeutic success? 

Another unsolved question is the responsiveness of collateral vessels in bigger 
species. The outgrowth of arterioles into functional collateral arteries involves 
several cycles of cell division. The pre-existing arteriolar connections, from which 
the collateral arteries develop, are about the same size in different species (-30-50 
um). However, mouse collateral arteries only double their size, in the rabbit they 
reach up to 200-300 um, whereas in man they can reach diameters of about 2 mm. 
Thus, the number of required cell divisions (and therefore the required period of 
time, since the cell cycle is constant among the different species) depends mainly on 
the species' size. It can be anticipated that both the dose and the duration of 
treatment may be different in humans. 
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How can arteriogenic substances be delivered? 

Another issue that has to be addressed is the choice of a delivery strategy. 
Arteriogenic growth factors, like angiogenic growth factors, were shown to be most 
effective when administered continuously and intra-arterially . Such treatment for a 
prolonged time period of several days is an option in the peripheral circulation. 
However, such an approach is not feasible in the coronary circulation. This implies 
that different strategies have to be developed. Gene transfer to vascular wall cells is 
a promising option. A stable transfcction will result in a continuous intraarterial 
delivery without any exogenous instrumentation (except for the transfection 
catheter) l 0 / ")S. Other options are the use of coated slow-releasing stents or 
pericardial delivery 109. A very interesting concept is the use of the monocytes 
themselves as substance carriers to the proliferating arteries " ° . The topic of delivery 
strategies was recently reviewed by Kornowski 

Which endpoints should we use? 

Finally, clear endpoints need to be defined in order to evaluate future arteriogenic 
therapies. Options for these endpoints in the peripheral circulation are contrast 
angiograms and repeated hemodynamic measurements to document collateral vessel 
growth. Such endpoints are more difficult to establish in the coronary circulation. 
Current clinical trials on stimulation of angiogenesis/arteriogenesis often make use 
of parameters like NYHA classification and the need for medication. Several non
invasive techniques like perfusion scintigraphy, positron emmison tomography 
(PET) and myocardial contrast echocardiography (MCE) allow assessment of 
myocardial perfusion in the region of interest. Recently, Hendel et al. reported a 
beneficial effect of rhVEGF administration as documented by a reduction of 
perfusion defects using SPECT-imaging 2 ' . Nevertheless, these aforementioned non
invasive diagnostic techniques have not been validated for evaluation of collateral 
flow to jeopardized vascular territories. Moreover these techniques arc, at present, 
unable to assess flow in subendocardial regions, known to be preferential regions for 
collateral vascular growth in humans 26. Therefore more reliable endpoints are a 
prerequisite for establishment of arteriogenic therapy. Since the first trials are 
focused at the "proof of the concept" of stimulation of collateral artery growth, these 
endpoints should also include visualization of the collateral arteries and, even more 
importantly, evaluate their hemodynamic properties. 

Repeated coronary angiography allows serial visualization of collateral arteries. 
Collateral vessel growth can be quantified according to the Rentrop classification 
that corresponds to haemodynamic measurements of collateral vascular supply as 
demonstrated in an angioplasty model"2 . 

Technical refinements in the field of interventional cardiology have led to the 
introduction of guidewires, equipped with miniaturized sensors for intracoronary 
pressure or blood flow velocity measurements " ' . These guidewires were 
introduced for evaluation of coronary lesion severity by assessment of fractional or 
coronary flow velocity reserve distal to a coronary narrowing. Moreover, these 
guidewires were also suitable to assess collateral flow in the donor or recipient 
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coronary artery"6. In particular, the combined measurement of collateral flow and 
pressure in the recipient coronary artery allows documentation of the collateral 
vascular resistance ' . Several studies have demonstrated the feasibility of these 
techniques for evaluation of collateral vascular resistance as well as the 
documentation of the pharmacological responsiveness of the collateral vascular bed 
after administration of vasodilators i . These intracoronary diagnostic techniques are 
promising tools for assessment of collateral vascular resistance, the ultimate 
endpoint for arteriogenic therapy. 

A shortcoming however of the currently available intra-coronary diagnostic 
techniques is that they depend on the measurement of flow and pressure distal to the 
site of the lesion. In particular in the first stages of clinical trials on arteriogenesis. 
patients will be selected for whom revascularization is not an option. This implies 
that the peripheral measurements are not feasible. It therefore will be a major 
challenge to develop reliable new strategies to evaluate the functionality and the 
haemodynamic changes of the collateral circulation in this group of patients. 

Conclusion 
Stimulation of arteriogenesis, i.e. growth of preexisting collateral arterioles, is a very 
tantalizing concept although it is clear that many questions have to be answered 
before this novel approach has finalized its development from bench to bedside. If 
successful, therapeutic arteriogenesis will lead to large functional "natural 
bypasses". These vessels will be capable to serve as conduit arteries that can 
compensate for the functional loss of the affected arteries. However, it appears 
unlikely that this will be reached by application of a single growth factor. It is 
conceivable that several, not yet defined, growth factors, either in combination or at 
successive time intervals are required for the positive remodeling of preëxistent 
collateral vessels. 
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CHAPTER 3 

Abst rac t 
Background: Arteriogenesis serves as an efficient mechanism for flow restoration 
after arterial occlusion. This process is associated with inflammatory mediators such 
as tumor necrosis factor-alpha (TNF-a). although their role in arteriogenesis 
remains unclear. We hypothesized that arteriogenesis is reduced in mice lacking 
functional TNF-a or p55 receptor. To test this hypothesis, we developed a novel 
microsphere based murine model of hindlimb perfusion measurement. 
Methods and Results: Unilateral femoral arteries of nude (n=9), TNF-a -/- (n=9), 
TNF-a receptor p55 -/- (n=8) and p75 -/- (n=8) mice as well as their appropriate 
genetic background controls were occluded. The nude mice underwent laser 
Doppler hindlimb tlux measurements preoperatively. post-operatively, and after 7 
days. Seven days after ligation, all animals underwent tissue perfusion 
determinations using fluorescent microspheres. Laser Doppler findings confirmed 
acute decrease in flux with falsely normal values after one week. Microsphere 
results from control mice showed perfusion restoration to values - 5 0 % of normal 
within 7 days. TNF-a-/- mice demonstrated a significant reduction (45.1%) in 
collateral artery perfusion compared to controls (TNF-a -/- 22.4% ± 5 .1% vs 
B6xl29 49.7% ± 9.3%; p<0.01). p55-/- mice exhibited an almost identical 45.8% 
reduction in collateral artery formation (p55 -/- 28.3% ± 4 .3% vs C57BL/6J 61.8 % 
± 9 .1%; p<0.01), whereas p75 -/- mice were equivalent to controls (p75 -/- 54.5% ± 
5.5%; p=0.13). 

Conclusions: Microsphere techniques in mice offer a tool for the molecular 
dissection of arteriogenesis mechanisms. These results suggest that TNF-a 
positively modulates arteriogenesis probably via signaling through its p55 receptor. 
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Introduction 

Arteriogenesis (remodeling of pre-existent arteriolar collateral networks into large 
collateral conductance arteries) serves as the most efficient mechanism to restore 
flow after arterial occlusion . Perivascular inflammation and monocyte/macrophage 
accumulation accompany this process2 . 

Tumor necrosis factor-alpha (TNF-a) is an important proximal mediator of 
inflammation. Most prototypical inflammatory TNF-a signaling occurs by TNF-a 
binding to its p55 receptor . Previous studies have associated TNF-a with 
arteriogenesis . We hypothesized that arteriogenesis proceeds by way of TNF-a 
signaling via the p55 receptor. Specifically, we hypothesized that arteriogenesis is 
reduced in mice lacking functional TNF-a or p55 receptor. We developed and 
validated a novel model of perfusion measurement in the mouse hindlimb to test this 
hypothesis. 

Methods 
Animal model 

This study conforms to the Guide for the Care and Use of Laboratory Animals (NIH 
Publication No. 85-23, revised 1996). Nine athymic nude, 9 TNF-a -/-5 (on B6xl29 
Fl background, maintained by sister/brother matings), 8 TNF-a receptor p55- / - 3 4 

(N5 backcross onto C57BL/6J, and then maintained by brother sister matings) (both 
provided by Dr. Carl K. Edwards, III, (Amgen, Inc., Thousand Oaks, CA)), 8 TNF-
oc receptor p75-/-, 7 B6xl29, and 9 C57BL/6J (Jackson Laboratory, Bar Harbor, 
ME) mice underwent unilateral femoral artery ligation. The right femoral artery was 
ligated immediately distal to the inguinal ligament. Since collateral arteries develop 
from pre-existing arteriolar connections spanning from the profunda femoris and 
circumflexa femoris to the genualis and saphena parva arteries 4, the femoral artery 
was not excised in order to leave these vessels intact. In rabbits, this technique does 
not lead to ischemia in the region of collateral artery growth or distal to the site of 
ligation . Wounds were closed and animals recovered. 

Laser Doppler technique 

Nude mice, lacking pigmentation and fur that obscure signal transmission, were 
anesthetized and flux was evaluated using a laser Doppler (LD) device (Moor 
Instruments, Devon, UK). Fur removal of normal mice only leads to slight 
improvement because of changes in skin circulation due to mechanical and/or 
chemical irritation. Hindlimbs were divided into 3 zones: complete hindlimb, 
femoral artery tract, and region of collateral artery growth in the thigh. Flux was 
measured directly before, acutely after ligation, and 7 days later. 

Microsphere technique 

Seven days after ligation mice were anesthetized for microsphere based flow 
calculations. To ensure perfusion of both hindlimbs and optimal distribution of the 
fluorescent microspheres, the abdominal aorta was cannulated with a polyethylene 
catheter (inner diameter: 0.58mm; outer diameter: 0.96mm). After stabilization of 
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systemic pressure, both legs were perfused at four different pressures (70, 80, 90 
and 100 mmHg) with saline and continuous infusion of adenosine (1.0 mg/kg/min; 
Sigma, St. Louis, MO) to achieve maximal vasodilatation. At each pressure level, 
microspheres with a different fluorescent dye (red, blue-green, orange, yellow-
green; diameter 15 urn; Molecular Probes, Eugene, OR) were thoroughly mixed and 
injected into the perfusion system. At the distal end of the perfusion system a 
reference sample was withdrawn for 2 minutes at a rate of 0.2 ml/min for each 
microsphere dye. By placing the catheter in the proximal descending aorta, using the 
described technique renal perfusion did not show any significant difference between 
right and left kidneys. This is consistent with our data from mice that did not 
undergo femoral ligation, showing no difference in tissue perfusion between both 
hindlimbs. 

Quantification of microspheres in muscle was performed as previously described in 
rabbits 4. The muscles were dissected from the leg and divided into groups: anterior 
thigh, posterior thigh, and calf muscles. Each muscle sample was weighed, 
homogenized, and digested with SDS/proteinase solution for FACS-analysis and 
microsphere counting . 

Histology 
An additional 4 TNF-a -/-, 4 B6xl29, 4 p55-/-, and 4 C57BL/6J mice underwent 
unilateral femoral ligation. Seven days later, muscles from both hindlimbs were 
harvested and grouped: anterior thigh, posterior thigh, and calf. Samples then 
underwent formalin fixation and hematoxylin/eosin staining. 

Statistical Analysis 
Differences between genotypes were assessed using unpaired Student's t-test. 

Results 
No animal suffered gangrene or gross impairment of hindlimb function. 

LD versus microsphere techniques 
Using LD, immediately before femoral ligation there was no significant difference 
between the right and the left hindlimb in any of the regions (Figure 1). Acutely 
after ligation, flux decreased in the occluded hindlimb when measured over either 
the femoral artery tract distal to the ligation site or the complete hindlimb (p<0.05). 
In contrast, flow in the collateral artery region showed no significant difference as 
compared to the non-occluded hindlimb. Acutely after ligation, perfusion distal to 
the ligation fell to 20.2% of baseline. Seven days after femoral occlusion, the LD 
measurements suggested complete flux restoration in the whole hindlimb and in the 
distal femoral artery relative to values of non-occluded hindlimbs. These results are 
in contrast to the findings using the microsphere technique, which showed only 
58.9%±7.3% (occluded/non-occluded) hindlimb flow restoration. 
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a Whole hmb 
• Femoral artery 
O Thigh 

Pre-Ligation ( ID) Acutely after ligation (LD) 7 days after ligation (ID) 7 days after ligation 
(microspheres) 

Figure I: LD measurements in mice hindlimbs before, acutely after and 7 days after femoral 
artery ligation. Flux was evaluated in three different regions: whole hindlimb, femoral artery 
tract and the thigh—the region of collateral artery growth. 

B6xt29 TNF-/- C57BI6 p55 •/- p75-/- nude mice 

Figure 2: Microsphere perfusion measurements. Collateral artery flow was evaluated with 
fluorescent microspheres 7 days after femoral artery ligation. TNF-/- mice as well as p55-/-
mice show a significant reduction, whereas p75-/- mice do not show any significant difference 
as compared to their matching controls (*:p<0.05; ns:non-significant). 
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Flux in the collateral artery region at 7 days showed a significant increase as 
compared to the non-occluded hindlimbs (p<0.05). 

TNF-a-/- and TNF-cc receptor -/- mice 

Seven days after femoral ligation, B6xl29 wild-type mice showed a 49.6%± 9.3% 

flow restoration in the occluded hindlimbs as compared to the non-occluded (Figure 
2). TNF-a-/- mice, in contrast, showed only a 22.4%± 5 .1% flow restoration. Thus. 

the arteriogenic response of the TNF-a-/- mice was only 45 .1% (p<0.01) of control 

animals. 
C57BL/6J mice demonstrated a 61.8%± 9 .1% flow restoration 7 days after femoral 

ligation. In the p55-/- mice this restoration was 28.3%± 4.3%. Thus, the 
arteriogenic response of p55-/- mice was only 45.8% (p<0.01) of controls. p75-/-

mice (54.5%±5.5%), however, did not show any significant difference as compared 

to the C57BL/6J controls (p =0.13). 

Histology 
There was no observed difference in the baseline vascular architecture between 

genotypes (unligated hindlimb). There was no evidence for increased tissue 
destruction in the transgenic mice compared to their WT controls (ligated hindlimb). 

Discussion 
We report a novel murine model of arteriogenesis using hindlimb perfusion 
measurements after femoral artery ligation. In addition, we show the limitations of 
LD to survey arteriogenesis as compared to the presented model. Most prior murine 
studies relied on LD approaches6 '. Blood flow evaluation using LD offers the 
advantage of serial measurements. We used LD to evaluate flux and thus estimate 
arteriogenesis after femoral ligation. Acutely after femoral occlusion, flux decreased 
in the complete hindlimb and in the femoral artery distal to the ligation. Seven days 
after femoral ligation, LD measurements in these regions were restored to values not 
significantly different from normal values. However, based on the results using 
microspheres, these were probably false normal values. With microspheres, flow 
was only restored to about 60% of normal after one week. Radioactive and 
fluorescent microspheres have been widely used to investigate blood flow and tissue 
perfusion in various models and constitute the "gold-standard" of perfusion 
measurements . 

LD results primarily reflect superficial blood flow, i.e. skin circulation. Blood 
supply of the skin however does not necessarily parallel the situation in deeper 
structures such as muscle. Collateral arteries lie within these deeper tissues. When 
examining arteriogenesis in vivo, low penetration devices are thus of limited value. 
A final critical limitation of LD also applies to high penetration systems. In order to 
estimate changes in collateral artery flow the vasculature has to be "challenged" 
with high flow under conditions of maximal vasodilation. Such hemodynamic 
conditions cannot be reached without animal instrumentation. In our microsphere 
system, we give large doses of adenosine to insure maximal vasodilation. There is 
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no reason to suspect that any of the strains would have differential vasodilatory 
responses to such large doses of adenosine. 
The remodeling of pre-existent arteriolar collateral networks into large collateral 
conductance arteries that we observed after acute femoral ligation is distinctly 
different than angiogenesis, and our methods are designed to quantify the former 
specifically. After femoral ligation, we utilize 15 urn microspheres, not able to pass 
into the distal thigh and calf muscles through newly formed 7 urn capillaries in the 
thigh. Passage of the 15 urn microspheres from the aorta to the distal thigh and calf 
requires larger conductance >30 urn collateral vessels. Capillary sprouting does not 
translate into improved flow, which depends on the growth of larger collateral 
vessels '. 
TNF-a has been localized to the macrophages of growing collateral arteries . Using 
RT-PCR we find TNF-a mRNA in the region of collateral artery growth two days 
after femoral artery occlusion in the mouse (C. Keith Ozaki. M.D., unpublished 
data, 2000). However, the role of TNF-a in arteriogenesis is uncertain—does it 
serve as a pivotal modulator or innocent bystander? Our in vivo results suggest that 
the role of TNF-a is probably that of a positive modulator for arteriogenesis. A 
recent in vivo report demonstrated that TNF-a positively modulates occlusive 
arterial lesions that form in response to low shear stress 9. Anti-TNF-a approaches 
attenuate intimal thickening after balloon angioplasty l0, but unfortunately such 
approaches may also abrogate host arteriogenic responses. As it becomes apparent 
that multiple vascular processes proceed by way of inflammatory mediators ", 
further research must explore the mechanisms for specificity (occlusive vs. 
enlargement) in these pathways. 

In summary, this study suggests superiority of fluorescent microsphere perfusion 
studies over current LD techniques to survey arteriogenesis in mice. This novel 
method provided direct in vivo evidence that TNF-a positively modulates 
arteriogenesis probably signaling via the p55 receptor. 
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CHAPTER 4 

Abstract 
Background: Arteriogenesis is orchestrated by circulating cells, that invade locally 
in growing collateral arteries and act as suppliers of the required cytokines and 
growth factors like FGF-2 and PDGF. CD44 is a type 1 transmembrane glycoprotein 
that is involved in several processes that are an intrinsic part of arteriogenesis like 
leukocyte adhesion, but also growth factor activation and stabilization as well as 
endothelial cell proliferation. This prompted us to study the role of CD44 during 
arteriogenesis. 

Methods and results: We show thai the expression of CD44 increases strongly 
during collateral artery growth in a murine hindlimb model of arteriogenesis. 
Arteriogenesis is severely reduced in C D 4 4 " mice as measured with fluorescent 
microspheres. Hampered arteriogenesis in CD44"" mice is accompanied by reduced 
leukocyte trafficking to sites of collateral artery growth. Moreover the expression of 
FGF-2 and PDGF is clearly reduced as assessed immunohistochemically. Using 
Laser microdissection and subsequent RT-PCR analysis we show that mRNA levels 
of these growth factors however are not reduced in CD44" mice, suggesting a 
decreased stability of the FGF-2 and PDGF proteins in the absence of CD44. 
Finally, a clinical correlate was shown. Collateral flow index as measured in patients 
with a significant coronary stenosis (> 90%) correlated well with the expression of 
CD44 on monocytes that were isolated from these patients simultaneously. 
Conclusion: We show for the first time that CD44 is required for normal collateral 
artery development. The absence of CD44 leads to defective leukocyte trafficking to 
sites of arteriogenesis and decreased expression of FGF-2 and PDGF. Finally, a 
positive correlation between Collateral Flow index and CD44 expression on 
activated monocytes was shown in patients with single-vessel coronary artery 
disease, suggesting a clinical relevance for CD44 signaling in collateral artery 
development. 
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Introduction 
Arteriogenesis refers to the development of collateral conductance arteries '' . The 
development of a collateral circulation is a natural escape mechanism to overcome 
the negative effects of arterial obstruction on tissue perfusion and performance. 
Collateral arteries protect against ischemic damage after myocardial infarction or 
stroke and alleviate symptoms like angina pectoris and ischemic leg pain • . 
However, the innate response to arterial obstruction is very heterogeneous . In some 
patients collateral arteries can form a sufficient compensatory circulation, even in 
case of triple-vessel coronary artery disease. Other patients however, hardly develop 
any detectable collateral circulation. In order to better understand this heterogeneity 
as well as to design strategies for the treatment of patients with arterial occlusive 
disease via therapeutic arteriogenesis, the consecutive steps in the process of 
arteriogenesis remain to be elucidated. 
One of the factors that might play a role in this multifactorial process is CD44. 
CD44 is a type I transmembrane glycoprotein 6 and is expressed on a wide variety of 
cell types, including epithelial, endothelial and mesenchymal cells. The CD44 gene 
comprises 10 so-called constant (or constitutive) exons and, depending on the 
species, 9 to 10 variable exons 7"9. The inclusion of the different combinations of 
variable exons in the mature mRNA may give rise to over 1,000 possible splice 
variants (isoforms) (reviewed in ,0). The functions of this family of molecules may 
affect arteriogenesis on many levels. First of all, CD44 serves as a homing receptor 
for leukocytes 6 " , by virtue of its ability to bind to hyaluronic acid '2. Others and we 
showed that leukocytes, especially monocytes, play a determinant role during 
collateral artery growth '3' . Monocytes accumulate around proliferating arteries 
and serve many goals like the production of MMPs, pro-inflammatory cytokines, as 
well as growth factors 15"17. Secondly, the presentation of several pro-arteriogenic 
factors as well as their half-lifes after cellular release are influenced by CD44 ' 
Finally, it was shown that CD44 is involved in angiogenesis 2 t u l , a process that is 
different in several aspects from arteriogenesis, but sharing a common feature of 
endothelial cell proliferation. 

The purpose of the present study was to determine whether CD44 is indeed involved 
in natural arteriogenesis, and whether the targeted disruption of the CD44 gene 
influences the development of a collateral circulation upon arterial occlusion. We 
studied the expression of CD44 during collateral artery growth in a murine hindlimb 
model of arteriogenesis. In a second step we compared leukocyte trafficking as well 
as vascular development in CD44 knockout mice with that in wildtype C57BL/6J 
mice. Tissue distribution of Fibroblast Growth Factor-2 (FGF-2), Platelet Derived 
Growth Factor-B (PDGF-B) and Vascular Endothelial Growth Factor (VEGF)was 
determined immunohistochemically in order to identify possible pathways through 
which CD44 can affect collateral artery growth. Moreover, collateral arteries were 
harvested with laser micro-dissection microscopy and RNA expression of the 
aforementioned growth factors was then assessed using real-time RT-PCR. Effects 
of CD44 deletion on collateral artery growth in the mouse hindlimb model were 
quantified with the use of fluorescent microspheres and subsequent FACS-analysis 
as described previously 22. Finally, CD44 expression on activated monocytes derived 
from patients with single vessel coronary artery disease was measured and we 
determined whether a correlation exists with Collateral Flow Index (CFI). 
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Methods 
Animals 
Speciiled pathogen-free 8 to 10 week old CD44 deficient (CD44"") mice on a 
C57BL/6J background were as described 23. Wild type (CD44~'~) C57BL/6J mice 
were purchased from I f f a Credo, L*Arbresle. France. In all experiments, sex and age 
matched controls were used. All mice were kept in conventional housing, subject to 
a 12 hour dark/light cycle with ad libitum access to water and food. A priori 
approval for the experiments had been obtained from the institutional animal 
experimentation committee and experiments were performed according to the 
"Guide for the Care and Use of Laboratory Animals" (NIH Publication No. 85-23, 
revised 1996). 

Animal operation 
A total of 37 CD44" male mice as well as 38 age-matched C57BL/6J control mice 
were used for this study. Animals weighed between 25 and 35 gram and were 8 to 
10 weeks of age. 
Animals were anaesthetized using ketamin and xylazin. A skin incision was 
performed in the right upper limb to expose the femoral artery. The femoral artery 
was then ligated using double sutures with an approximate distance between the 
ligation sites of 5 mm. The most proximal suture was positioned distal from the 
arteria femoris profunda, in order to keep intact its function as feeder vessel for the 
collateral arteries. Special care was taken also to leave the accompanying femoral 
vein and nerve intact. When applied in C57BL/6J mice, such operation technique 
does not result in massive tissue necrosis and mice recover hindlimb function within 
several days, leading to practically normal physical function at day 7. Due to the 
absence of severe ischemia and the preserved architecture of the preexisting 
collateral circulation, arteriogenesis is the predominant form of vessel growth in this 
model. 

Immunohistochemistry 
Tissues were harvested from the proximal hindlimb (m. Quadriceps and m. 
Adductor), 7 days after femoral artery ligation (CD44""": n=9, C57BL/6J: n=9) snap-
frozen at -150 °C in methylbutane, pre-cooled with liquid nitrogen and stored at -80 
°C until further processing. For all histological examinations 7 urn sections with 50 
um distance between the sections were prepared. For each staining procedure a total 
of 5 sections was analyzed per animal . Micrographs were taken with a fluorescence 
microscope (DMR, Leica) equipped with a digital camera (DC 300F, Leica). 
Quantitative analyses were performed in a blinded fashion. 

CD44 expression during collateral artery growth was detected with a rat anti-mouse 
CD44-specific monoclonal antibody (IM7, Pharmingen, San Diego, CA, 1:200). In 
addition CD44 staining was performed on hindlimb tissue derived from 2 mice that 
had not been subjected to any kind of intervention before sacrifice. These 
experiments were performed to determine the baseline CD44 expression in normal 
quiescent endothelium. A mouse-specific antibody against CD1 lb (Serotec, Oxford, 
UK, 1:150) was used in order to detect infiltrating leukocytes around collateral 
arteries in the adductor and quadriceps muscles. The total number of CD1 lb positive 
cells, as well as the percentage of total cells, was determined in predefined squares 
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around muscular arteries of 273 um X 273 um. Capillaries were detected with an 
antibody specifically recognizing mouse-CD31 (Serotec, 1:200). In order to quantify 
angiogenesis, capillaries were then counted at a magnification of 200X. Expression 
of VEGF (clone A20 which recognizes the 165, 189 and 121 amino acid splice 
variants of VEGF, 1:200, Santa Cruz Biotechnology, Santa Cruz, CA), FGF-2 
(1:200, Santa Cruz Biotechnology) and PDGF-B (1:100, Oncogene Science. 
Cambridge, MA) in collateral arteries were all detected withrabbit polyclonal 
antisera against the relevant mouse epitopes. After incubation with the above-
mentioned primary antibodies, a peroxidase staining was performed using an ABC-
complex kit (Dako, Glostrup, Denmark). Tissues were then counterstained with 
haematoxylin. Negative controls were performed for all immunological stainings by 
omission of the primary antibody. In addition to immunohistochemistry, quantitative 
analysis was performed on HE stained sections of quadriceps and adductor muscles. 
Total arterial lumen area per mm2 as well as mean arterial wall thickness were 
quantified. 

Laser microdissection 
Cryo-preserved specimens from hindlimb tissue (CD44 -/-: n=6, C57BL/6J: n=6) 
were cut into serial 5-um sections that were mounted on UV-treated slides covered 
with PEN-foil (PALM, Bernried, Germany). Sections were then fixated for 15 sec 
in ethanol 70% and stained with haematoxylin for 60 seconds. Slides were 
dehydrated with ethanol 50%, 70% and 100% respectively and air-dried for 10 min 
at 37 °C. Using a Leica AS LMD microscope (Leica, Wetzlar, Germany), collateral 
arteries were harvested from quadriceps and adductor muscles. In these muscles, 
under normal conditions large muscular arteries are only rarely observed. Upon 
femoral artery ligation, a strong development of muscular arteries is observed 
leading to approximately 3-5 muscular arteries per section. These are easily 
identified as collateral arteries due to swollen endothelium and the presence of a 
perivascular infiltrate of leukocytes. A total of 12-20 samples was then harvested per 
slide. After laser dissection, samples were collected in a buffer solution (0.5 M 
EDTA, 1 M Tris, 0.5 % Tween 20 in DEPC treated water (pH 8.0)). 

RNA isolation 
After spinning the samples down into the cup, lysis buffer was added and the cup 
incubated at 42°C for 30 minutes. RNA was isolated with Qiagen-Minispin columns 
according to the manufacturer's instruction (Qiagen, Hilden. Germany). An 
additional DNase digestion step was performed to remove DNA contaminations. 
Therefore. 54.5 Kunitz units DNase (Qiagen, Hilden. Germany) solved in RDD 
buffer (Qiagen, Hilden, Germany) were directly added onto the spin-column 
membrane and incubated for 15 min at room temperature. RNA was concentrated 
via glycogen precipitation and solved in lOul RNase free water. 

cDNA synthesis and realtime RT-PCR 
Isolated total RNA was mixed with 500 ng of random primer (Promega, Madison, 
WI) and heated in a thermo block at 70°C for 10 min. Then samples were quickly 
cooled on ice, shortly centrifuged and reverse-transcribed in the presence of 1 ul per 
20 ul reaction volume PowerScript Reverse Transcriptase (Clontech, Palo Alto. 
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USA). Reactions were carried out at 42°C for 70 min in 20 ul of buffer consisting of 
1 x first strand buffer (Clontech). 10 mM DTT, and 1 mM dNTP mixture (Peqlab, 
Erlangen. Germany). The reaction was stopped by heating the sample for 15 min at 
70°C and the resulting cDNA was 1:50 diluted with sterile water. Of the diluted 
cDNA, 9 ul was transferred into a single well of an optical 96-well reaction plate 
(Applied Biosystems, Weiterstadt, Germany) for realtime PCR with the Prism 7700 
(Applied Biosystems), mixed with 11 ul SYBR Green PCR Master Mix (Applied 
Biosystems) and 1 ul each of the gene specific primer pairs (5 pmol/1). Primers were 
designed with Primcr3 2A (www.genome.wi.mit.edu/genome_software/other/primer) 
to generate products of approximately 80 bp in size and with a melting temperature 
of 59°C. A typical PCR protocol took approximately 2.5 hr to complete and 
included a 10 min denaturation step followed by 40 cycles with a 95°C denaturation 
for 1 min. and 60°C annealing and extension steps for 1 min. The quantification data 
were analyzed with sequence detection software (ABI PRISM 7700 Version 1.7). 
Specificity of the primers to generate a single product was tested routinely by 
agarose gel electrophoresis and cthidium bromide staining. Data were evaluated as 
AR„ (normalized reporter signal minus the baseline signal found in the first few 
cycles of PCR) vs. cycle number. Choosing a threshold in the linear range of 
amplification, a threshold cycle (CT) was calculated which represents the PCR cycle 
at which an increase in reporter fluorescence above a baseline signal can first be 
detected. The CT for all target sequences was than normalized against the Cz value 
obtained for 18S RNA in the same samples. 

Measurements of collateral perfusion in mice 
The development of the collateral circulation was quantified either acutely after 
ligation (CD44" ' : n=6. C57BL/6J : n=6), at day 3 (CD44 " : n=7. C57BL/6J : n=7) 
or at day 7 ( C D 4 4 " : n=9. C57BL/6J : n=8). For this purpose a perfusion with 
fluorescent microspheres was performed of the isolated hindlimbs as described 
earlier. In summary, a catheter was inserted in the abdominal aorta and isolated 
hindlimbs were perfused with 4 differently coloured fluorescent microspheres (red. 
blue-green, orange, yellow-green; diameter 15 um; Molecular Probes, Eugene, OR). 
These micropsheres were diluted in a buffer solution of NaCl 0.9%, adenosine (5 
mg/liter) and Tween 20 (I ml/liter). Each differently colored microsphere was 
infused at a certain pressure level (70, 80, 90 and 100 mm Hg) that was generated 
via an exogenous pressure system. After the last microsphere infusion, animals were 
killed and tissue was harvested for further analysis. This tissue was derived from the 
peripheral hindlimb (m. Gastrocnemius and m. Peroneus) that is perfused 
completely via the collateral circulation after femoral artery ligation at the above 
described level. After digestion of the tissue, microspheres were counted using 
FACS analysis and perfusion was expressed as the percentage of micropsheres in the 
ligated as compared to the non-ligated leg. 

Measurement of collateral flow index and monocytic CD44 expression in patients 
We prospectively included a total of 15 consecutive patients who were referred to 
the cardiac catherization lab for a percutaneous transluminal coronary angioplasty 
(PTCA) of a single coronary lesion (> 80% on QCA). Baseline characteristics are 
shown in table 1. Pressure based collateral flow index (CFI) was measured as 

62 

http://www.genome.wi.mit.edu/genome_software/other/primer


THE ROLE OF CD44 

previously described. Briefly, CFI, defined as the ratio between coronary wedge and 
aortic pressure (Pw/Pao), was determined during balloon inflation using a guidewire, 
equipped with a pressure sensor on the tip (Wavewire; JOMED, Rancho Cordova, 
CA, USA). Subsequently, a total of 10 ml arterial blood was collected from the 
insertion catheter. Mononuclear cells were isolated over a Ficoll-gradient according 
to standard procedures. Approximately 5 X 105 cells/ml were incubated with a 
mouse anti-human CD44 antibody (Hermes 3, 1:1000, PE as a secondary linked 
fluorescent label) and a FITC-labeled mouse anti-human CD 14 antibody (Becton-
Dickinson Biosciences, San Jose, CA, 1:500) for detection of monocytes. Using 
FACS-analysis (FACSCalibur System; Becton-Dickinson, San Jose, CA) mean 
fluorescence intensity (MI) for CD44 was measured on CD 14 positive monocytes 
after background substraction. Linear regression analysis was then performed for 
CFI and MI. 

Statistical analysis 
Results are presented as mean ± standard deviation. Significant differences between 
sample means were determined with an independent-samples T-test. Differences 
with a p-value < 0.05 were classified as significant. For the correlation between 
CD44 expression and CFI, we performed a normal linear regression analysis. 

Results 
CD44 expression is strongly increased during arteriogenesis 
Seven days after femoral artery ligation in C57BL/6J control mice, we detected a 
very strong expression for CD44 in collateral arteries in quadriceps and adductor 
muscles (figure 1). The expression of CD44 was found both in endothelial cells (co-
localized with CD31) at the luminal vessel side, in cells constituting the media and 
in perivascularly accumulated infiltrating cells (co-localized with CD1 lb). We 
observed only very low endogenous expression of CD44 in resting control arteries, 
harvested from the non-ligated limb. In these vessels CD44 expression was limited 
to the adventitia whereas media as well as endothelium showed no expression of 
CD44. CD44 expression did not increase in skeletal muscle from the ligated 
hindlimb. Capillaries stained positive for CD44 in both the control as well as the 
ligated hidlimb. We further confirmed endogenous expression of CD44 by quiescent 
endothelial cells in tissue derived from animals that had not undergone any kind of 
intervention before sacrifice. A total lack of staining in tissues derived from CD44 
knockout mice confirmed specificity of the monoclonal rat anti-mouse CD44 
antibody IM7. 

Leukocyte-infiltration around collateral arteries 
Leukocyte-trafficking was strongly hampered in CD44"" mice. Upon femoral artery 
ligation, CD1 lb positive leukocytes accumulated around collateral arteries in both 
quadriceps and adductor muscles of control mice. Although leukocytes were also 
detected around arteries in CD44 knockout mice, their number was significantly 
reduced as compared to control mice, showing a defective leukocyte trafficking in 
these mice under circumstances of collateral artery growth (control : 29% ± 12% vs. 
CD44": 18% ± 7% CDI lb positive cells/square, PO.01) (figure 2). 
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Hindiimb angiogenesis is not reduced in CD44 -/- mice 
We observed no statistical significant difference, when comparing capillary 
countings between CD44"" and control mice, neither in the adductor (control : (6.9 ± 
1.8)* 102 capillaries/mm2 vs. C D 4 4 " : (6.8 ± 1.9)* 102 capillaries/mm2, P=ns) nor in 
the quadriceps muscle (control : (7.2 ± 2.9)* 102 capillaries/mm2 vs. CD44'" : (7.6 ± 
3.3)* 10" capillaries/mm", P=ns) (figure 3). 

Expression ofFGF-2 andPDGF during arteriogenesis is reduced in CD44'' mice 
The expression of FGF-2 was reduced in collateral arteries of CD44"' mice as 
compared to control animals (figure 4). Similarly, we observed only a very weak 
expression of PDGF in CD44" mice as compared to the expression in littennate 
controls (figure 5). Both endoluminal as well as vascular wall cells expressed FGF-
2 and PDGF in control mice. Perivascular cells and skeletal muscle expressed FGF-2 
and PDGF only minimally. Expression of PDGF in CD44" mice was limited to 
endoluminal cells. 

Both in CD44 "mice as well as their littennate controls, not only vascular wall cells, 
but also skeletal muscle cells strongly expressed VEGF. No clear difference existed 
for VEGF expression in CD44 knockout and wildtype mice. The above mentioned 
growth factors were only minimally expressed in control sections of non-ligated 
hind limbs. 

No significant difference in mRNA content 
PCR analysis of dissected collateral arteries showed tendency towards increased 
levels for all analyzed growth factors in CD44 "mice, however these differences 
were not statistically significant (Figure 4). 

CD44'" mice show severely reduced restoration of tissue perfusion upon femoral 
artery ligation 
CD44 wildtypc mice showed decreased function of the right hindlimb, both acutely 
after ligation of the femoral artery as well as at day 3. At day 7, none of the 8 CD44 
wildtype mice showed a macroscopically visible loss of function. However, in 8 out 
of 9 CD44""mice hindlimb function was severely hampered, even at day 7 after 
ligation. 

Quantitative perfusion data parallelled these observations. Tissue microsphere 
perfusion did not differ between control mice and CD44""mice acutely after femoral 
artery ligation (control: 6.2% ± 2.5% vs. CD44: 8.2% ± 0.9%, P=ns). Three days 
after femoral artery ligation we observed a trend towards decreased restoration of 
perfusion in the CD44""mice (control: 14.2% ± 5% vs. CD44: 10.8% ± 2 .1%, 
P=0.06). Seven days after ligation a clear difference became evident between the 
control mice and the CD44""mice in the restoration of perfusion (control: 54.5% ± 
14.9% vs. CD44: 24 .1% ± 9.2%, P O . 0 0 1 , Figure 6). Finally, both mean arterial wall 
thickness as well as the ratio of total luminal area and tissue area were significantly 
reduced in ligated hindlimb musculature of CD44"' mice as compared to control 
mice (Figure 7 and 8). 

CFI and expression of CD44 on CD 14 positive monocytes derived from patients 
with single-vessel coronary artery disease correlated positively (R=0.76, R2=0.58, 
P=0.002, Figure 9). Stimulation of cells with LPS at different concentrations during 
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the entire protocol did not further increase the fluorescence intensity for CD44. 
indicating that the Ficoll-isolation and staining procedures had already maximally 
stimulated CD44 expression on CD14 positive monocytes in each individual case 
(data not shown). 

Discussion 
The present study provides direct evidence for a pivotal role of CD44 during 
collateral artery development upon arterial obstruction. Normal endogenous 
expression of CD44 in the hindlimb musculature is limited to capillaries. In larger 
sized arterioles and arteries, expression is minimal and only found in adventitial 
cells. Upon femoral artery ligation, we observed a dramatic upregulation of CD44 in 
collateral arteries in the quadriceps and adductor muscles. CD44 was strongly 
expressed on both the endothelium, within the vascular wall as well as on 
perivascular accumulated leukocytes. The specific deletion of the CD44 receptor by 
the use of CD44 knockout mice impaired leukocyte trafficking to perivascular sites 
of collateral arteries. Moreover, the expression of PDGF and FGF-2 were both 
decreased. Most importantly, restoration of flow upon femoral artery ligation was 
severely hampered in CD44 knockout mice. Finally, we show that in patients a 
correlation exist between the development of a collateral circulation and CD44 
expression on isolated (and stimulated) monocytes. 

Current understanding of the complex process of arteriogenesis is that the initial step 
for the development of a collateral circulation is a change in flow pattern upon 
arterial obstruction. Due to the arterial obstruction, flow partially redistributes over 
pre-existent collateral arteriolar pathways. This increase in flow activates the 
endothelium of these collateral arterioles via shear stress that leads to upregulation 
of adhesion receptors like ICAM-1 on endothelial cells and the release of factors like 
MCP-1 and TGF-B. Thereupon, leukocytes adhere to the endothelium and migrate 
towards the perivascular space, creating an inflammatory environment that seems to 
be a prerequisite for collateral artery growth 26. 

CD44 exerts a myriad of functions that are also involved in collateral artery 
development. First of all, the adhesion molecule CD44 is a homing receptor for 
leukocytes. Indeed, in the present study we could show that the number of 
perivascular leukocytes, as detected by CD1 lb, decreased significantly in CD44'" 
mice. In previous studies we could show that the majority of perivascular leukocytes 
were monocytes/macrophages and most probably this was also true in the present 
study since granulocytes, the second set of leukocytes that express CD1 lb, are 
seldomly encountered in the context of arteriogenesis. Based on a similar 
argumention, CD1 lb is also a common antigen used for the detection of 
monocytes/macrophages in atherosclerotic plaques. Interestingly, deficient 
monocyte-trafficking in CD44"'" mice has also been implicated in the pathogenesis 
of atherosclerosis, leading to a strong inhibition of plaque formation in 
atherosclerosis prone Apolipoprotein E deficient mice crossbred with CD44""mice 
21'. We found such close association between monocyte trafficking during 
arteriogenesis and during atherogenesis also in ApoE -/- mice treated with MCP-1 28. 

65 



CHAPTER 4 

Figure I CD44 expression during 
arteriogenesis. a,b, Profound 
expression of CD44 is present in 
collateral arteries in different Stages of 
maturation c, In control arteries, 
harvested from the non-1/gated leg, 
CD44 expression is limited to the 
adventita. d,e, Capillary endothelium 
expresses ('1)44 both in normal 
himllimh musculature id) as well as in 
hindlimh musculature harvested from 
the ligatedlimb te), f Specificity of the 
CD44 antibody is illustrated by total 
absence of staining in collateral 
arteries of('1)44 mice. 
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figure 2 a.h. Leukocytes accumulate m the perivascular space during arteriogenesis. < .</. 
Leukocyte trafficking during arteriogenesis is strongly hampered in ('1)44 mice. e. 
statistically significant reduction of perivasular leukocytes as a percentage of total cell 
population per field oj view 
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Figure 3 ci.b. Collateral arteries of 
different sizes strongly express FGF-2 
during arteriogenesis. Seven days after 
femoral artery ligation this expression 
is mainly limited to the vessel wall. c.h. 
FGF-2 expression is almost non-
deteetahle in collateral arteries derived 
from CD44' mice. e,f Media as w ell as 
endothelial cells strongly express 
PDGFduring arteriogenesis. g.h. 
PDGF is only minimally expressed in 
CD44' inn c 

• 
Figure 4 a-d. Collateral vessels 
were isolated with Laser 
microdissection and collected for 
RT-PCR analysis. Panel E shows the 
ratio ofmRNA content between 
collateral vessels derived from 
CD44 ' mice and control mice. e. 
RT-PCR analysis showed a trend 
towards increased in RNA levels in 
CD44 mice. These differences were 
however not significant.. 
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I . 
Figure 5 a, Flow restores quickly upon 
femoral artery ligation in control mice over a 
7-day period, In CD44~'~ mice the restoration 
of flow is strongly reduced as compared to 
control mice (control: 54.5% ± 14.9% vs. 
CD44: 24.1% ±9.2%, P<0.001). b. Wall 
thickness of collateral arteries is reduced in 
CD44 mice (control: 6.9 ± 2.5 pin vs. CD44' 

: 5.3 ±1.6 urn. P<0.001). c. The ratio of the 
total added vessel surface as a ratio of total 
tissue surface is also reduced in CD44" mice 
(control: 0.030 ± 0.016% vs. CD44'': 0.017 ± 
0.009%, P<0.05). 
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Figure 6 a. Baseline characteristics of patients, b. A positive correlation is present between 
CFI and fluorescence intensity ofCD44 on CD 14 positive activated monocytes in patients with 
single-vessel coronary artery disease. 
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A role for CD44 specifically in monocyte trafficking was also shown by us in a 
mouse model o f M Tuberculosis infection 29. 
Mmonocytes/macrophages locally produce cytokines like Tumor Necrosis Factor a 
(TNFa) that are required for the perpetuation of a local inflammatory environment 
during the phase of arteriogenesis !7,22. Such an inflammatory environment is a 
prerequisite for the production of MMPs, that degrade perivascular tissue that 
would otherwise restrict the collateral artery in its outward growth ' . Moreover, it 
is thought that perivascular leukocytes, especially macrophages, produce growth 
factors like FGF-2 to induce smooth muscle cell mitosis ' ' . The latter function of 
monocytes/macrophages could not be confirmed in the present study for either FGF-
2, VEGF or PDGF. In our model all of these growth factors were expressed 
predominantly within the media by smooth muscle cells. This indicates the 
important role of smooth muscle cells in the synthesis of growth factors and 
constitutes a second arteriogenic pathway that was found to be defective in CD44 -/-
mice, namely a reduced vascular expression of pro-arteriogenic growth factors FGF-
2 and PDGF. FGF-2 induces the growth of collateral vessels via a direct mitogenic 
effect on both endothelial cells as well as smooth muscle cells ' " and also PDGF 
positively modulates collateral artery development ' . CD44 mediates the 
dedilferentiation of quiescent smooth muscle cells into a synthetic phenotype and 
indeed a strong decrease was found in vascular wall expression of both FGF-2 and 
PDGF and to a lesser extent of VEGF. This decrease was however not found on a 
mRNA level, indicating that most probably growth factor stabilization is disturbed 
in CD44 -/- mice due to a failing protection from proteolytic degradation. Indeed it 
has been shown that certain CD44 isoforms can bind growth factors and might 
protect them from lysis by extracellular proteinases ' . 

We supposed a third deficient arteriogenic pathway in CD44 -/- mice in the TGF-131 
cascade. We recently showed in a rabbit model of femoral artery ligation that during 
arteriogenesis an increase is observed in the active 55 kDa form of TGF-B1. 
Moreover, exogenous supply of TGF-8| leads to a 7-fold increase in collateral 
conductance one week after femoral artery ligation. TGF-B| exerts its arteriogenic 
effects via a monocytic pathway, increasing their migration rate and cytokine 
production. A recently published paper by Yu et al showed that CD44 facilitates the 
activation of TGF via membrane localization of MMP-9 by CD44 35. MMP-9 is also 
upregulated during collateral artery growth ' and this pathway of TGF-B1 
activation supposedly was disturbed in the present model of CD44 inhibition. 
Unfortunately, this remains hypothetical. At present no antibody is available for 
immunohistochemistry, directed specifically to activated TGF-B1. This implies that 
such a study would require the performance of Western blotting on collateral vessels 
which, due to insufficient amounts of tissue and extracted protein, was not feasible 
in the current setting of murine hindlimb arteriogenesis. 

Whether CD44 is expressed on non-activated endothelium is still controversially 
discussed. Some authors have reported CD44 to be a specific activation antigen on 
endothelial cells, almost completely absent on resting endothelial cells and strongly 
upregulated after endothelial activation. This is partially in contradiction with our 
findings. We found no detectable CD44 expression on endothelium of larger vessels 
under resting conditions. However, CD44 was abundantly present on capillaries in 
normal hindlimb musculature. A possible explanation for this phenomenon is the 
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putative activation of endothelium on the sham-operated side, either directly as a 
result of the sham procedure or due to an alteration in hemodynamics also in the 
non-ligated limb. However, the positive staining of capillary endothelium in 
hindlimb musculature harvested from mice that had not been operated upon, pointed 
in the direction of endogenous CD44 expression of microvascular endothelial cells 
in mice. This is apparently species-specific, since the above mentioned study used 
human endothelial cells. 

The exact role of CD44 during angiogenesis remains to be eluded. CD44 mediates 
the pro-angiogenic effects of especially low molecular weight hyaluronate and is 
involved in tumor angiogenesis " and in placental angiogenesis during the 
reproductive cycle 38. However, high molecular weight hyaluronan, that also signals 
via CD44, has well known anti-angiogenic properties. Moreover, it was shown 
recently that FGF-2 induced angiogenesis into subcutaneously implanted Matrigel 
pellets could be blocked by RHAMM, another receptor for hyaluronan, but was 
unaffected after blocking CD44. The role of CD44 in ischemia-induced angiogenesis 
is unknown. Our own data showed no difference in number of capillaries between 
CD44 -/- and their control littermates, although in both groups a slight increase in 
capillaries as compared to the non-ligated hindlimb was observed in distal 
musculature. This would indicate that CD44 deficiency does not affect angiogenesis 
or is compensated for. It should be noted however that our model focuses on 
arteriogenesis rather than angiogenesis. To finally address the issue of CD44 
involvement in ischemia induced angiogenesis. a model of more severe arterial 
obstruction, leading to profound tissue ischemia, needs to be implemented in the 
setting of CD44 inhibition. 

The patient data that are presented in this manuscript are derived from a small 
selected population of patients with single-vessel coronary artery disease. We aimed 
to determine the maximal CD44 expression of isolated monocytes in order to get an 
impression of the CD44 response of monocytes upon activation. Since LPS did not 
further increase CD44 expression we concluded that the Ficoll-isolation as well as 
the several staining steps already induced maximal CD44 expression on monocytes. 
This was for us important knowledge since we were not so much interested in the 
level of CD44 expression on circulating monocytes, which potentially is influenced 
by several confounding factors, but rather in the CD44 expression response by 
monocytes upon stress since we showed in our mouse model that this CD44 
response is also induced during collateral artery growth. We decided to only include 
single-vessel disease in order to guarantee complete patency of the feeding coronary 
artery. We are currently expanding the number of patients to further confirm these 
data and are also including patients with two- and three-vessel disease. Moreover, 
we are implementing flow data in order to calculate resistance of the collateral 
circulation which is a more reliable parameter. In conclusion, we show for the first 
time the important role of CD44 during arteriogenesis. CD44 is required for both 
leukocyte trafficking to the perivascular space of growing collateral arteries as well 
as for maintained expression of FGF-2 and PDGF. In patients with single-vessel 
coronary artery disease, a correlation exists between the degree of development of a 
collateral circulation and the maximal expression of CD44 by monocytes. 
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CHAPTER 5 

Abst rac t 

Background: We examined the time course of arteriogenesis (collateral artery 
growth) alter femoral artery ligation and the effect of monocyte chemoattractant 
protein-1 (MCP-1). 

Methods and results: New Zealand White rabbits received MCP-1 or phosphate 
buffered saline (PBS) for a one-week period, either directly or three weeks after 
femoral artery ligation (non-ischemic model). A control group was studied with 
intact femoral arteries and another one minutes after acute femoral artery ligation. 
Collateral conductance index significantly increased when MCP-1 treatment started 
directly after femoral artery ligation (acute occlusion: 0.94±0.19; without occlusion: 
168.56± 15.99; PBS: 4.10=0.48; MCP-1: 33.96± 1.76 ml/min/lOOmmHg). However, 
delayed onset of treatment three weeks after ligation and final study of conductance 
at four weeks showed no significant difference against a 4 week control (PBS: 
79.08±7.24; MCP-1: 90.03+8.73 ml/min/lOOmml Ig). In these groups increased 
conductance indices were accompanied by a decrease in the number of visible 
collateral vessels (from 18 to 36 identifiable vessels at day 7 to about 4 at 21 days). 
Conclusions: We conclude that the chemokine MCP-1 markedly accelerated 
collateral artery growth but did not alter its final extent above that reached 
spontaneously as a function of time. We show thus for the first time that a narrow 
time window exists for the responsiveness to the arteriogenic actions of MCP-1, a 
feature that MCP-1 may share with other growth factors. We show furthermore that 
the spontaneous adaptation by arteriogenesis stops when only about 50% of the 
vasodilatory reserve of the arterial bed before occlusion are reached. The superiority 
of few large arterial collaterals in their ability to conduct large amounts of blood 
flow per unit of pressure as compared to the angiogenic response where large 
numbers of small vessels are produced with minimal ability to allow mass transport 
of bulk flow is stressed. 
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Introduction 
In the adult, blood vessels can grow either via the process of angiogenesis or via the 
process of arteriogenesis ' ' 3 4. Angiogenesis refers lo the sprouting of endothelial 
cells from pre-existing vessels, thereby forming new capillary networks. One of ihe 
main stimulants of this process is hypoxia, increasing the transcription of angiogenic 
growth factors such as vascular endothelial growth factor (VEGF), which is a 
known but weak mitogen for endothelial cells 5, via the oxygen dependent 
regulation of the nuclear protein I1IF (hypoxia inducible factor) 6. Arteriogenesis in 
contrast occurs independent from ischemia and refers to the proliferation of pre
existing arteriolar connections into functional collateral arteries. When a main artery 
develops a hemodynamically relevant stenosis, causing a fall in intravascular 
pressure in the dependent vasculature, blood flow is re-distributed through these 
interconnecting arterioles, significantly increasing shear stress, which is in turn 
leading to activation of the endothelium and upregulation of cell adhesion molecules 
(ICAM, VCAM, Selectins) 7 i 9 10 " . Circulating mononuclear blood cells are 
attracted by the activated endothelium, attach to the CAMs and migrate into the 
vessel wall, giving rise to the production of various cytokines and growth factors 
(e.g. bFGF, TNF-a, GM-CSF and MCP-1) l 2 : 9 ' \ finally leading to proliferation 
and growth of the collateral vasculature. Monocyte Chemoattractant Protein-1 
(MCP-1) has been shown to stimulate the process of arteriogenesis '4 via an 
increased attraction of circulating monocytes to sites of proliferating collateral 
arteries. 

In comparison to angiogenesis. stimulation of arteriogenesis is probably the more 
efficient process to replace an occluded artery, because Newtonian flow is related to 
the fourth power of the vessel's radius, which means that small changes in the 
diameter of a collateral vessel result in large changes in blood flow. Thus, the 
increase in blood flow to potentially ischemic tissue, as caused by the development 
of two or three large collateral arteries, cannot be equaled by newly formed 
capillaries, however numerous. 

One of the most important questions with regard to therapeutic arteriogenesis is that 
of responsiveness to the agent applied. This first increases but rapidly decreases 
with time after arterial occlusion. Blood flow measurements in rats showed that 2 
weeks after femoral artery ligation the increase in collateral blood flow had stopped. 
When treated with basic fibroblast growth factor (bFGF), collateral flow increased 
during the first week about two-fold but did not change significantly in the 
following weeks '5 although full vasodilatory reserve was not yet reached. These 
findings and those of Linger '6 and our present results clearly show that therapeutic 
arteriogenesis has only a limited time-window. Therefore knowledge of the time 
course of arteriogenesis in any given species is of great importance in order not to 
miss the responsive cycle of the time window. 

Fur thermore , weaknesses exist in the exper imental evaluation of the t ime 
factors as they are influenced by pharmacologica l agents because of the 
paucity of sensit ive and quant i ta t ive me thods to s tudy changes as a function 
of t ime. Me thods developed to provide functional measuremen t s are Laser-
Doppler imaging, infrared thermography and oxymetry. In the rabbit hindlimb 
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model these measurements are subjected to considerable method- and operator 
variability. Furthermore these techniques measure only derivatives of hindlimb 
perfusion like flow- or erythrocyte velocity, skin circulation or skin oxygenation 
instead of total hindlimb perfusion. 

The only well established and described method to measure directly hindlimb 
perfusion in vivo after femoral artery occlusion is the use of radioactive tracer 
microspheres ' ' l8. Since their introduction, fluorescent microspheres successfully 
replaced radioactive tracers in many experimental settings ' ~' and have been 
shown to be superior in handling, accuracy and reproducibility . 
In the rabbit hindlimb four different microspheres were used to study the effects of 
MCP-1 on arteriogenesis in an ex vivo model u . In the present study, we measured 
hindlimb perfusion after femoral artery occlusion as a function of time using six 
differently labeled fluorescent microspheres at different perfusion pressures at 
maximal vasodilation. In addition we will describe our experience with a high 
resolution, low keV X-ray angiography in the rabbit hindlimb model of 
arteriogenesis. 

Material and Methods 
Animal model 
The present study was performed with the permission of the State of Hessen, 
Regierungspraesidium Darmstadt, according to Section 8 of the German Law for the 
Protection of Animals. It conforms to the Guide for the Care and Use of Laboratory 
Animals published by The US National Institute of Health (NIH Publication No. 85-
23, revised 1996). 

Seventy-two New Zealand White Rabbits (NZWR) were randomly assigned to one 
of six groups (n=12 each). After ligation of the femoral artery, two groups received 
either phosphate buffered saline (PBS) or monocyte chemoattractant protein-1 
(MCP-1) (0.2 pg/kg/d) locally via an osmotic minipump for one week. To study the 
long-term development of collateral arteries, animals of group three and four were 
treated with either PBS or MCP-1 for a one-week period, three weeks after ligation. 
In the fifth group of twelve animals the femoral artery was Iigated directly before 
the final experiment. To obtain the normal conductance index value and 
angiographic appearance of the vascular tree of the rabbit hindlimb a sixth group 
was evaluated without femoral artery ligation. For the implantation of the osmotic 
minipumps (Model 2 ML 1, Alza Corp., Palo Alto, USA), the animals were 
anesthetized with an intramuscular injection of ketamine hydrochloride (50 mg/kg 
body weight) and xylazin (8 mg/kg body weight). Supplementary doses of 
anesthetics (10% to 20% of the initial dose) were given intravenously as needed. All 
surgical procedures were performed under sterile conditions. After incision of the 
skin, the femoral artery was dissected, exposed and cannulated with a sterile 
polyethylene catheter (inner diameter: 1 mm, outer diameter: 1.5 mm). The catheter 
was placed with the tip positioned approximately 1 cm distal to the branches of the 
arteria circumflexa femoris and the arteria profunda femoris, pointing upstream in 
order to deliver the substances continuously and during first-pass into the collateral 
circulation. The incision was sutured carefully to prevent self-mutilation of the 
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animals. Animals received 0.5 ml of intramuscular tetracycline as an antibiotic 
prophylactic. After the surgical procedure the animals were housed individually 
with free access to water and chow and were allowed to move freely. There were no 
signs of any gross impairment or necrosis. For final experiments animals of each 
group were randomly assigned to either angiographic or hemodynamic 
measurements. 

Post-mortem angiograms 
After the treatment period the animals were sacrificed. The distal descending aorta 
was cannulated (inner diameter 2.2 mm, outer diameter 2.5 mm) and briefly 
perfused with a buffer containing adenosine at a concentration of 1 mg/kg to achieve 
maximal vasodilation. To prevent premature gelling, all solutions and the animal 
itself were kept in a water-bath at 37° C. The rinsing procedure was followed by an 
eight minute infusion with a contrast medium based on bismuth and gelatin 2i at a 
pressure of 80mmHg. Subsequently the contrast medium was allowed to gel by 
placing the hindlimbs on crushed ice for 60 minutes. Angiograms of each single 
hindlimb were taken at two different angles in a Balteau radiography apparatus 
(Machlett Laboratories) at 30 keV accelerating voltage using a single-enveloped 
Structurix D7DW film (AGFA). For quantification of visible collateral arteries the 
resulting angiograms were assessed in a single blinded fashion under stereoscopic 
viewing in three dimensions. Only vessels indubitably showing a defined stem-, 
mid- and re-entrant zone according to the Longland classification " were counted 
and marked to make sure that no vessel was counted twice. 

Hemodynamic measurements 
For hemodynamic measurements the animals were again anaesthetized using the 
same concentrations as listed above. Animals were heparinized with a bolus 
injection of 5000 Units heparin. The animals were ventilated after tracheotomy and 
the anesthesia was deepened with a continuous infusion of pentobarbital (12 
mg/kg/h). Therefore the jugular vein was dissected and cannulated with a 
polyethylene catheter (inner diameter 1 mm, outer diameter 1.5 mm). For 
installation of a pump-driven shunt the carotid artery was cannulated (inner 
diameter 2.2 mm, outer diameter 2.5 mm). The arteria saphena magna which 
corresponds to the anterior tibial artery in humans and is the main arterial supply to 
the lower limb and foot in the rabbit, was exposed just above the ankle and 
cannulated with a polyethylene catheter (inner diameter 0.58 mm, outer diameter 
0.96 mm). For sampling of the microsphere reference, the left femoral artery was 
exposed and cannulated with a polyethylene catheter (inner diameter 1 mm, outer 
diameter 1.5 mm). The distal abdominal aorta was cannulated (inner diameter 2.2 
mm, outer diameter 2.5 mm) and a pump-driven shunt between the carotid artery 
and the aorta was installed to perfuse both hindlimbs. Catheters of the saphenous 
arteries and the canula of the aorta were connected to Statham P32DC pressure 
transducers (Statham, Spectramed). A cannulating ultra-sound flow-probe was 
installed to measure total flow to both hindlimbs. Pressures and total flow were 
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continuously recorded on a computerized recordings system (MacLab, Macintosh) 
from which they were later retrieved for further analysis. To achieve maximum 
vasodilation adenosine (Sigma Chemical Company, St. Louis, MO) was 
continuously infused (1 ing/kg/min) into the shunt system. 

In vivo Pressure-Flow Relations 
After stabilization of peripheral and systemic pressures both legs were perfused at 
six different systemic pressure levels between 45 and 75 mmllg, using a roller pump 
(Stoeckert) installed in the above-mentioned shunt hetween carotid artery and 
abdominal aorta for maintenance of stable flow levels between 53 and 110 ml/min 
(figure 1). At each resulting different pressure level, differently labeled fluorescent 
microspheres (either scarlet, crimson, red, blue-green, orange, yellow-green; 
diameter 15 urn; Molecular Probes, Eugene, Oregon, USA) were injected into a 
mixing chamber installed in the shunt system. From the left femoral artery a blood 
sample was withdrawn for three minutes at a rate of 0.6 ml/min as a flow reference 
for each single microsphere. 

Counting of Microspheres 
The following muscles were dissected from the leg: Quadriceps, adductor longus, 
adductor magnus, gastrocnemius, soleus, plantaris and peroneal muscles. Each 
muscle was divided into three consecutive samples (-0.5 g) from the proximal to the 
distal end. The whole muscle and afterwards each muscle sample were weighted. 
The samples were then homogenized and placed loosely in 12 mm * 75 mm tubes 
(Becton Dickinson & Co, Lincoln Park, N.1). To each of the tissue samples and to 
the blood flow reference samples the following was added: Three ml of a 
proteinase/SDS solution [SDS stock solution: 1% SDS, 0.5% sodium azide (both 
Sigma Chemical Company, St. Louis. MO) and 0.8% tween-80 (Fisher Scientific. 
Fairlawn. NJ) in 50 millimolar pH 8 tris buffer (Sigma Chemical Company, St. 
Louis, MO)] and 1 mg/ml proteinase K (Boehringer Mannheim Corp.). Blue 
microspheres (4000/ml, diameter 15um; Molecular Probes, Eugene, Oregon, USA) 
were used as an internal standard. Each tube was capped and secured in a shaking 
water bath at 50° C for 24 hours. All samples were then centrifuged at 1000 g for 30 
minutes, the supernatant was pipetted off and the pellet was resuspended in one ml 
CellWash (Becton Dickinson & Co. Lincoln Park, NJ). Directly before FACS-
analysis the probes were rigorously shaken. For microsphere counting a flow-
cytometer (FACSCalibur) equipped with a second laser and a detector for a fourth 
fluorescence was used. After FACS-analysis each single microsphere was classified 
and counted with a computerized analysis system (Becton Dickinson & Co, Lincoln 
Park, NJ). Flow for each sample was calculated from the number of microspheres in 
the sample (ms), the respective microsphere count in the reference sample (mrs), the 

The method of using fluorescent microspheres that were counted after tissue 
digestion in a FACS cytometer was developed by Dr. Bruce Ito who shared his 
experience with us but did not publish it. The description of this method is done with 
his consent. 
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internal standard microsphere count in the sample (ISs) and in the reference sample 
(ISrs), the weight of the reference sample (w) and the time during which the 
reference sample was withdrawn (t) using the following equation. The left hindlimb 
was processed in the same manner as described above and served as an internal 
validation group. 

Flow (ml/min) = (Ms * ISrs * w)/(ISs * Mrs * t) 

ms = sample microsphere 

ISrs = internal standard reference 
w = weight 
ISS = sample internal standard 
mrs = sample microsphere reference sample 
t = time 

Calculation of Conductance Indices 

In our model, collateral arteries span from the arteria circumflexa femoris and the 
arteria profunda femoris to the arteria genualis and the arteria saphena parva. After 
femoral artery occlusion these vessels provide the blood supply to the lower limb 
and the distal part of the adductor. Systemic pressures (SP) at the distal part of the 
abdominal aorta and peripheral pressures (PP) in the saphenous artery were 
measured. PP is the pressure in the re-entrant region and is identical to the pressure 
head of the circulation in the lower leg. Collateral How is equal to the sum of blood 
flows to the tissues of the distal adductor muscle plus the flow to the tissue of the 
lower leg. Resistance of the collateral artery network was defined as the pressure 
difference between SP and PP divided by the collateral blood flow. Conductance is 
defined as the reciprocal value of vascular resistance and is a recognized parameter 
in vascular physiology. Because even after maximal vasodilation a positive pressure 
intercept is observable, all conductance indices were calculated from the slope of 
the pressure-flow relations. 

Statistical analysis 

Results are presented as means ± standard deviation. Comparisons between two 
means were performed using the unpaired Student's t-test. Analysis was performed 
using a computerized software package (Sigma Stat, Jandel Scientific). P < 0.05 was 
considered to be statistically significant. 

Results 
No animals were lost during or after femoral artery ligation. We also did not observe 
any gangrene or gross impairment of hindlimb function after femoral artery 
occlusion. The body weights and body temperature within the different groups did 
not show any significant difference. There were no detectable differences in the 
plasma values of total protein, albumin, glutamic oxaloacetic transaminase and 
glutamic pyruvic transaminase. 
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Angiographic findings 
Figure 2a shows an angiogram of a rabbit hindlimb without femoral artery 
occlusion. Post-mortem angiograms immediately after occlusion of the femoral 
artery showed pre-existing interconnecting arteries spanning from the arteria 
profunda femoris and the arteria circumflexa femoris to the arteria genualis and the 
arteria saphena parva. These vessels did not show any corkscrew-like formation 
characteristic for collateral arteries (figure 2b). The ligation of the femoral artery led 
to a proliferation and growth of these pre-existing arterioles. One week after PBS 
infusion the number of visible collateral arteries significantly increased, showing the 
typical corkscrew formation (figure 2c). MCP-1 treatment for the same time period 
further increased the collateral vessel count (figure 2d). The high amount of 
relatively small collateral arteries declined during the remodeling process resulting 
in a lower number of vessels with a relatively large diameter both in the control 
group as well as in the MCP-1 treated group (figure 2e and 2f). Quantification of 
visible collateral arteries under stereoscopic viewing verified the radiographic 
appearance (number of angiographically visible collateral arteries: without 
occlusion: 6,66±1,17; after acute occlusion: 8,27±1.12; 1 week PBS: 16,16±1.40; 1 
week MCP-1: 30,16±1,96; 3 weeks occlusion plus 1 week PBS: 10,15±0,98; 3 
weeks occlusion plus 1 week MCP-1: 11.07±0.87) (figure 3). 

Haeinodynamic parameters 
The normal conductance index of the arterial vessel bed in the non-occluded rabbit 
hindlimb was 168.56 ± 15.99 ml/min/lOOmmHg. One week after femoral artery 
ligation the collateral conductance index increased about 4-fold in comparison to the 
acute occlusion (0.94 ±0.19 ml/min/lOOmmHg: 1 week PBS: 4.10 ± 0.48 
ml/min/lOOmmHg). MCP-1, given intraarterially as a continuous infusion, 
significantly increased the collateral conductance index as compared to the PBS-
treated group (1 week MCP-1: 33.96 ± 1.76 ml/min/lOOmmHg). Four weeks after 
ligation blood flow was further restored towards normal (3 weeks occlusion plus 1 
week PBS: 79.08 ± 7.24 ml/min/lOOmmHg). At this time point the collateral 
conductance index of the MCP-1 treated group did not differ significantly from the 
control group (3 weeks occlusion plus 1 week MCP-1: 90.03 ± 8,73 
ml/min/lOOmmHg) (figure 4). 

Conductance index measurements of the left leg. acutely occluded by the catheter 
from which the reference sample was withdrawn, showed no significant differences 
between any group (left acute occlusion 0.91 ± 0.2 ml/min/lOOmmHg; left 1 week 
PBS 0.90 ± 0.11 ml/min/10OmmHg; left 1 week MCP-1 0.96 ± 0.17 
ml/min/lOOmmHg; left 3 weeks occlusion plus 1 week PBS 0.88 ± 0.17 
ml/min/lOOmmHg; left 3 weeks occlusion plus 1 week MCP-1 0.91 ±0.14 
ml/min/lOOmmHg; left without occlusion 0.88 ±0.19 ml/min/lOOmmHg). Figure 1 
shows the relationship between total flow to the hindlimbs and the difference 
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Figure I: Relationship 
between pump-controlled 
blood flow into the distal 
abdominal aorta and 
pressure differences between 
systemic pressure at the level 
of inflow and peripheral 
pressures distal to the 
ligation of the femoral artery 
after different treatment 
regimens. It is shown that the 
more efficient the treatment 
and the higher the 
conductance index, the lower 
the pressure difference at the 
lowest pump-flow and the less 
steep the curve. 

Figure 2a-f: Postmortem angiograms oj 
rabbit hindlimbs without (a) and after 
acute femoral artery ligation (b). 1 
week after femoral artery ligation, 
several collateral arteries spanning the 
occlusion site can be detected (c). 
Continuous infusion of MCP-1 for the 
same time period significantly increases 
collateral vessel density (d). Animals 
treated for a one-week period three 
weeks after femoral artery occlusion 
showed no significant difference 
between PBS (e) and MCP-1 (f) 
infusion. 
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Figure 3: Number of collateral arteries (* = P<0.05) counted under stereoscopic view. 

Figure 4: In-vivo conductance indices in ml/inin/lOOmmHg (* = P<0.05). 
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Figure 5: Conductance 
percentages compared to 
normal conductance 
without femoral artery 
ligation (=100%). There 
is a remarkable increase 
from the situation 
acutely after femoral 
artery occlusion and the 
situation four weeks later 
showing the possible 
impact of the collateral 
circulation. 
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Figure 6a: Increase in 
collateral conductance index 
in time after femoral artery 
ligation for MCP-l treated 
and control animals <ns = not 
significant, * = P<0.05). 
Figure 6b: Relationship 
between collateral 
conductance index (x-axis) 
and number of detectable 
collateral arteries (y-axis). 
After 
acute occlusion only very few 
collateral vessels are 
angiographically detectable, 
however the true number is 
much higher. After one week, 
the number of collateral 
arteries as well as the 
collateral conductance index 
has increased significantly. 
Four weeks after occlusion of 
the femoral artery collateral 
conductance index showed a 
further increase, whereas the 
number of collateral arteries 
has decreased. The 
correlation between the 
unoccluded femoral artery 
and its conductance index 
shows that numerous smaller 
vessels cannot simply replace 
a large artery. 
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between systemic and peripheral pressures after different treatment regimens. Low 
conductance indices correlate with steep curves and vice versa, indicating the 
maximal capacity of the collateral arteries. 

Discussion 

Although arteriogenesis and angiogenesis are two different mechanisms of vessel 
growth, exploiting different molecular pathways, they can occur simultaneously, 
e.g. in the heart. Thus, to study specifically the factors involved in the process of 
arteriogenesis, without the presence of interfering angiogenic processes, a non
ischemic arterial occlusion model is needed. For that, the rabbit hindlimb model of 
femoral artery occlusion is an excellent model, since there is no ischemia detectable 
at rest (no change in e.g. ADP, AMP or lactate levels). Collateral arteries develop in 
a non-ischemic environment"' (E. Deindl, unpublished data). Since the region of 
interest is non-ischemic, angiogenesis does not significantly contribute to the 
collateral conductance index measurements. Therefore, this model can be used to 
specifically examine the process of arteriogenesis and the role of different 
exogenously applied substances, such as growth factors or cytokines and the 
molecular and cellular mechanisms responsible for collateral artery growth. 
For reliable evaluation of the arteriogenic potency of different substances a 

reproducible and precise method is required. In this article we have described an 
alternative model of tissue perfusion measurements in the rabbit hindlimb using 
fluorescent microspheres in-vivo. In contrast to the measurement of only one 
collateral blood flow value, collateral conductance indices were calculated from 
blood flows and corresponding blood pressures at six different pressure levels 
between 45 and 75 mmHg. Thereby not only information is obtained about 
collateral blood flow at a specific pressure but also about the ability of collateral 
arteries to conduct blood to dependent regions. We analyzed each single sample 
after specific tissue digestion with proteinase leaving the microspheres unaffected 
which were subsequently counted for fluorescence intensity by FACS-analysis. 
Each microsphere was classified using its specific spectrum in all four identifiable 
fluorescence ranges, allowing the use of as many as seven different labels for tissue 
perfusion measurements. The total number of the different microspheres per 
measured sample was between 200 and 1000. This number has been shown to allow 
precise flow quantification . The data provided by the measurements with the 
fluorescent microspheres are true functional data. However, the unit of conductance 
(ml/min/mmHg) as used in our model cannot be extrapolated directly to other 
models since it is specific for the rabbit hindlimb and experimental conditions. We 
therefore think it is more appropriate to use percentages of normal conductance as 
shown in figure 5. 

Time course of arteriogenesis 

Our main finding is that collateral artery growth proceeds in two phases: an early 
phase with recruitment of numerous pre-existent arterioles which significantly 
increase conductance within 7 days and a sub-acute phase where conductance rises 

more markedly in the subsequent 3 weeks because of the selective growth of a few 
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large caliber vessels to the disadvantage of numerous small ones that regress again 
by a process called "pruning'*. These late large collateral vessels show a 10-fold 
increase in diameter as compared to the pre-existing arteriolar 
connection from which they developed. 
Figure 6a shows the relationship comparing PBS-treatment and MCP-1-treatment, 
indicating that MCP-1 at first accelerates the process of arteriogenesis. However, at 
later time-points both curves come together again and will most likely have the 
same end-point. As shown in figure 6b an inverse relationship is observed between 
the number of collateral vessels and the conductance index of the collateral 
circulation. This might seem paradoxical, however it reflects the remodeling of the 
hindlimb circulation where small vessels are "pruned" away to the advantage of the 
larger few that conduct blood more efficiently with lesser energy losses, indicating 
the advantage of arteriogenesis over angiogenesis for flow restoration after arterial 
occlusion. 
It is of note that even in the young healthy animals of our study maximal dilatory 
reserve is restored to only 50% of the value before occlusion. Four weeks after 
ligation, collateral conductance index had increased to 47% of the physiologic 
values, which is almost 20-fold higher than one week after ligation and about 80 
times as high as after acute occlusion. However, it is intuitively clear that the result 
in atherosclerotic patients with multiple risk factors is probably less favorable. 
Although we show here that the time course of collateral development can be 
significantly accelerated by infusion of the chemokine MCP-1, the final 
conductance index value reached under the influence of the chemokine is not 
superior to the spontaneous development if sufficient time was allowed to elapse. 
Once the spontaneous development had come to an end, a late treatment with the 
arteriogenic chemokine had no significant effect. The ultimate goal of all further 
experimental efforts will be the restoration "ad integrum" by collateral arteries of 
the maximal conductance of the artery before occlusion. 

Clinical relevance 
In case of chronic arterial occlusion, the human body is capable to build own natural 
bypasses by collateral artery growth (arteriogenesis). However, due to largely 
unknown mechanisms the process of arteriogenesis usually falls short of complete 
restoration of maximal conductance giving rise to clinically observable limitations 
of organ function, especially under loading conditions. This group of patients will 
most probably benefit from the stimulation of arteriogenesis and some promising 
results with substances promoting arteriogenesis in an experimental setting were 
published over the last few years l4 '5. However, our data indicate that growth factor 
treatment may only be effective during a relatively narrow time-window as was 
already suggested by reports on coronary collateral arteries in the dog and femoral 
collateral arteries in the rat l5 '6. It remains to be demonstrated if the gain in time is 
of sufficient relevance in a clinical setting where most often the time of occlusion is 
either not known or has occurred some time ago. 
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Conclusion 
The development of collateral conductance over time shows that maximal 
conductance values, as in non-occluded femoral arteries at maximal vasodilation, 
are not reached by growth of pre-existing collateral arteries within the time frame of 
four weeks. Within that time only 47 % of normal maximal blood flow is restored, 
compared to 1 % acutely after ligation. The exogenous application of MCP-1 
acutely after femoral artery ligation in the rabbit can significantly accelerate the 
process of collateral artery formation reaching the final outcome several weeks 
earlier, probably meaning an important gain of time in the treatment of occlusive 
artery disease. However, when applied sub-acutely (three weeks after occlusion) no 
further positive effect was observed indicating a narrow time-window for growth 
factor responsiveness, which might be prolonged by combination of different 
factors. 
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CHAPTER 6 

Abstract 
Background: We investigated the role of the colony stimulating factor for 
monocytes, GM-CSF, to test the hypothesis whether prolongation of monocyte life 
cycle will support arteriogenesis (rapid growth of preexisting collateral arteries). 
Methods and Results: The continuous infusion of GM-CSF for 7 days into the 
proximal stump of the acutely occluded femoral artery of rabbits produced a marked 
arteriogenic reponse as demonstrated by an increase (2-fold) in number and size of 
collateral arteries on postmortem angiograms and by the increase of maximal blood 
flow during vasodilation measured in vivo (5-fold). When GM-CSF and MCP-1 
were simultaneously infused the effects on arteriogenesis were additive. GM-CSF 
was also able to widen the time window of MCP-1 activity: MCP-1 treatment alone 
was ineffective when given after the third week following occlusion. When 
administered together with GM-CSF, about 80% of normal maximal conductance of 
was achieved. In vitro experiments showed that monocyte apoptosis was markedly 
reduced under GM-CSF treatment. In contrast to MCP-1, GM-CSF showed no 
activity on monocyte transmigration and also no influence on monocyte adhesion to 
cultured endothelial cells. 

Conclusions: We have discovered a new function of GM-CSF as a powerful 
arteriogenic peptide. As a potential working mechanism it is proposed that it acts via 
prolongation of the life cycle of monocytes/ macrophages. 
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Introduction 
Circulating monocytes play a central role in both innate and acquired immunity of 
the host. Besides their crucial role in the defense against invading pathogens and a 
variety of other functions, monocytes play an obligatory role in adaptive growth and 
tissue remodeling of newly recruited collateral arteries (arteriogenesis) '~8. However 
the acquisition of functional competence and the ability to respond to a variety of 
activating or modulating signals requires maturation and differentiation of 
circulating monocytes to macrophages which in turn undergo several biochemical 
and phenotypic changes9. Importantly the process of monocyte activation also 
confers survival signals essential for the functional integrity of these cells. Under 
the influence of chemoattractants such as TNF-alpha and MCP-1 patroling 
monocytes can be effectively recruited from the circulation to local inflammatory 
sites by attachment to the endothelium l0-". Normally these monocytes 
spontaneously undergo programmed cell death unless given "permission" to survive 
by special growth factors l2-13. This indicates that apoptosis may function as a major 
mechanism for reducing acute inflammation by elimination of unwanted cellular 
responses. During transendothelial migration, endothelial fas-ligand (fas-L) is one of 
the first important regulators that inhibits monocyte extravasation already during 
rolling and adhesion by inducing apoptosis via the monocytic Fas-receptor l4"17. 
Circulating monocytes have a relatively short life span l8 and their numbers are 
maintained by continuous replenishment from hemopoietic stem cells which in turn 
are dependent on the presence of a variety of accessory stromal cells including 
fibroblasts, macrophages, adipocytes and endothelial cells in the bone marrow. 
Together with some of the mature blood cells, these cells are responsible for the 
production and presentation of a complex array of biologically active proteins (in 
particular Colony-Stimulating-Factors [CSFs]) which influence the development of 
blood cells. Granulocyte-Macrophage CSF (GM-CSF) enhances the survival 19, 
proliferation 20 and rate of differentiation 21 of separate hemopoietic cell 
populations. Therefore these substances are clinically used to treat patients with 
hematologic and oncologic disorders 22-23. Furthermore several studies have 
demonstrated that CSFs influence lipid metabolism. They lower plasma cholesterol 
levels in humans, primates and hypercholesterolemic rabbits by enhancing the 
clearance of LDL through both LDL-receptor-dependent and independent pathways 
24~26. In addition atheromatous lesions in the aortic arch of Watanabe Heritable 
Hyperlipidemic Rabbits (VVHHL) treated with human Macrophage-CSF (M-CSF) 
were significantly reduced as compared to normal control rabbits, indicating that 
CSFs prevented the progression of atherosclerosis 24-26-31. We have previously 
shown that adhesion, activation, and migration of monocytes play an important role 
in collateral artery growth l,4~6. After ligation of the arteria femoralis in the rabbit. 
shear forces in preexisting collateral arteries increase significantly, which leads to 
the upregulation of cell adhesion molecules (e.g. ICAM-1)2 and endothelial 
cytokine production such as MCP-1 and GM-CSF. These factors combine to 
effectively recruit circulating cells, in particular monocytes, to the sites of collateral 
artery growth. The monocytes itself mature into macrophages which produce large 
amounts of growth factors (MCP-1, b-FGF ') as well as degratory enzymes such as 
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metalloproteinases 32. These factors in turn create an inflammatory environment 
which is necessary to build an artery from an arteriole. Increased activation and 
attraction of circulating monocytes via intraarterial infusion of MCP-1 into the 
collateral circulation can significantly influence this process of adaptive muscular 
collateral artery growth (arteriogenesis) \ In contrast, functional blockage oflCAM-
1 dependent adhesion and transmigration of circulating cells (e.g. monocytes) via 
infusion of monoclonal antibodies against ICAM-1 in vivo significantly reduces 
collateral artery growth, thereby supporting the hypothesis that circulating cells 
dependent on ICAM-1 for transmigration are obligatory mediators of the arterial 
changes seen with MCP-1 7. 

Since GM-CSF reduces monocyte apoptosis and is upregulated in endothelial cells 
under increasing shear stress 33, we have now tested the hypothesis that locally 
delivered GM-CSF is capable of promoting collateral artery growth by a direct 
effect on the rate of apoptosis of circulating and adhering monocytes as well as 
newly-recruited macrophages. 

Materials and methods 
Cytokine 
Recombinant human GM-CSF synthesized by Escherichia coli was purchased from 
Novartis Pharma GmbH (Niirnberg, Germany). 

Animal model 
The present study was performed with the permission of the Slate of Hessen, 
Regierungspraesidium Darmstadt, according to section 8 of the German Law for the 
Protection of Animals. It conforms with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institute of Health (Nil I 
Publication No. 85-23, revised 1985). Group 1 (\ week intraarterial cytokine 
treatment following femoral artery occlusion): For hemodynamic measurements 
four groups (each n=6) of NZWR received following infusions into the collateral 
circulation: GM-CSF (IOOug/day; 10 uL/h); MCP-1 (0.5 pg/day), the combination of 
both or solvent. Group 2 (\ week intraarterial cytokine treatment three weeks after 
occlusion) 24 NZWR were subjected to 21 days of right femoral artery occlusion. 
At this time the collateralization of these animals was completed before a growth 
factor treatment was started. After 21 days the animals were randomly assigned to 
identical treatments like in group 1. 7 or 21 days after pump implantation 
hemodynamic parameters were obtained: For the initial implantation of the osmotic 
minipumps, the animals were anesthetized with an intramuscular injection of 
ketamine hydrochloride (40 to 80 mg/kg body weight) and xylazine (8 to 9 mg/kg 
body weight). Supplementary doses of anesthetic (10% to 20% of the initial dose) 
were given intravenously as needed. The surgical procedure was performed under 
sterile conditions. Femoral arteries were exposed and cannulated with a sterile 
polyethylene catheter (inner diameter: 1mm: outer diameter: 1.5mm) pointing 
upstream, with the tip of the catheter positioned distal to the branching of the arteria 
circumflexa femoris and the femoral artery distal to the catheter insertion site was 
ligated. The catheter was connected to an osmotic minipump (2ML-1, Alza 
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Corporation, Palo Alto, CA), which was implanted under the skin of the lower right 
abdomen. The absence of any residual pump volume (<3%) after the experiment 
verified delivery of the contents. After closure of the incision and subcutaneous 
application of antibiotics, the animals were outfitted with plastic collars that allowed 
them to move freely but prevented self-mutilation. The rabbits were housed 
individually with free access to water and chow to secure mobility. Seven days after 
implantation the animals were again anesthetized with an intramuscular injection of 
ketamine hydrochloride and xylazine for tracheostomy and artificial ventilation. 
Anesthesia was deepened with pentobarbital (12 mg/kg body weight per hour). The 
carotid artery was cannulated for continuous pressure monitoring. The arteria 
saphena magna which corresponds to the anterior tibial artery in humans and is the 
main arterial supply to the lower limb and foot in the rabbit, was exposed just above 
the ankle and cannulated with sterile polyethylene heparinized tubing. These tubings 
were connected to a Statham P23DC pressure transducer (Statham, Spectramed) for 
measurement of peripheral pressures (PP). After hepatization with 5000 Units 
heparin, the left femoral artery was exposed and cannulated with sterile 
polyethylene catheter for the microsphere reference sample. After cannulation of the 
abdominal aorta a pump-driven shunt between the arteria carotis and the distal aorta 
was installed to perfuse both hindlimbs. A flow probe was installed to measure total 
flow to both hindlimbs. 

In vivo Pressure-Flow Relations 
Hemodynamic measurements and calculations of collateral conductance were 
performed as previously described 7. In brief, after the treatment period animals 
were anesthetized, heparinized and a pump-driven, flow controlled shunt between 
the carotid artery and the distal abdominal aorta was installed. Six differently 
labeled fluorescent microspheres (diameter 15 urn; Molecular Probes) were injected 
into the shunt system, each at a different pressure level. To guarantee maximum 
vasodilatation, adenosine was continuously infused at a rate of 1 mg/kg/min. 
Peripheral and systemic pressures as well as total flow were measured and archived 
via a computer-based recording system (MacLab, Macintosh). A reference sample 
was withdrawn at each pressure level. After digestion of muscle tissue samples and 
FACS-analysis for counting of microspheres, collateral conductance was calculated 
from the slope of the flow/pressure relations. 

Postmortem angiography 
X-ray angiograms were performed as previously described '. Following Longland's 
definition, only vessels showing a defined stem, midzone and re-entry, identifying 
them as collateral arteries, were counted. 
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Detection ofapoptotic monocytes 

To evaluate the apoptosis rate of circulating monocytes we infused either Albumin 
(n=3), MCP-1 (n=3) or GM-CSF (n=3) or the combination of both (n=3) via 
osmotic minipumps into the collateral circulation of the rabbit hindlimb. During this 
time period (7 days) blood samples from each animal were obtained. Rabbit 
peripheral blood mononuclear cells (PBMC) were isolated by density gradient 
centrifugation using Ficoll-Hypaque (Pharmacia & Upjohn, Freiburg. FRG). 
Monocytes were determined by FACS analysis via CD 14 antigen expression and 
binding of FITC-conjugated Annexin-V (Alexis Corporation, NY) was used for 
detection ofapoptotic cells. An anti-annexin-V-antibody (Alexis Corporation, NY) 
conjugated with FITC was used for detection ofapoptotic cells. The anticoagulant 
annexin V is a member of a family of structurally related proteins that exhibit Ca -
dependent phospholipid binding properties. Annexin V binds to various 
phospholipid species with highest affinity for phosphatidylserine [PS]. In normal 
cells, PS is situated on the inner leaflet of the plasma membrane. When programmed 
cell death occurs. PS is translocated to the outer layer of the membrane, i.e. the cell 
surface. This occurs in the early phases of apoptosis during which the cell 
membrane itself remains intact. Furthermore apoptosis was confirmed by Hoechst -
33342 staining and light microscopy (see below). 

Analysis of monocyte apoptosis by fluorescence microscopy 
Fluorescent DNA-binding dyes were used to define nuclear chromatin morphology 
as a quantitative index of apoptosis. Cells to be analyzed were stained with Hoechst 
33342 (5 ug/ml), added to the culture medium for 20 min, at 37 °C. The media and 
the PBS rinses were collected and the cells were trypsinized. Media, PBS, and 
trypsinized cells were pooled and collected by centrifugation at 1200 rpm for 5 min 
at 4 °C. Cell pellets were resuspended in a small volume (50 pi) of serum-
containing medium with 1 ug/ml Hoechst 33342 and 5 ug/ml Propidiumiodid [PI]. 
An aliquot (25 pi) was placed on a glass slide, covered with a glass coverslip. and 
viewed under fluorescence microscopy. Individual nuclei were visualized at 400x to 
distinguish the normal uniform nuclear pattern from the characteristic condensed 
coalesced chromatin pattern ofapoptotic cells. 

Transmigration assay 

In order to rule out that GM-CSF promotes arteriogenesis via chemoattraction of 
monocytes, we tested transmigration of monocytes through Human Umibilical 
Venous Endothelial Cells (HUVECs). HUVECs were cultured in endothelial cell 
medium (Promocell, Heidelberg, Germany) to confluence on Millicell 
polycarbonate membrans (poresize 3 pm; Millipore, Eschborn, Germany). 
Confluence was observed by HE-staining. For performing transmigration MCP-1 
and/or GM-CSF was diluted in macrophage serumfree medium and placed into the 
lower compartment. Isolated monocytes were diluted in Macrophage serumfree 
medium to a concentration of 106 cells/ml and placed into the upper compartment. 
After an incubation period of 3 hours the membranes including the upper 
compartment were removed and transmigrated cells were further cultivated for 12 h. 
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To analyze transmigration performance migrated cells were counted in a CASY 1 
(Schaerfe Systems, Reutlingen, Germany) and apoptosis was quantified by FACS 
analysis using FITC-conjugated Annexin V (Alexis, Switzerland). 

Adhesion assay 

HUVECs were cultured to confluence on microtiterplates and stimulated for 4 h 
with TNF-alpha 10ng/ml; Sigma, Deisenhofen, Germany). The culture medium was 
removed and stimulated monocytes were incubated in macrophage serumfree 
medium (10' cells/well) for 1 h. After this period the supernatant was removed and 
the microtiterplate was washed three times with PBS (pH 7.2). Adherent monocytes 
were thencounted. Results are given as adherent monocytes per well. 

Evaluation of Apoptosis of adhering monocytes 

FACS-Analvsis: Human isolated monocytes were allowed to attach to HUVECs 
(see above). Afterwards microtiterplates were carefully washed with PBS to remove 
non-adherent monocytes. 12 hours later, adherent monocytes were moblized from 

the endothelial layer (15 minutes at 4°C) and immediately transferred to FACS-
Analysis (CD 14 positive cells were gated and quantified for apoptosis staining 
[Annexin-V FITC]). 

Histological Analysis: Monocytes attached to HUVECs were stained with 
antibodies against CD68, endothelial cells were stained with antibodies against CD 
34. Apoptotic cells were stained according to the Tunel-protocol. 

Statistical Analysis 
Data are described as mean ± SD. Differences among data were assessed using 
unpaired Student's t-test for intergroup comparisons and Mann-Whitney rank-sum 
test for unequal variances. Values of p < .05 were required for assumption of 
statistical significance. 

Results 
In agreement with observations by Schaub et al.29 our testing of blood samples 
(FACS) and blood smears (Cytology) confirmed that NZWR are "non responders": 
There was no significant increase in the number of circulating granulocytes and 
monocytes due to the GM-CSF treatment (Table 1). 

In vivo pressure-flow relations 

Group I: early treatment (see above). Collateral conductance was significantly 
higher after 7 days of occlusion in animals treated with GM-CSF as compared to 
control animals (Figure 1). GM-CSF plus MCP-1 treatment showed an increase in 
collateral conductance of more than 40% (compared to maximal perfusion without 
ligation of the femoral artery). These values could not be reached by maximal MCP-
1 application alone (> 8-10ug/day). The highest conductance levels after single-
treatment with MCP-1 was 33 conductance units. Group 2: late treatment (see 
above). 7 day treatment with GM-CSF or MCP-1 in the fourth week after 
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solvent GM-CSP MCP-1 MCP-1- solvent GM-CSF MCP-1 MCP-1- normal 
GM-CSF GM-CSF perfusion 

Figure I: Collateral Conductance after treatment with MCP-1. GM-CSF, combination of 
MCP-1 plus GM-CSF as compared to normal perfusion. 

\'." .| Ligation of femoral artery for I week, during this time period continuous infusion of 
solvent. GM-CSF. MCP-1 or the combination of MCP-1 plus GM-CSF. 

G E B Ligation of femoral artery for 3 weeks, in the fourth week continuous infusion of 
solvent. GM-CSF. MCP-1 or the combination of MCP-1 plus GM-CSF. 

periperal blood 

monocytes 

lymphocytes 

solvent-Group GM-CSF-Group 

.1± 0.8% 

35 ± 12% 

3.8 ± 1.0% 

36 ± 9 % 

Table 1 
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Figure 2: Postmortem Angiograms laken after 7 days ofcontinous infusion ofsolvent(A), GM-
CSF (B) or MCP-l(C). The stem (s), midzone (m) and reentry (r) can be clearly identified. 

Number of 
collateral 
arteries 

solvent 

15.4 ±2.2 

1 

GM-CSF 

25.6 ±3.6 

1 1 

MCP-1 

30.1 ±3.3 

GM-CSF + 
MCP-1 

34.6 ±2.1 

Table 2: number of visible collateral arteries I* indicates a p-value less than 0.05 

Figure 3: Number of monocytes Figure 4: Number of transmigrated 
adhering to HUVECs monocytes 
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Figure 5: GM-CSF inhibits apoptosis of monocytes. A: Quantification of monocyte apoptosis 
via FACS analysis (Annexin V binding); B: dot plotting ofapoptotic monocytes (FACS). C: 
Quantification of apoptosis via fluorescence microscopy. D: percentage of apoptosis ifadering 
monocytes. 
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ligation is not sufficient to significantly improve arteriogenesis. In contrast, the 
concomitant application of MCP-1 plus GM-CSF enhances arteriogenesis to values 
of about 70% of normal maximal perfusion values. 

Radiographic findings 
Angiograms taken from hindlimbs of animals treated with GM-CSF from Group 1 
(Figure 2b) as well as MCP-1 (Group 1) (Figure 2c) showed a remarkable increase 
in the number (Table 2), diameter and density of these collateral vessels as 
compared to animals with vehicle treatment (Figure 2a). The typical morphology of 
collateral arteries can be clearly identified: (stem [sj, tnidzone [m], reentry [r], L= 
site of femoral artery ligation). 

Evaluation of monocyte adhesion 

Average adherence of untreated human monocytes to HUVECs was low (20 
cells/well) and comparable to GM-CSF primed monocytes (44 cells/well). In 
contrast, monocyte adhesion after incubation with MCP-1 increased six fold to 110 
adhered cells/well (Figure 3), which could not further be enhanced by concomitant 
GM-CSF application. While the number of adhering monocytes in the GM-CSF plus 
MCP-1 group was comparable to the single MCP-1 treatment, the percentage of 
protection from apoptosis was significantly higher when MCP-1 treated monocytes 
were also being pretreated with GM-CSF. 

Evaluation of monocyte transmigration 
The use of MCP-1 led to a significant increase in monocyte transmigration (9,2 x 
104 cells/ml) whereas GM-CSF* did not induce monocyte transmigration 
(comparable to untreated monocytes0 (*1,7 x 104 cells/ml vs. °1,6 x 104 cells/ml) 
(Figure 4). Concomitant application of GM-CSF with MCP-1 did also not increase 
the number of transmigrated monocytes. 

Detection of monocyte apoptosis via light microscopy and F ACS analysis 
In the GM-CSF treated monocyte group the rate of apoptosis was significantly 
reduced. Annexin V-dependent fluorescence decreased from a mean value of 34,68 
in the control group to 14,08 in the GM-CSF-treated group. Additionally, the GM-
CSF-treated group also showed a significantly lower apoptosis rate when compared 
to a MCP-1 treated group (mean fluorescence: 24,5) (Figure 5a and b). This was 
confirmed via qualitative fluorescence microscopy of Hoechst-33342-stained cells 
(Figure 5c and d). Apoptotic monocytes showed the characteristically modified 
nuclei (Figure 6a). FACS-Isolated Annexin V positive monocytes showed typical 
patterns of apoptosis (Figure 6b) as compared to non-apoptotic monocytes (Figure 
6c). In the macrophage group a similar reduction of apoptosis after GM-CSF 
treatment was observed via FACS-Analysis. Figure 6f shows the typical 
morphology of a non-apoptotic macrophage (electron microscopy sections kindly 
provided by Dr. Keisuke Suzuki). The nuclear pattern of this macrophage is not 
condensed, the cell exhibits large amounts of endoplasmic reticulum, indicating 
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Fig 6: A.Nuclear chromatin morphology of monocytes was analyzed via a quantitative index of 
apoptosis (Hoechst 33342 and Propidiumiodid staining). Individual nuclei were visualized at 
400x to distinguish the normal uniform nuclear pattern from the characteristic condensed 
coalesced chromatin pattern ofapoptotic cells (arrow). B: Apoptotic monocyte with 
margination and chondensation of chromatin, fragmented nuclei and intact cell membrane. C: 
Nuclear pattern of non-apoptotic monocytes. The cells show no condensed chromatin. D: 
Nuclear pattern of non-apoptotic macrophage. This macrophage possesses a large amount of 
endoplasmic reticulum, indicating its activity in proteins synthesis (electron microscopy: x 
5000, bar-mm). E: Apoptotic macrophage with margination and chondensation of chromatin, 
fragmented nuclei and intact cell membrane (electron microscopy: x 5000, bar=mm). The 
endoplasmic reticulum is only weakly visible. F: In-vitro adhesion assay: Double Staining for 
adhering macrophages with CD 68 (m), endothelial cells (e) and apoptosis after the Tunel-
protocol (m°). G: In-vitro adhesion assay: Magnification of an apoptotic monocyte. 
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high protein turnover. Figure 6g (electron microscopy section) shows an apoptotic 
macrophage with margination and condensation of chromatin and fragmented 
nuclei. Morphological signs of cell activity are only weakly visible (endoplasmic 
reticulum) while the cell membrane is intact. 

Histological analysis of monocyte apoptosis during adhesion 
Fig. 6d shows monocytes attaching to confluent HUVECs. After attachment 
microtiterplates were carefully washed with PBS. Adherent monocytes can be 
identified with antibodies against CD68 (red). Apoptotic monocytes exhibit a 
condensed pattern of chromatin. These monocytes were Tunel positive (m°). 
Endothelial cells can be identified in the background (6e). 

Discussion 
Circulating monocytes originate from pluripotent hemopoietic progenitors in the 
bone marrow and provide a broad spectrum of physiological and pathophysiological 
properties: Once they leave the bloodstream, fractions of monocytes serve as 
precursors for several other cells with phagocytic function (Kupffer cells of liver, 
osteoclasts of bone, etc.) or antigen presenting dendritic cells. Others mature into 
tissue macrophages and are responsible for removal of debris as well as defense 
against invaders such as fungi and bacteria, which cannot be dealt with effectively 
by neutrophils (unlike neutrophils, macrophages are able to regenerate their 
lysosomal granules and may thus have a longer lifespan than neutrophils)37. 
However flow cytometry and functional monocyte assays have shown that 
monocytes are a very heterogenous group of cells: Only 30-40% respond to 
chemoattractants, the expression of a and (3-integrins and of the cell-surface HLA-
DR antigen varies significantly". The capacity to produce reactive oxygen species 
is very different suggesting that only subpopulations of monocytes are able to 
participate in specific immune responses 38. Moreover it has recently been reported 
that a subset of CD34- monocytes contains a fraction with the potential to 
differentiate into an endothelial phenotype 39. Despite this heterogeneity all 
monocytes derive from common hematopoietic precursor cells and require a 
complex array of biologically active proteins (in particular CSFs) which influence 
their development and survival. 

The main findings of our study are that chronic intra-arterial infusion of GM-CSF 
stimulates the development of arterial collateral blood vessels (arteriogcnesis) 
following femoral artery occlusion. These are more numerous on angiograms and 
their ability to conduct blood had increased by a factor of 5-fold. The mechanism of 
action is the prolonged survival of monocytes-macrophages, known to play a 
decisive role in arteriogcnesis '"8. Furthermore GM-CSF is a powerful adjunct to the 
treatment with CC-Chemokines (MCP-1) to induce arteriogcnesis. The highest value 
of collateral conductance after 1-week high-dose MCP-1 alone treatment reached 
20% of normal perfusion values whereas the combination therapy of MCP-1 plus 
GM-CSF was twice effective (conductance more than 42% of normal perfusion 
values). For the exogenous supply of several angiogenic growth factors only a brief 
time window is available for action3, usually within hours or days following arterial 
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occlusion. This limits their therapeutic power in subjects with a stable but 
functionally deficient collateral circulation. Therefore we tested whether growth of 
collateral arteries can be re-started after long term femoral ligation in the rabbit. 
Three weeks after ligation of the femoral artery both MCP-1 as well as GM-CSF 
were infused for one week into the matured collateral circulation. Both single 
treatments did not improve perfusion markers as compared to the natural course of 
collateral artery growth. However when GM-CSF and MCP-I were infused 
simultaneously the effects on arteriogenesis were additive on angiograms as well as 
on conductance. The effect of the combined treatment at four weeks after femoral 
occlusion was about 80% of normal maximal conductance of the artery that was 
replaced by collaterals, a result that was not reached before by any other 
experimental treatment. 

In previous studies we had shown that stimulation of monocyte function by LPS' 
and by infusion of the monocyte chemoattractant factor MCP-15,6 greatly increased 
arteriogenesis. Arteriogenesis differs from angiogenesis in several aspects, the most 
important being the dependence of angiogenesis on hypoxia and the dependence of 
arteriogenesis on inflammation. Collateral arteries grow surrounded by tissue that is 
not ischemic: its resting blood flow is not decreased, its ATP and PCr content is 
normal and hypoxia-induced gene transcription (LDI1-A, VEGF) is not activated 34. 
Arteriogenesis is by far the most efficient adaptive mechanism for the survival of 
ischemic limbs or internal organs like the heart because of its ability to conduct, 
after adaptive growth, relatively large blood volumes per unit of time. An increased 
number of capillaries, the result of stimulated angiogenesis, is unable to do that2-3-8. 
The inflammatory environment which is necessary for arteriogenesis is created by 
homing of circulating cells to shear stress activated endothelium which express 
MCP-1. These circulating cells are mainly monocytes (derived from hemopoietic 
stem cells) and lymphocytes but also basophiles that transform in the tissue into 
mast cells where they produce vasoactive substances2. 

Our present study supports the inflammatory paradigm of arteriogenesis because 
GM-CSF prolongs the duty cycle of monocytes-macrophages and protects high 
numbers of MCP-1 attracted monocytes from apoptosis and thereby enhances their 
arteriogenic activity. CSFsare essential for the survival of macrophages and 
significantly influence the rate of apoptosis of circulating and adherent blood 
monocytes as well as resident tissue macrophages. Monocytes circulate in the blood 
for 12-72 hours. Those cells that are attracted to the site of inflammation by 
chemotactic factors will nonetheless die by apoptosis unless provided with specific 
survival signals18. It is important to recognize that programmed cell death occurs 
without inflammation and is a normal physiological response by many eukaryotic 
cells to factors and conditions that are, as yet, poorly defined13. In the normal 
resolution of an acute inflammatory response apoptosis of monocytes and 
neutrophils is essential to maintain immune homeostasis and limit inappropriate host 
tissue damage by decreasing white blood cell tissue load, function, and release of 
phlogistic reactive oxygen species and proteases. Monocytes are known to undergo 
spontaneous apoptosis upon leaving the circulation unless provided with specific 
survival signals. Interestingly, factors that are needed for the recruitment of 
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monocytes into inflammatory lesion, namely TGF-1, bacterial peptides and MCP-1 
have little or no effect on monocyte survival18. 
Taken together these data are consistent with our observations. The increase of shear 
stress initiates the recruitment of monocytes by upregulation of adhesion molecule 
expression on the endothelial lumen of the collateral vessel. Simultaneously the 
production of GM-CSF by the endothelium is rapidly increased33. Since the 
chemoattractive action of GM-CSF on monocytes is rather weak the monocyte 
recruitment is mediated by a direct effect of GM-CSF on monocyte activation, 
proliferation, differentiation and motility, and secondarily, by chcmoattractant 
molecules released in response to the locally administered GM-CSF. The present in 
vivo study also indicates that GM-CSF is able to significantly prolong the life-span 
of monocytes in vivo via a reduction of apoptosis. These data were confirmed by 
our in vitro studies, showing the protective effect of GM-CSF on monocytes and 
macrophages. The demonstration of a potent therapeutic effect of exogenously 
administered GM-CSF on collateral artery growth in this model confirms our 
previous reports about the central role of monocytes during the rapid growth of 
muscular collateral arteries (arteriogenesis). Since CSFs have remarkable anti
atherogenic effects24'26"31, GM-CSF might provide an important mechanism, other 
than chemoattraction18, to significantly enhance arteriogenesis in atherosclerotic 
subjects. It is worth noting that macrophages can in principle be their own source of 
regulatory cytokines such as GM-CSF which in turn upregulate their own 
production of cytokines18. Since this mechanism is clearly suboptimal, substitution 
therapy, as in our study, is more effective. Finally exogenous GM-CSF may also 
release hemopoietic stem cells from the bone marrow that may be even more potent 
stimulators of arteriogenesis than circulating monocytes as our preliminary studies 
imply (in preparation). 
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CHAPTER 7 

Abstract 

Background: Increased expression of TGF-B, during collateral artery growth as well 
as its numerous effects on monocytes/macrophages and the smooth muscle cell cycle 
and -differentiation suggests a modulating role for this growth factor during 
arteriogenesis. We studied the effects of exogenously applied TGF-B, on 
arteriogenesis as well as its interactions with monocytes, endothelial cells and 
smooth muscle cells. 

Methods and Results: In a New Zealand White rabbit model of femoral artery 
ligation, increased expression of active TGF-B| was found around proliferating 
arteries in NZW rabbits. The exogenous application of TGF-B| led to an increase in 
both the number of visible collateral arteries as well as the conductance of the 
collateral circulation (4.0 ±0 .5 ml/min/lOOmmHg vs. 28.9 ±3 .7 ml/min/100 tnmHg, 
p < 0.05). FACS-analysis showed an increase in the expression of the MAC-1 
receptor in both rabbit and human monocytes after treatment with TGF-Bi (control : 
91.2 ±4 .2 7 482 ±21 .7 ; TGF-B, 200 ng/ml 193.9 ± 6.7/ 675.5 ± 25.7, p < 0.05 for all 
differences). TGF-B| treated monocytes showed an increased endothelial adhesion 
and transmigration in transendothelial migration assays (5.75 ± 0.63 * 105 vs. 10.11 
± 0.04 * 10s, p<0.05). TGF-B, had no direct pro-angiogenic effect on HUVECs in a 
spheroid model of angiogenesis and inhibited the angiogenic effects of VEGF. 
Conclusions: The present report describes for the first time TGF-B, as a specific pro-
arteriogenic substance. It is shown that the number of collateral arteries on x-ray 
angiograms as well as conductance of the collateral circulation increases 
significantly upon TGF-B| treatment. The arteriogenic effects of TGF-B| are 
probably mediated via increased MAC-1 receptor expression and increased 
monocytic adhesion and trans-endothelial migration which are necessary steps 
during arteriogenesis. 
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Introduction 
In recent years both the development of capillary networks, as well as the 
development of collateral conductance arteries was referred to as angiogenesis. 
However, the term angiogenesis is now reserved for the process of formation of new 
capillary networks via sprouting of endothelial cells, whereas the term arteriogenesis 
is used to describe the proliferation of pre-existing arteriolar connections into 
functional collateral arteries upon narrowing of a main artery '"4. The pre-existing 
nature of these collateral arteriolar connections as well as their transformation into 
larger conductance arteries upon arterial obstruction has been recognized for a long 
time 5"8. 

Arteriogenesis, in contrast to angiogenesis, is independent of ischemia and is 
thought to be shear stress induced ' . The involvement of monocytes during 
arteriogenesis became evident in recent years. Already in 1975 it was noted that 
monocytes adhere to the endothelium of growing collateral arteries " . In subsequent 
studies it was shown that these cells transmigrate through the endothelium of these 
vessels, accumulate as macrophages in the perivascular space and produce locally 
factors like Tumor Necrosis Factor alpha (TNF-a ), basic Fibroblast Growth Factor 
(bFGF) and PR39 l2"14. In a previous study we showed that the attraction of 
monocytes to proliferating collateral arteries by exogenously applied Monocyte 
Chemoattractant Protein-1 (MCP-1) strongly increases the arteriogenic response 
upon femoral artery ligation in the rabbit hindlimb l5. 

Transforming Growth Factor-beta 1 (TGF-6|) was found in non-ischemic areas of 
collateral vessel development both in experimental as well as in clinical settings l6'17 

suggesting a modulating role of this growth factor during arteriogenesis. TGF-B| 
was also reported to be chemoattractive for circulating monocytes, the key mediators 
in arteriogenesis l8'19. Furthermore, TGF-B| induces the expression of various 
growth factors by these cells * . However, the influence of TGF-B, on monocyte 
adhesion and their subsequent migration, decisive steps in the process of 
arteriogenesis, is unclear. Moreover, the in-vivo effects of exogenously applied 
TGF-8, on arteriogenesis are not known. 

We hypothesized that TGF-B| positively modulates arteriogenesis in-vivo. Therefore 
we studied the expression of TGF-6, in a model of arteriogenesis in the rabbit 
hindlimb. In this model the femoral artery is ligated, leaving all side branches intact. 
Under resting conditions no ischemia occurs 2I. Angiogenesis, is only observed in 
the lower limb, distant from the site of arteriogenesis and is probably induced by 
repetitive ischemia in the lower leg during physical activity 9. Using this model we 
established the effects of exogenously applied TGF-Bi on the process of 
arteriogenesis. In addition, we studied the effects of TGF-B| on monocyte adhesion 
and trans-endothelial migration in-vitro . To the best of our knowledge this is the 
first report of an experimental therapeutic approach to stimulate arteriogenesis using 
TGF-13,. 
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Methods 
In-vivo experiments 
Animal model 
The present study was performed with the permission of the State of Hessen, 
Regierungspraesidium Darmstadt, according to Section 8 of the German Law for the 
Protection of Animals. It conforms to the "Guide for the Care and Use of Laborator)' 
Animals " (NIH Publication No. 85-23, revised 1996). 36 New Zealand White 
Rabbits (NZWR) were randomly assigned to one of three groups (n=12 each). In 
two groups the femoral artery was ligated and either Phosphate Buffered Saline 
(PBS) or TGF-B, (0.48 ug/kg/d) (PeproTech) was delivered locally, directly into the 
collateral circulation, via an osmotic minipump as previously described 22. The third 
group was evaluated without ligation to obtain the normal conductance value and 
angiographic appearance of the vascular tree of the rabbit hindlimb. For final 
experiments, animals of each group were randomly assigned to either angiographic 
or hemodynamic measurements. 

Post-mortem angiograms 
X-ray angiograms were performed as previously described . Following Longland*s 
definition, only vessels showing a defined slem, midzone and re-entry, identifying 
them as collateral arteries, were counted . 

Hemodynamic measurements 
Hemodynamic measurements and calculations of collateral conductance were 
performed as previously described 22. In brief, after the treatment period animals 
were anesthetized, heparinized and a pump-driven, flow controlled shunt between 
the carotid artery and the distal abdominal aorta was installed. Six differently labeled 
fluorescent microspheres (diameter 15 urn; Molecular Probes) were injected into the 
shunt system, each at a different pressure level. To guarantee maximum 
vasodilatation, adenosine was continuously infused at a rate of I mg/kg/min. 
Peripheral and systemic pressures as well as total flow were measured and archived 
via a computer-based recording system (MacLab, Macintosh). A reference sample 
was withdrawn at each pressure level. After digestion of muscle tissue samples and 
FACS-analysis for counting of microspheres, collateral conductance was calculated 
from the slope of the flow/pressure relations. 

Immunohistochemistry 
An additional six animals were operated as described above and treated with either 
PBS (n=3) or TGF-B| (n=3). Three days after ligation of the femoral artery, animals 
were sacrificed and tissue was harvested from the hindlimb muscles for histological 
examination. For immunohistochemistry, frozen sections (10 m thick) were placed 
on gelatine-coated slides and fixed for 10 min in 4% paraformaldehyde. Tissue 
sections were exposed for 10 min in 0 .1% carboxylated bovine serum albumin 
(Aurion) in PBS. followed by incubation for 2 hours at room temperature (RT) with 
the primary monoclonal antibodies against alpha-smooth muscle actin (directly 
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labelled with FITC, clone 1A4, Sigma), TGF-6, (clone 9016.2, R&D systems), 
CD31 (clone JC/70A, Dako), and Ki-67 (clone MIB-5, Dako). After repeated 
washes in PBS, the sections were incubated for 1 hour at RT with donkey anti-
mouse IgG conjugated with Cy-2 or with Cy-3 (Rockland). Specificity of the 
labeling was confirmed by omission of the primary antibody. The nuclei were 
stained either with 0.002% 7-aminoactinomycin D (Molecular Probes) or with 
0.001% TOTO-3 (Molecular Probes). Immunolabelled sections were examined 
using a Leica TCSNT confocal laser scanning microscope equipped with 
argon/krypton and helium/neon lasers. 

Quantitative morphometric analysis 

The measurements of immunofluorescence intensity were performed using confocal 
microscopy as described elsewhere """' and applied previously to protein 
measurements in a dog model of coronary collateral arteriogenesis 24. The 
fluorescence intensity of TGF-6) was measured in at least three growing arteries at 5 
different serial levels for each animal and was expressed as arbitrary units per urn2 

vascular wall. Vascular cell proliferation rates were quantified as percent of Ki-67 
positive cells per total number of smooth muscle cells and per total number of 
endoluminal cells in 5 serial sections taken at 100 pm intervals. CD31-positive 
capillaries were counted only in transversally sectioned tissue, derived from the 
peripheral hindlimb musculature, and were expressed as number of capillaries/mm2. 

Western blotting 
Total protein was prepared from collateral arteries of rabbits (n = 6) subjected to 
either three days of femoral artery ligation or sham operation. Frozen collateral 
vessels containing small remaining parts of the surrounding quadriceps vastus 
intermedins muscle were placed in protein extraction buffer (50 mM Tris/HCl at pH 
7.4, 250 mM sucrose, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 
1% Triton, I mM DTT, 0.5 mM PMSF) and homogenized by 50 strokes in an ice-
cold Dounce homogenizer. The lysates were centrifuged at 15000 x g at 4°C for 30 
minutes. Both 1 ug of monoclonal anti-TGF-B| antibody (R&D Systems) and 30 pi 
of ProteinA-Sepharose (Santa Cruz Biotechnology) were supplied to 200 pg of 
protein extracts and incubated on a rotating wheel at 4°C over night. The precipitates 
were washed twice with TNET buffer (50 mM Tris/HCl, 140 mM NaCl, 5 mM 
EDTA, 1% Triton-X 100), TNE buffer (50 mM Tris/HCl, 140 mM NaCl, 5 mM 
EDTA) and distilled water and subsequently resuspended in 4x LDS sample buffer 
(Novex) supplemented with p-mercaptoethanol to an end-concentration of 4.7 M. 
After boiling for 10 minutes the samples were separated by using 4-12% Bis-Tris 
gels (Novex) and the gel electrophoresis was performed under reducing conditions. 
Following protein transfer to a nitrocellulose membrane (Novex), non specific 
binding was blocked by incubation with 3% bovine serum albumine in TBST 
(10 mM Tris pH 8.0, 150 mM NaCl 0.05% Tween 20) for 2 hours at room 
temperature (RT). The incubation with the primary antibody (dilution 1:500) 
occurred over night at 4°C, followed by incubation with the secondary antibody for 
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2-3 hours at room temperature. Detection of immuno-reactive bands was performed 
with an ECL-system (Amersham Pharmacia Biotech). Optical density was measured 
using J Image software (available on the internet as shareware). 

ln-vitro experiments 
Monocyte and endothelial cell preparation 
Monocytes were isolated from buffy coats of healthy blood donors by density 
gradient centri(ligation and elutriation as described previously . Human umbilical 
vein endothelial cells (HUVECs) were prepared according to the method of Jaffe et 
al. and were cultivated as described elsewhere . 

Adhesion assay 
Adhesion assays were performed as previously described 2?. Monocytes were 
stimulated for two hours with TGF-I3| (concentrations; 0.1 to 10.000 pg/ml) 
(PeproTech) or LPS (positive control). To identify the effects of TGF-B, stimulation 
of endothelial cells on the adhesion of monocytes, HUVECs were either stimulated 
with TNF-a (positive control, 10 ng/ml, obtained from Sigma) or with different 
doses of TGF-fi|. 

Transmigration assay 
Transmigration assays were performed as previously described "" to test the 
chemoattractive potency of TGF-B| over a layer of endothelial cells. Concentrations 
of 0.1 to 10.000 pg/ml TGF-B] were used. In a second set of transmigration assays 
the influence of monocyte-stimulation and/or endothelium-stimulation with TGF-B, 
was determined. 

Expression of adhesion molecules on monocytes and endothelial cells 
HUVECs were stimulated with either TNF-a (positive control) or TGF-B,. Non-
stimulated HUVECs served as a negative control. To quantify expression of cell 
adhesion molecules, cells were stained with a fluorochrome-conjugatcd monoclonal 
antibody against ICAM-1, VCAM or P-selectin (Dianova) after the different 
treatments. To quantify the effect of TGF-B, on the expression of monocyte Mac-1, 
isolated human monocytes were treated with different doses of TGF-B,. Mac-1 
expression was quantified using FITC-conjugated monoclonal antibodies against 
CD1 lb and CD 18 (Dianova). CD1 lb expression on rabbit cells was performed in 
whole blood by an indirect staining protocol using a monoclonal antibody against 
rabbit CD 1 lb and a FITC-conjugated anti mouse IgG antibody (both from Dianova). 

Angiogenesis spheroid model 
In vitro angiogenesis in collagen gels was quantitated using spheroids of 
macrovascular endothelial cells as described previously 27'28. In brief, HUVEC 
spheroids containing -750 cells were generated overnight after which they were 
embedded into collagen gels. A collagen stock solution was prepared prior to use by 
mixing 8 vol acidic collagen extract of rat tails (equilibrated to 3 mg/ml, 4°C) with 1 
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vol 10x EBSS (Gibco-BRL) and -1 vol 0.1 N NaOH to adjust the pH to 7.4. This 
stock, solution (0.5 ml) was mixed with 0.5 ml room temperature (rt) ECGM basal 
medium (PromoCell) containing 40% FCS (Biochrom), 1.2% (v/w) methylcellulosc 
(4.000cpi; Sigma), 50 HUVEC spheroids, and the corresponding test substances 
VEGF and TGFB| (R&D Systems). TGFB, was applied in dosages ranging from 0,1 
till 10 ng/ml. The spheroid-containing gel was rapidly transferred into 24 well plates 
and allowed to polymerize (1 min) after which 0.15 ml ECGM basal medium 
(Promocell) was pipetted on top of the gel. The gels were incubated at 37°C, 5% 
C02 and 100% humidity. After 3 days, in vitro angiogenesis was digitally 
quantitated by measuring the cumulative length of the sprouts that had grown out of 
each spheroid using digital imaging software DP-Soft (Olympus) analyzing at least 
10 spheroids per experimental group and experiment. 

Statistical Analysis 
Results are presented as mean ± standard deviation. Significant differences between 
sample means were determined with an independent-samples T-test. Differences 
with a p-value < 0.05 were classified as significant. 

Results 
ln-vivo effects of TGF-fii on arteriogenesis 

No animals were lost during or after femoral artery ligation. No gross impairment of 
hindlimb function was observed after femoral artery occlusion. The body weights 
and body temperature within the different groups did not show any significant 
difference. There were no detectable differences in the values of total protein, 
albumin, glutamic oxaloacetic transaminase and glutamic pyruvic transaminase. 

Histological findings 
TGF-I3| in control sections of the non-occluded hindlimbs could rarely be detected. 
Three days after ligation of the femoral artery, TGF-B, was detected 
immunohistochemically within and around growing collateral arteries, as well as in 
infiltrating cells (figure 1A). In TGF-B, treated animals, TGF-B, immunolabeling 
was dramatically increased as compared to the control-animals (figure IB). 
Quantitative immunofluoresecence of TGF-B, immunolabeling revealed a statistical 
difference (pO.001) in the values of the quantity of TGF-B, per unit arterial surface 
area in TGF-B, treated animals (140.8 ±13.1 arbitrary units/urn2) as compared with 
PBS treated animals (33.3 ± 13.1 arbitrary units/pm2), confirming delivery of the 
substance. Three days after femoral artery ligation the number of proliferating 
vascular smooth muscle cells was significantly higher in the TGF-B| treated animals 
(control 2.65 ± 0.90%, vs. TGF-B, 5.85 ±1.11%, pO.01). Representative confocal 
images of Ki-67 in single 

labeling or in double labeling with alpha-smooth muscle actin in control and TGF-B, 
treated animals are shown in figure 2. The percentage of KI-67 positive endoluminal 
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cells was not significantly different between control animals and TGF-8| treated 
animals (control 0.75 ± 0.23%, vs. TGF-B, 0.95 ± 0.36%, p=ns). 
These endoluminal cells were negative for alpha smooth muscle antibody and 
represent most probably endothelial cells. In control sections from non-ligated 
limbs, no K.I67 positive nuclei were found in the vessel wall. The number of 
capillaries in peripheral hindlimb tissue significantly increased in both the control as 
well as the treatment group upon femoral artery ligation (p<0.05). However, no 
statistically significant difference was found between the control and the treatment 
group with respect to the number of capillaries (non-ligated: control 160 ± 43.8 vs. 
TGF-B, 170.5 ± 36.0, p=ns; ligated: control 200.0 ± 28.8 vs. TGF-B, 211.0 ± 53.8, 
p=ns; capillaries/mm2). 

Western Blotting 
In samples of experimental and sham operated animals, 3 different bands were 
recognized by the TGF-B, antibody. The 55 kDa band, which represents the 
monomer of pro-TGF-B,. did not change following occlusion. The 25 kDa band, 
corresponding to the mature form of TGF-B,, showed a general tendency of 
upregulation. The third, 50 kDa hand most likely represents a dimer of the mature 
TGF-B| and its changes correlated with those described for the mature 25 kDa 
molecule (figure 3). Optical density of the 25 kDa band was significantly higher 
after femoral artery ligation as compared to sham operated animals (25 kDa: 131.04 
± 20.48 vs. 166.56 ± 12.70, p< 0.05; 50 kDa: 166.72 ± 58.23 vs. 205.08 ± 44.98. 
p=ns; 55kDa: 173.60 ± 15.89 vs. 188.34 ± 4.68, p=ns; arbitrary units). 

Angiographic findings 
Angiograms performed one week after ligation of the femoral artery showed several, 
typically corkscrewed, collateral arteries spanning from the arteria profunda femoris 
and the arteria circumflexa femoris to the arteria genualis and the arteria saphena 
parva (figure 4a). TGF-B| infusion for a time-period of one week significantly 
increased the number of visible collateral arteries as compared to the PBS-conlrol 
group (figure 4b and 5) (PBS; 15.2 ± 3.4, TGF-B,; 24.6 ± 4.1. p< 0.05). 

Haemodynamic parameters 
One week after femoral artery ligation, collateral conductance in the control group 
was 4.1 ± 0.5 ml/min/lOOmmHg. TGF-B, had significantly increased collateral 
conductance to over 7-fold as compared to the PBS-treated group (28.9 ± 3.7 
ml/min/lOOmmHg, figure 6). In the non-occluded control group a conductance value 
of 161.5 ± 10.8 ml/min/lOOmmHg was measured. 
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In-v itro effects of TGF-B i on monocyte adhesion and transendothelial migration 
Monocyte stimulation 
Adhesion assay 

A strongly increased adhesion to the HUVEC layer was observed after stimulation 
of monocytes with TGF-Bi. The adhesion of monocytes was linearly related to TGF-
B| dose (figure 7). The maximally achieved adhesion of monocytes upon TGF-Bi 
treatment was similar to the adhesion observed for the positive control (LPS: 120.2 
± 8.3 cells/field vs. TGF-B,: 114.0 ± 4.7, p=NS). 

FACS-analysis of MAC-1 expression 
The expression of the MAC-1 receptor significantly increased, dose-dependently, 
after stimulation of human monocytes with TGF-B, (figure 8). A similar dose-
dependent response of MAC-1 expression (CD1 lb/CD 18) upon TGF-B) stimulation 
was found in isolated rabbit monocytes (control: 91.2 ± 4.2 / 482 ±21 .7 ; TGF-B! 50 
ng/ml: 129,3 ± 3,8 / 553,3 ± 17,9; TGF-B, 100ng/ml: 155.5 ± 7.2 / 602.2 ±23 .4 ; 
TGF-B, 200 ng/ml 193.9 ± 6.7/ 675.5 ± 25.7, p < 0.05 for all differences). The 
expression of CD I la, also involved in monocyte adhesion, did not increase upon 
TGF-B| stimulation (data not shown). 

Endothelial cell stimulation 
The treatment of the HUVECs layer with TGF-B, caused no increase in the number 
of adhered monocytes as compared to the control. This was confirmed by F ACS 
analysis, showing no significant increase in the expression of cell adhesion 
molecules on endothelial cells treated with TGF-B] (figure 9). 

Effects of TGF-B, on trans-endothelial migration of monocytes 

Transmigration assay 
TGF-B, showed no chemoattractive potency towards monocytes in the trans
endothelial migration assays. When TGF-B, was diluted into the lower chamber of 
the assay at different concentrations ranging from 0.1 pg/ml to 10 ng/ml, the 
migration of monocytes did not differ significantly from the control assay and was 
significantly lower as compared to MCP-1 (control: 2.01 ±0 .31 ,0 .1 pg/ml: 1,76 ± 
0.43, TGF-B, 1 pg/ml: 1.51 ± 0 . 3 9 , TGF-B, 10 pg/ml: 1.47 ± 0.41, TGF-B, 100 
pg/ml: 2.37 ± 0 . 6 5 , TGF-B, 1 ng/ml: 1.55 ± 0.35, TGF-B, 10 ng/ml: 1.56 ±0 .27 , 
TGF-B,, MCP-1 1 ng/ml: 5.84 ±0 ,48 * 105monocytes/ml). 
Also when the HUVEC-layer was stimulated with TGF-B,, no increase in the 
number of transmigrated cells was observed. However, when monocytes were pre-
stimulated with TGF-B, an increased trans-endothelial migration of monocytes was 
observed as compared to the control group. When monocytes and endothelium were 
stimulated simultaneously with TGF-B| the transmigration rate was similar to that 
after monocyte stimulation alone. Maximum migration of monocytes was achieved 
when MCP-1 was added to the lower chamber of the transmigration assay, in 
combination with TGF-B, stimulation of monocytes (figure 10). 
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Angiogenesis spheroid model 
EC spheroids have a low baseline sprouting activity which can be strongly 
stimulated by exogenous VEGF(50 ng/ml). There was no significant sprouting 
originating from TGF-B, pretreated spheroids (24h, 5ng/ml) or alter stimulation with 
TGF-B| in a range of doses from 0.1 to 10 ng/ml (data not shown. TGF-B, pretreated 
spheroids showed a significant inhibition of VEGF mediated sprouting 
(p<0.001)(figure 11). 

Discussion 
Our main findings are that the amount of the mature 25 kDa form of TGF-B, is 
increased around proliferating collateral arteries in a non-ischemic environment and 
that exogenously applied TGF-B, stimulates the process of arteriogenesis. In 
addition, we show that TGF-B, activates monocytes, that externalize their Mac-1 
receptors (the ligand for ICAM-1 on the endothelial side) and exert increased 
endothelial transmigration. 
Arteriogenesis more effectively restores perfusion upon arterial obstruction as 
compared to angiogenesis l0-29-30. This is also stressed by the differential effects of 
the angiogenic factor VEGF and the angiogenic/arteriogenic factor b-FGF as shown 
elegantly in different experimental settings ",1~33. 
The rabbit hindlimb model of femoral artery occlusion is an excellent model to study 
arteriogenesis specifically. After the occlusion of the femoral artery, pre-existing 
interconnecting arterioles, spanning from the arteria profunda femoris and the arteria 
circumflexa femoris to the arteria genualis and the arteria saphena parva, are 
recruited. These collateral arteries develop in a non-ischemic environment2'. The 
mechanism of induction of vessel growth in this model is the elevated shear stress in 
the preexisting collateral arterioles. Although this model is non-ischemic at rest, 
angiogenesis can be observed, probably due to repetitive ischemia during physical 
activity. However, the amount of new capillaries is small and angiogenesis is limited 
to the peripheral hindlimb at sites distant from the region of arteriogenesis 9. 

TGF-fii and arteriogenesis 
TGF-B is secreted from cells as a latent precursor molecule of 55 kDa. Soon after 
secretion the precursor is proteolytically cleaved to produce mature TGF-B that is 
inactive as it still remains non-covalently bound to the latency-associated peptide 34. 
This latent TGF-B complex is bound to microfibrillar structures of the extracellular 
matrix, where it can be released and activated by proteolysis 35. The active 25 kDa 
homodimeric TGF-B| molecule consists of two identical disulfide-linkcd 12.5 kDA 
polypeptide chains 36. 

It was shown in the porcine heart that the expression of TGF-B, is strongly increased 
in the non-infarcted area at risk l6. In rats, after occlusion of the left coronary artery, 
an increased expression of TGF-B, was noted in the non-infarcted interventricular 
septum, a known predilection site for growth of coronary collateral arteries 3/. Such 
increased expression of TGF-B, was also observed in the border zone of infarcts in 
the human brain ' ' . This increased expression in regions adjacent to infarctcd areas 
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suggests a possible role for TGF-B, in the restoration of blood How after arterial 
obstruction. With both immuno-histochemistry as well as Western blot analysis we 
show that in the non-ischemic model of femoral artery ligation in the rabbit 
hindlimb, TGF-B| is also abundantly present around the growing collateral arteries. 
Interestingly, using Northern blot analysis, no increase in mRNA transcription for 
TGF-B| was found (data not shown). However, no deductions as to the change in 
transcriptional activity can be made from mRNA tissue concentrations which may 
not reilect RNA turnover. 

Staining for TGF-B, in rabbit hindlimbs after femoral artery ligation was only 
positive around growing collateral arteries that also expressed the proliferation 
marker Ki-67. TGF-B, was detectable not only in the extra-cellular space of 
adventitial cells but was also expressed by infiltrating cells. This TGF-B| expression 
during arteriogenesis is not dependent on the presence of ischemia (growing 
collaterals are surrounded by normoxic tissue and they are perfused by arterial 
blood) but may be dependent on increased shear stress as reported earlier " . 
Interestingly, another mechanical force, cyclic stretch, can also upregulate TGF-B, 
39. X-ray angiograms of TGF-B!-treated animals showed a higher number of visible 
collateral vessels (i.e. vessels with a diameter larger than 50 urn). However, 
angiographic parameters not always correlate well with perfusion . Therefore more 
importantly, TGF-B, increased the conductance of the collateral circulation about 
seven-fold, one week after femoral artery ligation. Conductance represents the 
maximal capacity of the collateral circulation and is the most direct quantitative 
measurement of collateral artery growth. 

TGF-fii and monocytes 
Wiseman reported maximal chemoattractive activity at concentrations ranging from 
0.1 to 1 pg/ml and monocyte activation at concentrations of 10 to 100 pg/ml . 
These data are confirmed in part by our own experiments that showed monocyte 
activation (i.e. increased adhesion) at higher doses. However, the reported 
chemotactic activity of TGF-B) towards monocytes was not reproducible over a layer 
of endothelial cells in a wide range of dosages. The chemo-attractivc activity of 
TGF-B, was reported from experiments with regular chemotaxis chambers ' , 
without an endothelial layer. This suggests that other factors than chemo-attractive 
activity alone are decisive for the number of transmigrated cells in the trans-
endothelial migration assay. 
In contrast to the absence of chemo-attractive activity of TGF-B,, a strong increase 
in adhesion to endothelial cells was observed for TGF-B, stimulated monocytes. 
Moreover, this led to an increase in the number of trans-endothelial migrated 
monocytes. The results of the adhesion and transmigration assays correlated with 
data from FACS-analysis showing that TGF-B, leads to an increase of the expression 
of monocytic adhesion receptor MAC-1. These data suggest a role for this receptor 
in the observed TGF-B, effect on arteriogenesis. Currently we are performing 
experiments using specific MAC-1 antibodies and MAC-1 knockout mice for more 
definite proof of this concept. Monocyte adhesion and transmigration are the first 
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steps observed during arteriogenesis. The activation of monocytes with TGF-B, 
leads not only to increased adhesion and transmigration of monocytes, hut also to an 
enhanced expression of several growth factors and cytokines like b-FGF. Platelet 
Derived Growth Facor (PDGF), TNF-a. 1L-1 and IL-6 ls:o-41-42 that enhance the 
development of collateral arteries. 

TGF-fii, the endothelium and angiogenesis 

The cell adhesion molecules are the endothelial counterparts necessary for monocyte 
adhesion. Treatment of cultured endothelial cells with TGF-B, did not increase 
monocyte-adhesion and migration. Furthermore FACS-analysis showed no increase 
in expression of cell adhesion molecules on TGF-B, stimulated HUVEC's. Thus, it 
is unlikely that the in-vivo effects of TGF-B] are mediated via the endothelial 
adhesion receptors for circulating monocytes. In this regard, it should be noted that 
in our in-vivo rabbit model of arteriogenesis the cell adhesion molecules are already 
upregulated on the endothelium via increased shear stress l2. 
The influence of TGF-B] on endothelial cell proliferation is not yet completely 
understood. The current understanding from in-vitro experiments is that TGF-B, 
inhibits endothelial cell proliferation. However, in-vivo inhibitory effects of TGF-B, 
on endothelial cell proliferation are controversially discussed. Increased levels of 
TGF-B| can be observed during angiogenesis 4 j . TGF-B, mRNA levels are increased 
in various cell types under hypoxic conditions ' in vitro. However, several studies 
reported anti-angiogenic properties of TGF-B, and also the overexpression of TGF-
B] after direct arterial gene transfer did not show an increase in angiogenesis 47. This 
was also confirmed by our own data showing no stimulation of angiogenesis in the 
spheroid-model by TGF-B| and an inhibition of the pro-angiogenic effects of VEGF. 
This confirms data reponed earlier by Pepper et al and stresses the notion that the in-
vitro angiogenic effects of TGF-B, depend strongly on the experimental setting 48. In 
our in-vivo model we also observed no influence on angiogenesis by TGF-B]. It 
should be noted however that the used in-vivo model was not designed to study 
angiogenesis but merely to study arteriogenesis. 

In our in-vivo setting of arteriogenesis, inhibition of endothelial cell proliferation is 
probably compensated for by the mechanisms of increased monocyte activation, 
adhesion and transmigration and the subsequent release of vascular growth factors. 
A second explanation for the seemingly paradoxical arteriogenic effect of TGF-B] is 
the fact that the process of arteriogenesis, in contrast to angiogenesis, consists 
mainly of proliferation of smooth muscle cells. Therefore it is of notice that TGF-B| 
induces vascular smooth muscle cell proliferation via PDGF 49'50. 

Angiogenesis, Arteriogenesis and Atherosclerosis 
Epstein recently highlighted the several potential negative side-effects that need 
special attention when applying strategies trying to stimulate collateral vessel 
growth . One of these potential side-effects is the induction or amelioration of 
atherosclerosis. The role of TGF-B] in atherosclerosis is controversially discussed 5 ' 

1. For example Big-h3, a TGF-B, -inducible gene was found to be overexpressed in 
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human atherosclerotic and restenotic lesions, suggesting a promoting role of TGF-B, 
in atherogenesis 58. In contrast, Grainger et al. could show that serum concentrations 
of active TGF-B, were severely depressed in advanced atherosclerosis. Patients with 
triple vessel disease showed a marked decrease of the active form of TGF-6| to 
levels less than 25% as compared to patients with chest pain, showing normal 
coronary angiograms 52. These data suggest that the active form of TGF-B, has anti
atherogenic effects. This was confirmed by studies in ApoE mice, showing that the 
anti-atherogenic properties of both Tamoxifen and anti-CD40L are associated with 
increased levels of active TGF-B, 59,6°. More recently it was shown that TGF-B, 
promotes lipid-cfflux from macrophages, offering a mechanistic explanation for its 
anti-atherogenic properties 6I. 

Conclusion 
To the best of our knowledge, the present report describes for the first time TGF-B, 
as a specific pro-arteriogenic substance. Increased levels of immuno-rcactive TGF-
B| in growing collateral arteries after femoral artery ligation were shown in a rabbit 
model of femoral artery ligation. This confirms earlier reports, suggesting a possible 
stimulatory role for TGF-B, in the natural process of arteriogenesis. In vivo, a strong 
arteriogenic effect was found upon exogenous application of TGF-B, after femoral 
artery ligation. The number of collateral arteries on the x-ray angiograms as well as 
the conductance of the collateral vessels showed a significant increase upon TGF-B, 
treatment. It has been described by other authors that TGF-B, induces the expression 
of several growth factors by monocytes/macrophages. This offers an explanation for 
the observed arteriogenic effects of TGF-B,. In addition, as another mechanistic 
explanation for the arteriogenic effects of TGF-B,, we show that TGF-B| induces 
MAC-1 receptor expression and increases monocytic adhesion and trans-endothelial 
migration, necessary steps during arteriogenesis. Further studies, using specific 
MAC-1 antibodies and MAC-1 knockout mice, are on the way to provide in-vivo 
data on the role of the MAC-1 receptor during arteriogenesis. 
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Figure 1: Immunohistological 
TGF-fi expression. The arrow in 
figure A shows indicates an 
infiltrating cell around a grow ing 
collateral artery in a control 
animal, expressing TGF-fi,. In the 
treated animal. TGF-fi is 
abundantly present around the 
growing collateral artery. 
confirming the delivery of the 
exogenously supplied TGF-fi, (B) 
(control 33.27 ± 5. 70 vs. TGF-fi, 
treated I4(i SI I 13.05 arbitrary 
units urn . p< 0.001). 

Ki-67 / 7-AAD ff-SM-actin/Ki -67/TOTO «-SM-actin/Ki-67 

Figure 2. Proliferation of collateral arteries. Immtinolaheling for Ki-67 in growing collateral 
arteries in control (A.C.E) and TGF-fi, fB.D.F) treated animals. Nuclei are labelled red with 
7-. I l/J in A and B. or blue with TOTO-3 in (' and D. In Panels C and I), alpha-smooth muscle 
ai tin is labeled green. Higher levels oj immunodetc< lab/c Ki-67/alpha smooth muscle a< tin 
positive cells are detected in TGF-fi, treated animals (control 2.65 • 0.90%, vs. TGF-fi, 5.85 ± 
l.l/"„.r 0.01). 

129 



CHAPTER 7 

HMH 55 kDa 
50kDa 

25 kDa 

Figure 3. Western blotting. 
An increased expression of 
the mature TGF-fi, (25 kDa) 
is found around pre-existing 
collateral arteries upon 
femoral artery occlusion as 
compared to sham operated 
animals (sham-operated 
131.04 ± 20.48 vs. occluded 
166.56 ± 12.70, p< 0.05). 

sham sham occ sham occ 

Figure 4: X-ray angiography. 
Collateral arteries bypassing 
the I igated femoral artery (A: 
control. B: TGF-fii treated 
animal). 

£ 2( -

Ë 15 -

Figttre 5: Number of visible collateral arteries. The total number of visible collateral arteries 

is increased upon TGF-fii treatment when quantified under stereoscopic viewing. 
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Figure 6: Collateral 
conductance. One week after 
ligation of the femoral artery 
in the rabbit, collateral 
conductance is about a 
sevenfold higher upon TGF-
ƒ?; treatment as compared to 
the control animals. 

Figure 7: Monocyte 
adhesion. 
Stimulation of 
monocytes with 
TGF-fii leads to a 
dose-dependent 
increase in adhesion 
to a monolayer of 
endothelial cells. 
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Figure 8: MAC-1 
expression. MAC-1 
receptor 
(CDI lb/CD 18) on 
monocytes 
significantly 
increases upon 
TGF-fii stimulation. 
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Figure 9: HUVEC 
stimulation. Stimulation 
ofHUVECs with TGF-
ƒ?/ does not lead to an 
increase in the 
endothelial adhesion 
receptors /CAM-1 or 
VCAM-1. 

Figure 10: Monocyte 
migration. Maximum 
migration of monocytes 
over a layer of 
endothelial cells is 
achieved after pre-
stimulation with TGF-
fii (Mono +) and using 
MCP-1 (MCP-1 +)for 
the chemo-attractive 
gradient. Pre-
stimulation of 
endothelial cells with 
TGF-fi (EC +) does 
not further increase 
monocyte migration. 

Figure 11: Sprouting 
activity. TGF-fi, exerts 
no sprouting activity in 
the spheroid model and 
inhibits partially the 
sprouting activity of 
VEGF. 
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CHAPTERS 

Abstrac t 
Background: Our current knowledge regarding the efficacy of factors stimulating 
collateral artery growth in the peripheral circulation primarily stems from models in 
small animals. However, experimental models in large sized animals are a 
prerequisite for extrapolation of growth factor therapy to patients with peripheral 
atherosclerotic obstructive disease. Therefore we have developed a novel porcine 
femoral artery ligation model using non-invasive and invasive evaluation 
techniques. 

Methods and Results: In 12 young farm pigs and 9 older minipigs a ligation of the 
superficial femoral artery was performed. Using an intra-arterial catheter, phosphate 
buffered saline (PBS) was administered with a first-pass over the collateral vascular 
bed. Directly after ligation as well as after 2 weeks of continuous infusion of PBS. 
perfusion of the leg was measured using various flow and pressure parameters. 
Using a pump driven extracorporal system, collateral conductance was determined 
under maximal vasodilatation. Conductance decreased after acute ligation to similar 
levels in both young farm pigs as well as the older minipigs (both 9.3% of normal 
perfusion) and recovered after two weeks to a higher value in farm pigs compared to 
minipigs (22.4% versus 12.7% of normal; P < 0.05). Angiography using both X-ray 
and magnetic resonance imaging was performed to visualize the formed collateral 
arteries. 

Conclusions: To the best of our knowledge this is the first in vivo pig model for 
hemodynamic assessment of growth of collateral arteries in the peripheral 
circulation that is suitable for evaluation of arteriogenic effects of growth factors or 
genes. 
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Introduction 
In the last decades, the treatment of patients with obstructive coronary and/or 
peripheral artery disease has made significant improvement using novel selective 
pharmacological and invasive techniques such as angioplasty and stenting as well as 
bypass surgery. Nevertheless angioplasty and bypass surgery, the primary 
interventional invasive therapies for the treatment of atherosclerosis, are itself 
limited by the development over time of native vessel restenoses and graft 
occlusions. Moreover these therapies are not options for a significant number of 
patients with diffuse atherosclerotic disease l 2 . 

The human circulation has a preexisting collateral vascular system, which in case of 
slowly progressive atherosclerotic narrowing may circumvent the stenosis and 
ensure blood flow to endangered ischemic territories. The growth of these small 
arterioles, that are only partially recruited under resting conditions, can be 
therapeutically enhanced. This process of active proliferation is termed 
arteriogenesis and results, in contrast to angiogenesis (the sprouting of capillaries) in 
true functional arteries . Several cytokines such as basic fibroblast-growth-factor, 
monocyte chemoattractant protein-1, granulocyte and macrophage colony 
stimulating factor and transforming growth factor beta are known for their 
stimulatory effect on arteriogenesis ' " . The vast majority of experimental angio-
or arteriogenesis data is based on studies in small animal species such as rabbits or 
mice ' . These data only partially reflect the situation in humans, since the total 
amount of new tissue necessary for the morphogenesis of developing collateral 
arteries is an order of magnitude smaller in mice versus man. This suggests that the 
time interval needed to transform a recently recruited collateral into a functional 
artery will take much longer in larger species. Thus, larger animal models arc 
needed to study the time course of arteriogenesis anticipated in humans. 
Furthermore, animal models for pre-clinical testing of growth factors should provide 
a similar collateral vascular growth as compared to the human situation. The dog 
heart for instance provides a very well developed collateral circulation, whereas the 
pig and rabbit heart are only poorly equipped with an efficient collateral circulatory 
system, similar to the human condition 5-18"23. 

Since current animal models for peripheral atherosclerotic obstructive disease are 
limited to the mouse, rat or rabbit hindlimb. and peripheral vascular data from larger 
species are not available, we now tested the hypothesis, whether the pig hindlimb 
might provide a model for peripheral collateral artery growth that is more suitable 
for extrapolation to the human situation with peripheral vascular disease. 

Materials and Methods 
Preparation of animals 

All animal procedures described in this study were approved by the Bioethical 
Committee of the District of Baden-Wiirtemberg, Regierungsprasidium Stuttgart and 
Freiburg. The animals were handled in accordance with the American Physiological 
Society guidelines for animal welfare. Animals were housed in standard cages and 
fed water and chow ad libitum. 
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Arterial ligation 
For this study 12 farm pigs (Winter. Assmannshardt, Germany) weighing 25-35 kg 
with a mean age of 3 ± 1 months, and a second group of 9 Goettinger Minipigs 
(Ellegaard. Dalmose. Denmark) weighing 20-25 kg, with a mean age of 19 ± 3 
months were used. After sedation with 5ml azaperon (40 mg/ml), 3 ml Dormicum 
and 2 ml ketamine hydrochloride (100 mg/ml), the pigs were intubated and 
ventilated with a respirator (Engström 300, Engström Medical AB, Solna, Sweden). 
General anesthesia was maintained using isoflurane (1 vol% in Gv). Using sterile 
surgical technique, the femoral artery was exposed and ligated just distal from the 
bifurcation with the deep femoral artery. A double ligation was performed, 
considering a 4-cm distance between the two ligation sites. Furthermore, the lateral 
femoral circumflex artery was ligated. 

Pump-driven infusion 
Four groups of animals were chosen in total: acute ligation in farm pigs (n = 7) and 
minipigs (;? = 4); and 2 weeks of ligation in farm pigs (/; = 5) and minipigs (n = 5). 
In animals that underwent a chronic 2 weeks treatment with phosphate buffered 
saline (PBS), the femoral artery was canulated with a 1.6 mm silicon catheter. The 
tip of the catheter was placed in the occluded femoral artery, 5-10 mm distal to the 
bifurcation of the superficial and deep femoral artery. Hereafter, the catheter was 
subcutaneously tunneled to the animal's back and connected to a portable 
clastomeric infusion system (Multiday Infusor 2.0 ml/hour; Baxter Healthcare Corp., 
Deerfleld). This infusion pump was placed at the back of the pig and secured with an 
elastic cotton jacket. After suture of the overlying musculature, the skin was closed. 
Hereafter, the skin was cleaned with cod-liver oil and Nobecutan spray®. A depot of 
3 ml penicillin / streptomycin was injected intramuscular as an antibiotic 
prophylaxis. All 21 pigs were operated following this protocol. 

Hemoch namic measurements 

The pigs were given premedication following the same protocol as described above 
and anesthesia was subsequently maintained using pentobarbital sodium 10 
mg/kg/hour intravenously. The animals were monitored during the experiment using 
electrocardiography and non-invasive measurement of heart rate and arterial 
oxygenation using a transcutaneous tail probe. Mean systemic arterial pressure, 
distal pressure and perfusion pressure were measured using an amplifier filter (1FD, 
Mühlheim/Ruhr, Germany). For the continuous measurement of systemic arterial 
pressure, a solid-state pressure gauge manometer was placed in the left carotid 
artery. The mesenteric artery was canulated - close to the level of the aorta - with a 
polyethylene heparinized catheter (1.0 mm) for the measurement of the perfusion 
pressure after installation of the extracorporal system. The saphenous arteries were 
exposed at the level of the ankle and cannulated with a polyethylene catheter (0.58 
mm). These tubings were connected to a pressure transducer for the measurement of 
distal arterial pressure. For the measurement of volume flow to the region of interest, 
flow probes (Transonic Systems Inc.. Ithaca, NY) were placed from an abdominal 

136 



A N£W LARGE ANIMAL MODEL OF ARTERIOGENESIS 

approach just proximal from the bifurcation of the superficial and deep femoral 
artery. Continuous hemodynamic recordings were made using the data acquirement 
software Notocord-Hem 3.3.1.97 (Notocord systems SA, Croissy, France). To 
achieve maximum vasodilatation, papaverine (Sigma clinical co., St Louis, MO) 10 
mg/ml was infused with a pump at 120 ml/hour (see figure 1). 

Experimental protocol 
At the different time-points the animals were anesthetized again according to the 
above-described protocol and monitored with electrocardiography and systemic 
pressure measurement. After cannulation of the saphenous arteries, the abdomen 
was opened. Both external iliac arteries were exposed just proximal to the ligation 
site and flow probes were applied on both sides. The mesenteric artery was 
cannulated with a heparin filled polyethylene catheter for measurement of perfusion 
pressure. Consequently, the abdominal aorta was exposed and the lumbosacral 
spinal arteries were ligated to prevent retrograde bleeding. After systemic infusion 
of 10.000 IE of heparin, proximal (distal from the renal artery) and distal (just 
proximal from the mesenteric artery) atraumatic clamps were inserted. Hereafter, 
two cannulas were interposed in the abdominal aorta for the appliance of a pump 
driven extracorporal circulation as depicted in Figure 1. The cannulas inserted in the 
abdominal aorta were connected to a tubing pump (MCP V5.10, Ismatec, 
Glattbrugg-Ziirich, Switzerland) to control perfusion pressures. After stabilization of 
the animal, the pump speed was adjusted to systemic pressure. Subsequently, 
perfusion pressure was enhanced in four-six steps to under maximal vasodilatation 
using a continuous infusion of papaverine. Simultaneously, both femoral artery flow 
and peripheral pressures of the ligated and unligated leg were assessed. 

Post-mortem angiography 
After performance of the hemodynamic measurements, the animals were sacrificed 
using 10 ml potassium chloride intravenously. Subsequently, a buffer of sodium 
chloride with papaverin was infused into the peripheral circulation to achieve 
maximal vasodilation. Hereafter, a contrast medium consisting of a solution of 60mg 
barium sulfate (Riedel-de Haèn laboratory chemicals, Seelze, Germany) and 10 mg 
gelatin in 100 ml aquadest (18.2MQ) was infused at a pressure of approximately 50 
mmHg to preclude pressure derived vascular damage. The angiograms were 
obtained immediately after the experiment in 11 animals using a radiography 
apparatus (DX-15HF; Acoma) at a distance of 110 cm at 74 kV and 3.2 mAS. A 
Kodak XDA plus film (30 x 40 cm; Eastman Kodak Company, Rochester, NY) was 
used. 

In vivo angiography 
Animals were anaesthetized as described above and monitored with 
electrocardiography and systemic pressure measurement. Angiographies were 
obtained using MRA technique or clinical angiography. 
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In vivo magnetic resonance angiography 

The purpose of these scans was to visualize the femoral artery' architecture and to 
obtain a cross-sectional view perpendicular to the direction of How. This pilot 
experiment was performed in two minipigs after two weeks of PBS infusion. 
Animals were anaesthetized as described above and monitored with 
electrocardiography and systemic pressure measurement. Magnetic resonance 
imaging (MRI) was performed on a 1.5-T whole-body imaging system (Sonata. 
Siemens). A standard quadrature head coil (20 x 26 cm) was used lor signal 
detection. After placement of ECG monitoring leads the subject was imaged in 
supine position with its hindlimbs placed inside the head coil. Scout views were 
acquired in axial, coronal, and saggital orientation to localize the arteries of interest. 
For selective depiction of the arteries we applied a contrast-enhanced magnetic 
resonance angiography (MRA) technique. MRA was performed during the first-pass 
of a gadolinium-based contrast agent (Magnevist. Schering, Berlin) in combination 
with a high resolution, TI-weighted gradient echo sequence. The total acquisition 
time for the 3D scan was 25 30 s using a repetition time of TR = 3.1 ms, an echo 
time of TE = 1.2 ms. and a flip angle of 20°. The in-plane resolution was 1.2 mm x 
1.1 mm at a slice thickness of 1.6 mm. The final images were reconstructed from the 
3D data set using a double oblique, targeted maximum intensity projection. 

Percutaneous angiography 

In a total of 3 pigs, a 7F or an 8F sheath was inserted directly into the right carotid 

artery. Electrocardiography was monitored and recorded. A 7F diagnostic catheter 
was positioned in the left proximal part of the femoral artery, and a single 20-50 ml 

bolus of nonionic contrast agent (Imeron. Byk Gulden) was selectively injected in 
either the proximal stump of the superficial artery or the proximal profound femoral 
artery. 

Calculation of conductance indices 

In the present model, pre-existing arterioles develop after occlusion of the 
(superficial) femoral artery from the deep femoral artery (stem region) into mature 
collateral vessels (mid region) connecting distally to the suralcous artery (artcria 
suralis) and the medial saphenous artery (re-entrant region). Perfusion pressure 
(PperfiisïonX measured in the distal aorta, and peripheral pressure (Pdistai)- measured in 
the saphenous artery are considered equal to the pressures in the stem- and re-entrant 
region, respectively. The change of flow to the region of interest, measured at the 
level of the external iliac artery (Q disla| vascular bed)- is considered to be the result of a 
change in How over the developed collateral vessels. Resistance of the distal and 
collateral artery network was defined as the following equation: 

'* distal vascular bed — \' perfusion " * disial/'Vr distal vascular bod 

Conductance is defined as the reciprocal value of the vascular resistance. All 

conductance indices were calculated from the equation of the pressure-flow relation 
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as the flow level of the distal vascular bed at a pressure difference (P perfusion- p distal) 
of lOOmmHg. 

Histology 
After intraoperative identification of collateral vessels - based on identification of 
the stem, midzone and reentry region and a corkscrew appearance - samples of 
arteriolar conduits were taken and frozen at -60°C in 4 pigs. Sections were 
immunohistochemically evaluated for morphological appearance (HE staining). 
Furthermore, in 4 Balb-C Mice the femoral artery was ligated. Directly after 
ligation, in 2 mice a postmortem angiography with a bismuth-gelatine mixture was 
performed and the midzones of small-preexisting visible collaterals was excised and 
transferred to further histological analysis (see above). In the 2 other mice, 
collaterals were excised after 14 days and identically prepared as ascribed above. 

Statistical analysis 
Continuous variables are expressed as mean ± standard deviation. A 2-tailcd 
unpaired t test was used to assess differences in continuous variables. Data analysis 
was performed using the SPSS 11.0 software package for Windows (SPSS Inc.. 
1999, Arlington. Virginia). For all tests, a p-value <0.05 was considered statistically 
significant. 

Results 

General observation 
Overall, no macroscopic necrosis was observed. No signs of clinical infection could 
be observed (increased body temperature, wound swelling or redness). All animals 
survived the initial surgery and the follow-up period. 

Mean arterial blood pressures 
Systemic arterial pressures remained unchanged in both farm pigs and minipigs 
throughout the study (Table 1). However, mean arterial blood pressure was 10-20 
mmHg lower in Gottinger minipigs than in the farm pigs. Blood pressures in the 
unligated right hindlimb were similar to systemic pressures. Peripheral blood 
pressure as measured in the saphenous arteries (Fig. 1) showed a reduction after 
occlusion that was higher in farm pigs (pressure fall: - 73.4%) as compared to 
minipigs (pressure fall: -52.1% of normal blood flow; P < 0.05). Two weeks after 
ligation of the femoral artery blood pressure restoration reached a value of 64.9% of 
initial blood pressure in farm pigs as compared to 69.0% in minipigs (Fig. 2A; P = 
NS). 

Volume blood flow 
The reduction in blood flow in the iliac artery following occlusion of the femoral 
artery was higher in minipigs (-53.4%) versus farm pigs (-34.1%, P < 0.05). Two 
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weeks after femoral artery ligation, iliac blood flow returned to a value of 83.6% of 
the normal value in farm pigs and 72.5% in minipigs; (Fig. 2B). 
The difference in the arteriogenic response was also reflected via the ankle-brachial 
index, which in the experimental setting was calculated from the ratio between the 
peripheral postocclusive pressure and the systemic (pump driven) pressure. In farm 
pigs this ratio was reduced by 75% (1.0 to 0.25) as compared to minipigs with a 
ratio-fall of 52%. The ratio of recovery of this index in farm pigs was significantly 
higher (46%) as compared to minipigs with 19% (P < 0.05) at the 2 weeks time 
period. 

Conductance 
The calculation of maximal conductance values revealed, that despite significant 
differences in change of blood flow and blood pressure, the overall initial reduction 
in conductance acutely after femoral occlusion was the same in farm- and minipigs. 
However there was a significant difference in the degree of restoration of perfusion 
(ml/min/100mmHg) at two weeks: farm pigs reached a conductance level of 22.4% 
as compared to minipigs, reaching a conductance level of 12.7% (Fig. 4). A 
moderate correlation was found between the collateral conductance and the ratio of 
the peripheral / systemic pressure in the ligated leg in both the farm pigs and the 
minipigs ( r = 0.37; P = 0.006; Fig. 5). 

Visualization of collateral arteries via angiography 
Directly after occlusion of the femoral artery interconnecting collateral vessels could 
rarely be observed in the farm pigs between the arteria profunda lemons and the 
distal part of the superficial femoral artery (see fig. 6A and 6B). Only collateral 
connections consisting of a stem, midzone and a re-entry (using Longland's 
definition of collateral arteries) were considered to be "true" collaterals. Two weeks 
after occlusion typical corkscrew collaterals could be observed in the 
aforementioned region (fig. 6B-D). Selective injection into the proximal arteria 
profunda femoris with contrast agent however visualized several interconnecting 
collateral vessels between the profound and superficial femoral artery (see 
fig. 6C and 6D). After selective injection of contrast agent into the proximal stump 
of the femoral artery a second group of collateral vessels could be made visible, 
directly bypassing the site of occlusion and thereby bridging from the proximal 
superficial arteria femoralis to the distal part. Using magnetic resonance 
angiography collateral arteries could be visualized in minipigs, two weeks after 
femoral artery ligation (fig. 7). 

Histology mice and pigs 
Histological examination of non-recruited collaterals, after intraoperative excision 
revealed, that the initial size of the arteriolar conduits is between 10-30 urn in Balb-
C mice as well as minipigs. However the increase in diameter and the number of 
smooth muscle cell layers were significantly different. The inner diameter of mature 
mouse collaterals showed values of 160 + 18 urn (fig. 8A) versus 620 + 150 um in 
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Figure I. Schematic drawing of the extracorporal circulation. Sites of volume flow and 
intravascular pressure measurements are depicted. 

Before ligation After ligation Two weeks 

(n = 7) (n = 5) 

107±7 94+18 

103+7 87±15 

25±9* 61±9* 

202±53 210±80 

101±24* 158+25 

(n = 4) (n = 5) 

81±22 83+13 

74+11 76±ll 
34+7* 49+8* 

92±25 98+23 

31±10* 66±29 

P < 0.05 compared to value before 

Farm pigs 

Pressure SVSKmic (mml Ig) 
Pressure distai-uniigued icg (mmHg) 
Pressure disai-iigated ieg (mmHg) 
Flow distai-uniigatcd ieg(ml/min) 
Flow duid-ugated leg (ml/min) 

(n = 7) 
102+11 

98±10 

94±9 

187129 

189±29 

Minipigs 
Pressure sy«emic (mmHg) 

Pressure dismi-uniigated leg (mmHg) 

Pressure dinai-iigaied leg (mmHg) 

FlOW distal-unligated leg ( m l / m i n ) 

Flow disiai-iigated leg (ml/min) 

(n = 4t 

82+23 
76±10 
71 + 18 
94+29 
91 ±30 

Table I: Hemodynamic data in minipigs and farm pigs. 
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Figure 2: Changes in peripheral blood pressures (A) and blood flows (B) in farm pigs and 
minipigs. 
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Figure 5: Correlation between conductance and peripheral / systemic pressure gradient. 
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Figure 6: Postmortem angiographies without ligation (A). Postmortem angiographies with 
femoral ligation (B). In vivo angiography. Selective injection into the profound arteria 
femoralis (C). Selective injection into the superficial arteria femoral is (D). 
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Figure 8: Histology of collateral arteries in mice (A) and minipigs (B) 
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minipigs (fig. 8B). 

Discussion 
The present study describes for the first time, a femoral arterial ligation model in the 
pig, that is suitable for evaluation of arteriogenesis using both non-invasive and 
invasive evaluation techniques. 

Mechanism of arteriogenesis 
According to Poiseuille's law, large conductance arteries are a prerequisite for tissue 
perfusion making blood flow restoration to ischemic tissues dependent on the 
development of large conductance vessels rather than new capillary networks " . 
Since vascular resistance is inversely proportional to the fourth power of the radius, 
small changes in collateral diameter can be responsible for large changes in 
collateral conductance. When a hemodynamically relevant stenosis develops in a 
main artery, it causes a fall in intravascular pressure in the dependent vasculature. 
Consequently, blood flow is re-distributed from a neighboring artery 
through pre-existing arterioles interconnecting the two vascular territories. Shear 
stress in these arterioles increases significantly, which in turn leads to the activation 
and morphological change of the endothelium, uprcgulation of cell adhesion 
molecules, invasion of circulating monocytes and their precursors and, finally, into 
formation of functional arteries "" . This process, termed arteriogenesis, is an efficient 
rescue system to bypass the site of stenosis or occlusion and thus restore blood flow 
to ischemic tissues. 

Importance of animal size and species 

Numerous experimental techniques have been developed to assess the effects of 
arteriogenesis on tissue perfusion. Experimental models in small animals such as in 
mice are useful to study molecular aspects of arteriogenesis for example in genetic 
knockouts, but may not be sufficient to predict the time course of the arteriogenic 
response of collaterals in larger species. Therefore, these small animal models may 
not represent accurately the process of arteriogenesis in human subjects . Since 
collateral vessels in mice require only a few cell cycles of smooth muscle and 
endothelial cell proliferation to reach their final effective diameter, collateral 
arterioles in larger sized animals such as the pig closely approximate the growth 
dynamics to be expected in humans. Due to the larger size of the pig compared to 
the previous animal models, proliferating collaterals can be visualized more easily 
using clinical diagnostic techniques such as magnetic resonance imaging and 
percutaneous transluminal angiography. Furthermore the pig hindlimb model 
provides a broad spectrum of functional hemodynamic parameters and allows the 
assessment of vascular conductance under conditions of maximal vasodilation. As 
shown in previous studies in the heart, the pig has a very limited innate coronary 
collateral circulation, with only sparse endocardial connections, whereas the dog is 
endowed with numerous, generally epicardial, innate anastomoses, that are thought 
to have greater potential for development than those of the pig . This apparent 
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difference has been responsible for generally greater acceptance of the pig as an 
animal to study angiogenic arteriogenic interventions in the heart, and for criticism 
of the dog model. For the hindlimb collateral circulation, these potential differences 
between species has not been elucidated up till now. A coincidental finding of the 
present study was that farm pigs showed a significantly faster recovery of 
hemodynamics as compared to minipigs. This may be explained by the differences 
in animal strain and / or age, which have shown to be influential on the arteriogenic 
response after femoral artery ligation " ""'. However, we could not detect 
proliferation activity of the growing collateral vessels with K.i-67 (data not shown). 
This could be due to the fact, that our histological observation was performed two 
weeks after femoral ligation, while the highest proliferative status may already be 
reached already 2-5 days after femoral ligation. 

For the peripheral circulation only limited data exist, that adequately reflect the 
situation in human vascular disease. The porcine hindlimb provides a similar 
anatomy as compared to humans, as shown by our study. In case of stenosis or 
occlusion of the arteria femoralis, preexisting collateral vessels are being recruited 
from the deep femoral artery (arteria femoralis profunda), connecting to the distal 
zone of the superficial femoral artery (arteria femoralis superficiaiis). 

Hemodynamics ofarteriogenesis 
The described technique of a pump driven shunt in this study allows a pressure and 
flow controlled perfusion of the vascular bed under conditions of maximal 
vasodilation (continuous administration of papaverine). Moreover, our conductance 
measurements revealed the typical positive pressure intercept. Using this pressure 
intercept at different pressure gradients, maximal collateral flow and thus collateral 
conductance (i.e. reciprocal value of resistance) of the collateral vessels can be 
assessed 30. The resistance of the collateral vessels will decrease over time, resulting 
in a lower pressure gradient. When the collateral resistance becomes very small, 
indicating that collaterals become now nearly as efficient as the native arterial 
system before the ligation, the peripheral pressure will equal aortic pressure and the 
ratio P aorta / P periphery becomes close to the value of 1, as also shown in the 
present study. After femoral occlusion this ratio decreased to values of 0.2-0.4. 
However, these ratios only moderately corresponded with collateral vascular 
perfusion as reflected by the collateral conductance. Furthermore, the hemodynamic 
data of this study show, that an increase or decrease in resting blood flow must not 
necessarily correlate with the conductance per se. Our flow parameters revealed 
restoration of more than 30% of resting blood flow after two weeks in both pig 
strains, whereas the conductance value only showed a very low improvement in 
minipigs as compared to a significant increase in farm pigs. Hence, a reliable 
evaluation of changes in the arteriogenic response depends on a complete 
vasodilation of the collateral circulation and, secondly, should include blood flow 
values plus the corresponding blood pressure ratios at different pressure levels 
expressed as conductance. 
In conclusion, our study provides a basis for future efforts to evaluate the 
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arteriogenic effects of different growth factors or genes in a large animal model that 
is better suitable for extrapolation to the human situation of patients with peripheral 
arterial obstructive disease than the existing small animal models. 
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CHAPTER 9 

Abstract 
Background: In the present study we tested the efficacy of monocyte 
chemoattractant protein 1 (MCP-1) treatment in a porcine hind limb ligation model. 
Methods and Results: In 40 minipigs, a femoral artery ligation was performed. 
Control animals were examined immediately after ligation (n = 4), or after two 
weeks of intra-arterial infusion of phosphate buffered saline (PBS; n= 11). A second 
group of animals was evaluated after intra-arterial infusion of 2.0 ug/h of MCP-1 for 
48 hours (followed by 12 days of PBS; n= 13) or two weeks continuous infusion (n 
= 12). In the terminal experiment after two weeks, resting How to the leg and 
peripheral arterial pressures were assessed, without vasodilatation. Subsequently, 
vascular conductance was determined using a pump driven extra corporal 
circulation, during maximal vasodilatation. The results showed that resting blood 
flow to the hind limb was.53% of normal after two weeks of infusion of PBS, 
compared to 81% in both MCP-1 treatment groups (P < 0.05). Collateral 
conductance was 645 ± 346 ml/min/mmHg after two weeks of infusion with PBS, 
compared to 1070 ± 530 and 1158 ± 535 ml/min/mmHg after 48 hours and two 
weeks treatment with MCP-1, respectively (P < 0.05). 

Conclusions: Modulation of the process of arteriogenesis is feasible in this large 
animal model via intra-arterial infusion of the C-C-chemokine MCP-1. 
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Introduction 
Patients with obstructive peripheral or coronary disease may benefit from the 
progress made during the last decades in both medical and invasive treatment 
modalities focusing on the restoration of blood flow. Nevertheless, the group of 
patients that remains symptomatic, despite these currently available treatment 
options, is still growing and therefore constitutes a major clinical problem in the 
western world '". The potential stimulatory effect of growth factor administration on 
vessel formation has created a possible new treatment option for this patient group 
'4 . It is important to distinguish two different forms of compensatory vessel growth, 
angiogenesis and arteriogenesis, as has recently been recognized by several other 
groups 5"9. Angiogenesis refers to the formation of new small capillaries in response 
to ischemia. Arteriogenesis refers to the remodeling of pre-existing arterioles to 
mature collateral arteries. In this process, not ischemia, but increased shear stress 
due to redistribution of blood over these arterioles is the driving force for the 
remodeling of these vessels into true collateral arteries ' "". Most likely, the 
therapeutic stimulation of arteriogenesis is to be preferred over angiogenesis, since 
arteriogenesis is more efficient to compensate flow reduction due to the larger 
diameter and better functionality of the formed vessels, compared to capillary 
networks in angiogenesis '. A number of experimental peripheral ligation models in 
mainly small animals have been used to study the stimulation of these processes 
with growth factors 12*13. In these studies, monocyte chemoattractant protein 1 
(MCP-1) has been shown to be one of the strongest stimulators of the arteriogenesis 
process. The purpose of the present study was to evaluate the potency of MCP-1 for 
the stimulation of collateral artery growth in a porcine hind limb ligation model that 
may be more suitable for extrapolation of the observed effects to patients with 
peripheral arterial obstructive disease (PAOD). 

Methods and materials 
Surgical preparation 
For this study 40 Göttinger Minipigs of either sex and weighing 28 ± 6 kg 
(Ellegaard, Dalmose, Denmark) were used. The animals were handled in accordance 
with the American Physiological Society guidelines for animal welfare. Animals 
were housed in standard cages and fed water and chow ad libitum. The pigs were 
sedated using a combination of azaperone (5ml; 40 mg/ml), midazolam (3 ml, 5 
mg/ml) and ketamine hydrochloride (2 ml; 100mg/ml), and were subsequently 
intubated and ventilated with a respirator (Engström 300, Engström Medical AB, 
Solna, Sweden) with N20 : 0 2 in a ratio of 2 : 1. General anesthesia was maintained 
using isoflurane (0.8 to 2.0 vol% in 02). The left A. femoralis was exposed using a 
sterile surgical technique and ligated immediately distal from the bifurcation with 
the A. profunda femoris. A double ligation was performed with a 4-cm distance in-
between the two ligation sites. Also, the A. circumflexa femoris lateralis was ligated 
to prevent 'bridging' collateral artery formation. 
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Intra-arterial infusion 
A 1.6 mm silicon infusion catheter was retrogradely inserted with the tip placed just 
distal to the bifurcation to ensure a first-pass effect of the compound over the 
collateral vascular bed. The catheter was subcutaneously tunneled to the animal's 
back, externalized and connected to a portable elastomeric infusion system 
(Multiday Infusor 2.0 ml/hour; Baxter Healthcare Corporation. Deerfield). The 
animals were examined acutely after ligation (n = 4), after two weeks infusion with 
vehicle (phosphate buffered saline, PBS; n = 11) or after treatment with 2.0 ug/h 
monocyte chemoattractant protein 1 (recombinant MCP-1, Boehringer Ingelheim. 
Austria) for 48 hours, followed by 12 days of vehicle (n = 13) or two weeks 
continuous infusion of MCP-1 (n = 12). 

Experimental design 
For the terminal study after two weeks of ligation the animals were anesthetized 
again using to the above-described doses of azaperone, ketamine and midazolam. 
Anesthesia was subsequently maintained using administration of sodium 
pentobarbital (60 mg/animal bolus, followed by a continuous intravenous infusion in 
a dose of 10 mg/kg/h). The jugular vein was cannulated for the maintenance of the 
anesthesia. Heparin was injected in a dose of 20.000 IU/animal. The animals were 
monitored during the experiment using ECG and measurement of heart rate and 
arterial oxygenation using pulse-oximetry. A solid-state pressure gauge manometer 
was placed in the left carotid artery for the continuous measurement of systemic 
arterial pressure. The saphenous arteries were exposed at the level of the metatarsus 
and cannulated with fluid-filled polyethylene catheters. These tubings were 
connected to pressure transducers for the measurement of distal arterial pressure. 
Using a laparotomy the abdominal Aorta and both A. iliacae externae were isolated. 
For the measurement of volume flow to the region of interest, flow probes 
(Transonic Systems Inc., Ithaca, NY) were placed around each of the A. iliacae 
externae just proximal of the bifurcation of the A. femoralis and the A. profunda 
femoris. The mesenteric artery was cannulated with a polyethylene-heparinized 
catheter for the measurement of the perfusion pressure after installation of an 
extracorporal circulatory system. For this extracoporal system, the aorta was 
dissected and specially designed glass cannulas were inserted proximally and 
distally into the aorta, immediately before the aortic bifurcation. The glass cannulas 
were connected at both ends to a silicone tube (aortic bypass). The silicone tube was 
inserted into an electronic roller pump (ISM 726, Ismatec GmbH, Wertheim, 
Germany) for controlled perfusion of the hind limbs. After a steady state was 
reached papaverine-HCl (Sigma Chemicals Co.; St. Louis, MO) was continuously 
infused in a dose of 20 mg/min into the perfusion line to achieve a stable maximal 
local vasodilatation. The pump speed was then stepwise increased until the systemic 
blood supply was exhausted. Each step was maintained until a stable flow was 
achieved. Continuous hemodynamic recordings were made using the data 
acquirement software Notocord-Hem 3.3 (Notocord systems SA, Croissy, France). 
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In vivo angiography 
In a total of 4 minipigs (2 PBS treated and 2 two weeks MCP-1 treated animals), a 
sheath was inserted directly into the right carotid artery and a 7F diagnostic catheter 
was positioned in either the distal iliac artery or the A. profunda femoris for the 
selective injection of a single 20-50 ml bolus of nonionic contrast agent (Solutrast 
300, Byk Gulden, Konstanz, Germany). Images were digitally recorded on a desktop 
personal computer. 

Hemodynamic measurements 
Before the insertion of the extra corporal circulator}' system, values of mean left and 
right resting blood flow through the A. iliaca externa and mean left and right 
peripheral and central blood pressures were assessed, without the use of 
vasodilatation. Subsequently, the pump driven extra corporal circulatory system was 
applied to control perfusion pressures to the legs. Using this technique, perfusion 
pressure was enhanced in several steps under continuous maximal vasodilatation, 
using papaverine. Both femoral artery volume flow and pressure gradient over the 
ligated and unligated A. Femoralis were assessed for the calculation of arterial 
conductance. 

Histology 
A contrast medium, based on barium sulfate, was infused into the donor artery (A. 
profunda femoris) for macroscopical detection of the collateral arteries (n = 4; 2 
PBS treated and 2 two weeks MCP-1 treated animals). Tissue samples were taken 
after identification of the formed collateral arteries, based on recognition of the 
typical stem, midzone and reentry region and corkscrew appearance. Histological 
sections (5um) were prepared from paraffin-embedded tissue samples and were 
evaluated for morphological appearance with hematoxylin-eosin (HE) staining. For 
detection of proliferating vascular wall cells, frozen sections (5 mm thick) were 
placed on gelatine-coated slides and fixed for 10 min in aceton. Tissue sections were 
then exposed for 10 min in 0.1% carboxylated bovine serum albumin in PBS, 
followed by incubation overnight at 4°C with a primary monoclonal antibody against 
Ki-67 (clone MIB-1). After repeated washes in PBS, the sections were then 
incubated for 1 hour at RT with goat anti-mouse IgG conjugated with FITC. 
Specificity of the labeling was confirmed by omission of the primary antibody. 
Nuclei were stained with Hoechst 33342. 

Data analysis 
Values of volume flow and pressure were obtained during the plateau of each 
perfusion level and were averaged. The assessed flows and pressure gradients were 
subsequently fitted in a linear regression. All conductance indices were calculated 
from the equation of the pressure-flow relation as the flow level of the distal 
vascular bed at a pressure gradient (P perfusion - P distal) of 100 mmHg. Animals 
were excluded if the linear fit of the conductance calculation did not result in a 
regression coefficient (/•") > 0.94 in one of the legs. Results are expressed as means ± 
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SD. Differences between sample means were determined with an ANOVA with a 
Dunnett's (post) test and were considered statistically significant when the P-value 
was < 0.05. 

Results 
No differences were present regarding age and body weight between the different 
treatment groups (Table 1). 

Angiography 
Examples of in vivo angiographies of animals that received PBS for 2 weeks or that 
were treated for two weeks with MCP-1 are shown in Figure 1. Collateral arteries, 
connecting the A. profunda femoris (stem-zone) and the distal zone of the femoral 
artery (reentry-zone), could be observed. 

Resting blood/low and pressures 
The resting blood flow and peripheral pressures of all treatment groups are depicted 
in Table 2. Heart rate, systemic pressure and distal pressure and blood flow in the 
unligated leg remained similar in all animal groups. Blood flow and distal pressure 
in the ligated leg increased after two weeks of vehicle infusion. While distal pressure 
did not show a significant increase (55 ± 12, 57 ± 11 and 57 ± 11 mmHg after 2 
weeks of PBS, 2 days and 2 weeks of MCP-1, respectively; P = NS), blood flow 
increased after treatment with MCP-1 (from 54 ± 30 to 105 ± 60 and 88 ± 38 ml/min 
after 2 weeks of PBS, 2 days and 2 weeks of MCP-1, respectively; P < 0.05). Figure 
2 shows that resting blood flow to the leg increased from 27% of the contra lateral 
leg after acute ligation to 53% after two weeks of treatment with vehicle (P < 0.05). 
This is in contrast with a marked increase of flow after two days of treatment with 
MCP-1 (81%; P < 0.05), although this flow did not further increase if MCP-1 
administration was extended to two weeks (81%). Distal pressures increased from 
45% of normal directly after ligation to 73%, 75% and 76% after two weeks of 
vehicle infusion, two days and two weeks of treatment with MCP-1, respectively (P 
= NS). Likewise, no statistically significant differences were present regarding the 
calculated ratio of the systemic and peripheral pressure ("ankle-brachial index") 
between the groups of animals that were treated with either vehicle or MCP-1. 

Conductance measurements 
Figure 3A shows that acutely after ligation, conductance over the distal vascular bed 
decreased to a value of 158 ± 112 ml/min/lOOmmHg. After two weeks of infusion 
with PBS, conductance increased to 645 ± 346 ml/min/mmHg, compared to 1070 ± 
530 and 1158 ± 535 ml/min/mmHg after 48 hours and two weeks treatment with 
MCP-1, respectively (PBS compared to both MCP-1 groups; P< 0.05). Similar 
differences were observed when the conductance was corrected for the conductance 
in the unligated leg (Figure 3B). 
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Histology 
An increased number of inflammatory cells (monocytes/neutrophils) were present in 
the perivascular space around developing collateral arteries (Fig. 4). Furthermore, 
Ki67 staining for proliferating cells revealed dividing smooth muscle cells in the 
tunica media of the developing collateral arteries (Fig. 5). Ki67 is a nuclear antigen 
expressed by proliferating cells but down-regulated in cells re-entering the G0 phase 
'4. However, no quantitative differences in the number of infiltrating cells or 
dividing smooth muscle cells could be observed between the MCP-1 treated and 
control animals. 

Discussion 
The present study demonstrates the efficacy of stimulation of collateral artery 
growth in a porcine hind limb ligation model using exogenous administration of the 
C-C-chemokine MCP-1. Blood flow was increased two-fold after two days of 
treatment, whereas extension of treatment to two weeks did not further increase this 
positive effect on hind limb perfusion. 

Collateral artery growth in the peripheral circulation in pigs 
It is has been shown previously that the pig has limited potential for the 
development of (endocardial) collateral arteries in the coronary circulation, 
compared to the extensive (epicardial) coronary collateral vascular bed in the dog 
l7. For the hind limb circulation, the development of collateral arteries in pigs has 
not been studied until now. The efficacy of different growth factors has been shown 
in the rabbit hind limb model l2 l3l8l<>. However, for the extrapolation of the effects 
of growth factors on arteriogenesis to the clinical situation of peripheral arterial 
obstructive disease the present animal model is valuable, since it enables the 
assessment of dose-effect relationships on arterial remodeling in a large animal. This 
effect may be markedly different in larger sized animals, considering the number of 
cell divisions required for maturation of the collateral vessels. As shown in the 
present study, no overt ischemic damage to the femoralis-perfused tissue was 
observed. Moreover, a spontaneous increase of blood flow after two weeks ('natural 
course') was demonstrated. Angiography showed that the porcine hind limb 
collateral circulation has a similar anatomy compared to the human situation 
according to Longland's classification 20. The pig hind limb thus provides an 
excellent large animal model for the evaluation of collateral artery growth in the 
peripheral circulation, that provides a broad spectrum of functional hemodynamic 
parameters and allows the assessment of vascular conductance under conditions of 
maximal vasodilatation. 

MCP-1 in arteriogenesis 
After obstruction of a main feeding artery a redistribution of blood flow occurs over 
pre-existing arterioles. The subsequent presence of increased intravascular shear 
stress, due to the enhanced blood flow, causes a local activation of the endothelium 
21"23. This activated endothelium causes an up regulation of monocyte adhesion 
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receptors such as intercellular and vascular cell adhesion molecule and 
endogenously produces factors such as transforming growth factor p and MCP-1 2A' 
"6. MCP-1 is a potent agonist for the p-chemokine receptors CCR-2 and CCR-4 that 
are expressed on monocytes ~ . The presence of a gradient of MCP-1 induces 
chemotaxis of monocytes via this pathway. The attraction of monocytes, their 
diapedesis through the vessel wall, transformation into macrophages and finally, 
their local production of a cocktail of factors is generally believed to be the primary' 
stimulatory mechanism for collateral vessel growth 28,29. The cocktail of factors that 
is produced by the monocyte (i.e. matrix metalloproteinases; MMP's. tumor necrosis 
factor a; TNF-a, basic fibroblast growth factor; b-FGF, platelet derived growth 
factor; PDGF) facilitates a locally active process of mitosis of endothelial and 
smooth muscle cells 30">l. TNF-a and MMP's induce an inflammatory environment 
and the degradation of existing structures, while b-FGF and PDGF stimulate 
mitogenesis of endothelial and smooth muscle cells. This remodeling process leads 
to the development of functional arteries with multiple smooth muscle layers that are 
capable to carry substantial volumes of blood due to their relatively low resistance 
and responsiveness to vasoactive substances (i.e. during exercise). This in contrast to 
the development of small capillaries during angiogenesis, consisting exclusively of 
endothelial cells ,2. This is important with respect to the functionality and capacity 
of these vessels, since these vessels have to compensate for a substantial amount of 
loss of blood flow after obstruction of a large feeding artery, as also depicted in the 
current study (flow decrease of 75%). In the present study, the accumulation of 
monocytes around the formed collateral arteries was confirmed histologically and it 
was shown that the process of arteriogenesis in the porcine hind limb could be 
positively modulated using an intra-arterial administration of MCP-1. This effect 
(leading to approximately a doubling of the spontaneous increase of conductance) 
seems to be less pronounced, compared to the strong effects that were observed in 
the rabbit model (MCP-1 treated 3-8 fold increase of conductance compared to PBS) 
(13, 15). The total dose that was used in the 2 weeks treated pigs is about 5-6 fold 
the dose (corrected for weight and treatment period) as used in the rabbit studies. 
However, in the animals that were treated for only 48 hours, the total amount of 
MCP-1 per kg body weight that was administered was similar to the amount used in 
the rabbit model. No further improvement of hind limb perfusion was observed after 
a prolonged duration (two weeks) of treatment with MCP-1. This finding may be 
explained by the fact that local attraction and extravasation of monocytes around a 
developing collateral artery merely occurs within the first days after acute arterial 
occlusion 28'29. Hence, a short duration of MCP-1 infusion may be sufficient for the 
attraction and activation of the monocytes, which are required for collateral artery 
growth. 

Endpoints 
In the current study assessment of hind limb perfusion was performed after two 
weeks of femoral artery ligation, irrespective of the treatment period. Although 
angiography and histology were performed, hemodynamic parameters were used as 
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primary endpoint to evaluate the effects of MCP-1 on hind limb perfusion, since the 
correlation between the number of visible arteries and the grade of perfusion is 
generally believed to be doubtful ' \ Relative small positive effects were observed on 
resting blood flow. However, no (statistical significant) effects were seen on resting 
peripheral pressures and the calculated ankle-brachial index (that is an endpoint in 
many clinical studies), which may be due to the high level of'spontaneous' recovery 
of the resting distal pressure to approximately 75% of normal. This reduces the 
therapeutic window for growth factor therapy for these endpoints. After induction of 
increasing perfusion pressures using the pump driven system under maximal 
vasodilatation, the positive effects of MCP-1 treatment were detected more clearly. 
This result reflects the importance of the use of vasodilators and the testing of the 
maximal capacity of the vascular system, rather than only measuring at resting 
conditions. 

In summary, our results have shown that collateral arteries develop in the pig hind 
limb and that an improvement of perfusion can be achieved using intra-arterial 
administration of MCP-1. Moreover, our data show that a two days of infusion of 
MCP-1 is sufficient to induce a significant arteriogenic response, whereas a longer 
duration of therapy did not further increase this pro-arteriogenic effect. 
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Vehicle 

Acute 2 weeks 
MCP-1 

2 days 2 weeks 

Age, months ± SD 16.1 ± 6 

Body weight, kg ± SD 28.5 ± 8 

n 4 

16.9 ± 7 
22.8 ± 3 

9 

19.5 ±5 
30.8 ± 7 

13 

18.1 = 6 
27.4 ± 8 

10 

Table I: Body weight, age and number of animals per treatment group 

Pressure (mmHg) 

Systemic 
Ligated leg 

Unligated leg 
Volume flow (ml/min) 

Ligated leg 

Unligated leu 
Heart rate (bpm) 

n 

Vehicle 
Acute 

108 ±24 

43 ± 8 
94 ± 16 

28± 17 
II0± 58 

I13±31 
4 

2 weeks 

78 ± 12 

55 ± 12* 
72^ 13 

54 ± 30* 
98 ±37 
8 4 i 21 

9 

MCP-1 
2 days 

82 ± 17 

57 ± II* 
76* 13 

105±60*f 

126 ±33 
87 ±24 

13 

2 weeks 

80 ± 18 
57 ±11* 

75 ±15 

88±38*t 
107 ±39 
97 ±35 

10 

Table 2: Hemodynamic data of the four treatment groups 

Figure 1: In vivo angiography. A: No arterial ligation. B: 2 weeks of PBS infusion after 
ligation of the femoral artery. C: 2 weeks of continuous MCP-1 infusion. 
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Figure 2: Resting volume flow, peripheral pressure and Ike ankle-brachial index (all 
expressed as a percentage of the mitigated hind limb) of the different treatment groups. * P < 
0.05 compared to value acutely after ligation, f P < 0.05 compared to value after 2 weeks of 
vehicle infusion. 
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Figure 3: Conductance measurements of'tigatedhind limb under maximal vasodilatation. A: 
absolute values of conductance of the ligated hindlimh in ml/min/1OOmmHg. B: percentage 
conductance of the ligated hind limh, corrected for the conductance of the unligated hind limh. 
* P < 0.05 compared to value acutely after ligation. ! P < 0.05 compared to value after 2 
weeks of vehicle infusion. 
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Figure 4: Paraffin sections of collateral arteries with HE staining. A: section of pre-existing 
arteriolar connection. B: Remodeled collateral artery after 2 weeks of treatment with MCP-l. 
( ' set lion of pre-existing arteriolar connection. D: Remodeled collateral artery alter 2 weeks 
oj PBS infusion. Arrows allocate perivascular cell infiltration. Black hars depict 50pm. 

Figure 5: Frozen sections of remodeled collateral arteries with Ki67 staining of a PBS (A) and 
a \K 'I'-1 treated animal IB and C). Arrows allocate dividing cells, as shown hv green 
fluorescence oj thine) cell nucleus. D: magnification of selected rectangle of panel ('. White 
hars depict 50 pm. 
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CHAPTER 10 

Abst rac t 

Background: The objective of our study was to quantify the arteriogenic potency of 

Monocyte Chemoattractant Protein-1 (MCP-1) under hyperlipidemic conditions. 

Additionally, wc aimed to determine the effects of locally applied MCP-1 on 

systemic serum lipid levels as well as on atherosclerosis. 

Methods and results: A total of sixty-four Watanabe rabbits was treated with either 

low dose MCP-1 (1 ug/kg/week ), high dose MCP-1 ( 3.3 ug/kg/week) or PBS as a 

control substance. Substances were applied directly into the collateral circulation 

via an osmotic minipump with the catheter placed in the proximal stump of the 

ligated femoral artery. Either one week or six months after initiation of the treatment 

X-ray angiography was performed as well as measurements of collateral 

conductance using fluorescent microspheres. The extent of atherosclerosis was 

quantified in whole aortas using Sudan IV staining. One week after ligation of the 

femoral artery a significant increase in collateral conductance was observed in 

animals treated with high dose MCP-1 (control: 2.2 ± 0.8 ml/min/100 mmHg vs. 

MCP-1 high dose: 8.9 ± 2.0 ml/min/100 mmHg, p<0.05). Six months after femoral 

artery ligation no differences were found between the treated and the control group 

(PBS: 44.9 ± 1 1 . 6 ml/min/100 mmHg, MCP-1: 47.8 ± 11.5 ml/min/100 mmHg, 

p=NS). No influence was found on serum lipids or on the development of 

atherosclerosis in the present model. 

Conclusions: MCP-1 accelerates arteriogenesis upon femoral artery ligation under 

hyperlipidemic conditions. Six months after treatment these pro-arteriogenic effects 

of MCP-1 can no longer be observed. The present data do not show an effect of 

local MCP-1 treatment on serum lipids or on atherosclerosis. It should be noted 

however that a high standard deviation was observed for the data on atherosclerotic 

surface area, necessitating additional experiments in a different model of 

atherosclerosis. 
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Introduction 
Monocyte Chcmoattractant Protein 1 (MCP-1) significantly increases the process of 
arteriogenesis when locally applied in a rabbit hindlimb model of femoral artery 
occlusion '. The arteriogenic action of MCP-1 is thought to be based on an increased 
number of attracted monocytes to the place of interest and this factor holds promise 
as a new therapeutic modality to treat peripheral and coronary obstructive arterial 
disease . 

However, it is not known whether the arteriogenic properties of MCP-1 are 
preserved in a hyperlipidemic environment. Moreover, arteriogenesis and 
atherogenesis display several similarities like monocyte infiltration, increased 
expression of growth factors and cytokines and smooth muscle cell mitosis. 
Therefore, a possible limitation to every arteriogenic therapy is the acceleration or 
initiation of atherosclerotic lesion development. This is an even more realistic 
potential side-effect when using MCP-1 as arteriogenic substance, since this 
cytokine is believed to be directly involved in the initiation of atherogenesis . 
The Watanabe Heritable Hyper-Lipidemic (WHHL) rabbit possesses an inheritable 
deficiency of LDL receptors, similar to familiar hypercholesterolemia in humans, 
leading to high LDL plasma levels and early development of atherosclerosis 4'5. We 
used this animal model to study the short- and longterm effects of locally applied 
MCP-1 on both atherogenesis and arteriogenesis under hyperlipidemic conditions. 
Additionally we determined the effects of MCP-1 treatment on serum lipid levels. 

Methods 
WHHL rabbit model 
A total of sixty-four WHHL rabbits were used for the current study after securing 
the appropriate institutional approval conforming with the "Guide for the Care and 
Use of Laboratory Animals " published by the US National Institutes of Health 
(N1H Publication No. 85-23, revised 1996). Animals were anaesthetized with an 
intramuscular injection of ketamine hydrochloride (50 mg/kg) and xylazin (8 
mg/kg). A skin incision of approximately 3 cm was performed to visualize and 
ligate the right femoral artery. A catheter with the tip being placed upstream in the 
proximal stump of the occluded artery was connected to an osmotic minipump 
(Alzet, 2ML1, Alza Corp., Palo Alto, USA). Thereby the substance was directly 
delivered into the collateral circulation for a defined time period of one week. The 
absence of any residual volume in the minipumps (<3%) after the experiment 
verified delivery of the contents. 12 animals were treated with a total MCP-1 dose 
of 1 ug/kg (low dose), 24 animals were treated with a total MCP-1 dose of 3.3 
ug/kg (high dose) and 24 animals received Phosphate Buffered Saline (PBS) as a 
control substance. Animals were then divided in six groups. Group I consisted of 12 
animals treated with low dose MCP-1 and analyzed after one week, group II 
consisted of 12 animals treated with high dose MCP-1 and analyzed after one week, 
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group III consisted of' 12 animals treated with PBS and analyzed after one week, 

group IV consisted of 12 animals treated with high dose MCP-1 and analyzed after 

six months and group V consisted of 12 animals treated with PBS and analyzed after 

six months. The sixth group consisted of 4 non-operated animals that were used to 

obtain normal values of collateral conductance in WHHL rabbits. Age of the 

animals at the time of the operation was either 6 months or 1 year, divided over the 

groups in such a way that for the final experiment each animal was around 1 year. 

Animals weighed between 2.4 and 3.3 kg. 

Serum levels of lipids 

A total of 2 ml blood was withdrawn from the ear vein shortly before sacrifice. 

Triglycerides, total cholesterol, VLDL, LDL and HDL were then measured 

enzymatically in serum. 

X-ray angiography 

From group 1 to V a total of 6 animals per group was randomly selected for X-ray 

angiography. After sacrifice of the animals a canula was inserted into the abdominal 

aorta and a bismuth/gelatine contrast was slowly infused under constant pressure oï 

80 mmHg. Animals were then put on ice for 2 hours. The angiogram was performed 

with a Balteau chamber (30 kV, 1.45 minutes). Of each animal, 2 angiograms were 

performed at different angles. The number of collateral arteries was then counted 

using stereoscopic imaging. Only collateral arteries with a clearly identifiable stem, 

mid-zone and re-entry region were counted, according to the Longland criteria. The 

visualization threshold of these angiograms is approximately 50 urn. 

Collateral conductance measurements 

One week (MCP-1 low dose: n=6, MCP-1 high dose: n=6, control: n=6) or 6 months 

(MCP-1 high dose: n=6, control: n=6) after femoral artery ligation, measurements 

of collateral conductance were performed as previously described 6. In short: the left 

and right arteria saphena magna were canulated with sterile polyethylene 

heparinized catheters for peripheral pressure measurements. The left femoral artery-

was canulated for microsphere reference sampling. A pump-driven shunt, installed 

in the abdominal aorta, ensured oxygenated blood flow from the carotid artery in the 

abdominal aorta into the right and left hindlimbs. Additionally, donor blood was 

used from animals that were selected for X-ray angiography. A three-way stopcock 

was attached to the aortic canula in order to measure pressure at the level of the 

abdominal aorta, distal from the shunt. An in-line flow probe (Transonics, Ithaca, 

NY, USA) was installed in the shunt system for measurements of total flow to both 

hindlimbs. 

Maximal vasodilatation was achieved by injecting adenosine to the shunt at a 

constant rate of 1 mg/kg/min. After stabilization of peripheral and central pressures, 

170 



MCP-1. ARTER10GENESIS AND ATHEROSCLEROSIS IN WHHL RABBITS 

both legs were perfused via the aortic canula at 6 different pressures. The 6 
perfusion pressure levels were generated in vivo with a roller pump, installed in line 
with the shunt between carotid artery and abdominal aorta. For each pressure level, 
15 um microspheres (Molecular Probes, Eugene, Oregon, USA) with each a 
different fluorescent color were injected into the mixing chamber, that was installed 
in the carotid-abdominal aortic shunt system. For each colour a total of 2 million 
microspheres was injected, ensuring a large enough amount of microspheres in the 
individual tissue samples. The amount of microspheres in hindlimb tissue was then 
quantified using FACS-analysis (Becton Dickinson & Co, Lincoln Park, NJ, USA). 
Flows for each hindlimb sample were then calculated from the number of 
microspheres in the tissue, the microsphere count in the reference sample, the 
internal standard in the sample, the internal standard in the reference sample, the 
weight of the reference sample and the time-interval in which the reference sample 
is withdrawn. For each pressure step the difference between peripheral and central 
pressure was calculated. Collateral conductance was then retrieved from the slope of 
the curve of How and pressure difference. 

Quantification of atherosclerotic plaque formation 
Complete aortas were isolated, embedded in formalin 4% and stained with Sudan 
IV. After the staining procedure, a planimetrie quantification of the percentage of 
atherosclerotic plaque was performed from digitized photographs using N1H Image 
software (available on the internet as shareware, http://rsb.info.nih.gov/nih-image). 

Statistical analysis 
Results are presented as mean ± standard deviation. Significant differences between 
sample means were determined with an independent-samples T-test. Differences 
with a p-value < 0.05 were classified as significant. However, when more than two 
groups were compared, a Bonferroni correction was performed and the level of 
significance was lowered to 0.05 divided by the number of groups. 

Results 
Serum levels of lipids 
High levels of serum lipids were observed in both the control groups as well as in 
the MCP-1 treated groups. However, no significant differences were observed 
between any of the groups for values of either cholesterol, triglycerides, HDL or 
LDL neither at 1 week after the treatment (see table 1) nor at 6 months after 
treatment (data not shown). 
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Triglycerides 

Cholesterol 

HDL 

LDL 

PBS control 

452.5 = 129.6 mg/dl 

487.5 x 93.2 mg/dl 

35 ± 2.4 mg/dl 

362.8 ± 90 mg/dl 

MCP-1 low dose 

486.3 x 145.7 mg/dl 

410.3 = 68.7 mg/dl 

32.3 = 6.2 mg/dl 

295.3 ±36.1 mg/dl 

MCP-1 high dose 

453.8 ± 55.2 mg/dl 

467.3 ± 62.5 mg/dl 

33.7 ± 3.4 mg/dl 

360.8 ± 95.6 mg/dl 

Table I: Scrum lipids in the different treatment groups. 

Figure I: Upon femoral artery ligation several collateral arteries develop in hindlimbs of 
WHHL rabbits. The number of visible collateral arteries is increased upon high dose MCP-1 
(IC). Figure ID illustrates the process of pruning, referring to the decrease over time of the 
number of visible collateral arteries after their initial recruitment upon femoral artery 
ligation.X-ray angiography 

172 



MCP-1. ARTERIOGENESIS AND ATHEROSCLEROSIS IN WHHL RABBITS 

One week after ligation several collateral arteries could be observed, spanning 
mainly from the arteria profunda to the arteria genualis and the arteria saphena 
parva. The number of visible collateral vessels was 12.6 ± 2.3 in the WHHL rabbit 
control group. The low dose MCP-1 group did not differ significantly from the 
control group (14.3 ± 3.4). The 1-week treatment with high dose MCP-1 caused a 
significant increase in the number of visible collateral vessels (19.4 ± 2.4, p<0.05/3 
as compared to the control group). Six months after femoral artery ligation the 
number of visible arteries had regressed in both groups (a process referred to as 
"pruning") showing no longer a difference in the number of visible collateral 
arteries between difference in the number of visible collateral arteries between the 
high-dose MCP-1 treated group and the control group (MCP-1; 8.2 ± 0.9. PBS; 7.5 
± 0.8, p=NS, figure 1 and 2). 

Collateral conductance measurements 

The normal value for collateral conductance in the WHHL rabbit was 76.0 ± 6.6 

ml/min/100mmllg. One week after femoral artery ligation, collateral conductance 

was 2.2 + 0.8 ml/min/100 mmilg. In the low dose MCP-1 group no significant 

increase in collateral conductance could be observed (3.4 ± 1.6 ml/min/100 mmHg, 

p=NS as compared to the control group). However, treatment with high dose MCP-1 

significantly increased collateral conductance, 1 week after femoral artery ligation ( 

8.9 + 2.0 ml/min/100 mmHg, p<0.05/3 as compared to the control group). 

Six months after femoral artery ligation a restoration of flow to approximately 60% 

of normal was found in both the treated as well as the control group. At this time-

point the difference in collateral conductance between the MCP-1 treated animals 

and the control animals was no longer significant (PBS; 44.9 ± 11.6 ml/min/100 

mmHg, MCP-1; 47.8 ±11 .5 ml/min/100 mmHg, p=NS, figure 3). 

Quantification of atherosclerotic plaque formation 

Aortas of both treated and control WHHL rabbits showed massive plaque formation. 

Plaque formation was especially strong in the aortic arch and was found to a lesser 

extent in the thoracical and abdominal aorta (figure 4). However, no significant 

differences were found between the control and the MCP-1 treated group in 

percentage of atherosclerotic plaque/total endoluminal wall, 6 months after femoral 

artery ligation (control; 26 .1% ± 18.1%, vs. MCP-1; 33.5% ± 14.4% p=NS, figure 

5). 

Discussion 

The main finding of our study is that the arteriogenic potency of MCP-1 is 

preserved under hyperlipidemic conditions in the Watanabe rabbit. However, the 

effects are somewhat diminished as compared to the effects in normal New 
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~>w of collaterals 

control MCP-1 low MCP-1 high control MCP-1 high 

Figure 2: One week after femoral artery ligation the number of visible collateral arteries was 
significantly greater in the high dose MCP-1 group as compared to the control group. In the 
low dose MCP-1 group no significant increase could be observed (Control: 12.6 ±2.3. low 
dose MCP-1: 14.3 ±3.4. high dose MCP-1: 19.4 ±2.4). Six months after ligation the number 
of visible collateral arteries had regressed again (MCP-1; 8.2 ±0.9. PBS: 7.5 ±0.8. the high-
dose MCP-1 treated group and the control group (MCP-1: 8.2 ±0.9. PBS; 7.5 ±0.8, p=NS, 
figure 1 and 2). p=NS). 
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Figure 3: Both absolute values of collateral conductance as well as percentages of normal 
conductance are shown. Treatment with high dose MCP-1 significantly increased collateral 
conductance. I week after femoral artery ligation (control: 3.4 ± 1.6 mI/min/100 minHg MCP-
1 high dose: 8.9 ±2.0 inl/min/100 mmTIg, p<0.05/3 as compared to the control group). 
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Figure 4: Representative Sudan IVStainings of aortas from a control animal (4A) and from a 
MCP-1 treated animal I4B). six months after treatment. 
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figure 5: Planimetry of 
atheroscleroth surface in 
aortas from control animals 
and MCP-1 treated animals did 
not reveal a statistical 
significant difference between 
the two groups six months after 
treatment. However, a large 
standard deviation was 
observed in both groups 
(control: 26.1%± 18.1%, 
MCP-1: 3.15% ± 14.4% 
p NS). 

ml/mi n/100mmHg % of normal conductance 

PBS MCP-low MCP-high PBS MCP-low MCP-high 

figure 6: ('omparison between U'atanabe and NZW'rabbits tor either absolute conductance 
values <6Al or percentages oj normal conductance (6Bi. As shown clearly, the arteriogenic 
effects of MCP-1 are Significantly reduced in U'atanabe rabbits as compared to normal NZW 
rabbits t* indicates a p-value lower than 0.05). 
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Zealand White Rabbits '' and higher dosages of MCP-1 are required to elicit an 

arteriogenic response. There was no longer an effect seen on the conductance of the 

collateral circulation six months after the treatment. The treatment with either low 

or high dose MCP-1 had no effect on serum lipids. Moreover, using Sudan IV 

staining we could not detect a statistical significant difference in the development of 

atherosclerotic plaques between MCP-1 treated animals and control animals, six 

months after initiation of the treatment. It should be noted however that the standard 

deviation of the data derived with the Sudan IV staining were of such magnitude 

that a potential pro-atherogenic effect of MCP-1 cannot be excluded based on these 

data. 

Ilypcrlipidemia negatively influences the arteriogenic properties of MCP-1 in 

WHHL rabbits. The WHHL rabbits were treated with an MCP-1 dose that was 

shown in a previous study to significantly increase arteriogenesis in normal New 

Zealand White (NZW) rabbits ''. Additionally, a group was treated with a higher 

dose of MCP-1 since it has been described previously that collateral formation is 

diminished under hyperlipidemic conditions ' . Indeed we could show that the low 

dose MCP-1 treatment, that is sufficient to induce a strong arteriogenic response in 

NZW rabbits, has no significant arteriogenic effect in WHHL rabbits. In the high 

dose MCP-1 group an accelerated arteriogenic response was found, increasing 

collateral conductance approximately 4-fold, one week after femoral artery ligation. 

The salutory effect of high dose MCP-1 treatment on collateral conductance was no 

longer detectable six months after treatment. This indicates that the MCP-I dose that 

was used in the present study induces an acceleration of the natural arteriogenic 

response upon femoral artery ligation but diminishes overtime. It is currently not 

known whether final effects on collateral conductance can be altered by cither 

higher dosages of MCP-1 or the combination of MCP-1 with other arteriogenic 

growth factors like TGF-B or b-FGF " . This is of interest in view of earlier 

findings showing that the combination of MCP-1 and GM-CSF in a chronic model 

of more matured collateral arteries could still induce an arteriogenic response, in 

contrast to the lack of arteriogenic efficiency of both MCP-1 and GM-CSF when 

applied as monotherapy in this chronic model . 

In figure 6 we have made a direct comparison between Watanabe and NZW rabbits 

for both absolute values of conductance as well as for the percentages of normal 

conductance. The latter correction is important since in WHHL rabbits normal 

conductance without femoral artery ligation was about 45% of the conductance that 

we observed in normal rabbits of equal weight '. It has been shown previously that 

the responsiveness of the rabbit hindlimb resistance vasculature to adenosine is not 

impaired by hypercholesterolemia . Thus, the increased peripheral resistance in 

WHHL rabbits (and thus the decreased conductance) most probably is due to the 

atherosclerotic disease itself . The NZW rabbit data presented in figure 6 are 

previously published historical data, except for the high dose MCP-1 treatment 6. 
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The measurements of collateral conductance were performed under exactly the same 

conditions as described for the current manuscript. As shown, low-dose MCP-1 

treatment significantly increases collateral conductance in NZW rabbits, in contrast 

to the lack of arteriogenic efficacy in Watanabe rabbits. In the high dose MCP-1 

group an accelerated arteriogenic response was found in both Watanabe as well as 

NZW rabbits. However, the 4-fold increase in percentage of normal conductance in 

Watanabe rabbits is still a diminished response as compared to the 9-fold increase as 

observed upon high dose MCP-1 treatment in New Zealand White rabbits. In the 

PBS-treatcd control groups a significant difference in arteriogenic response was 

found between Watanabe and NZW rabbits only for absolute conductance values 

(Figure 6A). 

The potential of angiogenic or arteriogenic substances to stimulate atherogenesis is a 

topic that requires careful attention . Barger tlrst proposed that angiogenesis, i.e. 

the formation of new capillary networks via endothelial sprouting, is an integral part 

of atherosclerotic plaque formation '6. Subsequently, Folkman showed that the 

inhibition of angiogenesis via TNP-470 or endostatin diminishes plaque formation 

. More recently it was shown by Celletti et al that the exogenous application of a 

low dose of the angiogenic factor Vascular Endothelial Growth Factor (VEGF) 

stimulates plaque formation in both cholesterol-fed rabbits and knock-out mice, 

doubly deficient in apolipoprotein E/apolipoprotein B100 l s. 

Arteriogenesis, i.e. the transformation of small pre-existing vascular collateral 

pathways into large-sized collateral conductance arteries, plays no direct role during 

atherogenesis. However, arteriogenesis and atherogenesis share numerous common 

features. Shear stress upregulates the expression of endothelial cell adhesion 

receptors | 9 and this occurs during both atherogenesis and arteriogenesis 20"22. Also 

the subsequent monocyte/macrophage invasion plays a pivotal role in both 

arteriogenesis and atherogenesis. Other features shared by arteriogenesis and 

atherogenesis include smooth muscle cell mitosis and elastolysis. 

During How-restoration upon arterial obstruction, monocytes act in a pro-

arteriogenic fashion. The endothelial expression of ICAM-1, an adhesion molecule 

for monocytes, is increased early during arteriogenesis and. using electron-

microscopy and immuno-histochemistry. subsequently large numbers of adhering 

monocytes and perivascular macrophages are observed. These perivascular 

macrophages produce several growth factors, like basic Fibroblast Growth Factor 

and Tumour Necrosis Factor alpha, required for the transformation of pre-existent 

collateral arterioles into large conductance arteries . 

However, in contrast to their beneficial pro-arteriogenic capacity it is believed that 

monocytes play a detrimental role during atherogenesis, leading for example to 

weakening of the fibrous cap and plaque instability. 

Thus it is obvious, that stimulation of atherogenesis is a potential hazardous side-

effect of therapeutic arteriogenesis. This is even more true for MCP-1 since a direct 
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role for this cytokine in atherogenesis was suggested by two studies showing that a 

deficiency in either MCP-1 or its receptor CCR2 leads to diminished plaque 

formation in mice ~ . In addition, 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 amplification of 

atherosclerosis " . Therefore, additional insight into the pro-atherogenic properties 

of MCP-1 when applied as a pro-arteriogenic substance are mandatory prior to the 

initiation of a clinical trial. The route of administration of MCP-1 in such a clinical 

study should preferably be local and intra-arterial since this form of application 

most efficiently restores perfusion upon arterial obstruction " and may limit 

systemic side-effects. 

In the WIIHL rabbits, the atherosclerotic plaque surface in the aorta was not 

significantly increased upon high dose MCP-1 treatment as compared to the control 

animals six months after the one-week treatment. However, these data are somewhat 

difficult to interpret. It should be noted that a trend could be recognized towards 

more atherosclerotic plaque surface in the MCP-1 treated animals (26 .1% vs. 

33.5%). This difference did by no means reach statistical significance (p- value of 

0.32) but this might also be due to the relatively high standard deviation that was 

observed in both groups. It could still be postulated that this large variety within the 

groups masks the pro-atherogenic effects of high dose MCP-1. 

In conclusion, it was found that MCP-1 elicits an audiogenic response, even under 

severe hyperlipidemic conditions as observed in WHI1L rabbits. The dosage 

required for the arleriogenic response is however 3 -fold higher as compared to the 

dosage needed under normolipidemic conditions. Treatment with MCP-1 did not 

influence serum lipids and in the present model we did not detect a pro-atherogenic 

effect of MCP-1. However, in order to be able to definitely exclude pro-atherogenic 

side-effects of MCP-1 when used as a pro-arteriogenic substance, more studies are 

warranted in different models of atherosclerosis. 
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CHAPTER 11 

Abstract 
Background: Monocyte Chemoattractant Protein-1 (MCP-1) stimulates the 
formation of a collateral circulation upon arterial occlusion. The present study 
served to determine whether these pro-arteriogenic properties of MCP-1 arc 
preserved in hyperlipidemic ApoE -/- mice and whether it affects systemic 
development of atherosclerosis. 
Methods and Results: A total of 78 ApoE -/- mice was treated with local infusion of 
low dose MCP-1 (1 ug/kg week), high dose MCP-1 (10 ug/kgAveek) or Phosphate 
Buffered Saline (PBS) as a control after unilateral ligation of the femoral artery. 
Collateral hindlimb How. measured with fluorescent microspheres, significantly 
increased upon a one-week high dose MCP-1 treatment (PBS: 22.6%±7.2%, MCP-
1:31.3%±10.3%, p<0.05). These effects were still present two months after the 
treatment (PBS: 44.3%±4.6%, MCP-1: 56.5%±10.4%. p<0.001). The increase in 
collateral (low was accompanied by an increase in the number of perivascular 
monocytes/macrophages upon MCP-1 treatment. However, systemic CD1 lb 
expression by monocytes also increased, as well as monocyte adhesion at the aortic 
endothelium and neointima formation (PBS: 0.097±0.011 vs. MCP-1: 0.257±0.022, 
intima/media ratio, pO.0001). Moreover, Sudan IV staining revealed an increase in 
aortic atherosclerotic plaque surface (PBS: 24.3%±5.2% vs. MCP-1: 38.2%±9.5%, 
p<0.01). Finally, a significant decrease in the percentage of smooth muscle cells 
was found in plaques (control: 15.0%±5.2% vs. 5.8%±2.3%, p<0.0001). 
Conclusions: Local infusion of MCP-1 significantly increases collateral How upon 
femoral artery ligation in ApoE -/- mice up to two months after the treatment. The 
local treatment however did not preclude systemic effects on atherogenesis, leading 
to increased atherosclerotic plaque formation and changes in cellular content of 
plaques. 
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CHAPTER II 

Introduct ion 
Arteriogenesis refers to the outgrowth of preexisting collateral arteriolar connections 
into large conductance arteries. Due to the high capacity of these vessels as 
compared to the capillary networks that are formed during angiogenesis. 
arteriogenesis is believed to be the most efficient form of vessel growth to restore 
tissue perfusion upon arterial occlusion 

Thus, pro-arteriogenic substances potentially can be utilized to increase the capacity 
of collateral arteries in patients suffering from arterial obstructive disease, thereby 
alleviating symptoms of claudicatio intermittens or angina pectoris. 
The large majority of arterial obstructions are caused by atherosclerotic disease and 
thus substances that arc envisioned to be of use for therapeutic purposes in this 
population should be tested for their 'neglected, potential serious side-effects' on 
atherosclerosis 4. For substances that stimulate angiogenesis this is of particular 
interest since the process of angiogenesis is directly involved in atherosclerotic 
plaque progression . Although arteriogenesis as a process is not directly involved in 
atherogenesis, several pathophysiological entities are displayed by both 
arteriogenesis as well as atherogenesis like monocyte infiltration and increased 
expression of certain growth factors and cytokines. MCP-1 is a known pro-
arteriogenic factor, accelerating significantly the formation of collateral arteries 
upon arterial occlusion in rabbits ' . The pro-atherogenic properties of MCP-1 have 
been subject of many studies and it has been shown that overexpression of MCP-1 
directly at the vessel wall leads to an increased macrophage infiltration and 
neointima formation s . 

Local and intravascular delivery of angiogenic/arteriogenic proteins most efficiently 
restores perfusion upon arterial obstruction . Moreover, such local application 
limits systemic side-effects and maximizes selectivity. However, even local 
application might lead to systemic side-effects and therefore the objective of the 
current study was to determine whether a local protein infusion of MCP-1 directly 
into the hindlimb collateral circulation, in a dosage that significantly stimulates 
arteriogenesis. promotes atherosclerosis systemically. 

Apolipoprotein E-delicient mice (ApoE -/-) show high levels of serum lipids and 
formation of atherosclerotic plaques, similar to human atherosclerotic plaques " ' " . 
In a newly developed mouse model we delivered the MCP-1 protein directly into 
the hindlimb collateral circulation of ApoE knockout mice. This enabled us to lest in 
one model simultaneously the pro-arteriogenic effects of local MCP-1 protein 
therapy under hyperlipidemic conditions as well as the systemic negative side-
effects on atherosclerosis. 

Methods 

Animals 

A total of 50 ApoE -/- mice of 8 weeks (N10, backcrossed onto C57/B16, Jackson 
Laboratory, Bar Harbor, Maine. USA) as well as 28 ApoE -/- mice of 6 months in 
age were used after securing the appropriate institutional approval conforming with 
the Guide for the Care and Use of Laboratory Animals published by the US 
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PBS MCP-1 PBS MCP-1 PBS MCP-1 

Figure I: Flow ratios after femoral artery ligation in control and MCP-1 high-dose treated 
animals. Collateral flow increases upon MCP-1 treatment both at day 7 (PBS: 22.6% ± 7.2%. 
MCP-1 high: 31.3% ± 10.3%, p<0.05) as well as 2 months after ligation (PBS: 44.3% ± 4.6%, 
MCP-1 high: 56.5% ± 10.4%, p<0.001). 

60 i 

PBS MCP-1 PBS MCP-1 PES MCP-1 

Figure 3: Monocytes adhere to the aortic endothelium, already 3 days after initiation ofMCP-
1 treatment (PBS: 12.4 ±4.0 vs. MCP-1: 20.1 ± 9.9 monocytes!mm endoluminal wall. 
p<0.001). Two months after the MCP-1 treatment this effect is still present (PBS: 16.5 ± 5.6 vs. 
MCP-1: 41.7 ± 9.8 monocvtes/mm endoluminal wall. p<0.0001). 
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PBS A l MCP-1 

Figure 2: Accumulation oj monocytes macrophages around collateral arteries oj different sizes 
of animals treated with either PBS (A.C.E) or MCP-1 (B.D.F). MOMA-2 is usedtodetet t 
monocytes macrophages tred), alpha-smooth muscle actin is labelled green ami nuclei are 
labelled blue with Hoechst 33142. I pon MCP-1 treatment a strong increase is observed in 
perivascular monocytes macrophages /white arrows) (PBS: 26.9 I 19.3 . MCP-1 high: 64.2 ± 
37.1. MOMA-2-positive cells per square, />•• 0.01). 
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Figure 4: Increasedneointima formation in A/c /'-/ treated animals (control: 0.097 i W.W// i'v. 
MCP-l: 0.257 ± 0.022. intima media ratio. p<0.0001). Black arrows indicate regions "I 
neoinitima formation. 

PBS A 

musm 

MCP-1 B 

PBS . C MCP-1 ' > \ D 

SHE- Ü * -i l 

Figure 5. Monocytic infiltration in aortie atherosclerotic plaques. ('1)11 h is used to detect 
monocytes/macrophages (red-yellow), andnucleiare labelledblue with Hoechst 33342. 
. \strong mononuclear cell invasion of pre-existing atherosclerotic plaques ami aortic wall is 
observed, directly following the one-week MCP-1 treatment /panels B andD). 
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National Institute of Health (NIH Publication No. 85-23, revised 1996). The 8-week 
old mice were treated with either low dose MCP-1 (1 ug/kg/week, n=8), high dose 
MCP-1 (10 ug/kg/week, n=21) or PBS as a control substance (n=21). Measurements 
were performed either at day 3 during treatment (MCP-1 high: n=5, PBS: n=5), 
directly alter the 1 week treatment (MCP-1 low: n=8, MCP-1 high: n=8, PBS: n=8) 
or 2 months after treatment (MCP-1 high: n=8, PBS: n=8). The 6 month old mice 
were divided into 2 groups (MCP-1 high dose, n=14; PBS. n=14) and were 
analyzed directly following treatment (MCP-1 high: n=3, PBS: n=3) or after a 2 
month period (MCP-1 high: n=l 1, PBS: n=l 1). 

The treatment period with either PBS or MCP-1 was one week for all animals in all 
groups. The one-week treatment period was ensured by using osmotic minipumps 
(Alzet, 1007D, Alza Corp., Palo Alto, USA), especially designed for delivery of 
content over 7 days. 

Animal microsurgery 

Animals were anesthetized and the femoral artery was dissected free under a 
stereoscopic microscope (Leica MZ6, Leica. Bensheim, FRG). A small incision was 
made in the femoral artery, distal from the arteria profunda femoris, and a catheter 
(inner diameter 0.28 mm; outer diameter 0.61 mm) was inserted into the proximal 
stump of the femoral artery with the lip of the catheter pointing upstream. The 
catheter was then secured with two ligations around the femoral artery, thereby also 
obstructing completely femoral artery flow. Before introducing the catheter it was 
connected to the osmotic micropump for local delivery of either MCP-1 or PBS over 
a one-week period. Micropumps were then secured under the skin. 

Collateral flow measurements 
Collateral flow measurements were performed as previously described '2. In 
summary: a catheter was inserted in the abdominal aorta with the tip just proximal 
to the aortic bifurcation. Both hindlimbs were then perfused at 4 different pressure 
levels with differently labeled microspheres. Adequate mixing of the microspheres 
was ensured by vortexing for 30 seconds, shortly before injection. After 
performance of all 4 infusions, animals were sacrificed and distal hindlimb muscles 
(i.e. gastrocnemius and peroneus muscles) were dissected. Tissue was digested and 
homogenized and the number of accumulated microspheres in both hindlimbs was 
counted using How cytometry (Beekman Coulter, Epics XL-MCL, Germany). 
Restoration of flow was then expressed as a percentage, derived from the ratio 
between the flows in the occluded versus the non-occluded hindlimb. 

Serum measurements 

A total of 1 ml blood was withdrawn from each animal, shortly before sacrifice. 
Triglycerides, total cholesterol, VLDL, LDL, HDL and CRP were measured 
enzymatically in serum using standard protocols. 
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FACS-analysis ofCDIlb expression on monocytes 

CD1 lb expression on circulating monocytes was determined using FACS analysis 
(Epics XL-MCL, Coulter, Miami, FL, USA). Therefore 0.3 ml blood was withdrawn 
from the left ventricle and stained with an RPE-labeled F4/80 marker (Caltag, 
Burlingame, CA, USA) as well as a FITC-labeled GDI lb antibody (Serotec, 
Oxford, UK) using standard protocols for whole blood staining. Monocytes were 
identified based on scatter properties and positive staining for F4/80. CD11 b 
expression by monocytes was expressed as fluorescence intensity (arbitrary units). 

Immunohistochemistry unci atherosclerotic lesion size quantification 
Aortas of 8 week old mice were harvested, stored at -80°C and 5 urn sections of the 
ascending aorta were placed on cationic coated slides (Supcrfrost Plus, MJ 
Research, Waltham, USA). For all histological examinations a total of five slides 
per animal was analyzed, with 50 urn distance between the samples. All quantitative 
analyses were performed by two blinded observers. A mouse-specific marker for 
CD1 lb (Serotec, Oxford, UK) with FITC as a secondary antibody (Southern 
Biotechnologies, Birmingham, AL, USA) was used in order to detect monocytes. 
The number of adhering monocytes was quantified at a magnification of 400X at 
either day 3, day 7 or after 2 months. Therefore, the total number of monocytes per 
aortic ring was counted visually and endoluminal wall length was measured using 
Qfiuoro software (Leica, Wetzlar, FRO). Data were then expressed as 
monocytes/mm endoluminal wall in order to correct for different aortic diameters 
and cutting angles. To quantify neointima formation, photographs were taken of the 
complete aortic ring at the level of the ascending aorta (7-9 photographs for each 
aortic ring, 5 rings per animal) at a magnification of 400X with a Leica DC 300F 
digital camera (Leica, Wetzlar, FRG). Neointima was then quantified 
planimetrically using lmage.1 software (available on the internet as shareware, 
http://rsb.inlb.nih.aov/ii/). Measurements of adhering monocytes and neointima 
formation were performed on tissues derived from the 8 week old ApoE -/- mice. 
Aortas from 6 month old animals, sacrificed 2 months after femoral artery ligation 
were dissected and immersed in formalin 4% and stained with Sudan IV for 
detection of atherosclerotic plaques (PBS-treated n=6, MCP-treated n=6). Stained 
aortas were then photographed with a digital camera (Coolpix 900, Nikon, Tokyo, 
Japan) and the percentage of atherosclerotic surface compared to total aortic surface 
was calculated planimetrically. 

In order to determine cellular content, plaques from the descending aortas of the 
remaining animals (PBS-treated n=5, MCP-treated n=5) were stained for 
monocytes/macrophages (CD! lb, see above), lymphocytes (FITC-labeled mouse-
specific CD3 marker, Serotec, Oxford, UK) and smooth muscle cells (FITC-labeled 
anti-human alpha smooth muscle marker with cross-reactivity for mouse tissue, 
Sigma, St. Louis, Missouri, USA). Nuclear staining was performed with Hoechst 
33342 (Molecular Probes, Eugene, Oregon, USA). Negative controls were 
performed for all immunological stainings by omission of the primary antibody. 
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Figure 6. Sudan IVstaining of aortas of 6 month oldApoE mice (A: PBS. B MCP-1 high 
dose). The treatment with high dose \l( 'P-I leads to an increased percentage of 
atherosclerotic plague surface in total aortas, 2 months alter initiation oj the treatment as 
shown in panel C (PBS 24.3°/, 5.2 ivs MCP-1 38.2% ±9.5%, p 0.01). 

..II.. 
Figure 7 Representative pictures of immunohistological staining tor alpha smooth muscle 
actin (green). Panels A and Care derived from a PBS treated control animal It is shown 
clearly that in the MCP-1 treated animals .as shown in panels B and D the percentage at 
smooth muscle cells in the plaque region has decreased. As shown in panel P.. this difference 
was found to be statistically significant (PBS: 15 0"., - 5.2%vs. MCP-1: 5.8% - 2.3%, 
p- 0.0001). 
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Six additional mice of 6 months old were treated with either high-dose MCP-1 or 
PBS and tissue was harvested directly following the one-week treatment period, in 
order to detect the influence of MCP-1 on monocyte infiltration into aortic plaques 
and hindlimb tissue directly following treatment. Monocyte infiltration into plaques 
was performed as described above. Monocytes/macrophages around collateral 
vessels in hindlimb tissue (quadriceps and adductor muscles) were detected with the 
use of a mouse monocyte/macrophage specific monoclonal antibody against 
MOMA-2 (BMA Biomedicals, Augst, Switzerland) and Cy3 (DPC Biermann, Bad 
Nauheim, Germany) as a secondary antibody. In addition, tissue was stained with 
the above mentioned antibody against smooth muscle cells in order to ensure the 
arterial aspect of selected vessels. Photomicrographs were taken with a 400X 
magnification, and the number of monocytes macrophages was counted in 
predefined squares of 273 urn X 345 urn around muscular collateral arteries. 
Moreover, monocytes/macrophages were expressed as a percentage of total cell 
population in the predefined squares. 

Results 
Collateral flow measurements 
In the 8-week old ApoE mice, collateral flow did not increase in the low dose MCP-
1 treated animals as compared to control animals, seven days after femoral artery 
ligation (PBS: 22.6%±7.2%, MCP-1 low: 20.3%±4.3%, p=ns). 
When comparing the high dose MCP-1 group with the control animals no statistical 
significant difference was observed at day 3 (PBS: 10.2%±2.7%, MCP-1 high: 
11.8%±3.3%). However at day 7 after femoral artery ligation a significant 
difference could be observed between treated and control animals (PBS: 
22.6%±7.2%, MCP-1 high: 31.3%±10.3%, p<0.05). Two months after the ligation 
and the one-week treatment the difference in collateral conductance between the 
MCP-1 treated and the control animals was maintained (PBS: 44.3%±4.6%, MCP-1 
high: 56.5%±10.4%, p<0.001),(figure 1). This increase in collateral flow was 
accompanied by an increased number of monocytes/macrophages around muscular 
arteries in the quadriceps and adductor muscles of the ligated leg (PBS: 26.9±19.3, 
MCP-1 high: 64.2±37.1, p<0.01, figure 2). Also when expressed as a percentage of 
total cells around collateral vessels, an increase of monocytes/macrophages was 
detected in MCP-1 treated animals as compared to control animals (PBS: 
19.0%±6.5%, MCP-1 high: 34.9%±9.8%, pO.001). 

Serum measurements 
No increase in serum levels of CRP was found in any of the groups. High values for 
triglycerides, total cholesterol, VLDL and LDL as well as low levels of HDL were 
found in all groups. However, the treatment with MCP-1 had no influence on any of 
these values, either 7 days or 2 months after initiation of the one-week treatment 
(table 1). 
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FACS-analysis of CD 11 b expression on monocytes 
The local infusion of high dose MCP-1, directly in the peripheral collateral 
circulation led to an increased expression of CD1 lb by circulating monocytes that 
were withdrawn from the left ventricle. Fluorescence intensity was 214.5±8.7 in the 
control mice and 256.7±11.4 (arbitrary units, p<0.001) in the high dose MCP-1 
group. No increase in CD1 lb expression by circulating monocytes was detected in 
the low dose MCP-1 group (data not shown). 

Immunohistochemistry and atherosclerotic lesion size quantification 
Upon MCP-1 treatment of the 8 week old animals, an increase in endoluminal 
monocytes /macrophages in the ascending aorta was observed already at day 3 
(PBS: 12.4±4.0, MCP-1: 20.1 ±9.9 monocytes/mm endoluminal vessel wall, 
p<0.001) as well as at day 7 (PBS: 13.7±3.1, MCP-1: 21.2±9.6 monocytes/mm, 
p<0.001). Two months after femoral artery ligation, the difference between the 
treated and the control group had further increased (PBS: 16.5±5.6, MCP-1: 
41.7±9.8 monocytes/mm, pO.0001),(figure 3). This was accompanied by an 
increased neointima formation in the MCP-1 treated animals (control: 0.097±0.011, 
MCP-1: 0.257±0.022, intima/media ratio, p<0.0001),(figure 4). In the 6 month old 
ApoE mice an increase in monocyte content of atherosclerotic plaques could be 
appreciated directly following MCP-1 treatment. Several plaques of MCP-1 treated 
animals consisted almost exclusively of monocytes/macrophages accompanied by 
aortic wall invasion of monocytes/macrophages. This was encountered solely in 
MCP-1 treated animals, whereas control animals showed normal cellular content of 
plaques, directly following the one-week PBS infusion (figure 5). In the 6 month old 
ApoE mice, treatment with high dose MCP-1 led to an increased percentage of 
atherosclerotic plaque surface in total aortas, 2 months after initiation of the 
treatment (PBS: 24.3%±5.2%, MCP-1: 38.2%±9.5%, pO .01 ) (figure 6). This 
increased total plaque surface could be attributed almost completely to increased 
plaque formation in the thoracical and abdominal aorta (PBS: 14.8%±5.1%, MCP-1: 
30.9%±7.8%, p<0.05), whereas plaque percentage in the aortic arch remained 
almost unchanged (PBS: 54.4%±3.9%, MCP-1: 60.1%±7.8%, p=NS). However, 
cellular content of plaques from the aortic arch was changed upon MCP-1 treatment. 
Two months after MCP-1 treatment a significant decrease in the percentage of 
smooth muscle cells was observed in MCP-1 treated animals (PBS: 15.0%±5.2%, 
MCP-1: 5.8%±2.3%, p<0.001). No significant change was found in either 
monocyte/macrophage or lymphocyte content of atherosclerotic plaques in the 6 
month old animals, two months after treatment (figure 7). 

Discussion 
In a first step we have determined the dosage of MCP-1 required to induce 
arteriogenesis in ApoE mice. Our data show that the arteriogenic potency of MCP-1 
is preserved under hyperlipidemic conditions in the ApoE-/- mice up to two months 
after ligation, at a dosage of 10 ug/kg/week. At the same time, using this dosage, a 
systemic increase in monocytic CD1 lb expression was observed upon the local 
MCP-1 treatment. This was accompanied by an increased monocyte adhesion to the 
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aortic endothelium and an increased neointima formation. Finally, in 6 month old 
animals the treatment with MCP-1 increased total plaque surface in the aorta as well 
as modulated the cellular composition of plaques towards a morphology that is 
potentially more prone to rupture. 

The potential to form a collateral circulation upon arterial obstruction is distributed 
very heterogeneously among the population. Several factors influencing this 
potential have been identified in recent years like age 13 or the presence of diabetes 
'4. Hyperlipidemia also negatively influences the formation of a collateral 
circulation '5 and therefore we first determined the natural time-course of 
arteriogenesis in ApoE-/- mice and the additive pro-arteriogenic effects of MCP-1. 
The natural arteriogenic response in the PBS-treated control group restored flow to 
about 45% of normal. This seems to be in contradiction with the observed 60% 
restoration of flow as observed 5 weeks after femoral artery ligation as published 
previously '6. This difference most probably relates to the different methodological 
approaches. In contrast to that study we performed measurements of tissue perfusion 
using fluorescent microspheres instead of Laser Doppler fluxmetry. In a previous 
study we showed that Laser Doppler fluxmetry in the mice hindlimb model leads to 
overestimation of tissue perfusion as compared to microsphere-based measurements 

. This is in agreement with the observed differences between the present study and 
that of Couffinhal et al. 

At a dosage of 1 ug/kg/week no increase in collateral flow was observed as 
compared to the control group. The dosage of 10 ug/kg/week significantly increased 
flow ratio by approximately 30%, 7 days after femoral artery ligation. Interestingly, 
this positive effect of the one-week treatment on collateral flow was still observed 2 
months after initiation of the therapy showing an ongoing benefit of the treatment. 
The issue remains whether the beneficial effects of MCP-1 in the current model can 
be attributed to enlargement of pre-existing collateral vessels or the de novo 
formation of new arteries. The mouse model of femoral artery ligation as performed 
in the current study is designed to study arteriogenesis specifically. Therefore, the 
A. Profunda is left intact and the ligation is at a relative distal site of the femoral 
artery. Using this model, about 6 pre-existing collateral arterioles are readily 
recruitable and macroscopically visible . Immediately upon ligation these pre
existing vessels partially restore flow to jeopardized tissues as a natural escape 
mechanism from massive ischemic tissue damage upon acute femoral artery 
ligation. Over time, the lumen of these pre-existing vessels widens via active 
proliferation of vascular wall cells, thereby restoring flow to values of up to 4 5 % of 
normal in the present model. Finally, when analyzed histologically, these arteries 
are always in close anatomic relation with veins and nerves. It can be postulated that 
arteries and nerves develop in a coordinated fashion as shown recently in a different 
experimental setting in embryonic mouse limb skin , however the simultaneous 
development of veins in the present model seems redundant since the femoral vein 
is left intact. Moreover, proliferation markers like K.I-67 were only found to be 
positive in the arterial wall and not in accompanying veins or nerves (own 
observations). Taken together, in the current model the proliferation of pre-existing 
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collateral vessels seems to be the dominating form of vessel growth, rather than cle 
novo formation of collateral arteries. 
Having determined the pro-arteriogenic properties of both the low and the high 
MCP-1 dosage we then used the 10 ug/kg/week MCP-1 dosage for all further 
experiments, focusing on the pro-atherogenic properties of MCP-1. In recent years 
numerous pre-clinical as well as clinical studies were conducted in order to identify 
pro-angiogenic or pro-arteriogenic strategies, but only few addressed the possible 
negative side-effects of such therapies as was recently stressed by Epstein 4. Barger 
first proposed that angiogenesis is an integral part of atherosclerotic plaque 
formation '9. Subsequently, Folkman showed that the inhibition of angiogenesis via 
TNP-470 or endostatin diminishes plaque formation . Furthermore, basic Fibroblast 
Growth Factor (bFGF), either as gene or as protein therapy, induces neointimal 
hyperplasia as well as increased neovascularization of the intima in porcine arteries 

' . More recently it was shown that the exogenous application of a low dose of the 
angiogenic factor VEGF strongly stimulates plaque formation in both cholesterol-
fed rabbits and knock-out mice, doubly deficient in apolipoprotein F apolipoprotein 
B10022. 

Arteriogenesis plays no direct role during athcrogenesis. However, arteriogenesis 
and athcrogenesis share numerous common features. Shear stress upregulates the 
expression of endothelial cell adhesion receptors like intercellular cell adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM- I) 2 3 and this 
occurs during both atherogenesis and arteriogenesis ~4 *". Also the subsequent 
monocyte/macrophage invasion plays a pivotal role in both arteriogenesis and 
atherogenesis. Other features shared by arteriogenesis and atherogenesis include 
smooth muscle cell mitosis and elastolysis. A direct role for MCP-1 in atherogenesis 
was suggested by two studies showing that a deficiency in either MCP-1 or its 
receptor CCR2 leads to diminished plaque formation in mice 2<12'. In addition, 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 amplification of atherosclerosis "x. Finally, local overexpression of MCP-
1 in the vessel wall of rabbits on a high cholesterol diet leads to a local increase in 
monocyte/macrophage infiltration as well as lesion formation 8. 
In the present study we have shown for the first time that a local treatment with 
MCP-1, administered as a protein, affects clearly the several steps in systemic 
atherogenesis. First of all, we could show that the local treatment induced activation 
of circulating monocytes as measured by CD1 lb expression, even in the absence of 
detectable systemic MCP-1 levels as measured by ELISA (data not shown). Most 
probably, monocytes are activated by high local MCP-1 levels. Some of these 
activated monocytes will adhere to the endothelium of collateral arteries, increasing 
the arteriogenic response and explaining in part the beneficial effects of MCP-1 on 
the development of the collateral circulation. However, another fraction of the 
activated monocytes will recirculate and adhere to the endothelium at distant sites 
like the atherosclerotic-prone regions in the aortic arch. Indeed the increased 
expression of CD] lb on circulating monocytes was accompanied by a strongly 
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increased amount of adhering monocytes in the aortic arch, both directly as well as 
2 months after treatment. Moreover, monocyte infiltration in existing advanced 
lesions in 6 month old ApoE was observed, directly following the one-week 
treatment period. Two months after MCP-1 treatment an increase in intima/media 
ratio was observed as compared to the control animals, showing that local MCP-1 
treatment did not result in a transient effect on monocyte adhesion but rather 
induced atherogenesis. 
The positive correlation between increased CD1 lb expression by circulating 
monocytes, increased monocyte infiltration and the progression of atherosclerotic 
disease after MCP-1 treatment confirms data that were published recently, showing 
the reversed phenomenon after Leukotriene B4 receptor antagonism, leading to 
decreased CD1 lb expression of circulating monocytes, decreased monocyte 
infiltration and the reduction of lesion progression 29. It should be noted that CD1 lb 
expression was used in our study as a marker of monocyte activation. A direct role 
of CD1 lb in MCP-1 induced atherogenesis remains to be elucidated but seems less 
probable since it was shown recently that atherosclerosis develops normally in 
LDL-R -/- mice also when CD1 lb expression on leukocytes is absent, as was 
achieved in a chimera model using CD1 lb -/- bone marrow '°. It could still be 
postulated however that the induction of CD1 lb overexpression, as was the case in 
our study, does influence monocyte trafficking to atherosclerotic lesions directly 
and we hope to further unravel the exact mechanistic background of MCP-1 induced 
atherogenesis in future studies. 

Interestingly, 2 months after MCP-1 treatment we also observed an increased 
expression of ICAM-1 on the aortic endothelium (data not shown). ICAM-1 is 
essential for monocyte adhesion to atherosclerosis prone regions 31 and ICAM-1 
upregulation is one of the earliest events occurring in atherogenesis. A correlation 
exists between ICAM-1 expression on the aortic endothelium and atherosclerotic 
disease progression in ApoE -/- mice . Since in our model increased ICAM 
expression on the aortic endothelium was only detected 2 months after MCP-1 
treatment we postulate that this was also merely an indicator of more progressed 
atherosclerotic disease in treated animals rather than a direct effect of the MCP-1 
treatment. This can also be concluded from the earlier mentioned ELISA data, 
showing no increase in circulating MCP-1 after treatment and excluding direct 
effects of MCP-1 on ICAM expression on aortic endothelium. 
To test whether MCP-1 treatment led to increased lesion progression via induction 
of plaque neovascularization we performed a CD31 staining of plaques. Although 
neovascularization was present, especially in large-sized advanced lesions, no 
obvious difference between treated and non-treated animals could be detected when 
comparing size-matched plaques (data not shown). 

The pro-atherogenic effects of MCP-1 treatment were further confirmed by the data 
from the 6 month old ApoE mice showing an increase in total plaque surface upon 
treatment. This increase in plaque surface of the whole aorta could be attributed 
mainly to increased plaque formation in the abdominal and the thoracical aorta 
whereas the plaque surface in the aortic arch remained unchanged. Cellular content 
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of plaques in the aortic arch did change though, leading to a 3-fold decrease in 
relative smooth muscle cell content of plaques upon MCP-1 treatment. It can be 
postulated that this decrease in smooth muscle cell content drives plaques towards a 
more rupture-prone form of atherosclerotic lesions. 
Taken together, MCP-1 exerts a strong arteriogenic effect, even under 
hypcrlipidemic conditions. The beneficial effects of MCP-1 were ongoing, still 
present 2 months after the treatment. The local treatment with MCP-1 however did 
not preclude negative systemic effects on atherogenesis. These pro-atherogenic 
properties of MCP-1 confirm earlier observations on the proatherogenic properties 
of the pro-angiogenic substances b-FGF and VEGF. Strategies need to be identified, 
focusing at either different dosage regimens in order to minimize the pro
atherogenic effects or the combination with other substances that might act in an 
anti-atherogenic fashion. Of interest in this regard is the recent identification of two 
other pro-arteriogenic substances, GM-CSF ' and TGF-B1 , ?, that have also been 
reported to exert anti-atherogenic properties " . 
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CHAPTER 12 

Abstract 
Background: Peripheral arterial disease (PAD) affects a large percentage of the 
elderly population and, apart from risk factor modulation, standard invasive 
treatment consists of bypass surgery or percutaneous transluminal angioplasty. 
However, symptomatic recurrence rates are high for both procedures and a 
substantial part of the patient population with peripheral arterial disease is not a 
candidate for invasive revascularization due to complexity of the lesion or co
morbidity. Therapeutic arteriogenesis has been proposed as an alternative treatment 
option. The present manuscript describes the design of the START-trial. This trial 
aims to determine the potential of the pro-arteriogenic substance GM-CSF to 
increase maximal walking time in patients with intermittent claudication. 
Methods: A double-blinded, randomized, placebo-controlled study is performed in 
40 patients with peripheral obstructive arterial disease Rutherford class 1, stage 2 or 
3. Based on pharmacokinetic and toxicologic studies, a dose of 10 ug/kg will be 
used. Patients are treated for a period of 14 days on each consecutive day with the 
last injection applied on day 12. Primary endpoint will be the change in walking 
distance from day 0 to day 14 as assessed by exercise treadmill test. Secondary 
endpoints are ankle-brachial index at rest and after exercise, cutaneous 
microcirculatory alterations as assessed by lascr-doppler fluxmetry and iliac flow 
and conductance as measured by magnetic resonance imaging. 
Conclusion: The design of the START-trial, a placebo-controlled randomized, 
multi-center and double-blind study, is described. This study evaluates the effects of 
a 14-day treatment with subcutaneously administered GM-CSF in patients with 
intermittent claudication and will provide insights in the potential of therapeutic 
arteriogenesis via GM-CSF. 
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Introduction 
The age-adjusted prevalence of peripheral arterial disease (PAD) is about 12%, of 
which approximately one third suffers from typical intermittent claudication . 
Despite secondary prevention and exercise, it is estimated that in about 30% of the 
cases PAD progresses until percutaneous or surgical intervention becomes a 
necessity 2"3. The mortality and morbidity of percutaneous transluminal angioplasty 
(PTA) or bypass-surgery are nowadays relative low although peri-operative 
infection of arterial reconstructions is still associated with high rates of mortality and 
limb loss 4. Moreover, a significant number of patients will be rehospitalized due to 
restenosis of the treated lesion or progression of other lesions. In a recently 
published study, a total of 46% of all patients required one or more re-interventions 
within 12 months after femorodistal bypass surgery 5. Similarly high restenosis rates 
have been reported after PTA 6, with actually very poor results for long lesions . 
Finally, the costs of these procedures is high, warranting the evaluation of 
alternative treatment strategies. 

Pre-existing collateral vessels develop in non-ischaemic tissue upon arterial 
narrowing or occlusion and connect these regions with under-perfused vascular 
territories, a process referred to as artcriogenesis 8'9. In about 25% of patients with 
PAD, the peripheral circulation displays a natural ability to adapt very well to 
arterial obstruction leading to an actual diminishing of physical complaints and it is 
assumed that the improvement of symptoms in this group of patients is based on an 
increase of the capacity of the collateral circulation via arteriogenesis ". However, 
in a large group of patients, arteriogenesis is not sufficient enough to restore blood 
flow and meet oxygen demand of regions distal of the arterial occlusion. A 
pharmacological therapy, stimulating collateral artery formation would be a valuable 
adjuvant or an alternative to PTA or bypass-surgery in this group of patients. Several 
growth factors display arteriogenic properties in experimental animal studies " . In 
the present study we have selected GM-CSF as potential pro-arteriogenic factor. 
This factor has also been shown to have a pro-arteriogenic effect in an experimental 
setting '5. GM-CSF is already available as a pharmaceutical compound. It is used for 
example to treat leukopenia as observed after chemotherapy. This implies that 
extensive documentation is available on toxicity, side effects, dosage regimens etc.. 
Another advantage of GM-CSF is the subcutaneous administration, avoiding 
cumbersome invasive procedures to deliver the substance. GM-CSF is also a good 
candidate because, in contrast to other angiogenic/arteriogenic factors, it exerts 
lipid-lowering and anti-atherogenic effects "'. Moreover, GM-CSF has been shown 
to inhibit tumor growth. This indicates that atherosclerosis or carcinogenesis are less 
likely to occur as unwanted side effects of arteriogenic therapy with GM-CSF. 
Finally, preliminary findings suggest that GM-CSF is effective in stimulating the 
development of the collateral circulation in patients with coronary artery disease . 
The primary outcome of the START-trial is the change in mean walking time from 
day 0 to day 14. In addition, ankle-brachial index is used for evaluation of peripheral 
dynamics. Monocytes are isolated and changes in expression profiles were 
determined with the use of gene-arrays. Finally, the feasibility of MRI derived 
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measurements of iliac flow reserve and conductance as potential new parameters to 
detect changes in the capacity of the peripheral collateral circulation is determined. 
For all patients, measurements are repeated at day 90. irrespective of the 
performance of an invasive procedure between day 14 and day 90. 

Methods 
Study population 
A total of 40 patients is selected to enter the study, randomly distributed over a 
treatment and a control group. Patients are all candidates for PTA or bypass-surgery 
and are considered eligible for the study if an obstructive lesion or severe stenosis 
(PSV ratio >2.5 on duplex or diameter reduction >50% on angiography) is present in 
the peripheral circulation, criteria for Rutherford stage I, category 2 or 3 are fulfilled 
and walking distance at a standard treadmill test examination is repeatedly below 
200 meter. Furthermore, walking distance needs to be limited due to specific 
symptoms of claudicatio intermittens and not due to shortness of breath, angina, 
arthritis or other complaints not directly related to PAD, Patients are excluded in 
case of previous, current or suspected malignancy, diabetes, pregnancy or preserved 
childbearing capacities, clinical or laboratory signs of chronic or acute inflammation 
and refusal or inability to give informed consent (table 1). 

Inclusion criteria 

- symptomatic patients with PAOD, Rutherford Grade I, 

category 2 or 3 

- obstructive lesion or severe stenosis (PSV ratio >2.5 on duplex 

or diameter reduction >50% on angiography) 

- candidates for bypass operation or PTA 

Exclusion criteria 

- clinical or laboratory signs of chronic or acute 

- previous or current history of neoplasm 

- diabetes 

inflammation 

- pregnancy or preserved child bearing capabilities 

- refusal or inability to give informed consent 

Table I: inclusion and exclusion criteria 
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Patients receive appropriate medication and risk factor modulation is installed. 
Patients are recruited at the Academic Medical Center Amsterdam and the Rijnland 
Hospital Leiderdorp in the Netherlands as well as in the University Clinic Freiburg 
in Germany. 

Study design and intervention 
The study is conducted in accordance with the principles of the "Declaration of 
Helsinki" and is designed as a double-blinded, randomized and placebo-controlled 
trial comparing GM-CSF treatment with placebo in a 1:1 ratio. Patients are treated 
with rGM-CSF at a dosage of 10 ug/kg per injection (either Leukine, Berlex or 
Leucomax, Scheringh-Plough) or with placebo. The use of different suppliers of 
rGM-CSF was an unplanned deviation from the protocol, caused by a sudden 
termination of distribution by Schering-Plough per Dec. 1, 2002. Placebo consists of 
0.1% albumin in aqua ad injectionem. Injections are subcutaneously applied at day 
0, 2, 4, 6, 8, 10 and 12. In the weeks following termination of treatment, patients are 
seen by a physician and a decision is made whether or not to perform PTA or bypass 
surgery. Both physician and patient are still blinded to the medication at the time of 
this decision. 

Hypothesis 
In the current study, we test the hypothesis that repetitive subcutaneous application 
of GM-CSF increases maximal walking distance in patients with intermittent 
claudication, 14 days after initiation of treatment. 

Measurements 
Measurements are performed at baseline and day 14. The primary endpoints consist 
of maximum walking distance at day 14. Therefore, a treadmill walking test is 
performed with the speed set at 3.2 km/h and the angle at 8%. Additional secondary 
endpoints consist of pain-free walking distance and ankle-brachial index (ABI) at 
rest and after exercise. With the use of a pneumatic cuff and a continuous-wave 
doppler system, ABI is derived from the highest measured arm pressure divided by 
the highest measured leg pressure. ABI measurements are performed both at rest and 
directly following exercise. All measurements are repeated at day 90. Figure 1 
shows a flow chart for the entire study. 
In a sub-group of patients, skin microcirculatory perfusion is assessed by means of 
laser Doppler (Periflux 4001 *\ Perimed, Sweden) as previously described . The 
laser Doppler probe (PF 408 standard probe, Perimed) is attached to the pulp of the 
hallux using its probe holder and double-sided adhesive tape. LDF is measured on 
the pulp of the toes, since this area has a large number of arteriovenous anastomoses 
as opposed to the dorsum of the foot. Measurements are performed at rest with the 
patient in the supine position and the foot at heart level. In addition, LDF is recorded 
during reactive hyperemia, after a 3 min. arterial occlusion induced by inflating a 
cuff around the ankle. The biological zero flux (the basal LDF during arterial 
occlusion) is subtracted from all LDF values measured. 
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In another subset of patients, volume flow measurements are performed using non-
contrast Magnetic Resonance Imaging (MRI) with 2D-phase contrast technique. 
Total inflow is measured at level of the A. Iliaca Communis, both at rest and during 
reactive hyperemia. To induce hyperemia, a pneumatic cuff is applied around the 
upper leg and inflated to 200 inmHg for 1 minute. Flow measurements are then 
performed directly following release of the cuff. Iliac flow reserve is calculated by 
dividing baseline flow and hyperemic flow. Volume flow measurements and ABI 
are combined to calculate conductance. Conductance is the reciprocal value of 
resistance and reflects the maximal flow capacity of a circulatory system. Formulas 
for iliac flow reserve and conductance are shown in figure 2. Feasibility of iliac flow 
reserve measurement was tested in a small group of healthy volunteers as well as 
patients suffering from unilateral PAD. Results of a representative subject from each 
group are shown in figure 3. Figure 4 shows the measurements of conductance of the 
non-affected nomal leg versus the affected leg in a patient suffering from PAD. 
Bloodsamples are collected at day 0, 2,4, 6, 8, 10, 12 and 14 and at 3 months 
follow-up for measurements of total leukocytes, differentiated blood count, 
creatinine, C-reactive protein, SGOT, SGPT, albumin, triglycerides, total 
cholesterol, VLDL, LDL, HDL and homocystein. 

Finally, repeat eye examinations are performed to exclude induction of retinopathy 
by rGM-CSF treatment. Therefore, a digital photo of the retina is performed under 
conditions of pupil dilation. Of each eye, two photos are made under opposite angles 
of 55 degrees and then scored for absence or presence of retinopathy. In case of 
presence of retinopathy, worsening, stability or improvement of disease are 
documented. 

Sample size 
Sample size is set at 40 patients. Placebo effect in this group of patients is 
approximately 40%. In the recently published TRAFFIC trial a 2.5 increase in 
walking distance was found as in patients treated with b-FGF as compared to the 
placebo group. We therefore aimed at a comparable effect of treatment in the present 
study. Mean walking distance in patients with Rutherford stage 2 or 3 is 87 meters 
with a standard deviation of 54 meters (own data, based 
on observations in 3.500 patients that visited the Vascular Laboratory in the AMC). 
A 2.5 increase in mean walking distance would result in 217.5 meters. Thus 20 
patients per group were required (alpha: 0.95, 1-beta: 0.80). 

Randomization 
Patients are divided over the groups with the use of a computer generated 
randomization list in a 1:1 ratio. Randomization is primarily performed by BA and 
reported to .10 for patients included in the Rijnland Hospital and to SHS for patients 
included in the University Clinic Freiburg. 
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Inclusion 40 oatients Rutherford 1. class 2 or 3 

Randomization 

DavO 

Treatment 

20 

Day 14 

Day 90 

-Treadmill Walking Test 
-Ankle Brachial Index 

Placebo 
day0,2,4,6,8,10&12 

-Treadmill Walking Test 
-Ankle Brachial Index 

-Treadmill Walking Test 
-Ankle Brachial Index 

Figure I: Flowchart of the START-trial 

-Treadmill Walking Test 
-Ankle Brachial Index 

GM-CSF, 10 ug/kg 
day 0,2,4,6,8,10& 12 

-Treadmill Walking Test 
-Ankle Brachial Index 

-Treadmill Walking Test 
-Ankle Brachial Index 

Iliac flow reserve: 
(no unit) 

Conductance: 
(ml/min/1OOmmHg) 

hyperemic iliac 

baseline iliac flow 

100 

central - peripheral pressure 
s|- hyperemic iliac flow 

Figure 2: Formulas for iliac flow reserve and conductance. Flow is assessed with MRI. 
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Figure 3: Figure 3 A 
shows iliac flaw data 
for a normal healthy 
control. An iliac flow 
reserve of about 2,2 is 
found. In a patient with 
unilateral PAD, iliac 
flow reserve is strongly 
reduced in the affected 
left leg. The non-
affected leg still show v 
a relative normal 
hyperemic 
response(3B). 

left baseline left hyperemia right baseline right hyperemia 

10000 i 

8000 -

6000 -

4000 • 

2000 • 

0 -

Conductance normal leg: 
100/ (100 mrnHg - 36 mmHg) * 6.03 ml /s* 60 
= 9045 ml/min/100mmHg 

Conductance affected leg: 
100/(100 m m H g - 2 8 m m H g ) ' 2 . 2 3 ml/s* 60 
= 185 ml/min/100mmHg 

Figure 4: 
Conductance is 
strongly reduced in 
the presence of 
extensive unilateral 
PAD as compared 
to the non-affected 
leg. 

Normal leg Affected 
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BA, JO and SHS were responsible for application of the substance but were not 
involved in data analysis or manuscript preparation. All other study personnel and 
participants were blinded to treatment assignment for the duration of the study. 

Statistics 
For primary analysis, an independent samples t-test was used to test whether the 
change in log-transformed maximal walking distance (between baseline and day 14) 
was different between the two treatment groups. The primary analysis excluded 
patients that were not available for follow-up. A one-sample t-test was applied to 
test whether the change in log-transformed walking distance was statistically 
significant within each treatment group. Statistical significance was assumed at p < 
0.05. Analyses involving the secondary endpoints were carried out as subsidiary 
analyses. 

Discussion 

Our own experimental data on the arteriogenic potential of GM-CSF. in combination 
with the clinical data derived from the study by Seiler et al. in patients with CAD, 
prompted us to conduct these experiments in patients with PAD. All patients arc 
candidates for PTA or bypass surgery. It was not our intention to withhold patients 
standard interventional therapy and therefore the decision to perform such therapy 
following the 14-day treatment period and assessment of our primary endpoint is 
left at the discretion of the patient and the treating physician. Patients as well as 
physicians are blinded to treatment during the complete follow-up period of 90 days. 
The present study is merely designed as a proof of the principle study whether the 
course of PAD can be modified pharmacologically via stimulation of collateral 
artery growth using subcutaneously applied GM-CSF. 

Non-interventional treatment of PAD is mainly limited to risk factor modulation via 
smoking cessation, treatment of hyperlipidemia, anti-hypertensive drugs, anti
platelet drugs like aspirin and clopidogrel and the tight control of scrum glucose. 
Cilostazol is currently the only drug available that actually improves functional 
status and maximal walking time although the exact working mechanism of this 
drug is not known . 

Growth of collateral arteries upon arterial obstruction is a naturally occurring 
phenomenon in patients with both peripheral as well as coronary artery disease and 
the importance of collateral flow under ischaemic conditions has been recognized in 
both experimental and clinical studies 20. After birth, blood vessels can grow cither 
via the process of angiogenesis or via the process of arteriogenesis. Angiogenesis is 
the formation of capillary networks via the sprouting of endothelial cells and is 
mediated via hypoxia and the release of hypoxia inducible factor-1 (I IIF-1). The 
term arteriogenesis was introduced by Schaper and is now generally accepted as a 
process distinct from angiogenesis \ Arteriogenesis is the proliferation of pre
existing arteriolar connections into functional collateral conduit arteries. According 
to the law of Hagen-Poiseuille, maximal How depends on vessel diameter to the 
fourth potency, which means that small changes in vessel diameter result in large 
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changes in blood flow. This process is far more efficient in restoring bulk blood flow 
than the development of numerous small-diameter capillaries as observed during 
angiogenesis 2I. The main stimulus for arteriogenesis is an increase in shear stress 
due to the development of a pressure gradient across the collateral pathways upon 
arterial occlusion. This increase in shear stress leads to an upregulation of adhesion 
molecules (ICAM, VCAM, Selectins) on the endothelium. Circulating monocytes 
are attracted and migrate into the vessel wall, giving rise to the production of various 
cytokines and growth factors . 

In a large group of patients with PAD, the formation of collateral arteries is 
insufficient to restore blood flow and to meet oxygen demand of regions distal of a 
vessel occlusion under working conditions, giving rise to intermittent claudication. 
Therefore, positive modulation of collateral artery growth constitutes a promising 
concept for treatment of arterial occlusive diseases. However, although the first 
uncontrolled studies reponed positive results, confirmation in randomized trials is 
still awaited. The TRAFFlC-trial showed beneficial effects for b-FGF treatment, but 
only in a secondary intention-to-treat analysis. Other randomized trials like the non-
published VIVA-trial using VEGF or the AGENT and FIRST-trial using b-FGF 
were also negative with regard to their primary outcomes ~~ "J. 
We have shown that intra-arterial infusion of GM-CSF for a period of one week 
caused a marked enhancement of collateral growth in a rabbit hindlimb model '5. In 
contrast to other arteriogenic substances, GM-CSF remains arteriogenically active 
when administered subcutaneously or intravenously since it acts upon circulating 
monocytes, increasing their life-span via inhibition of apoptosis 24. GM-CSF is 
already clinically available to treat chemotherapy-induced neutropenia and, 
moreover, it exhibits anti-atherogenic properties 16-25 and inhibits tumor growth "6, 
which are serious possible side effects of other angiogenic and arteriogenic 
substances like MCP-1 and VEGF 2 7 2 8 . Seiler showed that GM-CSF increases 
collateral flow index (ratio of distal and proximal pressure during maximal balloon 
inflation) in patients with coronary artery disease | 7 and this was actually the first 
randomized study showing pharmacological modulation of collateral artery growth 
as assessed with a validated and objective intracoronary-derived haemodynamic 

. 29,30 

measurement 
Based upon pharmacokinetical and toxicological studies a dose of 10 ug/kg has been 
selected for current clinical applications and therefore we have chosen for the same 
dosage for this clinical study. Subcutaneous application was selected since it was 
shown to have an improved toxicity as well as efficacy profile as compared to 
intravenous administration ' . 
This trial serves to determine whether subcutaneous treatment with GM-CSF has a 
beneficial effect on maximal walking distance of patients with intermittent 
claudication. The study is designed as a "proof-of-the-principal" study and therefore 
the walking distance at day 14 serves as the primary endpoint. In addition, new 
parameters are introduced that might serve as additive measurements to detect the 
influence of substances on collateral flow in the peripheral circulation. 
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CHAPTER 13 

S u m m a r y 
This thesis comprises studies on both basic mechanisms and experimental 
pharmacological modulation of arteriogenesis as well as clinical arteriogenesis. In 
Chapter 2. a review is presented concerning current concenpts on collateral artery 
growth. Differences as well as parallels with the two other forms of vessel growth, 
angiogenesis and vasculogenesis, are outlined. Several pathways of stimulating 
arteriogenesis are presented, sorting an effect either via monocytes/macrophages or 
via compounds acting directly upon the vascular wall. Particular attention is paid to 
the hurdles encountered from experimental findings towards clinical application, 
such as the extrapolation of results from small animal models towards larger species. 
Potential negative side-effects like atherosclerosis are outlined and 
recommendations for assessment of clinical efficacy are given. 

In Chapter 3, the role of TNF-a signaling is studied. In this chapter we used a newly 
developed mouse-model of microsphere perfusion measurements in the murine 
hindlimb after femoral artery ligation. Applied in several knockout strains we could 
demonstrate that TNF-a is a prerequisite fora normal arteriogenic response upon 
vascular occlusion. Moreover, we were able to show that this effect is mediated via 
the p55 receptor, whereas the p75 receptor is not directly involved. In this chapter 
we also present data, showing the superiority of microsphere-based measurements 
over Laser-Dopplcr derived measurements of collateral How. 

In Chapter 4, the role of CD44 during arteriogenesis is described for the first time. 
This study shows that the normal arteriogenic response is reduced in CD44 knockout 
mice to a level that is even below that of TNF-a knockout mice as described in 
Chapter 3. This reduced response is the result of both a defective leukocyte 
trafficking as well as a decreased stability of vascular growth factors. The technique 
of laser microdissection is introduced in this field of research. With this technique 
individual collateral arteries are collected from tissue sections and analyzed for their 
RNA content. 

In Chapter 5 the rabbit hindlimb model is described. Central issue of this chapter is 
the pro-arteriogenic efficacy of MCP-1. Moreover, the concept of pruning is 
presented, i.e. the decrease over time of the number of visible collateral vessels 
towards a few large-diameter vessels with high capacity. This chapter also includes 
a detailed description of the rabbit hindlimb model of femoral artery ligation that is 
also implemented in chapters 6 and 7. 

In Chapter 6 a study on the effects of GM-CSF on collateral artery growth is 
presented. In-vitro evidence is provided that GM-CSF inhibits apoptosis of 
monocytes/macrophages as a potential mechanism for its pro-arteriogenic effects. 
Also the additive effects of combined treatment with GM-CSF and MCP-1 are 
described. 
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In Chapter 7 the pro-arteriogenic potential of TGF-B1 was assessed. It is shown that 
the expression of the active isoform of this cytokine is increased around proliferating 
collateral arteries. Moreover, a sevenfold increase in collateral conductance upon 
exogenous application of TGF-B1 was documented. It is shown that these effects of 
TGF-B1 are not mediated via increased angiogenesis but rather via true collateral 
artery growth, i.e. arteriogenesis. With several in vitro systems it was shown that the 
pro-arteriogenic effects of TGF-B1 are most probably monocytc-mediated. 

Chapter 8 involves the description of a newly developed porcine model of 
arteriogenesis. This model enables the quantification of resistance and conductance 
of the collateral circulation in the pig hind limb. Therefore, a model was designed to 
simultaneously measure peripheral pressures, central pressure and limb volume 
flow. Assessments were made under controlled conditions of pressure and flow via 
the instrumentation of the animal with a shunt system and a pump-driven extra
corporal circulation. This large animal model was applied as a prerequisite for 
extrapolation of the experimental findings in mice and rabbits, outlined in the 
previous chapters, towards the clinical situation in humans. 

In Chapter 9 the pig hind limb model was applied to study the efficacy of MCP-1 in 

a large-sized species. The infusion of MCP-1 upon femoral artery occlusion reduces 

the resistance of the collateral circulation in a larger-sized species and increases total 
capacity. 

Chapter 10 deals with the balance between arteriogenesis and atherosclerosis. In this 
Chapter we evaluated the effects of MCP-1 in a model of hyperlipidemia and 
atherosclerosis. It is shown that MCP-1 can still induce an arteriogenic response 
under conditions of hyperlipidemia in the Watanabe heritable hyperlipidemic rabbit, 
albeit to a much lesser extent as compared to normal New Zealand White rabbit. The 
question whether MCP-1 influences the development of atherosclerosis could not be 
addressed unequivocally due to a large standard deviation in plaque surface 
assessments. 

Therefore, in Chapter 11. the potential pro-atherogenic effect of MCP-1 was studied 
in an additional animal model of ApoE -/- mice. MCP-1 is shown to have a strong 
and protracted reducing effect on the collateral vascular resistance. This is however 
accompanied by systemic effects on atherosclerotic plaque development. Under 
influence of MCP-1 treatment, we found increased neointima formation, 
atherosclerotic plaque progression and modulation of cellular content of plaques. 
These findings stress the delicate balance between the induction of collateral 
vascular growth and the stimulation of atherosclerosis. 

Finally, in Chapter 12 we describe the design of a patient trial, the START trial. This 
trial is conducted in the Academic Medical Center in Amsterdam, the Rijnland 
hospital in Leiderdorp and the University Clinic of Freiburg. A total of 40 patients 
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with peripheral artery disease is treated for two weeks with subcutaneous injections 
of GM-CSF. Efficacy of the treatment is assessed both at day 14 as well as 3 months 
after initiation of the treatment. The primary endpoint is treadmill walking time and 
in addition we measure ankle-brachial index and Laser-Doppler flux. Measurements 
of volume flow are performed with the use of MR] in a sub-group of the patients. 

In te rpre ta t ion and conclusions 
Arteriogenesis or the development of large collateral conductance arteries 
constitutes a natural escape mechanism to ameliorate the negative effects of arterial 
occlusion or narrowing. 
The following conclusions can be drawn from the studies presented in this thesis. 

1. Both TNF-a as well as CD44 signaling constitute important pathways during 
arteriogenesis. A defective functioning of these pathways leads to a strongly 
decreased arteriogenic response upon arterial occlusion. The CD44 receptor is not 
only required for leukocyte trafficking during arteriogenesis but also stabilizes pro-
arteriogenic cytokines like b-FGF and PDGF. The clinical relevance of this pathway 
is reflected in the correlation between the development of the coronary collateral 
circulation and the CD44 response of monocytes upon stimulation. The 
identification of these pathways opens new options, targetting these pathways for 
therapeutic arteriogenesis. 

2. MCP-1 is a potent pro-artcriogenic factor, inducing arteriogenesis in both rabbits 
and pigs. The efficacy of MCP-1 is preserved under conditions of hyperlipidemia, 
however in atherosclerotic ApoF -/- mice, the exogenous application of MCP-1 
induced atherosclerotic plaque formation and changed cellular composition of 
plaques. 

3. TGF-131 constitutes an alternative target for arteriogenic therapy. TGF-B1 showed 
arteriogenic effects in the rabbit hindlimb model that are similar to MCP-1. 
Moreover, in contrast to arteriogenesis, angiogenesis was left unaffected by TGF-B1 
treatment, reducing the risk for negative side-effects like carcinogenesis and 
atherosclerosis that are both propelled by angiogenesis specifically. In combination 
with the reported plaque-stabilizing effects of TGF-B1. further investigations of the 
potential of TGF-B1 as a clinical compound for stimulation of arteriogenesis are 
justified. 

4. GM-CSF also has been attributed anti-atherogenic properties. The design of the 
START-trial, presented in this thesis, was the logical consequence of our 
experimental data and the reported data on the positive effects in patients with 
coronary artery disease. The results of this trial may provide new therapeutic options 
in patients with peripheral arterial disease. 
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Recent developments and future recommendations 
In 1970 it was described for the first time that collateral artery growth is a process of 
active proliferation rather than passive dilatation and at that point in time it was also 
recognized that this process might be modulated pharmacologically as a new 
strategy to treat cardiovascular disease. In the next 25 years, a huge effort was made 
to unravel the basic mechanisms of collateral artery growth leading to several 
valuable insights. The apparent real clinical breakthrough came in the mid-nineties 
with the first reports on the potential of growth factors like VEGF and FGF-1 to 
modulate collateral artery development pharmacologically. However, although 
significant progress has been made, up till now no pharmacological compound is 
registered either in the US or in Europe, aiming at the treatment of obstructive 
arterial disease via an increase of the capacity of the collateral circulation. In fact, 
none of the few conducted placebo-controlled randomized studies could 
convincingly show a positive effect of such compounds. This illustrates the complex 
nature of collateral artery growth and the concept of a single growth factor inducing 
a clinical relevant increase in collateral artery growth can be considered as an 
oversimplification of this process. 

The dynamics of the reaction of the scientific community towards new approaches 
are repetitive. The sudden rise and fall of angiogenesis seems not to have tempered 
enthusiasm for the next "highly promising" approaches and now therapeutic 
vasculogcnesis and myogencsis are embraced as the new saviors from 
cardiovascular disease. Although intriguing and elegant, it should be notified that 
these approaches are highly experimental and fail robust knowledge on mechanistic 
background. A diligent approach is required and it can only be hoped for that the 
life-cycle of these concepts is less explosive and of somewhat longer duration than 
that of therapeutic angiogenesis. 

The present thesis has focused on the concept of arteriogenesis. Nowadays it is 
recognized that angiogenesis, i.e. the growth of capillaries, does not have the 
potential of adequate flow restoration while arteriogenesis, i.e. the growth of large 
collateral conductance arteries, is better suited for this purpose. However, also for 
arteriogenesis, a single-factor approach most probably is too good to be true. 
Therefore cell-based therapy to stimulate arteriogenesis is so attractive since native 
cells and especially monocytes/macrophages are capable to produce the battery of 
required factors at the right place and at the right time. That this concept might work 
in patients has been shown recently in the TACT trial were patients with peripheral 
artery disease were treated successfully with autologous bone-marrow 
transplantation to the affected limb. It should be noted though that this study is in 
need of confirmation by larger controlled studies. 

Finally, as president F.D. Roosevelt once said: "It is common sense to take a 
method and try it: if it fails, admit it frankly and try another. But above all, try 
something." This is most probably indeed the best approach (as long as it is 
implemented in the pre-clinical arena) since the need for alternative strategies to 
treat arterial occlusive disease and its often devastating consequences on patients' 
quality of life is still present and will expand even further in the coming decades. 
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Samenvat t ing 

Dit proefschrift bestaat uit studies die zowel basaal wetenschappelijk onderzoek 

bevatten naar arteriogenese en de stimulatie van dit proces, alsook patiënten data. 

Hoofdstuk 2 is een overzichtsartikel waarin de achtergronden van arteriogenese 
worden belicht. Verschillen en overeenkomsten met de twee andere vormen van 
vaatgroei, angiogenese en vasculogenese, worden aangegeven. Verschillende 
manieren worden besproken om arteriogenese te stimuleren, hetzij via 
monocyten/macrophagen, hetzij via substanties met een directe werking op de 
vaatwand. Verder wordt aandacht besteed aan de moeilijkheden die zijn te 
verwachten indien men dit soort therapieën ook klinisch toe wil passen. Onder 
andere is hierbij van belang de moeilijkheid om resultaten die vaak verkregen zijn 
met kleine proefdieren te extrapoleren naar een groter species zoals de mens. Ook 
eventuele nadelige bijwerkingen zoals het bevorderen van atherosclerose worden 
hier besproken. Als laatste worden in het overzichtsartikel enige aanbevelingen 
gedaan ten aanzien van het gebruik van klinische eindpunten in studies die de 
stimulatie van arteriogenese als doel hebben. 

In hoofdstuk 3 staat de rol van TNF-a centraal. Om het beschreven onderzoek uit te 
kunnen voeren hebben we een nieuw model ontwikkeld waarbij de gouden
standaard methode om perfusie te meten, te weten de microsphere!] techniek, voor 
het eerst wordt toegepast in een muizenmodel van perifere arteriogenese. Door dit 
model toe te passen op verschillende genetisch gemanipuleerde muizen konden we 
vaststellen dat TNF-a nodig is voor een normale arteriogene respons. Bovendien 
waren we in staat om aan te tonen dat het effect van TNF-a verloopt via de p55 
receptor en niet via de p75 receptor. Bovendien laten we zien dat de microspheren 
techniek ook in dit model veel gevoeliger is dan de breed toegepaste Laser-Doppler 
techniek. 

In hoofdstuk 4 beschrijven we voor de eerste maal de rol van CD44 tijdens 
arteriogenese. We laten zien dat de arteriogene respons in CD44 knockout muizen 
nog lager is dan die van de in hoofdstuk vier beschreven TNF-a knockout muizen. 
Dit komt omdat in afwezigheid van CD44 het leukocyten transport, en dus ook 
monocyten/macrophagen transport, naar lokaties van vaatgroei verhinderd is. 
Bovendien is in afwezigheid van CD44 de stabiliteit verminderd van sommige 
eiwitten die nodig zijn voor arteriogenese, zoals FGF-2 en PDGF. In dit hoofdstuk 
maken we ook voor het eerst gebruik van laser microdissectie. Dit is een techniek 
waarbij met behulp van een laser, geintegreerd in een microscoop, miniscule 
weefselstukjes kunnen worden geisoleerd en geanalyseerd voor de hoeveelheid 
aanwezige RNA. 

In hoofdstuk 5 wordt een model van arteriogenese in het konijn gepresenteerd. 
Centraal staat de werking van MCP-1 en ook het verloop over een langere 
tijdsperiode. Tevens wordt het concept van "pruning" beschreven. Dit is een term 
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voor het fenomeen dat kort na de occlusie van een toevoerende arterie zeer vele, 
relatief kleine collaterale vaten zichtbaar worden maar dat na verloop van tijd slechts 
enkele collaterale vaten met een grote diameter overblijven. De gezamenlijke 
capaciteit van deze weinige grote vaten is echter vele male hoger dan de 
gezamenlijke capaciteit van de vele kleine vaatjes die in het acute stadium aanwezig 
waren. Het hier beschreven model wordt vervolgens ook toegepast in hoofdstuk 6 en 
7. 

Hoofdstuk 6 beschrijft de positieve effecten van GM-CSF op de ontwikkeling van 
collaterale vaten. We laten zien dat GM-CSF de levensduur van 
monocyten/macrophagen verlengd als mogelijke verklaring voor deze effecten. Ook 
worden data getoond over de additieve werking van GM-CSF en MCP-I op 
artcriogenese. 

In hoofdstuk 7 wordt de rol van TGF-81 in collaterale vaatgroei belicht. We tonen 
aan dat de actieve vorm van TGF-B1 vermeerderd tot expressie komt in en rondom 
prolifererende collaterale vaten. Indien TGF-61 intra-arterieel wordt toegediend na 
afsluiting van de arteria femoralis in konijnen, dan heeft dit een sterk positief effect 
op de groei van collaterale vaten. We laten zien dat dit effect met name plaats vindt 
op grote collateral vaten, met andere woorden arteriogenese wordt gestimuleerd. 
Met verschillende in vitro experimenten wordt aannemelijk gemaakt dat de effecten 
van TGF-B1 op arteriogenese verlopen via monocyten/macrophagen. De 
ontwikkeling van capillaire netwerken, angiogenese, wordt niet beïnvloed dor TGF-
(31. 

In hoofdstuk 8 wordt een nieuw model van arteriogenese beschreven in een groter 
species, het varken. In dit model kan zeer nauwkeurig de weerstand van de 
collaterale circulatie gemeten worden middels intravasculaire drukmetingen en 
metingen van de totale bloedstroom in de perifere circulatie. Deze bepalingen 
worden gedaan onder gecontroleerde omstandigheden van bloeddruk en 
bloedstroom middels de aanleg van een extra-corporale circulatie. Dit model is zeer 
relevant voor pre-klinisch onderzoek naar arteriogenese aangezien het model veel 
dichter bij de mens staat. 

In hoofdstuk 9 wordt het varkensmodel toegepast om de werkzaamheid van MCP-1 
in een groter species te onderzoeken. We laten zien dat MCP-I ook in een groter 
proefdiermodel werkzaam is en de capaciteit van de collaterale circulatie vergroot, 
ook al is het verschil met de controle groep duidelijk minder dan in de kleinere 
proefdiermodel len. 

Hoofdstuk 10 gaat over de balans tussen arteriogenese en atherosclerose. In dit 
hoofdstuk hebben we gekeken naar de effecten van MCP-I in een model van 
atherosclerose en hyperlipidemie, het Watanabe konijn. We tonen aan dat MCP-I 
ook in een model van atherosclerose en hyperlipidemie werkzaam is. Wel is de 
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effectiviteit gereduceerd ten opzichte van de effectiviteit in normale gezonde dieren. 
De vraag of MCP-1 atherosclerose beïnvloedt kan in dit hoofdstuk niet eenduidig 
beantwoord worden omdat de spreiding van de data hiervoor te groot is. 

Daarom hebben wc in hoofdstuk 11 dezelfde vraagstelling onderzocht in een 
muizenmodel van atherosclerose. het ApoF -/- model. In dit hoofdstuk laten we zien 
dat de positieve effecten van MCP-1 op col laterale vaatgroei ook tot lange tijd na 
stoppen van de behandeling aanwezig blijven. Hier tonen we echter ook aan dat de 
behandeling met MCP-1 nadelige effecten heeft op de vorming van atherosclerose. 
Na MCP-1 behandeling ontstaat meer neointima, vergroot het totale oppervlakte aan 
plaque-weefsel en veranderd de cellulaire samenstelling van de atherosclerotische 
plaques. Dit toont de delicate balans aan die bestaat tussen atherosclerose aan de ene 
kant en vaatgroei aan de andere kant. 

In hoofdstuk 12 wordt het ontwerp van een patiententrial gepresenteerd, de START-
trial. Deze trial wordt uitgevoerd in het Academisch Medisch Centrum en het 
Rijnland ziekenhuis in Nederland en in de Universiteitskliniek Freiburg in 
Duitsland. In totaal 40 patiënten met claudicatio intermittens worden behandeld met 
GM-CSF gedurende een periode van twee weken. Aan het einde van deze twee 
weken wordt bekeken of er een effect is op de maximale loopafstand tijdens een 
loopband-test. Tevens worden metingen van de perifere bloeddruk, de bloedstroom 
(met behulp van MRI) en de huiddoorbloeding (met behulp van Laser-Doppler) 
uitgevoerd. Na 90 dagen komen alle patiënten dan terug voor de laatste follow-up. 

Interpretatie en conclusies 
Arteriogenese, oftewel de ontwikkeling van grote collaterale conductantievaten, is 
een natuurlijk ontsnappingsmechanisme dat de negatieve effecten van arteriole 
vaatafsluiting op zowel functie als klinische symptomen ten dele op kan heffen. 
De volgende conclusies kunnen getrokken worden uit de in dit proefschrift 
gepresenteerde studies: 

1. Zowel TNF-a als CD44 spelen een belangrijke rol in arteriogenese. De genetische 
deletie van deze factoren of haar receptoren leidt tot een sterk verminderde 
arteriogene respons na arteriële vaatafsluiting. De CD44 receptor speelt een rol in 
het monocyten/macrophagen transport gedurende collaterale vaatgroei en zorgt 
bovendien voor de stabilisering van de pro-arteriogene groeifactoren FGF-2 en 
PDGF. Klinische relevantie wordt aangetoond door de gevonden correlatie tussen 
collaterale vaatontwikkeling en CD44 respons van monocyten/macrophagen in 
patiënten met coronair vaatlijden. De herkenning van de rol van deze moleculen in 
arteriogenese maakt de weg vrij voor meer specifiek onderzoek naar deze 
mechanismen en de mogelijkheid om collaterale vaatgroei positief te beïnvloeden. 

2. MCP-1 is een belangrijke pro-arteriogene factor, die werkzaam is in zowel kleine 
als grote proefdiermodellen. Ook onder omstandigheden van hyperlipidemie is 
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MCP-1 in staat om arteriogenese te stimuleren. Echter, in atherosclerotische ApoE 
-/- muizen leidde de behandeling met MCP-1 tot een vermeerdering van 
atherosclerose en een verandering van de cellulaire samenstelling van de plaques. 

3. De effectiviteit van TGF-61 voor de stimulatie van arteriogenese is vergelijkbaar 
met die van MCP-1. Bovendien konden we in ons model geen invloed vinden op 
angiogenese, hetgeen het risico op atherosclerose en carcinogenese als eventuele 
negatieve bijwerkingen verminderd. In combinatie met de door andere groepen 
gemelde positieve werking van TGF-B1 op plaque stabilisatie maakt dit TGF-B1 tot 
een aantrekkelijke kandidaat voor verder onderzoek naar eventuele klinisch 
toepasbaarheid als pro-arteriogene substantie. 

4. Ook voor GM-CSF zijn anti-atherogene effecten gemeld. De goede resultaten met 
dit middel in onze experimentele modellen en de onlangs verschenen data uit een 
trial bij patiënten met coronair vaatlijden hebben geleid tot de opzet van een trial in 
patiënten met perifeer vaatlijden. 

Recente ontwikkelingen en aanbevelingen voor de toekomst 
In 1970 werd voor de eerste keer beschreven dat collaterale vaatontwikkeling 
gepaard gaat met actieve celproliferatie en dat er dus geen sprake is van passieve 
vaatdilatatie. In die tijd werd ook herkend dat dit proces mogelijk farmacologisch 
beïnvloedbaar is als een nieuwe strategie voor de behandeling van hart- en 
vaatziekten. In de daarop volgende 25 jaar zijn enorme inspanningen geleverd om de 
precieze achtergronden van dit proces te doorgronden, hetgeen een grote 
hoeveelheid zeer waardevolle kennis heeft opgeleverd. Vervolgens leek in het 
midden van de jaren negentig de grote doorbraak plaats te vinden met de 
beschrijving van de eerste studies naar de effecten van VEGF en FGF-1 in patiënten 
met perifeer en coronair vaatlijden. Deze studies hebben het veld geopend voor het 
grote aantal onderzoeksgroepen dat zich nu bezig houdt met dit onderwerp.De 
zoektocht naar de ideale substantie is immers nog lang niet voorbij. Er is weliswaar 
veel progressie geboekt in de afgelopen jaren maar op dit moment is wereldwijd 
noch geen enkel middel geregistreerd dat als specifiek doel heeft om collaterale 
vaatgroei te stimuleren als behandeling voor hart- en vaatziekten. In feite is in geen 
enkele grote placebo-gecontroleerde, gerandomiseerde studie een positieve 
farmacologische stimulatie van collaterale vaatgroei aangetoond. Dit maakt duidelijk 
hoe complex het proces van collaterale vaatgroei in werkelijkheid is en misschien is 
het idee van één enkele factor om dit proces te beïnvloeden te eenvoudig om te 
kunnen slagen. Eén van de belangrijkste inzichten die het onderzoek van de 
afgelopen jaren heeft opgeleverd is het verschil tussen angiogenese, de vorming van 
capillaire netwerken, en arteriogenese, de vorming van grote collaterale conductantie 
vaten. Inmiddels zijn ook de meeste onderzoeksgroepen ervan overtuigd dat 
angiogenese nooit toereikend kan zijn om de functie van grote toevoerende arterieën 
over te nemen en dat hiervoor arteriogenese noodzakelijk is. 
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CHAPTER 14 

De reactie van zowel de publieke opinie alsook de wetenschappelijke wereld op 
nieuwe ontwikkelingen herhaalt zichzelf vaak. De plotselinge opkomst en 
ondergang van angiogenese hebben het enthousiasme voor de volgende 
"beloftevolle" ontwikkelingen niet gematigd en therapeutische vasculogenese en 
myogenese zijn omarmd als nieuwe bondgenoten in de strijd tegen hart- en 
vaatziekten. Hoewel deze nieuwe ontwikkelingen hoogst interessant zijn, moet 
opgemerkt worden dat het gaat om zeer experimentele methoden waarvoor de 
benodigde achtergrondkennis voor een groot deel nog ontbreekt. Een doordachte 
benadering van deze nieuwe concepten is op zijn plaats en we kunnen slechts hopen 
dat deze concepten een langere en minder explosief verlopende levensduur gegund 
zijn dan bij therapeutische angiogenese het geval is geweest. 
Dit proefschrift heeft vooral arteriogenese als onderwerp gehad. Ook voor 
arteriogenese is het moeilijk voorstelbaar dat de toediening van een enkele factor 
voldoende is om de capaciteit van de collaterale circulatie over een langere periode 
te vergroten. Daarom zijn cel-gemediëerde pro-arteriogene therapieën ook zo 
interessant omdat lichaamseigen cellen, en met name monocyten/macrophagen. in 
staat zijn om de hele reeks aan benodigde factoren te produceren op de juiste plaats 
en op de juiste tijd. Dat dit concept kansrijk is, is onlangs aangetoond in de TACT 
trial waarin patiënten met perifeer vaatlijden succesvol behandeld werden met 
autologe beenmergcellen. Uiteraard zullen deze data echter eerst nog in grotere 
studies bevestigd dienen te worden voordat er sprake kan zijn van klinische 
toepasbaarheid. 

Ten slotte, zoals president F.D. Roosevelt ooit zei: ""It is common sense to take a 
method and try it: if it fails, admit it frankly and try another. But above all, try 
something." Zolang dit paradigma in een pre-klinisch stadium wordt toegepast is dat 
waarschijnlijk inderdaad de meest zinvolle strategie. 
Want de noodzakelijkheid voor alternatieve behandelingsstrategieën in de strijd 
tegen hart- en vaatziekten is groot en deze noodzaak zal naar verwachting alleen 
maar groter worden. 
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De volgende personen die direkt ofindirekt bij de totstandkoming van dit 

proefschrift betrokken zijn geweest wil ik graag bedanken. 

Prof Dr. J.J. Piek. Beste Jan, uiteraard gaat in de eerste plaats mijn dank voor dit 
proefschrift naar jou uit. Je hebt me aangenomen op basis van videobeelden (de 
beruchte brandende-auto-tape) en vroeg me vervolgens om aan het begin van mijn 
promotietraject een paar maanden naar Duitsland te gaan. Naar jouw terechte 
mening zou het leerzaam zijn om een korte periode in het Max Planck Instituut door 
te brengen. Vervolgens konden we dan in Amsterdam met de eerste patiëntenstudies 
aan de gang. Dingen lopen soms toch iets anders dan gepland, ook in dit geval. Maar 
die geplande patiëntenstudie is er uitendelijk toch van gekomen! Ik ben je zeer 
dankbaar voor de manier waarop je mij in al die jaren begeleid hebt en ook de soms 
misschien wat merkwaardig aandoende bokkesprongen. zoals de gang naar Freiburg, 
volledig ondersteund hebt. Het was echt een groot plezier om jou als promotor te 
hebben. Ik heb je leren kennen als begaafd wetenschapper, maar ook als een eerlijk 
en loyaal persoon, altijd recht-door-zee en bovendien in voor de broodnodige 
ontspanning op de vele congressen. Voor ons promovendi ben je wat dat betreft een 
soort wetenschappelijke vader geweest in plaats van een "eenvoudige werkgever". 
Bij jou staat je eigen gezin altijd bovenaan de lijst en ook wat dat betreft wil ik je 
voorbeeld volgen. Marije en ik hopen Marianne, Martijn en Marcelien in de 
komende jaren nog vaak te zien en op de hoogte te blijven van de hockey- en 
voetbalcarrières. 

Prof. Dr. W. Schaper. Dear Professor Schaper. It has been a great privilege to be 
able to study "arteriogenesis" under the guidance of the person who introduced this 
term. I once called you the "Godfather of Arteriogenesis" and I still feel this way. 
Standing on the shoulders of a giant I was able to learn in a short time several of the 
required skills in this field of research. Furthermore, I would like to express my 
gratitude towards your w'rfeJutta Schaper who helped me on my way through the 
wonderworld of immunohistochemistry. I am also grateful to Sawa Kostin and my 
numerous other former colleagues from the Max Planck Institute in Bad Nauheim 
who helped in conducting the several projects during my stay there. 

Prof Dr. D.A. Legemate. Beste professor Legemate, beste Dink. Ik wil je bedanken 
voor het feit dat je altijd zo welwillend tegenover een samenwerking hebt gestaan 
met onze afdeling, ook al was ons onderzoek voor jullie afdeling soms een beetje 
een "ver-van-ons-bed show*" zoals je het zelf wel eens betitelde. Zonder jouw hulp 
en die van Dirk Ubbink was de START-studie nooit van de grond gekomen. 

Prof. Dr. C. Seller. I'm grateful for your willingness to participate in the evaluation 

committee of my thesis and to attend its defence here in Amsterdam. 
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Prof. Dr. S.T. Pais. Beste Professor Pais, beste Steven. Hartelijk dank voor je 
ondersteuning van onze avontuurlijke plannen met CD44. Ik ben benieuwd wat daar 
uit gaat komen! 

Prof. Dr. Ir. J.AE. Spaan. Beste Professor Spaan, beste Jos. Ook al heb ik door 
mijn verblijf in Duitsland weinig het genoegen gehad om met je samen te werken, je 
bent toch altijd als een soort wakend oog over de medisch-fysicalische aspecten van 
ons onderzoek aanwezig geweest. 

Prof. Dr. H. Pannekock. Beste Professor Pannekock, ik ben U zeer erkentelijk voor 

de kritische evaluatie van mijn proefschrift. 

Prof. Dr. K..I. Lie. Beste Professor Lie, ik ben U zeer erkentelijk dat U samen met 
Dr. D. Dürcn mij de mogelijkheid heeft geboden om mijn opleiding cardiologie in 
het AMC te volgen. Dr. R. van den Brink wil ik bedanken voor haar ondersteuning 
van en toestemming voor het volgen van mijn B-jaar cardiologie in Duitland. 

Prof. Dr. Ch. Bode. Dear professor Bode. I am grateful for your support and for 

providing the infrastructure to do research as well as clinical work here in Freiburg. 

Michiel Voskuil. Beste Michiel, dit boekje is ook een beetje van jou. Niet alleen 
wetenschappelijk maar ook dankzij al je praktische hulp in de afgelopen jaren. Je 
was mijn "arm" naar Amsterdam en zonder jou was mijn verblijf in Freiburg zeer 
moeizaam geweest. Ik ken weinig mensen die zo enorm collegiaal zijn als jij bent. 
Tot vervelens toe stuurde ik je declaratiefromulieren, artikels voor Jan e t c . Zonder 
één onvertogen woord (ik heb ze in ieder geval niet gehoord), was jij me steeds 
weer behulpzaam. Bovendien zijn we in die periode bevriend geraakt en ik ben er 
zeker van dat we jou en Elsbeth in de komende jaren niet uit het oog zullen 
verliezen. 

Ivo Buschmann. Dear Ivo. Your Volkswagengrant enabled the built-up of a large 
research group in Freiburg and it was a pleasure to be part of that. During this 
process, as much as we were of the same opinion we also had opposite opinions. 
Over the years I learned to appreciate these returning quarrels and I think it kept us 
both on top of it. Apart from these minor professional disputes, our personal 
relationship was always very good and Marije and I always very much enjoyed our 
friendship with you and Eva. 

I mo Hoefer. Dear Imo. it has been a great pleasure working with you all these years. 
You were the first to show me all the secrets of microsphere measurements, animal 
operations and Bad Nauheimer cheese burgers. It was also you who first asked me to 
accompany you and Ivo to Freiburg. I'm sure that, with Katja on your side, you will 
prosper in your new function as CEO and I hope to be close witness of it in the 
coming years. 
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Marco Jost and Elena Ninci. Dear Marco, it has been a pleasure working with you. 
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advantageous to everyone. Dear Elena, it was great to have you as a colleague, not 
only for your scientific imput, but also for your "mother-role" towards our students 
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Susann Ulusans andSusanne Hartmann. Dear "Suzies", you have been, and still are, 
the backbone of the "Hast Laboratories". Together, the two of you cover large parts 
of arteriogenesis research. It was a pleasure to witness how the two of you started in 
our lab and how quick and good the two of you cooperated. Together, you were 
responsible for a great atmosphere and 1 really owe both of you a great deal. 1 hope 
one day, in return, I can teach the both of you some skiing although you might be 
somewhat reluctant after our last trip. 
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been a pleasure to watch you work on the transgenic projects. I wrish you a great 
time at Yale. 

Jan-Philip Anderl, Benjamin Meder, Bernhard Berger and Caroline Kempf. You all 
have proven to be very talented young researchers and I hope all of you will 
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You have been a great help as a technician in the lab, always staying cool and 
relaxed. Emmanuel Chorianopoulos (alias der Griecher) and Jörg Busch (alias 
George Bush). Despite your 80-hours working weeks in the clinic you both were 
still involved in doing research. Heike Neumeister and Caroline Hartl, with great 
competence and enthusiasm the both of you took over the heritage of Jing Hua. 

Bektas Atasever. Beste Bektas, ik weet hoe gelukkig jij altijd keek als het einde van 
mijn kortstondige bezoekjes aan Amsterdam weer naderde, maar ondanks enige 
START-problemen bij twee moeilijke projecten ben jij zelf altijd zeer opgeruimd 
van karakter gebleven en ik wens je veel succes de komende jaren. Casper Behrens, 
dank voor je inzet voor de START-studie. Stijn de Graaf. Beste Stijn. De koning 
van de PALM en de snijmachine. Je bent van grote waarde gebleken in het 
afgelopen jaar voor zowel Michiel en mij. Ik hoop van harte dat je je ook bekeert tot 
de cardiologie en we nog vele jaren nietje kunnen samenwerken. 
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wel een goede vriend en collega (overigens, nog even voor de statistieken, je hebt 
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Een speciaal woord van dank gaat uit naar één van mijn voorgangers. Rob van 
Liebergen. Wetenschappelijk was je mijn voorganger, en je stukken zijn dan ook 
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solliciteren. Jij, Arnout Somsen en Maarten Groenink heersten in die tijd over de 
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Martijn Meuwissen en Steven Chamuleau. Martijn en Steven, een paar apart. Een 
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bij Prof. Dr. J.J. Piek aangesteld. Vanaf eind 1998 is hij in het kader van zijn 
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