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General Introduction 

Soft connective tissues connect and support the different tissues and organs in the body. In 

addition they provide space for blood vessels and nerves and for migrating cells e.g. those from 

the blood system. For a proper functioning of the organism as a whole connective tissues are 

essential and thus a proper regulation of the metabolic activity within the tissue is a prerequisite. 

The predominant cell type in soft connective tissue is the fibroblasts. These cells interact 

with their surrounding matrix and play a key role in its maintenance by a continuous synthesis and 

digestion of its constituents. Although external mediators, e.g. growth factors and cytokines, 

proved to be involved in metabolic activity of fibroblasts, it is not clear whether and/or how the 

different extracellular matrix components participate in this process. This matrix consists of a wide 

variety of macromolecules: e.g. glycoproteins, proteoglycans, elastin and several types of 

collagen, each of which may influence fibroblast behaviour and activity. 

Collagens 

The collagens form a large group of about 20 genetically distinct molecules (collagen type I to 

XX). Most abundant in soft connective tissues are type I and III collagen, both forming cross-

banded fibrils. The major function of these fibrils is to provide resistance to tensile forces. Other 

prominent collagens are the cross-banded fibrillar type II collagen in cartilage and type IV 

collagen in the basal laminae'. The microfibrillar type V collagen is a minor but widespread 

collagen in all soft connective tissues and is either incorporated within or localised at the surface 

of fibrils of type I and type III collagen to form heterotypic fibrils in the extracellular matrix2"4. 

Type VI collagen is present in most connective tissues as thin microfibrillar structures, forming 

a network between the thick interstitial collagen fibers5"7. Type VII collagen is involved in the 

anchoring of basal laminae to the adjacent soft connective tissues ' . 

Collagen breakdown 

Breakdown of collagen occurs under both physiological and pathological conditions. In the 

physiological situation, the levels of collagen synthesis and collagen digestion are more or less in 

equilibrium. This is essential for maintenance of the three-dimensional tissue structure and 

integrity. Under pathological conditions (e.g. during inflammation, mechanical injury etc.) 

collagen breakdown usually dominates. 
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Two routes of collagen degradation are recognised: an intracellular and an extracellular 

one10 The intracellular pathway starts with partial digestion of fibrils by membrane-bound 

enzymes. Recently it was shown that matrix metalloproteinases (MMPs), most probably MT1-

MMP and/or MMP-2, are involved in this membrane-associated digestion . The thus partially 

digested fibrils are then phagocytosed and further degraded in the lysosomal apparatus by cysteine 

proteases12'13, in particular cathepsin B14'15. The extracellular breakdown of collagen fibrils, on the 

other hand, is almost completely accomplished by the activity of MMPs. Depending on the site 

where the digestion takes place different MMPs (e.g. MMP-1, -2, -3, -8,-13,-14 and -18 (see 

Table I)) participate. 

Matrix metalloproteinases 

The MMPs belong to a family of enzymes (at least 21 members) that share a number of structural 

and functional properties. They require neutral pH conditions and divalent cations for their 

activity16. Before MMPs exert their activity in the extracellular space, they have to be activated 

by removal of the propeptide domain17"19. The members of the MMPs differ with respect to their 

substrate specificity and can be divided in the following subgroups: collagenases (MMP-1,-8,-13, 

-18), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -10, -11), matrilysin (MMP-7) and 

membrane-bound MMPs, the MT-MMPs (MMP-14, -15, -16, -17) (Table 1). Despite numerous 

studies on substrate specificity, production and activation of MMPs, the precise role of each of 

the different MMPs in physiological and/or pathological matrix degradation remains to be 

elucidated. 

The role of MMP-1 and MMP-2 in collagen degradation 

The collagenases (MMP-1, -8,-13 and -MMP-18) are relatively unique in cleaving native fibrillar 

collagen type I, II and III at a specific site, resulting in Vi and 3/i collagen fragments. This finding 

has led to the view that one or more of these collagenases, in particular the interstitial collagenase 

(MMP-1), is essential for the digestion of collagen in soft connective tissues. Recent data, 

however, strongly suggest that under normal remodelling conditions MMP-2 plays an essential 

role in the digestion of collagen. Not only has this enzyme the capacity to digest fibrillar type I 

collagen20, but of more significance is the finding that MMP-2 is constitutively expressed by 

connective tissue cells (e.g. fibroblasts) and can be localised in almost all (soft) connective 

tissues13'21"23, whereas MMP-1 is hardly detectable13'24. MMP-1 is mainly expressed following 
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Table 1 

Matrix metalloproteinases (MMPs) and their substrates 

MMP Nr. ENZYME KNOWN SUBSTRATE 

1 
Collagenase-1 
(interstitial) 

Native collagen types I, II, III, VII, VIII, X, denatured 
collagens, proteoglycans, aggrecan 

2 Gelatinase A 
Denatured collagens, native collagen types I, IV, V, VI, 
VII, X and XI, proteoglycans, fibronectin, elastin and 

16.20.69-71 

aggrecan 

3 Stromelysin-1 
Proteoglycans, fibronectin, laminins, native collagen type 
III, IV, V, IX and X, aggrecan, elastin, activation of pro-
MMP-1 andpro-MMP-916'71 

7 Matrilysin 
Fibronectin, laminins, native collagen type IV, denatured 
collagens, aggrecan, activation of pro-MMP-1 and pro-
MMP-2, proteoglycans1 ' 

8 
Collagenase-2 
(neutrophil) 

See MMP-1 

9 Gelatinase B 
Denatured collagens, native collagen types IV, V and XI, 
proteoglycans, fibronectin and elastin " 

10 Stromelysin-2 See MMP-3 

11 Stromelysin-3 
"endopeptidase" for oc2-macroglobulin; casein, laminin, 
type IV collagen73'74 

12 Metalloelastase Elastin16'17 

13 Collagenase-3 See MMP-1; pro-MMP-13; aggrecan75 ' 

14 MT1-MMP 
Activation of pro-MMP-2 and pro-MMP-13, native 
collagen types I, II, III, fibronectnr "' 

15-16 MT2/3-MMP 
Activation of pro-MMP-2 and pro-MMP-13, laminin 
(MT-MMP 2)78'79 

17 MT4-MMP 
Activation of membrane-bound precursors of growth 
factors?80 

18 Collagenase-4 SeeMMP-181 

19 Unknown Denatured collagens82'83 

20 Enamelysin Enamel matrix proteins84 

appropriate stimulation2527. Moreover, mutant mice whose collagen type I is resistant against 

MMP-1 show a relatively normal postnatal development28, indicating that during normal turnover 

and remodelling of one of the major collagens, MMP-1 is not a prerequisite. Finally, the 

participation of MMP-2 in the actual degradation of fibrillar collagen in soft connective tissue was 

recently demonstrated in an in vitro model system '. 

Modulation of MMP-2 synthesis and activation 

11 
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Like all MMPs, MMP-2 is synthesised as an inactive proenzyme. Following its synthesis the 

enzyme is transported to the plasma membrane and forms at the external phase of this membrane 

a complex with MT1-MMP and tissue inhibitor of metalloproteinases-2 (TIMP-2) " . Activation 

of MMP-2 is taken to occur at this site, due to the activity of MT1-MMP32,33. The latter enzyme 

induces the first step of the activation of pro-MMP-2 (72 kDa), resulting in an intermediate form 

of 68 kDa. The fully activated enzyme (66 kDa) is formed by autoactivation34. The MT1-MMP-

mediated activation at the cell membrane appears to be unique for MMP-2 . Most of the other 

MMPs are activated by other proteinases, among which the serine proteinase plasmin . 

Not only the activation of MMP-2 requires different mechanisms compared to other MMPs, 

also its synthesis is differently modulated. In contrast to most of the other MMPs, MMP-2 is con-

stitutively expressed by fibroblasts and is found in virtually all soft connective tissues under all 

known conditions (see above). Yet, different tissues appear to express different levels of this 

enzyme13 and also under certain (experimental) conditions the level of enzyme is up- or down-

regulated3638, suggesting modulation of its expression. How this occurs is largely unknown. Only 

a very limited number of cytokines and growth factors, in particular TNF-a and TGF-ß, have been 

shown to modulate expression of MMP-239"", which may suggest that in addition to these growth 

factors other mechanisms are involved in modulating the expression of MMP-2. 

Another set of factors that can mediate protein expression is the extracellular matrix itself. 

Numerous studies demonstrated that the interaction of cells with collagen can modulate gene-

expression, protein synthesis, proliferation rate and migratory activity of fibroblasts " . Thus, 

apart from providing support to the organism as a whole, collagens also fulfill a role in modulating 

the activity of cells. It is hypothesised that the cell-surrounding matrix also regulates the level of 

enzymes involved in connective tissue turnover, most notably MMP-2. In this respect it is of 

interest to note that fibroblasts cultured in a three-dimensional collagen type I gel or seeded on 

fibronectin enhance their activation of MMP-248"50. Although these data do suggest that matrix 

components may affect MMP-2, it is not clear whether this modulating activity is specific. One 

of the major aims of this thesis was to elucidate whether different components of the extracellular 

matrix, e.g. different types of collagen, act differently on the cells in terms of MMP-2 expression. 

Integrins and intracellular signalling 

Interactions of cells with components of the extracellular matrix occur by a wide variety of 

membrane receptors, especially the integrins. These molecules consist of two subunits (a and ß) 

12 
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which are non-covalently associated transmembrane glycoproteins51'5". At least 9 different a 

subunits and 10 ß subunits have been recognised. The subunits can associate with each other to 

form over 20 different integrins53, each with its own ligand specificity. One of the integrin 

recognition sites is the Arg-Gly-Asp (RGD) sequence, present in fibronectin, vitronectin, type V 

and type VI collagen and various other ligands. This sequence is recognised by e.g. the integrins 

a5ßi, anbß3 and the integrin subunit av
54. Binding of the cell to native type I collagen appears to 

be RGD-independent46'55. Type I collagen contains the Asp-Gly-Glu-Ala (DGEA) sequence which 

is the binding site for a^ßf16. The interaction between integrin and collagen results in a cascade 

of intracellular signalling pathways, which involve phosphorylation/dephosphorylation of 

intracellular proteins, e.g. mitogen-activated protein kinases (MAPK) and serine-threonine protein 

kinases57,58. Thus, via intracellular protein (de)phosphorylation, signals are transmitted from cell-

surface receptors to the nucleus, which eventually results in alterations in gene expression. 

Fibroblast heterogeneity 

As outlined above the extracellular matrix interacts with the embedded connective tissue cells. 

Fibroblasts, however, do not form a homogeneous population. Numerous studies indicate intrinsic 

differences between fibroblasts from different tissues. Phenotypic variations are described with 

respect to size, shape, attachment, proliferating capacities and collagen synthesis' . Also 

differences were found in functional properties like enzyme production61 , collagen turnover , 

cytokine production65 and reaction patterns towards cytokines, growth factors, hormones ' '' 

and bacterial products65'68. We, therefore, decided to study the effect of matrix constituents on 

connective tissue cells isolated from various tissues. 

13 
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Objectives of this thesis 

The following questions were addressed: 

- What role do the MMPs, MMP-1 and MMP-2, play in the digestion of soft connective tissue 

collagens (Chapter 2)? 

- How is production and activation of MMP-2 by fibroblasts that are embedded in their own tissue 

environment modulated by growth factors, cytokines and/or MMPs (Chapter 3)? 

- Do the collagen types I, III and V affect fibroblast proliferation, MMP synthesis/activation, 

attachment and spreading (Chapter 4 and 6)? 

- How is the response of fibroblast populations obtained from three different soft connective 

tissues (periosteum, gingiva and periodontal ligament) to different types of collagen (Chapter 5)? 

- Are integrins involved in collagen-mediated responses of fibroblasts (Chapter 4)? 

- Which intracellular signalling pathways modulate cellular activity (Chapters 4 and 6)? 

14 
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