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ChapterChapter 1 

11 Atherosclerosi s 

1.11 Genera l pathophysiology : respons e to injur y model . 

Atherosclerosiss is a disease of the arterial wall, leading to thickening of the 
intima,, which constitutes the inner layer of the vessel wall. Atherosclerotic 
lesionss that form in the intima contain a variety of components: different cell 

types,, fibrous material, lipid inclusions, and mineral depositions. Progression of the 
pathologyy occurs with age, under the influence of risk factors such as high plasma 
lipidd levels, hypertension, smoking, diabetes mellitus and physical inactivity. 
Advancedd lesions eventually lead to an occluded lumen, giving rise to chronic clinical 
manifestationss such as stable angina pectoris. Alternatively, lesions may rupture 
inducingg local thrombosis resulting in complete obstruction of the blood flow and 
causingg acute clinical events such as cerebral stroke or myocardial infarction. The 
onsett and progression of atherogenesis is characterized by a series of events that 
eventuallyy result in various lesion types, that differ in clinical manifestation (,-3>. 
Inn vascular research, the 'response to injury model' is generally accepted as a 
mechanismm of lesion development and aids to arrange results that were obtained 
fromm different fields of investigation: vascular cell biology, lipid metabolism, signal 
transduction,, vascular pathology and clinical practice. The onset of an inflammation-
likee response in the vasculature is caused by endotheliat-cell injury or activation. 
Endotheliall dysfunction is presumed to be mediated by systemic risk factors like 
smoking,, hypertension and diabetes mellitus, but also by local factors like the 
(absencee of) shear stress or the presence of infectious microorganisms t1j". At sites 
off activation, the endothelium increases its adhesiveness towards platelets and 
inflammatoryy cells from the peripheral blood such as monocytes and T-cells. These 
inflammatoryy cells adhere to the endothelium and subsequently migrate through the 
endotheliumm into the subendothelial layer, the intima. 
Att the site of injury, monocytes and T cells accumulate and secrete various cytokines 
andd growth factors, which attract new inflammatory cells. In this way, an ongoing 
attractionn and adhesion of new inflammatory cells is established that facilitates the 
formationn of an atherosclerotic plaque. Subsequently, smooth muscle cells that are 
presentt in the media of the vessel wall become activated by these locally produced 
factorss as well. The activation of smooth muscle cells triggers a phenotypic change 
thatt involves proliferation and migration of the cells into the intima towards the site of 
endotheliall injury, resulting in an accumulation of smooth muscle cells and 
inflammatoryy cells. At this site, deposition of extracellular matrix components, lipid 
deposits,, calcified inclusions and necrosis are observed. As a consequence, a focal 
pointt of intimal thickening is established that may develop to advanced complex 
lesions,, in a process that can be rapid, but may span many decades to become 
clinicallyy relevant, (see Figure 1 t2>) 
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Endotheliall dysfunction Fatty streak 

permeabilityy Leukocyte adhesion Leukocyte migration F o a r n c e , | activation P l a l e l e t entry 

migrationn adhesion formation aggregation 

Advancedd complicated lesion Unstable fibrous plaque 

accumulationn Necrotic core formation P | a q u e thinning Haemorrhage 

formationn rupture 

Figuree 1. Development of atherosclerosis: reponse to injury. Endothelial dysfunction occurs at focal sites in the 
vasculaturee which leads to increased adhesion and subsequent migration of monocytes into the vessel wall. These 
monocytess differentiate into macrophages and subsequently into foam cells that take up and store lipoproteins resulting in 
thee formation of the so-called fatty streaks. Cells from the monocyte lineage produce signaling molecules that attract smooth 
musclee cells. T-lymphocytes and more monocytes to the site of endothelial injury giving rise to the formation of intermediate 
andd advanced atherosclerotic lesions. Advanced lesions contain macrophages, lipids, calcification, extracellular matrix 
componentss and necrotic material covered by a smooth muscle cell rich fibrous cap. Rupture of the fibrouss cap leads to acute 
thrombosiss and vascular occlusion. Adapted from Ross ' 

1.22 Interaction s at th e endothelia l cel l layer . 

Endotheliall cells have many physiological roles: the provision of a non-
thromboticc surface, a barrier through which transport of substances to the vessel wall 
cann be regulated, a function in the maintenance of vascular tone, expression of 
growthh factors and cytokines, synthesis of basement membrane matrix components, 
provisionn of a non-adherent surface to blood-borne inflammatory cells, and the ability 
too modify lipoproteins during transport through the endothelium to the underlying 
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layerr of the vessel wall. A change in each of these functions may lead to endothelial 
dysfunctionn and activation. In addition to a dysfunction of either one of these 
processes,, the pattern of blood flow causes sites of endothelial activation. At 
bifurcations,, branchpoints and curves in the vasculature, changes occur in the flow of 
bloodd which cause turbulent flow circumstances that activate endothelial cells iA]. In 
response,, cellular adhesion molecules such as VCAM-1, ICAM-1 and selectins are 
upregulated,, and physically interact with integrin family members on blood-borne 
monocytess and T-cells. in addition, the endothelial ceils produce chemoattractant 
moleculess (see Table I) like MCP-1 (monocyte chemotactic protein-1) and IL-8 
(interleukin-8)) to attract inflammatory cells to the site of injury. As a consequence, the 
bifurcationss and branchpoints are preferential sites for the development of 
atheroscleroticc lesions. 

1.33 Monocyte - macrophage-foa m cell . 

Monocytess bind to dysfunctional endothelium, extravasate to the underlying 
vessell wall, and differentiate into macrophages. Macrophages participate in the 
pathogen-defencee system of the body, and secrete a broad spectrum of 
proinflammatoryy cytokines, chemokines, growth factors, matrix-degrading 
metalloproteinasess and hydrolytic enzymes. In all stages of atherogenesis 
macrophagess have been identified that scavenge as well as store modified LDL 
particles.. This leads to the formation of macrophage-dehved foam cells that stay in 
thee neointima and store intracellular lipid droplets. An increase in the number of foam 
cellss results in the accumulation of lipid, and adds to the formation of atheromatous 
inclusionss found in advanced atherosclerotic lesions. Factors like M-CSF 
(Macrophagee colony stimulating factor) and GM-CSF (Granulocyte macrophage 
colonyy stimulating factor) stimulate the survival of resident macrophages, and attract 
neww macrophages to the lesion. Macrophages also synthesize cytokines such as 
TNFaa (Tumor Necrosis Factor-a) and IL-1 (lnterleukin-1), and growth factors like IGF-
11 (Insulin like Growth Factor-1) that are potent stimuli of endothelial activation, and 
affectt the phenotype, and chemotaxis of vascular smooth muscle cells (see also 
Tablee I). Consequently, by mediating various cellular responses in the vessel wall, 
macrophagess are of key importance to the development of atherosclerosis. 

1.3.11 Lipid s and lipoproteins . 
Elevatedd lipid levels in the circulation are a major risk factor in atherosclerosis. 

Thee lipid content of blood is composed of cholesterol and triglycerides, which are 
essentiall in healthy individuals. Cholesterol is required for the synthesis of steroid 
hormones,, vitamins and bile acids, and it is indispensable for the maintenance of cell-
membranee fluidity. Triglycerides are used as an energy source, and storage of these 
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Exogenouss Endogenous 
Pathwayy Pathway 

Macrophage e 

Figuree 2. Schemati c representatio n of the exogenou s and endogenou s metaboli c pathway s of lipoprotei n 
metabolism .. See text for further explanation. VLDL. very-low-density lipoprotein; IDL. indetermediate-density lipoprotein; 
LDL.. low-density lipoprotein; CE, cholesteryl ester: E. apolipoprotein E: B, apolipoprotein B; C-ll, apolipoprotein C-ll. 

compoundss occurs in adipose tissue. Transport of these hydrophobic lipid 
componentss is facilitated by lipoproteins. Lipoproteins are macromolecular particles 
thatt contain a core of hydrophobic cholesteryl esters and triglycerides which are 
surroundedd by polarized phospholipids and unesterified cholesterol. Phospholipids 
havee a hydrophilic charged head group, which is in contact with the aqueous blood 
compartment.. The hydrophobic tails of fatty acids are in contact with the core of lipid 
components. . 

Inn addition to phopholipids, the shell of lipoproteins also contains a number of 
specificc apolipoproteins (Apo), that play a role in the metabolism of the lipoprotein, 
traffickingg and stability of the particle and they modulate enzymatic activity. 
Lipoproteinss are classified based on their size, density, lipid content, electrophoretic 
mobilityy and apoliprotein content. The classification includes chylomicrons, very-low-
densityy lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-density 
lipoproteinss (LDL) and high-density lipoproteins (HDL)t5). 
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1.3.22 Lipi d metabolism . 
Thee liver plays a pivotal role in the catabolism of lipids, and maintenance of 

cholesteroll homeostasis by secreting excess cholesterol as bile acids. Lipid 
metabolismm is divided in an exogenous and an endogenous pathway (see Figure 2). 
Thee endogenous pathway involves liver-derived VLDL for transport of lipids to the 
restt of the body. The exogenous pathway consists of transport of dietary lipids from 
thee intestine through the circulation by chylomicron particles. The main 
apolipoproteinss associated with chylomicrons and VLDL are ApoC-ll, ApoB and 
ApoE.. In the peripheral circulation, triglycerides derived from chylomicrons and VLDL 
aree subject to lipolysis by lipoprotein lipase, which resides on the capillary 
endotheliumm of skeletal muscle, cardiac muscle and adipose tissue,(6). Subsequently, 
chylomicronss and VLDL particles become depleted of triglycerides, but are 
consequentlyy enriched for cholesteryl esters. These so-called remnants of 
chylomicronss and VLDL are rapidly removed from the blood by the liver. Alternatively, 
VLDLL remnants are further processes by the enzyme hepatic lipase, which mediates 
thee formation of LDL particles, which is accompanied by a loss of ApoE and ApoC-ll 
i79).. About 70% of LDL is taken up by the liver, whereas the rest serves in extrahepatic 
tissuess as a source of cholesteryl esters for membrane synthesis and the production 
off steroid hormones in steroidogenic tissues. A small portion of total LDL becomes 
modifiedd and is subsequently removed from the circulation by macrophage scavenger 
receptors. . 

1.3.33 Lipi d accumulatio n by macrophage s and foam cel l formation . 
Scavengerr receptors are membrane glycoproteins that are involved in the 

recognitionn and/or uptake of a broad range of ligands, including modified lipoproteins 
(acLDL,, oxLDL), and HDL, modified proteins and polysaccharides(in). Many different 
classess of scavenger receptors (SR) have been identified: SR-A, SR-B (CD36, SR-
B1)) and class-C to F "". Scavenger receptors are expressed by most tissue 
macrophages,, present in liver, lung and in atherosclerotic lesions |,215). SR-A is 
expressedd as a type-l or a type-ll isoform, derived from differential splicing of a single 
genee (12 1S\ SR-A precursors are extensively processed to give rise to a 220 kDa 
trimericc glycoprotein that is expressed by most circulating monocytes, and is strongly 
upregulatedd during differentiation from monocyte to macrophage {'5'. SR-A is an 
importantt component in the uptake of lipids in the progression of atherogenesis, since 
upregulationn of this receptor causes macrophages to increase their ability to 
scavengee modified lipid particles. This results in the generation of foam cells in the 
fattyy streaks that store lipids in intracellular vesicles. 
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1.44 Smoot h muscl e cells . 

Smoothh muscle cells constitute the medial layer of the arterial vessel wall, 
wheree they provide elasticity and contractility to the vasculature. Contractility of 
smoothh muscle cells can be altered by molecules such as angiotensin-ll, 
prostaglandins,, leukotrienes and nitric oxide (NO), to result in either vasoconstriction 
orr vasodilatation. The so-called contractile phenotype of smooth muscle cells is 
associatedd with a non-atherosclerotic, healthy vessel. Expression of calponin, myosin 
heavyy chain, SM22a and SM a actin genes was demonstrated to be a hallmark of the 
contractile,, resting, non-atherosclerotic smooth muscle cell(17). 

Growthh factors secreted by macrophages can induce the vascular smooth 
musclee cells to dedifferentiate into the synthetic phenotype, which is characterizedd by 
thee presence of large amounts of rough ER and Golgi, reduced expression of genes 
thatt are involved in the contractile apparatus and increased proliferation and 
migrationn (ie 19). In addition, smooth muscle cells with this phenotype also produce a 
numberr of (autocrine) growth factors (e.g bFGF, PDGF), and become more 
responsivee to stimulatory growth factors and chemotactic proteins (see Table I). The 
syntheticc smooth muscle cell has an increased proliferation rate, and migrates 
towardss the source of chemotactic proteins in the neointima: macrophages or 
neointimall smooth muscle cells. In the neointima, smooth muscle cells become part 
off the atherosclerotic lesion, where they deposit extracellular matrix components. 
Thesee matrix components, such as collagens, proteoglycans and elastic fibres 
providee stability to the lesion, but will also contribute to the increase in volume of the 
neointimaa f3). 

1.55 Characteristic s of atheroscleroti c lesions . 

1.5.11 Lesio n type s 
Inn vascular research, atherosclerotic lesions are classified as Type l-Vl, 

dependentt on severity and the composition of the lesion (see figure 3 (3))- Initial 
lesionss (Type-I) contain enough atherogenic lipoprotein to elicit an increase in 
macrophagee content and formation of lipid-laden macrophage foam cells, that are 
scatteredd throughout the neointima. Lesions are defined as Type-ll, when they 
consistss mainly of lipid laden smooth muscle cells and macrophage foam cells. From 
Type-Illl on, an intermediate stage between Type-ll and -IV, advanced atherosclerosis 
givess rise to an increasingly complex lesion. Type-Ill lesions show the first signs of 
thee formation of an atheromatous inclusion: lipid droplets are no longer stored in foam 
cells,, but are expelled and form extracellular lipid deposits. Type-IV lesions contain 
largee stores of extracelullar lipid, and are more easily disrupted. Type-IV lesions 
graduallyy develop to either Type-V, or Type-VI lesions. Type-V lesions are 
characterizedd by the presence of a large, so-called, fibrous cap that is positioned over 
thee lipid core. Fibrous caps contain thick layers of connective tissue, produced by 
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Tablee 1 Members of growt h facto r familie s identifie d in atheroscleroti c lesions . E, endothelial cells; aE, aortic 
endothelium;; mE, microvascular endothelium; M, monocyte / macrophage; P, platelet; SMC, smooth muscle cell; T, T-cell. All 
cellss demonstrated to be cellular sources of the growth factors indicated. HD, heterodimer; IP, inactive precursor; LS, lacks 
signall sequence; S, secreted ligand; SV, splice variant; TM, transmembrane form of growth factor. Adapted from Raines and 
Rosss . 

smoothh muscle cells. In addition, these plaques can either be largely calcified, or 
consistt primarily of uncalcified fibrous connective tissue. Alternatively, the Type-IV 
plaquee may have less connective tissue, which gives rise to poor lesion stability and 
increasedd risk for fissures, hematomas and thrombus formation (Type-VI). 

1.5.22 Extracellula r matri x components . 
Inn the atherosclerotic lesion, extracellular matrix components are deposited by 

syntheticc smooth muscle cells. Extracellular matrix molecules are, especially in 
fibrouss lesions, major components of the thickened neointima; collagen type-l can 
constitutee up to 60% of total plaque volume. In comparison to resting smooth muscle 
cells,, the deposition of basement membrane components such as laminin, syndecan 
andd perlecan is downregulated m m\\ Simultaneously, the synthesis of collagen type-l, -
III,, -IV and -V, elastin and fibronectin is greatly increased t22r24\ It has been 
hypothesizedd that collagen monomers in the matrix of the lesion constitute an extra 
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stimuluss for smooth muscle cell proliferation '2b'. In addition, the formation of 
fibronectin-matrixx is thought to facilitate smooth muscle cell migration within the 
lesionn '62 ; . Other extracellular matrix components secreted from proliferative smooth 
musclee cells are osteopontin and vitronectin which are known to stimulate smooth 
musclee cell migration 2''-'"'. Proteoglycan composition is also altered in the lesion: 
chondroitinn sulphate and dermatan sulphate are proteoglycans that stimulate smooth 
musclee cell proliferation and are more abundant in atherogenesis while the levels of 
heparann sulphates, that reduce smooth muscle cell proliferation, are decreased -22

32) ) 
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Figuree 3. Flow diagram in center column indicates pathways in evolution and progression of human atherosclerotic 
lesions.. Roman numerals indicate histologically characteristic types of lesions defined at left of flow diagram. The direction 
off arrows indicates the sequence in which characteristic morphologies may change. From type I to type IV, changes in lesion 
morphologyy occur primarily because of increasing accumulation of lipid. The loop between types V and VI illustrates how 
lesionss increase in thickness when thrombotic deposits form on their surfaces. Thrombotic deposits may form repeatedly over 
variedd time spans in the same location and may be the principal mechanism for gradual occlusion of medium-sized arteries 
Adaptedd from Stary '. 
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1.5.33 Regulatio n of extracellula r matri x production : solubl e factor s that 
influenc ee smoot h muscl e cells . 
Inn atherosclerotic lesions, induction of collagen and fibronectin synthesis is 

mediatedd by factors such as TGFp and PDGF, two factors that are especially 
secretedd by macrophages, which are present in the vicinity of lesion smooth muscle 
cellss ,33 34>. In porcine, rat and rabbit arteries, increased levels of TGFp caused an 
inductionn of extracellular matrix production (3537). Moreover, in the promoter of the 
collagenn a2 gene a TGFp-response element has been identified (3e' and secondary 
stimulatoryy effects from TGFp may be mediated through the induction of connective 
tissuee growth factor (CTGF) (39>. PDGF has been shown to be a mitogen and 
stimulatorr of collagen production in porcine smooth muscle cells (4tM1). In addition, the 
presencee of inhibitors of collagen synthesis in the atherosclerotic lesions has been 
described,, such as bFGF, NO, TNFa and interferon-y (IFN-y)iA2). These data illustrate 
thatt extracellular matrix deposition in the vessel wall is a complex, regulated process 
whichh enables the vessel wall to respond to external factors such as mechanical 
loadingg due to changes in blood pressure. 

1.5.44 Connectiv e Tissu e Growt h Factor . 
Connectivee tissue growth factor (CTGF) is a 38 kDa monomeric glycoprotein, 

originallyy purified from the conditioned medium of human umbilical vein endothelial 
cellss M3). Homologous proteins include human, murine and Xenopus CTGF, and 
chickenn Cyr61 and CEF10, which are immediate early response genes associated 
withh regulation of cell proliferation, differentiation and embryogenesis (M'. CTGF 
expressionn has been linked to connective tissue formation and extracellular matrix 
deposition,, which was demonstrated in wound healing, kidney and lung fibrosis, and 
fibroticc skin disorders ^7). More specifically, CTGF was shown to be directly involved 
inn increased synthesis of extracellular matrix components by fibroblasts (4S 49f. In 
atherogenesis,, the deposition of fibrous material in the vessel wall is mediated by 
smoothh muscle cells. It has been reported that CTGF mRNA and protein expression 
aree increased in advanced atherosclerotic lesions, and that elevated CTGF levels 
mayy stimulate extracellular matrix deposition in the lesion (50!. Furthermore, CTGF has 
beenn shown to be involved in vitro in increased apoptosis of PDGF- or bFGF-
activatedd smooth muscle cells, suggesting a direct involvement of CTGF in lesion 
developmentt (5,). Regulation of CTGF expression has so far been ascribed to two 
memberss of the TGFp superfamily: bone morphogenetic protein-2 (BMP-2) and TGFp 
(SOO 52-54) 

1.5.55 Extracellula r matri x production : goo d or bad ? 
Occlusionn of the vessel wall due to excessive fibrous deposition in 

atheroscleroticc lesions is a profound symptomatic event in advanced stages of the 
disease.. From this perspective, the augmented production of extracellular matrix 
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componentss is an unwanted process. However, the deposition of fibrous matrix 
componentss provides support and rigidity to the atheromatous core of a fibrofatty 
lesion.. This is of great clinical relevance, since an atheromatous lesion is instable and 
pronee to rupture. A ruptured lesion causes a massive local thrombotic event as soon 
ass the interior of the ruptured lesion is in direct contact with the blood stream. 
Evidently,, local thrombus formation may cause the complete obstruction of a major 
artery,, which may result in cerebral stroke or heart infarction. Hence, a controlled 
fibrouss cap formation over an atheromatous core is thought to be beneficial, even 
thoughh the lumen of the vessel is decreased to some extent. 

1.66 Vascula r calcification . 

Calcificationn of the vessel wall is a process that can be observed at the earliest 
stagess of atherosclerosis, and the extent of calcification generally aggravates with the 
progressionn of the disease. It has become accepted that vascular calcification is a 
regulatedd process rather than a spontaneous development of calcium-rich 
precipitates.. Proteins, that were identified to play a crucial role in calcification of the 
skeleton,, are expressed in the arterial vessel wall and contribute to an organized 
mineralizationn process. The synthesis of osteopontin by lesion smooth muscle cells 
(55)) and in macrophages in the vicinity of calcifying focit5ei is an important observation 
too support this view. Osteopontin was identified in bone and it was shown to be 
expressedd by osteoblasts and osteoclasts(57). In addition to osteopontin, also collagen 
I,, matrix gla protein, osteocalcin and osteonectin, all known participants in bone 
formation,, have been identified in atherosclerotic lesions |5863). In the (atherogenic) 
vasculature,, TGFp and the BMPs (specifically BMP-2) have been shown to be 
present,, and are thought to mediate calcification process ,64B5). 

1.6.11 Proces s of calcificatio n 
Inn bone, calcification-promoting cells (osteoblasts) and calcification-moderating 

cellss (osteoclasts) have been identified. Calcium mineral (Calcium phosphate, 
hydroxyapetite)) deposition is facilitated by a matrix, the osteoid, of collagen I, bone 
sialoo protein, osteopontin and osteonectin, which is synthesized by bone-forming 
osteoblasts.. Passive crystallization of calcium mineral in osteoid occurs outside 
osteoblasts.. In addition, osteocalcin is known to promote adhesion and chemotaxis 
off osteoclasts that mediate bone resorption and remodeling ,66>. In the calcification 
process,, y-carboxyglutamate (Gla)-containing proteins have been shown to play an 
importantt role, since these molecules have a very high affinity for binding to 
hydroxyaa petite. Two Gla-containing proteins, osteocalcin and matrix Gla protein 
(MGP),, are known to be involved in regulating the mineralization of the osteoid. 
Especially,, MGP is implied as an important factor that protects against calcification 
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(seee paragraph on MGP). The combined expression of these factors needs to be 
regulatedd to result in organized bone formation. 
Atheroscleroticc lesions contain a number of elements that are needed for bone 
formationn (discussed afterward) and it has been shown that bone structures can form 
inn aortic valves l67). Based on these data, it is hypothesized that vascular calcification 
mayy be regarded analogous to calcification in bone formation. However, the 
organizedd deposition-resorption process involving osteoblasts and osteoclasts 
remainss to be elucidated in the vasculature (68). 

1.6.22 Core bindin g facto r a-1 (Cbfa-1) 
Osteoblastss are bone-forming cells which synthesize osteocalcin, a1 collagen, 

bonee sialo protein, osteopontin and osteocalcin (6Sl. The promoters of these genes are 
regulatedd by the runt-domain transcription factor core binding factor a-1 (Cbfa-1), 
whichh binds to specific promoter elements. The importance of Cbfa-1 in bone 
formationn was established by the phenotype of the Cbfa-1 null mice that completely 
lackk mineralized bone structures ,M-'Ï'. In these mice, the mesenchymal progenitors 
faill to develop into osteoblasts and, as a consequence, a whole set of osteoblast-
specificc proteins is not expressed. Cbfa-1 synthesis is observed in early 
mesenchymall condensations of developing skeleton during development of the 
embryo,, and in adulthood Cbfa-1 is highly expressed in cells of the osteoblast 
lineage.. The causal relationship between Cbfa-1 and osteoblast differentiation was 
demonstratedd by overexpression of Cbfa-1 in fibroblasts, resulting in 
(trans)differentiationn towards an osteoblast-like phenotype !e9f. From these 
experimentss it can be concluded that Cbfa-1 expression is a prerequisite for the 
differentiation-switchh of the osteoblast lineage. 

1.6.33 Matri x Gla Protei n (MGP) 
MGPP belongs to the family of mineral-binding proteins containing y-

carboxyglutamatee residues that need vitamin K for proper function i72-75>. The clotting 
factorss factor VII and IX, and the anticoagulation factors protein S and protein C also 
belongg to this family. In bone-mineralization, the Gla-proteins MGP and osteocalcin 
havee been shown to play a regulating role by binding to the hydroxyapetite deposits. 
MGPP null mice demonstrate the potency of MGP to strongly prevent calcification, 
especiallyy in the vasculature. Apart from skeletal defects resulting from dysfunctional 
growth-platee mineralization, the mice developed fully calcified arteries. All elastic and 
muscularr arteries and the cardiac valves, but not the myocardium, arterioles, 
capillariess or veins, suffered from excessive calcification, preferentially at the elastic 
lamellaee of the media. Importantly, the calcification is not associated with focal 
atherosclerosis,, but occurs homogenously throughout the arterial tree. The vascular 
calcificationn eventually leads to vessel rupture and subsequent death of the animals, 
usuallyy within two months after birth i7fil. The importance of MGP to vessel wall 
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calcificationn is illustrated by studies in which MGP (and other Gla proteins) was 
functionallyy ablated. Infusion of warfarin, or a lowered uptake of dietary vitamin K 
resultt in an impaired y-carboxylation which renders the Gla-proteins such as MGP 
dysfunctional.. In these studies involving rats and humans, respectively, vascular 
calcificationn increased with impaired y-carboxylation capacity 'Jr m. In conclusion, 
MGPP may protect against vascular calcification. 

1.6.44 Calcificatio n and clinica l manifestation s 
Inn pathological specimens, calcification in the arterial tree and the heart valves 

iss associated with adverse effects on haemodynamics, decreased elasticity of the 
vessell wall, and impaired performance of the heart due to valve dysfunction. In 
addition,, at the transition of a calcified lesion to an uncalcified area the vasculature is 
moree prone to rupture, causing acute focal thrombus formation and subsequent 
vascularr occlusion. These occlusions can lead to ischemic strokes and heart attacks. 
Inn epidemiological studies the occurrence of calcification is associated with coronary 
heartt disease, stroke and peripheral vascular pathologies l79eo'. 

22 TGFp superfamily . 

2.11 Structur e and function . 

Thee TGFp superfamily comprises a large set of secreted factors of which TGFp 
wass the first member to be characterized (reviewed in <81 fl2>). Members of the TGFp 
superfamilyy were identified in different species, and have a broad range of activities. 
Forr instance, in Drosophila and Xenopus, TGFp family members are involved in the 
inductionn of the basic bodyplan. In mammals, TGFp-related molecules have been 
foundd that control sexual development, pituitary hormone production, and the 
productionn of bone and cartilage. 
Memberss of the TGFp superfamily are initially synthesized as larger precursor 
moleculess with an amino-teminal signal sequence and a pro-domain of variable 
length.. After cleavage of precursor molecules, carboxy-termtnal polypeptides are 
released,, that dimerize as hetero- or homo-dimers to form an active signaling 
moleculee "">. For TGFp it has been reported that dimehzation of non-processed 
precursorr molecules takes place. After synthesis and excretion, activation of the 
TGFpp molecule occurs when the pro-domains are proteolytically cleaved at low pH, 
whichh may be an important regulatory step in the activation of TGFp. Most members 
off the TGFp superfamily contain seven cysteine residues within their mature 
monomericc polypeptide. Six of these cysteins are closely associated to form a 
'cysteinee knot'(M 8S\ which is assumed to rigidly lock the p-sheets of the polypeptide. 
Thee remaining cysteine group is used for dimehzation by forming an additional 
intermolecularr disulfide bond. Members of the TGFp superfamily share common 
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structurall features, but differ in length and composition, which leads to different 
receptorr specificity and differences in biological activity. Members of the TGFp 
superfamilyy include TGFps, activins, bone morphogenetic proteins, Muellerian 
Inhibitingg substance and related protein that have been identified in vertebrates, 
insectss and nematodes such as growth and differentiation factor (GDF), nodal and 

dorsalin.. The TGFp superfamily of 
hormonallyy active polypeptides is 
knownn for their general ability to 
influencee cellular functions, determine 
embryologicall development and 
maintainn tissue homeostasis. The bone 
morphogeneticc proteins (BMP 1-15) 
formm the largest group within the TGFp 
superfamilyy and are know to be 
involvedd in embryogenesis and also in 
thee maintenance and repair of bone 
andd other tissues in the adult body. The 
moleculess most closely related to 
TGFp-11 are known as TGFp-2, -3, -4, -
5,, which have been identified in 
differentt species, but share a large 
sequencee homology. This group of 
moleculess has been identified as 
criticall inhibitors of epithelial growth, of 
thee immune system and of 
hematopoieticc functions. In addition, 
TGFpp signaling is known to stimulate 
thee synthesis of connective tissue. The 
activinn family, discussed in more detail 
laterr in this Chapter, has originally 
beenn characterized in endocrinology, 
hematopoiesiss and in the 
embryogenesiss of mammalian 
endocrinee reproductive tissues 
(reviewedd in l86)). 
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Figur ee 4. Phylogenetic tree of TGFp superfamil y member s 

rootedd on the Xenopus laevis TGF|5-5 gene. Activin p and p 

aree indicated as INHp and INH|i. Adapted from Burt and Law 
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2.22 Genera l paradigm s of TGFp signa l transduction . 

Signall transduction of ligands from the TGFp superfamily is initiated by 
activationn of ligand-specific transmembrane protein kinase receptors. These 
receptorss are serine/threonine kinases which are devided in Type-I and Type-ll 
receptors.. Upon binding of the ligand to its specific Type-ll receptor, a Type-I receptor 
iss bound, resulting in heterotrimeric ligand-receptor complexes. In such complexes, 
thee Type-ll receptors phosphorylate the GS-regions of Type-I receptors, resulting in 
activationn of the Type-I receptors ""•"*>. Phosphorylated Type-I receptors specifically 
interactt with Smad proteins. These intracellular cytoplasmic proteins are 
phosphorylatedd and subsequently translocate to the nucleus and function as DNA-
bindingg transcription factors. A cell-specific reaction in response to stimulation by a 
memberr of the TGFp superfamily depends on the ligand specificity of the 
transmembranee receptors, the acquisition of co-activators or co-repressors by the 
Smadd complex and on the DNA sequences that can be bound by the Smad 
transcriptionn factors (see Figure 5). 

Figur ee 5. Signalin g cascad e for TGFp superfamil y ligands . 1) Ligand binding to specific Type-ll receptor. 2) Binding of 
Type-!! receptor. 3) Complex formation, 4) Phosphorylation of Type-I receptor by Type-ll receptor serine / threonine kinase 
activity,, 5) Activation of receptor-regulated Smad. 6) Binding of the phosphorylated receptor-regulated Smad to the co-
Smad:: Smad-4 and 7) subsequent translocation to the nucleus where the complex 8) binds accessory DNA-binding 
proteins.. 9) The signaling complex binds specific DNA target sequence in the promoter region of the target gene, 
facilitatingg regulation of gene expression. Adapted from Massague w . 
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2.2.11 Type- I and Type-l l receptor s 

TGFpp superfamily members signal through a family of transmembrane 
glycoproteinn serine / threonine kinases, known as the TGFp-receptor family. Based 
onn structural and functional properties, the TGFp-receptor family is devided into two 
subfamilies:: the Type-I receptors and the Type-ll receptors. Type-I receptors have 
highh homology in the serine / threonine kinase domain. Based on sequence 
homology,, three groups of Type-I receptors, also known as activin receptor-like 
kinasess (ALK), have been identified in mammals; i) ALK5 (TGFpR-l), ALK7 (unknown 
ligand),, ALK4 (Activin-RIB). ii) ALK3 (BMPR-IA), ALK6 (BMPR-IB), and iii) ALK1 
(bindss TGFp weakly). ALK2 (ActivinR-l) . In Figure 6, the Type-I ligand specificity of 
thee different members of the TGF(3 superfamily members is indicated. 

L i g a n d ^^ Receptor I T ^ > Receptor l ^ f Smad Co-Smad ->> Cofactor 

TGF-[ ' ,s>> T|SR-II ^ j > T p R - l 

Activins. . 

Nodals s 

BMP2's s 

BMP7's s 

GDF5's s 

ActR-l l l 
ActR-II B B 

BMPR-II I 
ActR-l l l 

ActR-II B B 

ActR-I B B 

ALK-7 ? ? 

BMPR-IA A 

BMPR-IBA A 

ALK- 2 2 

ALK- 1 1 

Smad2 2 
Smad3 3 

Smad l l 
Smad5 5 
Smad8 8 

Smad4 4 
-*>> FAST 
->> TFE3 
-*>-*> AML 
-  ? 

Smad4 4 

•>> ? 

? ? 

OAZ Z 

Figur ee 6. Variegation , convergence , and then , branching . Two subfamilies of type I receptors recognize each subfamily 
off Smads. All R-Smads share the same co-Smads. TftR-l. ActR-IB, BMPR-IA. and BMPR-IB are also known as ALK5. 
ALK4.. ALK3. and ALK6, respectively. Adapted from M'. 

Inn vertebrates, the Type-Il-receptor family consists of TGFp Receptor-ll (TbR-ll), BMP 
Receptor-lll (BMPR-II), that bind TGFp and BMP respectively l859,«. Activin Receptor-
lll (ActR-ll) and ActR-IIB bind activin, but have in addition been shown to bind BMP2, 
BMP44 and BMP7, when combined with a BMPR-I(91"94'. In addition, AMHR is a Type-
lll receptor that is known to bind Muellerian Inhibiting Substance (95). See figure 6 for 
Type-lll ligand-receptor specificity, (reviewed in l86>). Type-I and Type-ll receptors are 
glycoproteinss of approximately 55 and 70 kDa, that include a core polypeptide of 500-
5700 amino acids, and a signal sequence. The extracellular domain of both receptor-
typess is approximately 150 amino acids, N-glycosylated region that contains at least 
100 cysteine residues which are probably responsible for the folding of this domain m. 
Type-II receptors have a unique, conserved 'GS' domain of 30 amino acids, which 
containss a SGSGSG sequence that is phosphorylated upon ligand activation of the 
receptorr complex "*-"•. Both receptor types have a serine-threonine protein kinase 
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domain.. Type-I receptors have been shown to phosphorylate Smad signal 
transduction-proteinss on serine residues. Type-ll receptors phosphorylate 
themselves,, and Type-I receptors on serine and threonine residues. <10 101>. 

BMP P 
TGF-P P 
Activi nn |—|Follistati n 

Receptor ss |FKBP12 1 |Receptor s 

\ \ 
Smadd Smad Smad 

— I G D D QZB B 6,7 7 

Nucleu ss O O 

[Smad4| | 

Figuree 7. Smad signaling cascade. Activm/TGF|5-specific (Smad2.3) and BMP-specific (Smad1.5.8) signaling cascades, 
thatt are activated through ligand specific transmembrane receptors. The cascade-specific Smads bind to Smad4 after 
activationn by the transmembrane receptors. Complexes that were translocated to the nucleus bind accessory proteins 
(A.B.C)) and subsequently influence gene expression a, (5, y. The signaling cascade can be inhibited by neutralizing 
ligand-receptorr interactions (e.g. Follistatin), by disabling receptor signaling (FKBP12) or by directly preventing Smad 
activationn (Smad6.7). Adapted from m. 

2.2.22 The Smad proteins . 
Smadd proteins form a family of transcription factors that are found in 

vertebrates,, insects and nematodes '102103t. Type-I receptors specifically recognize a 
subgroupp of Smads, which is known as the receptor-activated Smads. Smad2 and 
Smad33 are recognized by Type-I TGFp and activin receptors, while Smadl , Smad5 
andd  Smad8 interact with BMP-specific Type-I receptors. Structurally, Smad proteins 
aree composed of two conserved domains (MH-domains) that form globular structures 
andd are separated by a linker-region ,04). DNA-binding activity of the Smad protein is 
locatedd to the N-terminal MH1 domain, while the C-terminal MH2 domain is 
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responsiblee for nuclear translocation and has transcription-regulatory activity. 
Activationn of Smad proteins occurs by phosphorylation of the conserved C-termina! 
SSxSS domain, which is assumed to release the mutual inhibition by both MH 
domains.. After this phosphorylation, the receptor-activated Smads translocate from 
thee cell membrane to the nucleus, where they accumulate and mediate transcriptional 
activity. . 

Activatedd receptor-associated Smad molecules interact during translocation from the 
membranee to the nucleus with a second group of Smad proteins: the co-Smads. This 
classs of Smads has two known members, Smad4 and Smad 10 (identified in Xenopus 
doss io6)) t n a t a r e structurally related to the receptor-associated Smads. Co-Smads lack 
thee SSxS sequence, and cannot be activated by Type-I receptors. The MH2 domain 
iss responsible for the interaction of co-Smads with the receptor associated Smads. 
Co-Smadss bind to all receptor-associated Smads, and have a critical role in the 
transcriptionall activity of nuclear Smad complexes (,07). See also Figure 7. 

2.2.33 Contro l of TGFp superfamil y signaling . 
Inn the signal transduction-pathway of TGFp superfamily members, several 

importantt steps are identified: activation of the transmembrane receptor complex and 
activationn of receptor-associated Smads, and in both steps accessory proteins 
modulatee the activation process. For TGFp signaling, the TGFp Type-Ill 
transmembranee receptors (endoglin and p-glycan) bind TGFp ligands, which results 
inn increased affinity for the signaling receptors (**•,0B). In analogy, the protein 'Smad 
anchorr for receptor activation' (SARA) binds Smad2 and Smad3, facilitating their 
interactionn with the TGFp Type-I receptor<1ü9). Negative regulation of the signaling 
cascadee at the plasmamembrane occurs through the interaction of specific binding 
proteinss with the ligand, that prevent the ligand from binding to the receptors. For 
TGFp,, activin, BMP and nodal, different binding proteins have been reported (a6). In 
addition,, several intracellular proteins have been identified that can inhibit Smad 
signaling.. Immunophilin FKBP12 binds to the GS domain of the Type-I receptor, 
therebyy inhibiting receptor-phosphorylation m\ Pseudoreceptor BAMBI (BMP and 
activinn membrane bound inhibitor) has been shown to form inactive complexes with 
Type-II receptor (110\ In the TGFp pathway, Ras-activated ERK kinases have been 
shownn to phosphorylate receptor-associated Smads in the linker-region which inhibits 
nuclearr translocation of Smad molecules (11". Ubiquitinylation and subsequent 
degradationn have been reported to occur to cytosolic Smadl and nuclear Smad2, 
resultingg in lower overall activity of these Smad proteins m m 113). 
Finally,, another sub-class of Smad proteins has been identified, the so-called 
inhibitoryy Smads. Although structurally related to receptor-associated Smads, 
inhibitoryy Smads do not have a SSxS phosphorylation motif, and at the N-terminus 
onlyy a small portion of the protein has homology to the MH1 region. Smad6 is an 
inhibitoryy Smad protein, that acts as a decoy for Smad4, resulting in the blockade of 
activatedd Smadl (114>. Another inhibitory Smad, Smad7 can block activated Type-I 

26 6 



GeneralGeneral Introduction 

receptors,, preventing further downstream signaling ( m , , e | . The receptor-associated 
Smadss and the co-Smads can bind to DNA through the MH1 domain |1M• 1,T>. The 
optimall DNA sequence for this interaction is CAGAC, although AGAC is suff icient tm 

,,B1.. This sequence is found to be present in the promoter of genes that can respond 
too TGFp, activin or BMP {119-1M>. 

33 Activin . 

3.11 Structur e and function . 

Activinss were originally characterized by their ability to stimulate follicle-

stimulatingg hormone (FSH) release in cultures of rat anterior pituitary cells (1241251. The 

activinn pA gene is composed of three exons, interrupted by two introns while the 

activinn pB gene contains two exons(126). The activin PA and pB subunits are encoded by 

differentt genes as pre-pro-polypeptides and undergo extensive posttranslational 

modification,, as described here for activin A (127>. After synthesis of the 425 amino 

acidss pre-pro activin PA the signalpeptide (28 amino acids) is removed to give rise to 

pro-activinn PA(54 kDa). This intermediate is processed further by N-glycosylation and 

disulfide-mediatedd hetero- or homodimerization. Subsequently, the 281 amino acids 

pro-sequencee is cleaved to give rise to a mature polypeptide of 116 amino acids 

(activinn PB: 115 amino acids). Dimers of this mature molecule have an apparent 

molecularr weight of about 24 kDa, while the reduced monomeric activin PA and pB 

chainn appear as molecules of 14.7 kDA and 14 kDa respectively. Different mRNAs for 

activinn A of 6.4 kb, 4.0 kb, 2.8 kb or 1.6 kb are synthesized respectively (128), probably 

duee to alternative polyadenylation signals on a variable 3'UTR of the activin mRNA. 

Thee family of activins includes hetero- and homodimeric complexes of activin p 

chains,, of which the activin PA chain, the activin pB chain and the more recently 

discoveredd Pc chain have been identified in humans. The protein identity of pA-PB is 

64%;; PA-pc is 5 1 % and pB-pc is known to be 53% (129131). Furthermore, the activin pA, pB 

andd pc chains have been identified in otherr species such as Xenopus, mice, rat, cattle 

andd pigs. Moreover, activin pD <1321 and activin pE
 (133> chain have been identified, but 

limitedd functional data are available. Homo- or heterodimers of the pA and pB subunits 

aree called activin A (PApA) {24 kDa), activin B (pgpB) (22 kDa) or activin AB (PAPB) (23 

kDa).. In addition, transfection experiments in mammalian cells with both PA and pB 

chainn cDNA showed that heterodimers were formed, but homodimerization of each of 

thee p subunits occurs preferentially. Heterodimers of the structurally related inhibin a 

(188 kDa) chain with either pA or pB chain are called inhibin A or B, respectively. Inhibins 
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aree antagonists of activin signaling and have been shown to block FSH release from 
pituitaryy cells (,2S). 
Otherr functions that have been associated with activins are stimulation of 
erythropoiesisnyii 115j, regulation of ovarian and testicular functions (,36-138>, regulation of 
nervee cell differentiation (13S-,4"( regulation of liver regeneration l1421 and the induction of 
mesodermm in early embryogenesis (143-145>. In vitro, the biological activities of activin A 
orr activin B have proven to be indistinguishable in assays that measure FSH release 
orr erythropoiesis f1301. However, recent investigations have demonstrated that in vivo, 
differencess in function of activin A and activin B may occur. In activin PA null mice, the 
disruptedd mature PA-coding region was replaced by the mature coding region of the 
murinee pB gene {amino-acid identity 63%). This gene insertion rescued the otherwise 
lethall activin pA null phenotype demonstrating that in vivo activin A and activin B are 
att least in part interchangeable. Remarkably, these transgenic mice developed a new 
phenotypee (discussed later) which may indicate that activin A and activin B to some 
extentt have different signaling properties (146). 

3.1.11 Activi n in atherogenesis . 
AA potential role for activin in atherogenesis has been proposed based on the 

observationn that this factor modulates the proliferation and differentiation of several 
celll types involved in atherogenesis, notably that of endothelial cells, macrophages 
andd smooth muscle cells. Activin inhibits the propagation of human endothelial cells 
<147)) and it enhances the differentiation of monocytic cells into macrophages (1481. Most 
remarkably,, with respect to activin function in atherogenesis, foam cell formation of 
THP-11 derived macrophages is inhibited (149). The effect of activin on cultured smooth 
musclee cells is controversial, as activin has been shown to induce DNA synthesis in 
ratt smooth muscle cells in some studies i150-151>, whereas others reported that activin 
doess not affect rat smooth muscle cell growth '152i. In separate studies, activin (,53) and 
follistatin(1M'' were shown to be expressed in atherosclerotic lesions of hyperlipidemic 
rabbitss and enhanced activin expression was also observed in the rat carotid artery 
afterr balloon injury,1511. 

3.1.22 Follistatin . 
Follistatinn was shown to inhibit FSH release from activin-stimulated pituitary 

cells,, although less potently than inhibins ,155157>. Follistatin is an N-glycosylated single-
chainn molecule, which was originally isolated from rat ovarian extracts as a mixture 
off two proteins of 32 and 35 kDa, respectively. The protein is encoded by a gene 
composedd of six exons separated by five introns which gives rise to a 344 amino 
acidss {35 kDa) polypeptide. The last intron is alternatively spliced resulting in a 
maturee sequence of 317 amino acids (32 kDa). Differences in physiological function 
betweenn the two forms of follistatin remain to be established. However, it has been 
demonstratedd that the 32 kDa form of follistatin binds more strongly to heparan 
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sulphates.. It has been hypothesized that the extra 27 amino acids of the alternatively 
splicedd last exon fold back onto the N-terminus of the protein and neutralize the 
charge-mediatedd interaction between follistatin and heparan sulphates. Many tissues, 
includingg the vasculature, contain extracellular matrix that includes heparan 
sulphates.. The splice variants of follistatin may differ in their capacity to bind to 
specificc tissues 115B\ Alternatively, it has been shown that the splice variants may have 
differentt affinities for activin, since the heparan sulphate-binding moiety is involved in 
thee interaction with the growth factor n5S>. The affinity of follistatin for activin is very 
high,, leading to equimolar complexes, which do not interact with activin receptors. 
Therefore,, the balance of expression levels of these molecules plays a pivotal role in 
downstreamm activin signaling <160•1611. 

44 Experimenta l model s in vascula r research . 

4.11 Vascula r developmen t in knockou t mic e of 
activin-relate dd signaling . 

Transgenicc mice and genetic knockout (-'-) mice are powerful models to 
determinee the effect of specific genes in development and their involvement in 
pathologicall circumstances. Several genes involved in activin signaling have been 
disrupted,, and the resulting murine phenotype has been described. In activin pA '  ' 
mice,, development and growth of whiskers and lower incisors was shown to be 
impaired,, and the mice suffered from a cleft palate. Activin pA' mice are born alive, 
butt can not eat and die within 24 hours. Apart from these phenotypic changes, no 
otherr gross malformations were observed in these animals. Furthermore, mice in 
whichh the murine activin pe subunit was disrupted are born alive with open eyes, 
survived,, developed normally and reached adulthood. Male fertility is unchanged 
whilee female reproduction is impaired. Offspring from these mice die perinataly. 
Activinn pA ' / pB double knock-out mice displayed the combined phenotype of both 
single-genee knockouts n62K Activin [3C ' and Activin pE ' mice that were generated 
recentlyy did not reveal a specific phenotype, probably due to redundancy in 
expressionn of other activin subunits n63>. In addition, the Type-ll activin receptor 
knockoutt mouse has decreased viability of the litters, resulting in -20% dead 
embryos.. Activin receptor Type-ll adults have reduced FSH levels and an impaired 
reproductivee capacity. Furthermore, these animals have skeletal abnormalities 
includingg a malformed Meckels's cartilage, Pierre-Robin syndrome-like symptoms 
(oftenn a cleft palate, micrognathia, retrognathia and glossoptosis -falling backward of 
thee tongue) which are all malformations of the cranio-facial development <1621. The 
follistatinn null mice are retarded in their growth, have decreased mass of the 
diaphragmm and intercostal muscles and a shiny taut skin. These mice also have 
skeletall defects: a cleft palate and the thirteenth pair of ribs is absent, their whiskers 
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andd tooth development is abnormal. The newborn mice fail to breathe, and die within 
hourss after birth |1&l). Matzuk and coworkers pioneered in the generation of null mice 
off activin signaling <165>. They concluded that even though activin is shown to be a 
potentt inducer of mesoderm formation in the embryo, the different null mice 
mentionedd above have an apparently normal embryonic development. Possibly, the 
geneproductt that is absent in the knockout offspring is produced and provided by the 
motherr in utero, thus preventing severe malformations. In addition, functional 
redundancyy from TGFJ3 superfamily members may explain the phenotype of these 
mice.. In none of the knockout mice discussed so far, vascular malformations have 
beenn reported, and it may therefore be assumed that activin or follistatin are not 
cruciall for normal vessel development. Inhibitory Smad6 null mice develop defects in 
cardiacc valve formation, outflow tract septation, vascular tone and cardiovascular 
ossificationn which implicates that Smad6 is needed for correct vascular development 
1166) ) 

4.1.11 Mous e model s of hyperlipidaemi a and atherosclerosis . 
Ann important approach to study atherosclerotic processes is to make use of 

murinee models. Wild-type mice do not develop atherosclerosis and therefore several 
geneticallyy modified mouse strains have been developed mice have been generated. 
Amongg these are mice in which the endogenous ApoE gene is either knocked out|167 

1B8>> or replaced by a mutant form of human ApoE3Leiden i169-171). ApoE is needed for 
properr plasma lipid homeostasis. Homozygous Apo-E null mice develop spontaneous 
hyperlipedemiaa that causes atherosclerotic lesions to occur as early as 6 weeks after 
birthh and develop in a time dependent manner along the entire aorta and the coronary 
arteries.. In heterozygous ApoE3Leiden mice, hyperlipidaemia and subsequent 
atherosclerosiss can be induced by feeding a fat- and cholesterol-rich diet. In these 
mice,, different experiments can be performed to study the role of various compounds 
inn the development of atherosclerosis. 

4.22 Vascula r (re)stenosi s 

Inn injured arterial vasculature, smooth muscle cells migrate and proliferate from 
thee media through the internal elastic lamina to the intima where they accumulate and 
formm the so-called neointima. This neointima formation occurs in mice after a wide 
varietyy of vascular injuries such as electrical stimulation, encapsulating the vessel or 
chemicall treatment. Many mechanical injuries also give rise to neoinima formation: 
suturee placement, scratching of the surface of the vessel wall and applying strain on 
thee vessel by inflating a balloon catheter. Injury is also observed in vein grafts that are 
suturedd into an arterial bed, and due to the systolic pressure undergo 'arterialization'. 
Thesee different circumstances cause smooth muscle cells to dedifferentiate and 
increasee proliferation and migration | ,92 . 
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4.2.11 Cuff-induce d vascula r stenosi s and atherosclerosi s in mic e 
Applicationn of focal vascular injury in experimental animals has been used 

extensivelyy to obtain a controlled development of vascular stenosis. Electric ablation 
off the cells in the vessel wall (172\ total occlusion of the carotid artery ""> and 
denudationn of endothelial cells from major arteries by an intravascular balloon 
catheter(m>> gives rise to the formation of a smooth muscle cell-rich neointima. A (ess 
invasivee method involves the placement of a perivascular, non-occlusive polyethylene 
cufff around the femoral artery of a mouse or rabbitl,7S 177). In normolipidemic mice fitted 
withh such a cuff a neointima forms, that consists of smooth muscle cells, within a 
periodd of 14-21 days and is easily quantitated by morphometry. The exact mechanism 
off neointima induction remains to be elucidated although it has been hypothesized 
thatt local ischemia or changes in haemodynamic flow conditions at the site of the cuff 
mayy be involved (175 '77). In addition, application of a femoral artery cuff in 
hyperlipidemicc ApoE3 Leiden mice results in a focal induction of atherosclerosis at 
thee site of the cuff. Lesions that arise at the site of the cuff are rich in lipid laden foam 
cellss and smooth muscle cells and result in excessive near-occlusive neointima 
hyperplasiaa within 14 days of cuff placement1178). Cuff-induced smooth muscle cell-
richh vascular stenosis and cuff-induced atherosclerosis in mice are easily combined 
withh pharmacotherapy, adenoviral overexpression or other treatments to elucidate the 
involvementt of specific components in vascular stenosis and atherosclerosis. 

4.2.22 The in vitr o saphenou s vein cultur e model . 
Thee invasive approach to treat an occluded human coronary artery is either by 

wideningg the occlusion with an inflated balloon catheter (angioplasty) or by-passing 
thee diseased vessel using an autologous saphenous vein graft. After angioplasty, 
restenosiss of the vessel is a major complication and reduces the patency of the 
treatedd artery to only 50% (179>. Similar percentages (50% stenosis within 10 year) are 
reportedd for venous coronary artery by-pass grafting (CABG) lie . Excessive migration 
andd proliferation of smooth muscle cells plays a critical role in the development of a 
neointimaa in these stenotic vein grafts (,81>. In addition, atherosclerotic processes in 
thee graft also contribute to the loss of by-pass patency m2\ Based on the observed 
smoothh muscle cell-rich neointima formation of grafted veins in the coronary 
circulation,, a culture model for entire saphenous veins has been established (1B3). 
Longitudinallyy cut pieces of a saphenous vein are attached to a supportive matrix with 
thee former luminal side on top. Subsequently, the saphenous vein pieces are cultured 
forr 2-5 weeks using standard tissue culture methods. After the culture period, a 
smoothh muscle cell-rich neointima develops that can be quantitated using 
morphometricc analysis. Tissue specimens in this model are easily accessible for the 
applicationn of adenoviral vectors or purified protein to test the involvement of specific 
compoundss in the development of the neointima nS4'. 
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55 Aim of the thesis . 

Inn this study we aim to establish the function of activin, a member of the TGFp 
superfamiiyy of growth and differentiation factors, in atherosclerotic processes. The 
effectss of activin on different cell types, and in different processes of atherosclerotic 
lesionn development will be assessed: 

Inn chapter 2 we demonstrate the involvement of activin in human 
atherosclerosiss by studying the presence of activin mRNA, activin protein and 
biologicallyy active activin respectively. In addition, we reveal the presence of 
activinn receptors and follistatin in human lesions. Finally, we show that activin 
cann commit vascular smooth muscle cells to the resting phenotype. 
Inn chapter 3 we reveal the potency of activin to prevent the formation of a 
smoothh muscle cell-rich neointima. We report data obtained from ex vivo and 
inn vivo restenosis models: the human saphenous vein culture and the murine 
femorall artery cuff model, respectively. 
Inn chapter 4 we show that activin treatment of smooth muscle cells induces the 
expressionn of CTGF which is associated with extracellular matrix deposition in 
thee atherosclerotic vessel wall. In atherogenesis, biologically active activin and 
CTGFF protein expression were shown to colocalize markedly. 
Inn chapter 5 we investigate vascular calcification, which may be considered a 
regulatedd process involving calcification-modulating factor MGP and the 
osteoblastt specific transcription factor Cbfa-1. Preliminary data show that 
activinn induces Cbfa-1 in cultured smooth muscle cells. 
Inn chapter 6 we report on initial data that reveal the potency of activin to reduce 
lipidd accumulation in mouse macrophage derived foam cells. 
Inn the general discussion of chapter 7 the data presented in this thesis are 
combinedd to address the role of activin in atherogenesis and suggestions for 
furtherr research are being made. 
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