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General Introduction 

Symptomatic peripheral arterial occlusive disease (PAOD) can be treated by 
interventions such as stenting, angioplasty or bypass surgery. However these 
interventions, especially those using prosthesis material, are often complicated by re-
stenosis. In a substantial number of patients there is no possibility for 
revascularization by interventions as indicated above due to e.g. the extent of the 
disease, leading to limb amputation as the only therapeutic option. Collateral artery 
growth forms the corner stone of the often mild natural history of PAOD and 
stimulation of the development of collateral circulation is an important first option of 
treating ischemic disease. In patients with intermittent claudication, exercise training 
is a first step in the treatment regime according to the ACC/AHA 2005 guidelines for 
the management of patients with peripheral arterial disease.1 Although the exact 
mechanism of action is not completely understood, it is suggested that exercise 
exerts its beneficial effect by stimulation of collateral artery growth, but also by 
induction of changes in muscle metabolism and by enhancement of endothelial 
function.2 Interestingly, from clinical practice it is known that patients with ischemic 
disease show either good or poor collateral formation, the latter often leading to 
incapacitating claudication or even critical limb ischemia. For these patients, 
stimulation of collateral growth using vascular growth factors or (stem) cell therapy 
seems a promising treatment that has been studied for the last couple of years. This 
dissertation covers a number of aspects related to this topic. 
Chapter 1 provides an overview of molecular and cellular mechanisms of vascular 
growth, as known to date, and a review of clinical trials to treat PAOD by angiogenic 
approaches. Unfortunately, the initial therapeutic angiogenesis “hype” has now been 
tempered due to disappointing results from randomized placebo-controlled trials, 
calling for more mechanistic insights.  
The concept of collateral circulation has been established for many centuries. As 
early as 1669, anatomist Richard Lower found that collateral anastomoses exist in 
the human heart.3 Subsequently, in the 18th century, the famous British physiologist 
and surgeon John Hunter (1728-1793) found the functional meaning of a collateral 
circulation in a marvelous experiment. He studied the effects of unilateral ligation of 
the carotid artery of a deer captured in Richmond Park, London. He observed that 
shortly after ligation the antler (which was only partially developed and consequently 
very vascular) on the side of the obliterated artery became cold, whereas a few days 
later, to his surprise, the antler had become as warm as its fellow, and was 
apparently increasing in size. On examination, he found that smaller arteries had 
become enlarged so as to supply the antler with blood by a different route. Hunter’s 
knowledge of collaterals led, among other things, to his successful operation upon 
popliteal aneurysms by ligation of the femoral artery in the subsartorial (Hunter’s) 
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canal proximal to the aneurysm, first performed in 1785. Subsequently, his disciple 
Ashley Cooper (1768-1841) performed numerous studies on the collateral circulation 
in dogs, by ligation of the femoral, brachial, carotid and vertebral artery, and even the 
abdominal aorta. The Italian Luigi Porta (1800-1875) performed around 600 
experiments in 270 animals of various species (goats, donkeys, sheep, horses), in 
which he demonstrated the presence of collateral vessels after complete obliteration 
of the aorta that he illustrated marvellously.4 Similar experiments followed by many 
others, such as Kast5, Halsted6;7, Reichert8 and Leriche9. In 1965, Fulton showed that 
the presence of collateral arteries in the human heart depended on a history of prior 
coronary artery disease.10 He observed that patients with slowly progressing 
atherosclerosis had better-developed collateral arteries than patients with a more 
acute clinical history. Nevertheless, it was obvious that this collateral network in 
many cases is insufficient to fully protect against myocardial ischemia or infarction. 
The idea came to life that stimulation of collateral circulation may be used to treat 
ischemic disease. With this aim in mind, Wolfgang Schaper commenced studies on 
cellular and molecular mechanisms of collateral artery growth in the 1960s, which 
continue to date, now chaperoned by many other research groups. In 1996, Schaper 
et al. introduced arteriogenesis as a term for development of collateral arteries from a 
pre-existing arteriolar network as opposed to angiogenesis, which is the sprouting of 
new capillaries.11 They postulated that arteriogenesis is more important for 
restoration of blood flow towards ischemic tissues than angiogenesis. 
Vascular growth factors play a crucial role in angiogenesis and arteriogenesis, and 
their therapeutic implications were first identified by Judah Folkman.12 To date, a 
broad spectrum of angiogenic and arteriogenic factors have been shown to be able 
to successfully stimulate vascular growth in ischemic hind limb models in animals 
(mainly mice and rabbits). Nevertheless, a large variety of surgical techniques and 
end-point measurements complicate the interpretation of these models. For instance, 
surgery ranged from excision of the whole femoral artery including all its side-
branches13 to arterial occlusion over a small segment14 to excision of femoral artery 
and vein.15 In 2004, a consensus meeting on ischemia models was organized by the 
European Vascular Genomics Network (EVGN) in Porto Conte, Sardinia, to discuss 
these issues, which provided guiding principles for the use of these models, as 
described in Chapter 2. In this thesis, a short proximal occlusion of the femoral artery 
was performed in mice, leaving the pre-existing collateral side-branches intact, 
thereby enabling collateral growth to be studied.  
Using this model we encountered, to our surprise, large differences in collateral 
formation between two mouse strains, similar to the “good“ and “poor“ collateral 
formation as observed in patients. Interestingly, these two strains are known to 
extensively differ in their lymphocyte-mediated immune system. The immune system, 
mainly involving monocytes, was already shown to play a crucial role in 
arteriogenesis.11 Together, this let us to the hypothesis that lymphocytes modulate 
collateral formation as well. Until then, only one study16 described a possible role of 
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CD4+ cells in collateral formation, a surface antigen that, however, not only is 
expressed on T-cells, but also on a large variety of other inflammatory cells. In 
Chapter 3, we study the role of different types of lymphocytes on collateral formation 
in mice.  
Apart from inflammatory cells, bone marrow-derived cells (BMCs) also gain interest in 
arteriogenesis research. Promising results are observed from initial clinical studies 
using autologeous bone marrow transplantation17, although the mechanism of action 
is only partly understood. Recent studies point in the direction of a paracrine role for 
BMCs in collateral formation, merely excreting angiogenic factors in a perivascular 
location, rather than incorporating into the vasculature as endothelial progenitor 
cells.18-21 Furthermore, it remains to be elucidated how BMCs are attracted to sites 
where neovascularization is required. Stromal cell-derived factor-1 (SDF-1, a 
chemokine) has been proposed as a key regulator bridging hypoxia with BMC 
recruitment in animal studies.22 In Chapter 4, we study for the first time expression 
patterns of SDF-1, and its receptor CXCR4, which is expressed on BMCs, in 
ischemic amputated limbs of patients with PAOD, together with other crucial 
angiogenic factors. 
Obviously, patients included in this study suffered from chronic ischemic disease with 
insufficient collateral compensation, ultimately leading to amputation. One major 
challenge is to understand how collateral formation is impaired in these patients. In 
mouse models to primarily study angiogenesis, it was shown that deregulation of 
either lipid metabolism23-25 or glucose metabolism26-28 results in impaired 
neovascularization. In clinical practice, poor collateral formation is most evidently 
observed in diabetics. Interestingly, a disturbed lipid metabolism has recently been 
proposed to play a role in both the pathogenesis29-34 and complications35;36 of 
diabetes. This warranted a study of the relative contributions of either a disturbed 
lipid- or a disturbed glucose metabolism on impairment of collateral formation, as 
described in Chapter 5.  
Vascular endothelial growth factor is the most extensively studied angiogenic growth 
factor. Although VEGF administered to humans with severe lower limb ischemia 
showed salutary effects in early trials, evidence for ameliorated perfusion is weak. In 
pilot experiments applying intramuscular VEGF gene therapy in our mouse model, 
we noted that ischemic muscles expressing VEGF became deeply red in color, in the 
absence of changes in angiographic scores of collateral vessels. We hypothesized 
that this is due to increased myoglobin expression, a protein involved in muscle 
oxygenation. VEGF may prove additionally beneficial by changing properties of 
skeletal muscle fibers to function better during limited perfusion. In Chapter 6, the 
mechanism of VEGF-induced myoglobin up-regulation is studied in mice and human 
muscle samples. In an editorial published in Circulation Research37 our findings are 
put in a broader perspective, holding promise for the treatment of not only ischemic 
disease, but also heart failure, renal failure, pulmonary disease, advanced age and 
diabetes. 
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Parallel to our basic research, we brought VEGF gene therapy from bench to 
bedside, as described in Chapter 7. In a multi-center randomized trial, treatment with 
intramuscular VEGF-containing plasmid was compared with placebo for 54 patients 
with diabetes mellitus and critical limb ischemia. Although, since the start of this trial 
in 2000, placebo-controlled trials using VEGF had been published with disappointing 
results38;39, and VEGF had been shown to merely promote angiogenesis, not 
arteriogenesis in pre-clinical models40;41, patient inclusion was finished in 2004 and it 
appeared that VEGF treatment had significant beneficial effects on hemodynamics 
and ulcer healing. Hopefully, this randomized study could serve to regenerate 
interest in the angiogenic approach to treat ischemic disease. 
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