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Abstract.

 

The vascular network is a series of linked conduits of blood vessels com-
posed of the endothelium, a monolayer of cells that adorn the vessel lumen and
surrounding layer(s) of mesenchymal cells (vascular smooth muscle, pericytes and
fibroblasts). In addition to providing structural support, the mesenchymal cells are
essential for vessel contractility. The extracellular matrix is a major constituent of
blood vessels and provides a framework in which these various cell types are attached
and embedded. The composition and organization of vascular extracellular matrix is
primarily controlled by the mesenchymal cells, and is also responsible for the mechan-
ical properties of the vessel wall, forming complex networks of structural proteins
which are highly regulated. The extracellular matrix also plays a central role in cellular
adhesion, differentiation and proliferation. This review examines the cellular and
extracellular matrix components of vessels, with specific emphasis on the regulation
of collagen type I and implications in vascular disease.

INTRODUCTION

 

Blood vessels deliver nutrients as well as oxygen to all the tissues of the body, and export toxic
metabolites for detoxification in the liver and excretion via the kidney. The vascular network
branches in hierarchical fashion and is organized spatially to provide access to all organs of the
body. Thus blood vessels also serve as the ‘highways’ by which immune cells traverse the body
and ‘search’ for pathogens in tissues as a mechanism of immunological surveillance. There are
three main types of blood vessels: arteries, veins and capillaries. These have been characterized
in a number of ways including by anatomical location, size, physiological function and structural
composition (Table 1). Blood vessels exhibit specialized structural features at distinct sites of
the vascular tree, which reflect the required function of the vessel at that location. In general,
similar primary components are found within all blood vessels, but their organization and rela-
tive abundance are uniquely distributed. The walls of the vessels are composed of an endothelial
cell layer in direct contact with flow through the vessel lumen. This single cell layer is surrounded
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by layer(s) of extramural cells (pericytes/smooth muscle cells) which share a common basement
membrane, and are embedded in a complex extra-cellular matrix, which is in turn enveloped by
an outer layer composed of resident fibroblasts embedded in connective tissue. In addition to
blood vessels, a network of vessels forming the lymphatic system develops in parallel, shares
many properties and is as extensive as the blood circulation but less well studied. This review
focuses on the extra-cellular matrix of blood vessels and highlights the use of transgenic tech-
nology to examine the expression of extra-cellular matrix components, primarily collagen type
I, and to identify the cell types secreting matrix proteins in the normal state and in changes that
take place in pathological conditions.

 

BLOOD VESSELS

 

Cellular component of vessels

 

Large vessels, such as muscular and elastic arteries, are composed of three structural layers
known as tunicae. The innermost layer surrounding the lumen, the tunica intima, contains a
longitudinally arranged endothelial cell lining, basement membrane and a subendothelial cell
connective tissue region with sporadic smooth muscle cells. The middle layer, known as the

Table 1. Types and composition of vessels
 

Type of vessel
(wall and lumen size)

Composition
(cell types)

Extra-cellular matrix Reference

Elastic artery (largest arteries, Endothelial cells Elastin, fibronectin, fibrillin, Rich (1993)
30 mm in aorta to 5 mm) (tunica intima) fibulin, collagen type I, II, III, Zhang (1996)

Smooth muscle cells IV, V, VI, proteoglycans Glukhova (1993)
(tunica media)
Fibroblasts (adventitia)

Muscular artery (∼5 mm) Endothelial cells Elastin, fibronectin, fibullin, Jerdan (1986)
Smooth muscle cells collagen type I, III, IV, V, Zhang (1996)
Fibroblasts VI, proteoglycans

Vein (∼1–5 mm) Endothelial cells Elastin, fibronectin, collagen Lethias (1996)
Smooth muscle cells type I, II, III, IV, VI, XII, Jerdan (1986)

XIV proteoglycans Maurel (1990)

Arteriole (> 50 µm) Endothelial cells
Smooth muscle cells

Elastin, collagen I, III, fibrillin Sterzel 2000
Baumbach (1993)

Venule (∼20–100 µm) Endothelial cells 
Smooth muscle cells

Laminin, collagen IV, 
fibronectin

Amselgruber (1999) 
Ninomiya (1999)

Perivascular Matsubara (1987)

Capillary (< 20 µm) Endothelial cells pericytes Collagen IV, laminin, Nerlich (1991)
fibronectin, HSPG

Lymph vessela Endothelial cells Collagen IV, laminin, Jussila (2002)
(small ∼20–100 µm Smooth muscle cells HSPG, fibronectin Nerlich (1991)
large ∼0.5–5 mm) Aukland (1993)

Pauli (1983) 
Witte (2001)

aThe smaller lymph vessels are thought not to have fibronectin and heparan sulfate proteoglycan (HSPG) (Nerlich 1991).



 

© 2004 Blackwell Publishing Ltd, 

 

Cell Proliferation

 

, 

 

37

 

, 207–220.

 

Extra-cellular matrix in vascular networks

 

209

 

tunica media, is composed mainly of circumferentially arranged smooth muscle cells (SMC)
embedded in a collagen, elastin/fibrillin and proteoglycan-rich extra-cellular matrix (ECM). The
outer layer, the tunica adventitia, is made up primarily of fibroblasts arranged in a longitudinal
direction within a collagen- and elastin-containing ECM separated from the outer media by an
external elastic lamina.

Vascular SMC (vSMC) are phenotypically and functionally diverse and their origin remains
the subject of ongoing research. Although vSMC are largely mesenchymally derived, some
populations are ectodermally derived and have the ability to differentiate to mesenchymal cells
(Hungerford & Little 1999). In addition, reports have been made claiming that some vSMC
populations originate from vascular endothelial cells through a transdifferentiation process
(DeRuiter 

 

et al.

 

 1997). Whatever the origin, the vSMC phenotype changes from ‘fibroblast-like’
in appearance during the embryonic stages of development to a more filamentous, ‘contractile’
phenotype in mature and adult tissues. The ‘fibroblast-like’ SMC phenotype, often referred to
as ‘synthetic’, is characterized by a lack of basement membrane, increased protein synthesis,
including ECM synthesis, and a lack of organized contractile apparatus within the cytoplasm.
In contrast, the mature vSMC phenotype is characterized by the presence of a basement mem-
brane, reduced synthetic capacity for ECM proteins, an increase of contractile myofilaments and
the expression of 

 

α

 

-smooth muscle actin. Vascular SMC can be migratory and proliferative, can
produce cytokines and growth factors as well as ECM proteins when required, and are essential
in maintaining the vascular tone (Shanahan & Weissberg 1998; Hungerford & Little 1999).

The dated view that the function of the adventitia is as a supporting tissue for the media, is
being replaced by evidence that the adventitia plays an active role in vascular remodelling in
response to vascular injury and in vascular pathology (Sartore 

 

et al.

 

 2001). Central to this
function is the adventitial fibroblast, which can be stimulated to an ‘active’ myofibroblastic pheno-
type by various stimuli including cytokines and growth factors such as transforming growth
factor-

 

β

 

 (TGF-

 

β

 

), often observed in wound healing and repair (Gabbiani 2003). The adventitial
fibroblast is involved in mechanisms of apoptosis and cell proliferation and even migration
towards the subendothelial space in vascular lesions. The myofibroblast is probably responsible
for ECM deposition and adventitial thickening in various vascular pathologies (Sartore 

 

et al.

 

2001). Myofibroblasts and vSMC are phenotypically similar and the question of whether vSMC
and myofibroblasts are indeed distinct cell types or represent different phases within a differentia-
tion spectrum is still an open one. It has therefore been a challenge to evaluate the contribution
in neointima formation or medial scarring of each cell type. Differentiated myofibroblasts,
such as vSMC, consistently express 

 

α

 

-smooth muscle actin but may also express, under specific
conditions, other markers of vSMC, such as smooth muscle (SM) myosin heavy chains and
caldesmon (Serini & Gabbiani 1999). It has been reported that vSMC and myofibroblasts utilize
different elements of the 

 

α

 

-smooth muscle actin promoter to regulate gene expression (Roy,
Nozaki & Phan 2001). More recently the observation that the vSMC differentiation marker,
smoothelin is not expressed by myofibroblasts may allow a distinction between vSMC and dif-
ferentiated myofibroblasts to be made (Christen 

 

et al.

 

 2001). Differentiated myofibroblasts can
also be characterized by their expression of Extra-Domain A (ED-A) fibronectin (Tomasek 

 

et al.

 

2002), therefore a more detailed temporal and spatial analysis of these markers may help to clar-
ify the relationship between vSMC and myofibroblasts and identify their respective contribution
to a fibrotic lesion.

In small blood vessels (microvessels or capillaries), where a proper adventitia is absent
and where there are no SMC, other perivascular cells, the pericytes, are found adjacent to the
vascular endothelium. These cells are also present in continuous and fenestrated capillaries, venules
and arterioles less than 30 

 

µ

 

m in diameter (Rhodin 1968). Pericytes (sometimes known as cells
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of Rouget) may not represent a homogeneous population of cells (Sims 2000). Developmentally,
pericytes are mesenchymally derived, embedded within a basement membrane and are intimately
associated through cell-to-cell contacts and interdigitating cellular processes with endothelial
cells (Fig. 1). Although it is apparent that pericytes and endothelial cells are functionally inter-
dependent, it is believed that they act as a functional unit to regulate blood vessel phenotype
(Kalluri 2003). Pericyte ultrastructure reveals many similarities to SMC (Nehls & Drenckhahn
1991) leading to proposals for a contractile function analogous to that of SMC in larger vessels.
Immunohistochemistry has shown that they contain actin, myosin, tropomysin and desmin, and
are therefore believed to be crucial regulators of microvessel integrity, controlling vessel con-
traction and permeability (Diaz-Flores 

 

et al.

 

 1991). In addition, their shape suggests a tight grip
on the capillary and a mechanical supporting role. Pericytes have also been proposed as progen-
itors for other mesenchymal cells such as osteoblasts and adipocytes (Sims 

 

et al.

 

 2000) and even
that some pericytes are a source of new endothelial cells to replace any that are damaged in the
endothelium. Studies using knock-out technology indicate that the absence of pericytes results
in severe microvascular abnormalities such as microangiopathy and dilatation (Suri 

 

et al.

 

 1996;
Hellstrom 

 

et al.

 

 1999).

 

ECM components

 

Major constituents of the vessel wall are the extra-cellular materials, collectively known as the
stroma or matrix. In arteries and veins the ECM constitutes more than half of the mass of the
wall and is mainly composed of collagens and elastin (Hungerford & Little 1999). Other com-
ponents, such as fibronectin, and microfibrils (mainly fibrillins) (Arteaga-Solis 

 

et al.

 

 2001) and
abundant amorphous or soluble materials such as proteoglycans and small leucine-rich glyco-
proteins (Williams 2001), are all present within the extra-cellular spaces of the vessel wall and
are crucial to vessel wall function and integrity.

The extra-cellular material of the media, including collagen and elastic fibres, is produced
primarily by the SMC during development. The turnover of these components is relatively slow

Figure 1. Transmission electron micrograph of dermal microvessel showing the endothelial–pericyte functional unit.
The pericyte (P) envelops a capillary lined with two endothelial cells (EC). Note the numerous cytoplasmic interdigi-
tations and adhesion complexes between pericyte and endothelium (arrow). Magnification ×5600.
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compared with that of other tissues and the synthetic versus catabolic processes are also con-
trolled by the SMC of the media. In the adventitia, collagen is synthesized and secreted by the
adventitial fibroblasts, as in other connective tissues. As blood vessels develop during postnatal
life, the vessel wall increases in diameter and thickness, accompanied by a parallel increase in
ECM and both elastin and collagen content, as well as organization of the tunicae. There are also
changes in vessel structure, with an increase in the ratio of collagen to elastin, and a reduction
in vessel elasticity. Individual elastic fibres (0.1–1.0 

 

µ

 

m in diameter) anastomose with each
other forming net-like structures which spread predominantly in a circumferential direction
(Fauvel-Lafeve 1999). A more extensive degree of fusion occurs amongst SMC-producing lamellae
of muscle cells, thus forming lamellar units, which allow the vessel to recoil after distension.
An outer elastic lamina similar in appearance but markedly less well developed than the inner
elastic lamina is situated at the outer aspect of the media at the boundary with the adventitia.

Elastic fibres are less abundant in the surrounding adventitia. Collagen fibrils (transversely
banded cables 30–50 nm in diameter) are found in all three tunicae and especially around the
muscle cells of the media. Collagen is also abundant in the adventitia where it forms large
bundles of fibrils which increase in size from the innermost region near the media to the outermost
component.

In general terms, collagen and elastic fibres in the media run parallel at a small angle to those
of the muscle cells and therefore they are predominantly arranged in a circumferential fashion.
In contrast, the arrangement of collagen fibres in the adventitia is longitudinal and thus imposes
constraints on the elongation of large vessels under pressure. While the outer sheet of collagen
in the adventitia limits the distension of the vessel, the collagen network of the media primarily
provides attachment to the muscle cells and transmits force around the circumference of the
vessels. Thus, by combining the relative rigidity and inextensibility of the collagen fibres with
the properties of highly extensible elastic fibres, ample attachment is provided for the muscle
cells, favouring a uniform spread of muscle tension around the vessel wall.

 

EXTRA-CELLULAR MATRIX SYNTHESIS AND DEGRADATION

 

The regulation of the production of each vessel ECM component is beyond the scope of this
review. Other major ECM proteins in vessels have been studied during development and disease
and have been extensively reviewed elsewhere (Arteaga-Solis 

 

et al.

 

 2000; Brooke & Bayes-Genis
2003).

Although many studies have looked at the formation of the multilayered vessel walls where
the ECM is critical for proper formation, the mechanism by which the cells within the vessel
wall regulate ECM composition has been largely overlooked. However, genetic manipulation of
mice, whether by naturally occurring mutation or designed intervention, through deletion or
disruption of ECM components in the early embryo, has either been lethal, such as for collagen
type I (Schnieke 

 

et al.

 

 1983; Lohler 

 

et al.

 

 1984) and elastin (Li 

 

et al.

 

 1998), or has resulted in
deleterious effects, such as for fibronectin (George 

 

et al.

 

 1993). Other components such as per-
lecan (Weiser 

 

et al.

 

 1996) (expressed in vessel walls during development) and endothelium have
been suggested to play a role in modulating cytokines found in the local environment and of the
expression of transcription factors. Fibulin is another constituent of the core of the elastic micro-
fibrils. The expression of fibulin in mesodermal cells committed to the vSMC lineage, suggests
that it is the first ECM component to be expressed in the aortic wall and may act as a precursor
to elastin deposition (Dettman 

 

et al.

 

 1998).
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Transcriptional regulation of collagen type I synthesis in vessels

 

Recently, several pieces of evidence from transgenic mouse data using promoter analysis of
collagen type I from the human, mouse and rat have suggested that separate 

 

cis

 

-acting sequences,
often referred to as ‘elements’, are involved in the regulation of collagen type I expression in
different cell lineages (Slack 

 

et al.

 

 1991; Sokolov 

 

et al.

 

 1993; Bogdanovic 

 

et al.

 

 1994; Liska

 

et al.

 

 1994; Rossert J. 1995; Krempen 

 

et al.

 

 1999). Indeed, evidence from the human pro-collagen
type I

 

α

 

1 has revealed that a partially deleted human promoter sequence, when used to generate
transgenic mice, expressed levels of reporter gene corresponding to the endogenous gene in tail,
bone, skin, muscle, heart, lung, intestine, kidney and eye (Sokolov 

 

et al.

 

 1993), and vascular
smooth muscle (Bedalov 

 

et al.

 

 1994). The pro-collagen type I

 

α

 

2 gene has also been investigated
in rat, chick, mouse and human. In the mouse, a minimal promoter between 

 

−

 

350 and +54 was
shown to drive a low level of expression in transgenic mice (Niederreither 1992). Such expres-
sion was enhanced by the identification of an enhancer region about 

 

−

 

17 kilobases (kb) away
from the transcription site (Bou-Gharios 

 

et al.

 

 1996).
This far-upstream enhancer is expressed at a high level in most collagen-producing cells,

including in the vasculature (Fig. 2a–c). Moreover, it has been shown that this enhancer is
conserved in humans and is located between 

 

−

 

18.8 to 

 

−

 

21.1 kb, overlapping three DNase hyper-
sensitive sites, similar to its murine homologue (Antoniv 

 

et al.

 

 2001), suggesting that important
regulatory elements are phylogenically and evolutionarily conserved. This enhancer was shown
to be involved in the activation of the collagen gene in pathological conditions in which deposition

Figure 2. Transgenic mouse tissues showing expression of collagen type I (blue staining of Lacz reporter gene) in dif-
ferent types of blood vessels. (a) Cross section of lower limb in blood vessels of a newborn mouse. (b) Collagen type
I expression in the wall and value of the aorta during mouse embryonic development (E15.5). (c) Collagen type I expres-
sion in intercostals arteries and ribs during mouse embryonic development (E15.5).
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of excess collagen type I in skin leads to scarring, such as in the tight skin mouse model (Den-
ton 

 

et al. 2001), kidney sclerosis (Chatziantoniou et al. 1998), liver cirrhosis (Inagaki et al. 1998)
and lung fibrosis (Ponticos et al. 2004).

The demonstration that separate cis-acting elements within the collagen promoter/enhancer
can direct expression of collagen type I in a cell lineage-specific or in an organ-specific manner,
provides the basis for the identification of a SMC-specific element which can activate trans-
cription of collagen type I within the vessel wall. The identification of such a sequence which
regulates collagen expression exclusively in SMC and the delineation of transcription factors which
regulate this sequence, can ultimately be used to interfere in the regulation of collagen type I in
vascular diseases in which collagen type I production is altered.

It is notable that the activation of collagen is also regulated by cytokines and growth factors
such as TGF-β, connective tissue growth factor, platelet-derived growth factor, epidermal
growth factor, or fibroblast growth factor produced by different cell types present in inflam-
matory sites. Cytokines, most notably interleukin-1, interleukin-4 and tumour necrosis factor-α, are
also capable of modulating fibroblast proliferation and collagen deposition locally. Hormones
such as aldosterone and angiotensin II stimulate collagen deposition (Burlew & Weber 2000;
Lijnen et al. 2000). Myofibroblasts do not only produce collagen, but also contract the fibrotic
area, prevent dilatation by cell–cell and cell–matrix interactions, and play an important role in
the architectural control of scar tissue formation and further pathologies (Willems et al. 1994,
Cleutjens et al. 1995, 1999; Blankesteijn et al. 1997).

Matrix degradation in vessels
The degradation of matrix involves a host of enzymes known as matrix metalloproteinases
(MMP) which include collagenases, gelatinases, stromolysins, metalloelastases and membrane
type-matrix metalloproteinases (MT-MMP), all of which can degrade specific matrix com-
ponents (reviewed by Galis & Khatri 2002; Visse & Nagase 2003; Chase & Newby 2003). These
enzymes are produced by the vascular cell component, by endothelial cells, SMC and fibro-
blasts, and are stored in a latent form within the ECM until they are required. They are capable
of completely degrading the matrix and therefore, there must be tightly controlled mechanisms
in place to regulate their activities. Matrix-degrading enzyme activities are regulated on the
transcriptional level, by growth factors and cytokines, via processes involving activation
(plasminogen/plasmin, MT-MMP) and processes involving inhibition (tissue inhibitors of
matrix metalloproteinases, TIMP1–4) (Galis & Khatri 2002).

MMPs are believed to have a crucial role in vascular matrix remodelling and are essential
in the processes of cell migration, novel synthesis of connective tissue and the regulation of
growth factors. In addition to vascular remodelling, their involvement has been implicated with,
and underlies the mechanisms of pathogenesis of, many vascular diseases including athero-
sclerosis (Gali & Khatri 2002; Heeneman et al. 2003), restenosis, pulmonary hypertension, and
blood vessel abdominal aortic aneurysms (Thompson & Parks 1996).

Following vascular injury SMC migrate through the surrounding matrix to areas of
remodelling where they are required for producing and laying down new matrix. This migration
process requires degradation of collagen and gelatin by MMP-1, MMP-2, MMP-3, MMP-9 and
MT1-MMP (Zempo et al. 1996; Bendeck et al. 2002; Lijnen 2002). Furthermore, collagen type
I has been shown to contribute to the regulation of SMC migration in vitro, suggesting complex
and finely regulated mechanisms of remodelling of cellular ECM components and cell migration
(Sierevogel et al. 2002).

Histological studies in normal vessels have revealed the constitutive and uniform expression
of MMP-2 and TIMP1 and TIMP2 (Galis et al. 1995). In diseased vessels a localized increase
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in expression of other MMPs such as MMP-2, MMP-7 (Halpert et al. 1996), MMP-9 (Galis
et al. 2002) and MT1-MMP (Rajavashisth et al. 1999) is observed. Collagenases (MMP-1, -2,
-3, -9) cleave collagens at a single site within the triple helix and produce specific degradation
products which can be detected in tissues and have distinct effects. For example, collagen type I
degradation products stimulate the expression of tenascin C, a matrix glycoprotein itself important
in controlling SMC proliferation, in remodelling arteries (Jones et al. 1999).

Growth factors that are involved in vessel remodelling are also believed to regulate proteo-
lytic processes. In addition, transcription factors which are involved in the plasminogen/plasmin
and MT-MMP proteolytic mechanisms are often also involved in the activation of the genes
expressed in vascular remodelling or in organization of diseased vessels (Bobik & Tkachuk
2003). However, it is worth bearing in mind that MMPs also regulate the biological activity of
growth factors and their receptors (Gearing et al. 1995; Fernandez-Patron et al. 1999).

VASCULAR DISEASES

During pathological processes major changes take place in the arterial wall structure. In this
review, atherosclerosis is used as an example of vascular disease to illustrate aspects of ECM
dysregulation within large blood vessels. Atherosclerosis is characterized by the accumulation
of lipids, cells and ECM in the vessel wall (Ross 1999; Libby et al. 2002). Arterial lesions are
rich in matrix, with collagen constituting up to 60% of the total plaque protein (Rekhter 1999).
Recent research suggests that the collagen matrix is not simply an inert scaffold but that, instead,
after injury there is a dynamic interplay involving matrix degradation and synthesis, with col-
lagens regulating many cellular responses that contribute to arterial occlusion.

Advanced stable atherosclerotic plaques are characterized by a thick fibrous cap, rich in
collagen (Fig. 3) and SMC, while unstable or ruptured plaques contain a thin fibrous cap with
a dense inflammatory infiltrate, a large lipid core, a luminal thrombus or plaque erosion, and
intraplaque haemorrhage (Virmani et al. 2000). Adult human atherosclerotic lesions start off as
pre-existing intimal thickening (Virmani et al. 2000), which is defined by the accumulation of
SMC in the intima in the absence of lipid or macrophage foam cells (Virmani et al. 2000). Stud-
ies of human aortic intima have shown that type I collagen is the major type of collagen present.
In addition, type III and smaller amounts of types IV, V and VI collagen are present (Stary et al.
1992). The importance of matrix proteins for intimal maturation was recently confirmed by gene
expression profiling of the maturing neo-intima and the underlying media. Thirteen genes were
significantly up-regulated in the neo-intima. Seven of these coded for matrix proteins (six
collagens and one versican) and two genes encoded known inducers of matrix synthesis (Core
binding factor a1 (Cbfa1) and connective tissue growth factor) (Geary et al. 2002). These data
confirm previous studies which showed that although connective tissue growth factor is not
expressed in normal blood vessels, it is over-expressed in atherosclerotic lesions, suggesting an
important role in the development and progression of atherosclerosis (Oemar & Luscher 1997).

Upon progression of atherosclerosis, fibrous tissue remains a major component of athero-
sclerotic lesions. In a study of sudden cardiac death cases, it has been shown that the major
constituent of coronary artery lesions was fibrous tissue, 10% of total plaque area (Schmermund
et al. 2001). As in intimal lesions, collagen type I (and to a lesser extent collagen type III and
proteoglycans) is the main extra-cellular component of advanced atherosclerotic lesions and the
fibrous cap (Stary et al. 1995). This fibrous cap has been emphasized as a strong determinant of
plaque rupture (Newby & Zaltsman 1999). Fibrous cap formation depends on matrix deposition,
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migration, and proliferation of vSMC, while recently, stem cells or circulating progenitor cells
have also been shown to contribute to lesion progression and/or fibrous cap formation (Sata
et al. 2002). As for the matrix content of the fibrous cap, it was demonstrated that collagen and
proteoglycans show differential accumulation in stable versus ruptured plaques. The fibrous cap
of stable lesions was enriched in versican and biglycan and had abundant accumulation of
collagen type I. In contrast, intense staining for hyaluronan and versican was found in erosions
and at the plaque/thrombus interface with a relative predominance of type III collagen. This was
accompanied by a clear reduction in β-actin-positive SMC and matrix content (mainly collagen)
at rupture sites (Kolodgie et al. 2002). This study underscored the hypothesis that not only
matrix content but also its composition is important for the stability of the advanced athero-
sclerotic lesion. Although the above-mentioned studies would advocate fibrosis of the cap to reduce
the risk of rupture, Moreno et al. recently showed that medial fibrosis was increased (up to 65%)
in lesions with a thrombus. Medial fibrosis, characterized by increased collagen deposition, was
also associated with rupture of the internal elastic lamina at the intima–medial interface. It was
suggested that medial fibrosis and atrophy may reduce arterial compliance, increasing vessel
wall circumferential stress. This may be related to reduced fibrous cap thickness and increased
risk of rupture (Moreno et al. 2002). This study emphasized that, as in the myocardium, it may
not always be beneficial to have more collagen in the vascular wall.

In the arterial wall, collagen has a half-life of 60–70 days (Nissen et al. 1978). SMC exist
in different phenotypes, with the ‘contractile’, quiescent, myofilament-rich SMC at one end of
the spectrum and the ‘synthetic’, proliferative, ECM-synthesizing and endoplasmic reticulum-
rich SMC at the other. SMC at the more synthetic end of the phenotype spectrum are assumed
to be responsible for ECM synthesis in both the media and the intima (Shanahan & Weissberg
1998). Of interest, several studies showed that SMC located in both intimal thickenings
and advanced atherosclerotic lesions display more synthetic features, suggesting that also in

Figure 3. Histochemical staining of an atherogenic lesion in the apolipoprotein E (ApoE) knock-out mouse and a con-
trol blood vessel. FC, fibrous cap; Lu, lumen; SMC/Fb, smooth muscle cells and fibroblasts; Ld, lipid deposits.
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atherosclerosis synthetic SMC are responsible for ECM synthesis (Mosse et al. 1985; Mosse
et al. 1986; Shanahan & Weissberg 1998).

Although it is clear that adventitial myofibroblasts can move to the neointima, the lack of
specific markers for myofibroblasts and vSMC complicates the evaluation of the relative contri-
bution of adventitial cells to neointima formation and more advanced atherosclerotic lesions
(Sartore et al. 2001). During atherosclerosis, a mechanistic link between lipid accumulation and
loss of collagen has been suggested. Rekhter et al. recently showed that lipid accumulation in
rabbit atherosclerotic plaques was associated with loss of SMC and collagen breakdown.
Although the remaining SMC showed increased collagen synthesis, this was not sufficient to
counterbalance collagen degradation and cell loss (Rekhter et al. 2000). The breakdown of col-
lagen was also associated with the accumulation of foamy macrophages, which have been shown
to express MMPs in situ (Galis 2000). As atherosclerosis progresses, local collagen degradation
can also cause mechanical weakening of the atherosclerotic plaque and lead to plaque rupture
(Rekhter et al. 2000). Indeed it has been possible to detect neoepitopes produced as a result of
collagen cleavage in atherosclerotic plaques (Sukhova et al. 1999).

CONCLUDING REMARKS

The connective tissue, consisting of specialized cells and ECM, is a dynamic system integral to
the structure and function of vessels. Regulation of the components of the ECM is paramount
for normal vessel function with dysregulation of expression of proteins such as collagen leading
to detrimental pathologies such as atherosclerosis and pulmonary arterial hypertension. Major
advances have been made in our understanding of the role of the cellular components in the for-
mation and maintenance of blood vessels and the regulatory mechanism(s) that these cell types
control in the homeostasis of the ECM. Key cell types, the smooth muscle cells/pericytes and
fibroblasts have been studied in some detail and their role in these processes is becoming clear.
Moreover, in recent years the study of vessel pathologies has progressed and steadily advanced
our understanding of the cellular and molecular mechanism(s) underlying these diseases. The
use of animal models of human diseases (such as the atherogenic and hypertensive models) is
now recognized as suitable in combination with transgenic and knock-out (floxed) animal
approaches. These are beginning to reveal the critical factors in pathogenesis of these diseases,
and perhaps more importantly new targets for therapeutic intervention.
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