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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. 



Chapter 1  

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 

10 
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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 



General introduction 

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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Abstract 

Recent data suggest that gelatinase A (matrix metalloproteinase-2, MMP-2) plays an important 

role in the degradation of collagen of soft connective tissues. In an attempt to investigate its 

participation in more detail we assessed the digestion of collagen in cultured rabbit periosteal 

expiants and compared this with the level of active MMP-2 and collagenases. The data 

demonstrated that both collagen degradation and MMP activity increased in time. Conditioned 

medium obtained from expiants cultured for 72 hours showed that the level of active MMP-2 

correlated with collagen degradation (r = 0.80, df = 23, p<0.0001). Such a relationship was not 

found for collagenase activity (r = -0.08, df = 21, NS). The possible involvement of MMP-2 in 

collagen degradation was investigated further by incubating expiants with selective gelatinase 

inhibitors (CT1166, CT1399 and CT1746). In the presence of these compounds breakdown of 

collagen was almost completely abolished (>80%). Finally we assessed whether periosteal 

fibroblasts had the capacity to degrade collagen type I that conferred resistance to collagenase 

activity. Breakdown of this collagen did not differ from degradation of normal collagen. Taken 

together, our data provide support for the view that MMP-2 plays a crucial role in collagen 

degradation of soft connective tissue. 

Introduction 

Remodelling and turnover of soft connective tissues imply continuous synthesis and degradation 

of extracellular matrix components. Among the enzymes that are thought to be important in 

matrix breakdown are the matrix metalloproteinases, MMP-1 (interstitial collagenase) and MMP-

2 (gelatinase A)12. Recent observations suggest that it is particularly MMP-2 that plays an 

essential role in this process. First, Liu and coworkers3 found that mutant mice whose collagen 

type I is resistant against collagenase activity, because the specific cleavage site for this enzyme 

is mutated, showed a relatively normal postnatal development. These findings suggest that during 

normal turnover and remodelling of one of the major collagens, collagenase is not a prerequisite. 

Second, in almost all non-inflamed (soft) connective tissues MMP-2, but not MMP-1, can readily 

be localised4"7. Third, MMP-2 proves to be constitutively expressed by connective tissue cells (e.g. 

fibroblasts), whereas MMP-1 is only expressed following appropriate stimulation6 g8 . Finally, the 

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

recently demonstrated in an in vitro model system . 
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If MMP-2 is indeed important in the breakdown of collagen, it may be hypothesised that the 

rate of degradation would relate to the level of activity of MMP-2. To investigate whether such 

a relationship exists, we used an in vitro model system consisting of periosteal tissue expiants 

from rabbit calvariae and compared the level of active collagenases (MMP-1, MMP-8 and MMP-

13) versus the level of active MMP-2 with the amount of digested collagen. In addition, the effect 

of selective gelatinase inhibitors on collagen breakdown was analysed. Finally, we tested to what 

extent type I collagen that is resistant to collagenase activity could be broken down by isolated 

periosteal fibroblasts. 

Materials and methods 

Materials 

Iscove's modified Dulbecco's medium (IMDM), Hanks' balanced salt solution (HBSS), penicillin, 

streptomycin, amphotericin were purchased fromGibco (Gibco Lab., Grand Island, NY). Bovine 

serum albumin (BSA, fraction V), sheep IgG and fluorescein isothiocyanate (FITC)-labelled 

donkey-anti-[sheep IgG] were from Sigma (Sigma Chemical Co., St. Louis, MO). Multi-well 

culture dishes were from Costar (Cambridge, MA), gelatin (from porcine skin, 250 bloom) from 

Fluka (Fluka Chemie, Buchs, Germany) and 40% acrylamide/Bis. 37.5:1 from Bio-Rad (Hercules, 

CA). The synthetic MMP-inhibitors CT1166 (Nl-[l-(S)-(morpholinosulphonylaminoethylarnino-

carbonyl)-2-cyclohexyl-ethyl]-N4-hydroxy-2-(R)[3-(4-methylphenyl)propyl] succinamide), CT 1399 

(N4-hydroxy-Nl-[l-(S-morpholinosulphonylaminoethylaminocarbonyl)-2-cyclohexyl-ethyl]-2-(R)-(4-

chlorophenylpropyljsuccinamide) and CT1746 (Nl-[2-(S)-(3,3-dimethylbutanamidyl)]-N4-hydroxy-2-

(R)-[3-(4-cMorophenyl)-propyl]succinamide)9~" were kindly provided by Drs. T. Crabbe and R. 

Morphy at the Departments of Biology and Chemistry (Celltech Therapeutics Ltd., Slough, UK). The 

Krvalues of CT1166 and CT1399 are identical for MMP-2, -9, -3, -1 and -7: 0.01, 0.016, 2,75, 385, 

and 6400 nM, respectively. The K,-values of CT1746 for the mentioned MMPs are: 0.04, 0.17, 10.9, 

122, and 6400 nM, respectively. Tissue-Tek 4583 was from Miles Scientific (Div. of Miles Lab. 

Inc., NappervileJL). Recombinant human MMP-2, a sheep polyclonal antibody (IgG fraction) to 

rabbit MMP-2 and MMP-9 and a sheep polyclonal antibody (IgG fraction) to rabbit MMP-1 were 

kindly donated by Drs. R. Hembry and G. Murphy (School of Biological Sciences, University of 

East Anglia, Norwich, UK) and Dr. J.J. Reynolds (Dept. of Orthodontics and Paediatric Dentistry, 

United Medical and Dental School, London, UK). 
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Tissue culture 

Periosteal tissue of rabbit calvariae was dissected and cultured in IMDM as described previously12. 

For immunolocalization a number of cultured and non-cultured expiants were immersed in Tissue-

Tek 4583 and immediately frozen in liquid nitrogen and stored at -80°C. The other expiants and 

conditioned media were frozen at -20°C. The conditioned media were analysed for the activity 

of MMPs and hydroxyproline content. Expiants were extracted as described by Eeckhout et al. . 

Briefly, they were taken up in 200 u.1 extraction-buffer (10 mM sodium cacodylate, 1 M NaCl, 

0.01% Triton X-100 and 1 |iM ZnCl2, pH 6.0), sonicated ( 3 x 5 sec), incubated overnight at 4°C, 

followed by a second sonification step ( 3 x 5 sec) and the extracts were analysed for the activity 

of MMPs. In a preliminary series of experiments this extraction method was compared with the 

one presented by Woessner14. Our data indicated that extraction of periosteal tissue expiants with 

the Eeckhout method yielded a similar level of MMPs as with the Woessner method (data not 

shown). 

The synthetic MMP-inhibitors (CT1166, CT 1399 and CT 1746) were added to a number of 

expiants at final concentrations of 0.1 or 0.2 u.M. The inhibitors were dissolved in dimethyl-

sulfoxide (DMSO). DMSO was added to controls in equal amounts, its concentration not 

exceeding 0.1%. 

Coating of the culture plates 

Native collagen type I of the tail of a mouse that has a mutated collagenase cleavage site and of 

a normal littermate (kindly donated by Dr. R. Jaenisch, Whitehead Institute for Biomedical 

Research, Cambridge, MA) was isolated as described by Bazin and Delauny". The collagen was 

dissolved in 0.01 M acetic acid in a concentration of 50 ug/ml. 24-well culture plates were coated 

by incubating the wells with 500 ul diluted collagen. The plates were air-dried in a laminar flow 

cabinet at ambient temperature and subsequently sterilised by UV light for 20 min. The wells were 

washed with HBSS before the cells were seeded. 

Cell isolation and culture 

Periosteal expiants were washed in IMDM supplemented with 10% FCS and amphotericin (2.5 

mg/ml), streptomycin (1 mg/ml) and penicillin (1000 U/ml). The tissue samples were placed in 

6-well culture plates and incubated in IMDM supplemented with 10% FCS and antibiotics in a 
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humidified atmosphere containing 0.25% trypsin and 0.1% ethylenediaminetetraacetic acid 

(EDTA) (pH 7.3), transferred to 25 cm2 culture flasks and designated as 'passage one' (PI). For 

the experiments, cultures between P3 and P8 were used. Four days prior to the onset of the 

experiment the medium of the cells was changed with IMDM supplemented with 5% FCS and 

antibiotics, which was changed after three days with IMDM supplemented with 4 mg/ml BSA and 

antibiotics. The isolated cells (3 x 104 cells/well) were incubated with 300 JJ.1 IMDM (+ 4 mg/ml 

BSA) in collagen-coated 24-well culture plates in a humidified atmosphere containing 5% C02 

in air at 37°C. 

Immunolocalization 

Tissue-Tek embedded expiants were cut (6 urn section thickness) on a motor-driven Bright 

cryotome at -28°C. Immunolocalization of the MMPs was performed as described previously8'16. 

The primary antibodies were sheep anti-MMP-2/MMP-9 IgG and sheep anti-MMP-1 IgG, non

immune sheep IgG was used as control. All antibodies were applied at a final concentration of 80 

ug/ml IgG. The second antibody was an FITC-labelled anti-sheep antibody. The nuclei of the cells 

were stained by propidium iodide (50 ng/ml). The sections were covered with Vectashield (Vector 

Laboratories, Burlingame, CA) and examined with a Leica microscope equipped with filter 

settings for epifluorescence. Micrographs were made with Kodak 400 ASA films, upgraded to 

1600 ASA. 

Zymographic analysis 

Aliquots of 5 ul of conditioned medium or tissue extract were 1:1 diluted with sample buffer (0.1 

M Tris-HCl, 4% SDS, 20% glycerol, 0.005% BFB, 10 mM EDTA) and electrophoresed through 

a 10% Polyacrylamide gel containing 2% gelatin or 1% casein, as described by Heussen and 

Dowdle17. After electrophoresis, gels were washed and incubated for 18 h at 37°C. Gels were 

stained with 0.1% Coomassie Brilliant Blue and destained with 7% acetic acid and 5% methanol. 

In order to quantify MMP-2 activity, densitometric analysis was performed by assessing the 

ratio between MMP-2 and a standard concentration of recombinant MMP-2. This analysis was 

carried out using a Quantimet 500 (Leica, Cambridge Ltd., UK) image analysis system and the 

Qwin V02.00B software program. In preliminary experiments we established that a linear 

relationship exists from 0 up to 3 mU recombinant MMP-2. Zymographic analyses of the 

conditioned media and tissue extracts were performed within this range. The data were expressed 
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as units or as arbitrary densities. 

Collagenase bioassay 

Conditioned media and the extracted expiants were analysed for the presence of active collagen-

ases using fibrillar [14C]-labelled collagen as described previously1819. The data were expressed 

as units collagenase per expiant. One unit of collagenase was defined as the amount of enzyme 

needed to digest 1 |ig collagen per minute at 35°C. 

Hydroxypfoline assay 

The amount of hydroxyproline released in medium of cultured expiants was established and used 

as a parameter of collagen degradation. In previous studies it was shown that, under the culture 

conditions employed, hydroxyproline in the culture media reflects degradation of collagen and not 

the release of newly synthesised collagen . Hydroxyproline analysis was performed by using a 

microassay developed by Creemers et ai10. 

Statistical analysis 

Statistical analysis included correlation analysis (linear regression) and Mann-Whitney tests 

(hydroxyproline data). P<0.05 (two-tailed) was assumed to indicate statistical significance. 

Results 

Presence and activity of MMPs in periosteal expiants 

Immunolocalization 

Immunolocalization of gelatinases (MMP-2 and MMP-9) revealed their presence in all expiants. 

The signal increased during culturing, showing the highest level of immunostaining at 72 h. Most 

of the fluorescence was associated with the fibroblasts (Fig. 1A); very little of it with the 

extracellular matrix. MMP-1 proved to be undetectable in consecutive tissue sections (Fig. IB). 

Zymographic analysis 

Gelatin zymographic analysis of conditioned media and tissue extracts demonstrated three lytic 
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bands of 92, 72 and 66 kDa (Fig. 2), respectively. These bands were identified as gelatinases by 

Fig. 1. Immunolocalization ofMMP-2 and MMP-9 (A) and ofMMP-1 (B) in periosteal tissue expiants 
following a culture period of 72 h. A: Numerous fibroblasts are positively labelled (arrows) for 
gelatinases. B: In a consecutive section no immunodetectable MMP-1 is seen. 

the use of activity blocking anti-MMP-2/MMP-9 antibodies (not shown). The culture media and 

tissue extracts, collected after 24, 48 and 72 h, demonstrated a time-dependent increase in the 

levels of both inactive (72 kDa) and active (66 kDa) MMP-2. Such a time-dependent shift was 

not found for MMP-9. All media contained a relatively high level of MMP-9, whereas in the tissue 

extracts hardly any MMP-9 was found (Fig. 3). In contrast herewith, MMP-2 was abundantly 

present in both media and extracts. Casein zymography, used to detect MMP-3, MMP-7 and 

MMP-1021, did not reveal any activity in media or tissue extracts (data not shown). 

medium tissue 
Fig. 2. MMP-2 and MMP-9 
activity in periosteal expiants. 
Gelatin zymogram showing the 
presence of inactive MMP-9 
(92 kDa) and of inactive (72 
kDa) and active (66 kDa) 
MMP-2 in conditioned medium 
(lanes 1-3) and tissue extracts 
(lanes 4-6); medium was 
conditioned for 24 h, collected 
after 24 (lane 1 ), 48 (lane 2) 
and 72 (lane 3) h of culturing; 
the expiants were extracted 
after 24 (lane 4), 48 (lane 5) 
and 72 (lane 6) h. 
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Collagenase release 

With respect to collagenase (MMP-1, -8 and/or -13) we observed that, during the first 48 h of 

culturing, the activity in conditioned medium was below the detection limit. At the 72 h time-

point some activity was noted (6.2 ± 1.3 mU/explant). No collagenase activity was detected in 

the extracted expiants. 

Collagen degradation 

Media collected at the 24, 48 and 72 h time intervals revealed a time-dependent increase of its 

hydroxyproline content, which was most pronounced between 48 and 72 h (Fig. 4). In media 

of tissue expiants cultured for 72 h with MMP-inhibitors (0.1 uM CT1166, 0.2 uM CT1399 

and 0.2uM CT 1746) a virtually completely inhibited digestion of collagen was noted (> 80%; 

Fig. 5). 
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Fig.3. Densitometrie 

analysis of MMP-9 and 

MMP-2 (pro-and active 

forms in conditioned 

media and tissue extracts 

of expiants cultured for 72 

h. The values are 

presented as % density per 

band (66 or 72 kDa) of 

total density (total 

gelatinolytic actvity) per 

explamt (mean + SD of 12 

experiments). 

medium 

Is there a relation between enzyme activity and collagen degradation? 

The observed increase in the level of MMPs correlated positively with an increased 

hydroxyproline release. It was especially MMP-2 that corresponded to the released amount of 

hydroxyproline, and a statistically significant positive correlation was apparent (Fig. 6A). Such 

a relationship was not found with collagenase (Fig. 6B). 
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Fig. 4. Time-dependent 
increase of the level of 
hydroxyproline content of 
media each 24 h during a 
72 h culture period. Values 
are expressed as the mean + 
SD of 10 expiants per time 
interval. 
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Fig. 5 Hydroxyproline release by periosteal expiants cultured for 72 h in the absence (control) or 
presence of 0.1 \lM CT] J66, 0.2 flM CT1399, or 0.2 plM CT1746. Values are expressed as mean % ± 
SD of at least 8 expiants per incubation. *: p < 0.001 compared to the control. 
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Fig. 6. (A) Linear regression analysis of the level of active MMP-2 and the amount of hydroxyproline 

released in the medium by the same expiant (r = 0.81; p<0.0001, df=23); (B) Linear regression analysis 

of the level of active collagenase and the released amount of hydroxyproline (r = -0.08, p = 0.7169. df = 

21). 
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Degradation of collagenase resistant collagen by isolated periosteal cells 

Since the the presented data suggested that collagenase is not prerequisite for periosteal cells to 

digest collagen, we attempted to investigate this further by making use of type I collagen that 

was isolated from a mouse strain having a mutation in the collagen type I molecule that confers 

resistance to collagenase activity3. Isolated periosteal fibroblasts were seeded on this collagen as 

well as on collagen obtained from anormal littermate. Analysis of the level of hydroxyproline 

released in the medium revealed no differences (Fig. 7). Zymographic analysis of the culture 

media demonstrated that cells cultured on either collagen secreted similar levels of inactive and 

active MMP-2 (Fig. 8). 
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Fig. 7. The amount of 
hydroxyproline released 
in medium of periosteal 
cells cultured for 24 
and 48 h on normal 
type I collagen and type 
I collagen with a 
mutated collagenase 
cleavage site. Values 
are expressed as mean 
+SD of 10 wells per 
coating 
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(So Fig. 8. Gelatin zymogram showing MMP-2 activity in 
conditioned media of periosteal cells cultured on type I 
collagen (lane 1) or on type I collagen with a mutated 
collagenase cleavage site (lane 2). Note that the level of 
MMP-2 is similar for both conditions 



Discussion 

The present study demonstrated that collagen degradation of soft connective tissue expiants 

correlated positively with the level of active MMP-2, whereas such a relationship was not found 

with active collagenases. Although this relationship suggests that MMP-2 is important for the 

digestion of collagen in the soft connective tissue model used, the lack of a relation with 

collagenases does not exclude a priori a role of MMP-1 in this process. The low levels of 

collagenase activity in the conditioned media can be explained by assuming that most of the 

enzymes were bound to their natural inhibitor, TIMP-122. However, this does not seem very likely 

since we have shown previously that, in contrast to calvarial bone, isolated periosteal tissue 

produces extremely low levels of this inhibitor23 24. Moreover, incubations carried out with 

synthetic MMP-inhibitors, of which two were used at a concentration far below the Kj-value for 

MMP-1, almost completely prevented degradation. Apart from MMP-1, it is also possible that 

MMP-13 (collagenase-3) participated in the breakdown. After all low concentrations of CT1166 

appear to inhibit the activity of this enzyme (Drs. J.M. Délaissé and M. Ferreras, personal 

communication). Yet, involvement of this enzyme is not very likely since no correlation was found 

between collagenase activity (which also includes the activity of MMP-13) and collagen 

breakdown of the tissue expiants. Finally, fibroblasts isolated from the periosteum proved to have 

the capacity to digest collagenase-resistant type I collagen to the same extent as non-mutated 

(normal) collagen. Although this finding supports the view that collagenase is not a prerequisite 

for collagen digestion, it does not provide direct evidence for MMP-2 involvement. After all, 

Aimes and Quigly25 demonstrated that cleavage of collagen by MMP-2 also occurs at the "1ä-3ä" 

site, the site that was mutated in the collagen used in the present study. However, we analysed 

digestion of this collagen not by incubating it with purified enzyme but by seeding periosteal 

fibroblasts on it. In this far more complex system we assume that membrane-bound enzymes, such 

as MMP-24, in conjunction with plasma membrane-associated proton pumps , result in the 

degradation of the collagen fibril. 

The effects of the inhibitors on the collagen breakdown and the positive correlation of 

MMP-2 activity and collagen breakdown support the notion that MMP-2 is involved in 

degradation of collagen. However, the question still remains whether other MMPs, such as MMP-

3 and MMP-9 which are also inhibited by the synthetic inhibitors, participated. Casein 

zymography did not reveal any activity in conditioned media or tissue extracts, indicating that 

MMP-3 was below the detection limit. The presence of MMP-9, on the other hand, was 
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convincingly demonstrated in conditioned media. The level of activity of this enzyme did not show 

any relationship with the time-dependent increase of collagen breakdown, thus making its 

participation doubtful. Apart from these enzymes, it is feasible that members of the recently 

described group of MT-MMPs (MMP-14-17)26"29 were involved in the degradation of collagen. 

It is of interest to note that at least one of these enzymes (MT1-MMP) not only appears to have 

the capacity to activate membrane-bound MMP-2 but also to digest various extracellular matrix 
. 30.31 

components 

Our results, in conjunction with other studies4'5'25, suggest that (membrane bound) MMP-

2, either or not with MT-MMPs, is important in the degradation of soft connective tissue 

collagen. MMP-1, hitherto considered crucial in this process, does not seem to play a critical role. 

A cknowledgement 

We thank Mr. CE. Gravemeijer for careful handling of the photographic material. 

33 



References 

1. Birkedal-Hansen, H., Moore, W., Bodden, M., Windsor, I.J., Birkedal-Hansen, B., DeCarlo, A., and 
Engler, J.A. Matrix metalloproteinases: a review. ( 1993) J. Periodont. Res. 28, 500-510. 

2. Reynolds, J.J., Hembry, R.M., and Meikle, M.C. Connective tissue degradation in health and 
periodontal disease and the roles of matrix metalloproteinases and their natural inhibitors. (1994) 
Adv. Dent. Res. 8,312-319. 

3. Liu, M.L., Wu, H., Byrne, M., Jeffrey, J., Krane, S., and Jaenisch, R. A targeted mutation at the 
known collagenase cleavage site in mouse type I collagen impairs tissue remodeling. (1995) J. Cell 
Biol. 130. 227-237. 

4. Creemers, L.B., Jansen, D.C., Docherty, A.J.P., Reynolds, J.J., Beertsen, W., and Everts, V. 
Gelatinase A (MMP-2) and cysteine proteinases are essential for the degradation of collagen in soft 
connective tissue. ( 1998) Matrix Biol. 17, 35-46. 

5. Tournier. J.M., Polette. M., Hinnrasky, J., Beck, J., Werb, Z.. and Basbaum. C. Expression of 
gelatinase A, a mediator of extracellular matrix remodeling, by tracheal gland serous cells in culture 
and in vivo. (1994) J. Biol. Chem. 269, 25454-25464. 

6. Beranger, J.Y., Godeau, G., Frances, C., Robert, L., and Hornebeck, W. Presence of gelatinase A and 
metalloproteinase type protease at the plasmamembrane of human skin fibroblasts, influence of 
cytokines and growth factors on cell-associated metallopeptidase levels. (1994) Cell Biol. Int. 18, 
715-722. 

7. Rodgers, W.H., Matrisian, L.M., Giudice, L.C., Dsupin, B., Cannon. P., Svitek, C , Gorstein, F., and 
Osteen, K.G. Patterns of matrix metalloproteinase expression in cycling endometrium imply 
differential functions and regulation by steroid hormones. (1994) J. Clin. Invest. 94, 946-953. 

8. Van der Zee, E., Everts, V., Hoeben, K.. and Beertsen, W. Immunolocalisation of collagenase in 
rabbit periosteal tissue expiants and extraction of the enzyme. The effect of cytokines I L l a and EGF. 
( 1994) J. Cell Sei. 107, 1047-1053. 

9. Anderson, I.C., Shipp, M.A., Docherty. A.J.P., and Teicher, B.A. Combination therapy including a 
gelatinase inhibitor and cytotoxic agent reduces local invasion and metastasis of murine Lewis lung 
carcinoma.(1996) Cancer Res. 56, 715-718. 

10. Hill. P.A.. Docherty. A.J.P.. Bottomly, K.M.K.. 0=Connell, J.P., Morphy. J.R., Reynolds, J.J.. and 
Meikle, M.C.: Inhibition of bone resorption in vitro by selective inhibitors of MMP-2 and 
collagenase. ( 1995) Biochem. J. 308. 167-175. 

11. Knäuper. V.. Will. H.. Lopez-Otin, C , Smith, B., Atkinson, S.J., Stanton, H., Hembry R.M., and 
Murphy G. Cellular mechanisms for human procollagenase-3 (MMP-13) activation. (1996) J. Biol. 
Chem.111. 17124-17131. 

12. Everts. V.. Hembry, R.M.. Reynolds, J.J., and Beertsen. W. Metalloproteinases are not involved in 
the phagocytosis of collagen fibrils by fibroblasts. (1989) Matrix 9, 266-276. 

13. Eeckhout, Y., Délaissé, J.M., and Vaes, G. Direct extraction and assay of bone tissue collagenase and 
its relation to parathyroid-hormone-induced bone resorption. (1986) Biochem. J. 239. 793-796. 

14. Woessner, J.F. Quantification of matrixmetalloproteinases in tissue samples. (1995) Meth. Enzymol. 
248.510-528. 

15. Bazin. S. and Delauny, A. Preparation of acid and citrate soluble collagen. In: The Methodology of 
Connective Tissue Research, ed. by Hall., D.A.. Joynson-Bruvvers Ltd., Oxford, 1976, pp. 13-17. 

16. Creemers, L.B., Jansen, D.C.. Docherty, A.J.P.. Reynolds, J.J., Beertsen, W.. and Everts. V. 
Involvement of V-ATPases in the digestion of soft connective collagen. (1998) Biochem. Biophys. 
Res. Comm. 251,429-436. 

17. Heussen. C. and Dowdle, E.B. Electrophoretic analysis of plasminogen activators in Polyacrylamide 
gels containing sodium dodecyl sulfate and copolymerized substrates. ( 1980) Anal. Biochem. 102. 
196-202. 

18. Cawston, T.E., and Barrett, A.J. A rapid and reproducible assay for collagenase using [1-14-C]-
acetylated collagen. (1979) Anal. Biochem. 99, 340-345. 

19. Everts, V., Wolvius, E., Saklatvala, J., and Beertsen, W. Interleukin 1 increases the production of 

34 



collagenase but does not influence the phagocytosis of collagen fibrils. (1991) Matrix 10, 388-393. 
20. Creemers, LB., Jansen, D.C., Van Veen-Reurings, A., Van den Bos, T., and Everts, V. Microassay 

for the assessment of low levels of hydroxyproline. (1997) Biotechniq. 22, 656-658. 
21. Fernandez-Resa P., Mira E., and Quesada A.R. Enhanced detection of casein zymography of matrix 

metalloproteinases. (1995) Anal. Biochem. 224, 434-435. 
22. Gomez, D.E., Alonse, D.F., Yoshiji, H., and Thorgeirsson, U.P. Tissue inhibitors of metallo

proteinases: structure, regulation and biological functions. (1997) Eur. J. Cell Biol. 74,111-122. 
23. Everts, V., Hoeben, K„ and Beertsen, W. The release of tissue inhibitor of metalloproteinases by 

calvarial bone expiants and its immunolocalization. (1993) Bone Min. 22, 43-55. 
24. Van der Zee, E., Jansen, I., Hoeben, K., Beertsen, W.. and Everts, V. EGF and IL-1 a modulate the 

release of collagenase, gelatinase and TIMP-1 as well as the release of calcium by rabbit calvarial 
bone expiants. (1998) J. Periodont. Res. 33, 65-72. 

25. Aimes, R.T. and Quigly, J.P. Matrix metalloproteinase-2 is an interstitial collagenase. (1996) /. Biol. 
Chem. 270, 5872-5876. 

26. Sato, H., Takino, T., Okada, Y., Cao, J., Shinawaga, A., Yamamoto, E., and Seiki, M. A matrix 
metalloproteinase expressed on the surface of invasive tumour cells. ( 1994) Nature 370, 61 -65. 

27. Takino, T., Sato, H., Shingawa, A., and Seiki, M. Identification of the second membrane-type matrix 
metalloproteinase (MT-MMP2) gene from a human placental cDNA library. (1995) J. Biol. Chem. 
270,23013-23020. 

28. Will, H. and Hinzmann, B. cDNA sequence and mRNA tissue distribution of a novel human matrix 
metalloproteinase with a potential transmembrane segment. (1995) Eur. J. Biochem. 231, 602-608. 

29. Puente, X.S., Pendas, A.M., Llano, E., Velasco, G., and Lopez-Otin, C. Molecular cloning of a novel 
membrane-type metalloproteinase from a human breast carcinoma. (1996) Cancer Res. 56, 944-949. 

30. Pei, D. and Weiss, S.J. Transmembrane-deletion mutants of the membrane-type matrix 
metalloproteinase-1 process progelatinase A and express intrinsic matrix-degrading activity. ( 1996) 
J. Biol. Chem. 271, 9135-9140. 

31. Ortho, M-P, Stanton, H„ Butler, M„ Atkinson, S.J., Murphy, G., and Hembry, R.M. 
MT1-MMP on the cell surface causes focal degradation of gelatin films. (1998) FEBS 
Letters 421, 159-164. 

35 





CHAPTER 3 

Matrix metalloproteinases modulate release and activation 

of gelatinase A (MMP-2) in soft connective tissue 

Erica H. M. Kerkvliet, Andrew J. P. Docherty, Wouter Beertsen and Vincent 

Everts 

Submitted for publication 



Chapter 3  

Abstract 

Gelatinase A (MMP-2) is important for the degradation of various components of the extracellular 

matrix among which several types of collagen and proteoglycans. In the present study we investigated 

whether cytokines and/or matrix metalloproteinases (MMPs) are involved in its release from connective 

tissue cells and its subsequent activation. Periosteal expiants obtained from rabbit calvariae were 

cultured with or without (i) a variety of cytokines (TGF-ß, aFGF, TNF-a, IFN-y, IL-la and IL-11) 

or (ü) selective low molecular weight inhibitors of MMPs (CT1166, CT 1399, CT 1746). The tissue 

samples were extracted and both conditioned media and extracts were analysed for the presence and 

amount of active and inactive MMP-2. 

The data demonstrated that none of the cytokines tested had any measurable effect on the level 

of the enzyme. Interference with the activity of MMPs, however, significantly affected both release and 

activation of MMP-2. By blocking the activity of all MMPs, the conversion of proMMP-2 into its 

active form was completely prevented. Selective inhibition of the activity of gelatinase itself, however, 

did not influence this conversion and even resulted in a significant increased level of MMP-2. 

Our observations indicate that in soft connective tissue: (i) several cytokines, among which 

cytokines that are known to affect MMP production and activation, do not have any influence on 

MMP-2, (ii) the conversion of proMMP-2 into its active form depends on the activity of MMPs other 

than gelatinases, and (iii) the release of MMP-2 is modulated by MMP-activity, probably by the active 

enzyme itself. 

Introduction 

The extracellular matrix of soft connective tissues, the bulk of which is formed by collagenous proteins, 

is liable to a continuous synthesis and digestion under both physiological and pathological conditions . 

Enzymes belonging to the group of matrix metalloproteinases (MMPs), including the coUagenases 

(MMP-1, -8 and -13), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -10 and -11), matrilysin 

(MMP-7) and membrane type-MMPs (MMP-14, -15, -16 and -17) play an essential role in the 

degradation of the extracellular macromolecules2"*. The coUagenases, in particular MMP-1, have long 

been taken to be crucial for the degradation of fibrillar collagens. Recent data, however, have shed 

some doubt on a ubiquitous role of this enzyme. First, during physiological turnover and remodelling 

of various soft connective tissues the presence or activity of coUagenases could not be demonstrated 

so far, not even in tissues with a very rapid turnover, such as the periodontal ligament1' . Second, Liu 
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et al.1 have shown that a strain of mutant mice with MMP-1-resistant type I collagen appear to develop 

normally. Finally, by using a soft connective tissue culture model, it was shown that not MMP-1 but 

MMP-2 is essential in the breakdown of collagen6. Taken together, these observations suggest that 

collagen breakdown in soft connective tissue under physiological conditions is likely to be mediated 

by enzymes other than MMP-1, among which MMP-2. 

In line with the view that MMP-2 is involved in soft connective tissue homeostasis, is its 

constitutive expression in fibroblasts and its presence in almost all (non-inflamed) connective tissues". 

Moreover, it has been established that MMP-2 has the capacity to digest most constituents of the 

extracellular matrix, among which denatured type I and III collagen and native type IV, V, VI, VII and 

type X collagen, elastin, fibronectin and proteoglycans2'8'9. Recent data even suggest that MMP-2 has 

triple helicase activity and is able to digest type I collagen, also in its native form1 . 

MMP-2, like most MMPs, is synthesised and secreted as an inactive pro-enzyme and prior to 

its action in the extracellular space, activation has to take place. In vitro this can be achieved by 

treatment with APMA (p-aminophenylmercuric acetate) which activates all MMPs including MMP-2. 

However, several proteinases (among which plasmin) that activate MMPs" have no effect on the 

conversion of proMMP-2 into its active form1213. It was demonstrated14 that activation of MMP-2 

could be accomplished by incubating the enzyme with isolated fibroblast membranes and that this 

activation depends on the activity of MMPs1516, in particular MT1-MMP (MMP-14)17'18. It is unknown 

yet, however, how activation of MMP-2 occurs in tissues. 

Even less is known about the regulatory pathways involved in the synthesis of this enzyme. In 

contrast with other members of the class of MMPs, of which the synthesis is up- or down-regulated 

by a wide variety of cytokines and growth factors19,20, only a limited number of these compounds, in 

particular TNF-oc and TGF-ß21"23, seem to have the capacity to modulate synthesis of MMP-2. Since 

these studies were performed with isolated cells and the matrix surrounding the cells greatly affects 

cellular activity and behaviour24'25, an important question is how MMP-2 synthesis and/or activation 

is modulated by cells embedded in their natural tissue environment. In order to answer this question, 

we employed a three-dimensional soft connective tissue model system consisting of periosteal expiants 

of rabbit calvariae26 and studied the effect of various cytokines and MMP-inhibitors on MMP-2 

modulation. 

Materials and methods 

Materials 
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Iscove's modified Dulbecco's medium (IMDM), penicillin, streptomycin, amphotericin were purchased 

from Gibco (Gibco Lab., Grand Island, NY) and bovine serum albumin (BSA, fraction V) and 

peroxidase conjugated donkey-anti-[sheep IgG] were from Sigma (Sigma Chem. Co., St. Louis, MO). 

Multi-well culture dishes were from Costar (Costar, Cambridge, MA), Euthesate from Apharmo 

(Apharmo, Arnhem, The Netherlands), gelatin (from porcine skin, 250 bloom) from Fluka (Fluka 

Chemie, Buchs, Germany) and 40% acrylamide/Bis. 37.5:1 from Bio-Rad (Hercules, CA). 

Transforming growth factor-ß (TGF-ß) and acidic fibroblast growth factor (aFGF) were purchased 

from BTI (Biochemical Technologies Inc., Stoughton, MA). Human recombinant interferon-y (IFN-y) 

was kindly provided by Dr. P.H. van der Meide (TNO, Rijswijk, The Netherlands). Recombinant 

human tumor necrosis factor-a (TNF-a) was purchased from Genzyme (Cambridge, MA), 

recombinant human interleukin-1 a (IL-la) was a kind donation of Dr. J. Saklatvala (Department of 

Development and Signalling; The Babraham Institute, Cambridge, UK) and recombinant human 

interleukin-11 (IL-11) from Sanver Tech (Pepro Tech Inc., Canton, MA). The synthetic MMP-

inhibitors CT 1166 (Nl-[l-(S)-(morpholinosulphonylaminoethylaminocarbonyl)-2-cyclohexyl-ethyl]-

N4-hydroxy-2-(R)[3-(4-methylphenyl)propyl]succinamide), CT 1399 (N4-hydroxy-N 1 -[ 1 -(S-

morpholinosulphonylaminoethylaminocai'bonyl)-2-cyclohexyl-ethyl]-2-(R)-(4-chlorophenylpropyl]-

succinamide) and CT1746 (Nl-[2-(S)-(3,3-dimethylbutanamidyl)]-N4-hydroxy-2-(R)-[3-(4-chloro-

phenyl)-propyl]succinamide)27"29 were kindly provided by Drs. T. Crabbe and R. Morphy at the 

Departments of Biology and Chemistry, respectively (Celltech Therapeutics Ltd., Slough, UK). The 

K-values for these MMP-inhibitors are presented in Table I. A sheep antibody (IgG fraction) to rabbit 

gelatinases A and B was kindly donated by Drs. R. Hembry and G. Murphy (School of Biological 

Sciences, University of East Anglia, Norwich, UK) and Dr. J.J. Reynolds (Department of Orthodontics 

and Paediatric Dentistry, United Medical and Dental School, London, UK). All other reagents were 

of analytical grade. 

Tissue culture 

One week old Chinchilla rabbits were killed with Euthesate and decapitated. Calvariae were dissected 

and cut into fragments of 2 x 2 mm2, after which the periosteum was removed. The periosteal expiants 

were cultured in 24-well culture dishes in IMDM supplemented with 4 mg/ml BSA, amphotericin (0.25 

mg/ml), streptomycin (100 mg/ml) and penicillin (100 U/ml), and incubated for 24, 48 and 72 h in a 

humidified atmosphere containing 5% C02 in air at 37°C. 
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Table I 

Ki values of MMP-inhibitors 

Inhibitors GLA 

(MMP-2) 

GLB 

(MMP-9) 

SL-1 

(MMP-3) 

fb-CL 

(MMP-1) 

385 

MAT 

(MMP-7) 

CT 1166/ 

CT1399 

0.01 0.016 2.8 

fb-CL 

(MMP-1) 

385 6400 

CT 1746 0.04 0.17 10.9 122 6400 

K-values of the used LMW-inhibitors are given in nM and are derived from Hill etal. and Anderson etal2HJ'J 

GLA. gelatinöse A: GLB, gelatinöse B; SL-1. stromelysin-1; fb-CL, fibroblast collagenase; MAT, matrilysin 

Cytokines were added to the culture medium at the onset of the culture period in the following 

concentrations: TGF-ß: 0.1 to 10 ng/ml; TNF-a: 0.1 to 500 ng/ml; IFN-y: 10 to 10,000 U/ml; 

aFGF: 1 to 100 ng/ml; IL-la: 10 ng/ml and IL-11: 1 to 50 ng/ml. The MMP-inhibitors (CT1166, 

CT1399 and CT1746) were added at final concentrations of 0.1 to 10 uM. The inhibitors were 

dissolved in dimethylsulfoxide (DMSO), which was added to controls at equal amounts, its 

concentration never exceeding 0.1%. 

At the end of the incubation period, tissue and conditioned media were collected and 

immediately frozen at -20 °C. Cell viability was tested by measuring the activity of the lysosomal 

enzyme ß-glucuronidase towards the synthetic substrate 4-methylumbelliferone30 in conditioned 

medium. This parameter was not affected by either of the cytokines or the inhibitors used. 

The level of gelatinases in the tissue was analysed following extraction of the explants as 

described by Eeckhout et al?\ Briefly, expiants were taken up in 200 ul extraction buffer ( 10 mM 

sodium cacodylate, 1 M NaCl, 0.01% Triton X-100 and 1 mM ZnCt, pH 6.0), sonicated (3x5 

sec), and incubated overnight at 4°C in the same buffer. The extracts and conditioned media were 

analysed for the presence and activity of gelatinases, MMP-2 and MMP-9, by zymography and 

Western blotting (see Zymographic and Western blot analysis). Although the MMP-inhibitors are 

reversible and probably washed out during the extraction procedure, in a preliminary set of 
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experiments we tested whether the inhibitors influenced the outcome of the zymographic analysis. 

To this end high concentrations of inhibitors were added to conditioned medium of expiants 

cultured without inhibitors. The conditioned media with and without inhibitors were analysed 

zymographically. Densitometrie analysis of these zymograms revealed that the presence of the 

inhibitors in the medium prior to electrophoresis had no effect on the gelatinolytic activity in the 

zymograms. 

The actual breakdown of collagen in the tissue expiants was established by measuring the 

hydroxyproline content in conditioned medium (see Hydroxyproline assay). 

Cell isolation and culture 

Periosteal expiants were washed in IMDM supplemented with 10% FCS and 10 x antibiotics (amp

hotericin (2.5 mg/ml), streptomycin (1 mg/ml) and penicillin (1000 U/ml)). The tissue samples were 

placed in 6 well culture plates and incubated with growth medium consisting of IMDM sup

plemented with 10% FCS and 10 x antibiotics in a humidified atmosphere containing 5% C Q in 

air at 37 °C for 1 day, after which the culture medium was changed twice a week with growth medi

um with 1 x antibiotics until the cells, grown out of the tissue expiants, were confluent. The cultures 

were then trypsinised with 0.25% trypsin and 0.1% ethylenediaminetetraacetic acid (EDTA) (pH 

7.3), transferred to 25 cm2 culture flasks and designated as 'passage one' (PI). For the experiments, 

cultures between P3 and P8 were used. Four days prior to the onset of the experiment the medium 

of the cells was changed with IMDM supplemented with 5% FCS and antibiotics, which was 

changed after three days with IMDM supplemented with 4 mg/ml BSA and antibiotics. The isolated 

cells (3 x 104 cells/well) were incubated with 300 ul IMDM (+ 4 mg/ml BSA) in 24-well culture 

plates with or without 10 ng/ml TGF-ß and cultured in a humidified atmosphere containing 5% , 

C0 2 in air at 37 °C. After a culture period of 48 h the media were collected and the cells were 

extracted as described above. Conditioned media and cell extracts were analysed for their presence 

of MMP-2 by zymography. 

Zymographic analysis 

Aliquots of 5 ul of conditioned medium or tissue extracts were 1:1 diluted with sample buffer (0.1 

M Tris-HCl, 4% SDS, 20% glycerol, 0.005% BFB, 10 mM EDTA) and electrophoresed through 

a 10% Polyacrylamide gel containing 2% gelatin as substrate. After electrophoresis, the gel was 

washed for 15 min in a buffer containing 50 mM Tris-HCl, 2.5% Triton X 100 and 5 mM CaCfe 
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(pH 7.5) and transferred to incubation buffer consisting of 50 mM Tris-HCl, 1% Triton and 5 mM 

CaCl2. After an overnight incubation at 37 °C, the gel was stained with 0.1 % Coomassie Brilliant 

Blue and cleared with 7% acetic acid and 5% methanol. Gelatinases (MMP-2 and MMP-9) were 

visualized as unstained bands. To ascertain that these bands reflected gelatinase activity, a number 

of samples was preincubated with an activity blocking anti-gelatinase antibody which resulted in 

the disappearance of the lytic bands. 

To assess whether differences in the level of gelatinases occurred, each zymogram contained 

control and experimental samples. In order to quantify the amount of active (66 kDa) and inactive 

(72 kDa) MMP-2, the zymograms were scanned with a densitometer. The readings were analysed 

by using a Quantimet 500 (Leica, Cambridge, UK) image analysis system and the Qwin v02.00B 

software program. In preliminary experiments we established that a linear relationship existed 

between 0 - 3 mU recombinant MMP-2 and the densitometric values obtained. Densitometrie 

analyses of the conditioned media and tissue extracts were performed within this range. 

Western blot analysis 

Aliquots of 15 ul of conditioned medium or tissue extracts were 1:1 diluted with sample buffer (0.1 

M Tris-HCl, 4% SDS, 20% glycerol, 0.005% bromophenol blue, 10 mM EDTA) and elec-

trophoresed through a 10% Polyacrylamide gel. Following electrophoresis, proteins were transferred 

onto a nitrocellulose membrane (0.45 um, Bio-Rad) with a Trans-Blot cell system (Bio-Rad 

Laboratories). The blots were preincubated with PBS, 0.05% Tween 20 and 5% Protifar (Nutricia, 

The Netherlands) for 1 h, followed by an incubation with sheep anti-rabbit MMP-2/-9 (80 ug/ml, 

5% Protifar/PBS) for 2 h at 37 °C. The blots were washed and the bound antibodies were detected 

by a peroxidase-conjugated donkey anti-sheep IgG (20 ug/ml, 5% Protifar/PBS) for 60 min. After 

washing (in 5% Protifar/PBS) the blots were stained with H202 and 3,5,3',5'-tetramethylbenzidine 

(Pierce, Rockford, IL) as chromogen. 

Hydroxyproline assay 

The amount of hydroxyproline in the conditioned medium was assessed by the method of Creemers 

et ali2. Briefly, 200 ul conditioned medium (for the construction of the standard curve non-

conditioned medium was used containing 0-5.0 ug/ml hydroxyproline) were precipitated overnight 

at 4 °C with 400 ul 100% ethanol. The samples were centrifugea after which the pellet was washed 

with 70% ethanol. The supernatants were combined and evaporated under vacuum, hydrolysed for 
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3.5 h at 135 °C with 6 N HCl, desiccated and dissolved in demineralized water. After centrifugation 

the supernatant was dispensed into a 96-well microtiter plate. To each well assay buffer and chlora-

mine-T reagent were added. After a 20 min incubation at room temperature DMBA (dimethyl-

aminobenzaldehyde) was added. The microtiter plate was incubated for 25 min at 60 °C. Extinction 

was read at 570 nm in a Bio-Rad microplate reader. The hydroxyproline content of the samples was 

calculated using the standard curve. 

Statistical analysis 

The densitometric and hydroxyproline data were presented as mean± SD of at least 10 samples per 

incubation. Statistical analysis was performed by a Mann Whitney test. P<0.05 (two-tailed) was 

assumed to indicate statistical significance. 

Results 

In previous studies it was shown that conditioned medium of periosteal expiants collected after 24, 

48 and 72 h of culturing revealed a time-dependent increase of the level of MMP-26. The 

conversion of inactive into active enzyme was most strongly enhanced between 48 and 72 h of 

culturing. Therefore, in the experiments described in this study tissues samples were analysed after 

a 72 h culture period. 

The effect of cytokines on the expression of MMP-2 

Zymographic analysis 

The conditioned media and extracts from the tissue expiants revealed gelatinolytic activity at 66 

kDa and 72 kDa (corresponding to active and inactive MMP-2, respectively) and at 92 kDa 

(corresponding to gelatinase B, MMP-9). These bands also proved to be present in conditioned 

media and extracts of the expiants cultured with TGF-ß (0.1-10 ng/ml), TNF-a (0.1-500 ng/ml), 

IFN-y (10-10,000 U/ml), aFGF (1-100 ng/ml), IL-la (10 ng/ml) or IL-11 (1-50 ng/ml). However, 

none of the cytokines tested had an effect on the release and/or activation of these enzymes. An 

example of this is given in figure 1 A. 

Since these findings seemed to contradict data presented by others who demonstrated that 

some of these cytokines, in particular TGF-ß23, enhanced MMP-2 production by isolated cells, we 

decided to test whether periosteal cells isolated from the tissue had the capacity to respond 
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accordingly to TGF-ß. Fibroblasts obtained from outgrowths of the tissue expiants, were cultured 

in the presence or absence of TGF-ß (10 ng/ml). Zymographic analysis demonstrated that under 

these conditions TGF-ß did indeed induce an increased level of MMP-2 and MMP-9 (Fig. IB) . 

control TGF-ß k!)a control TGF- Fig. 1. Gelatin zymogram showing the 
presence of gelatinolytic enzymes in 
conditioned media of tissue explants (A) 
and isolated periosteal fibroblasts (B). 
Bands at 92 kDa represent MMP-9 and 
the bands at 72 and 66 kDa represent the 
inactive form and the active form of 
MMP-2, respectively. The tissue and 
isolated cells were cultured for 72 h with 
or without 10 ng/ml TGF-ß. Note the 
increased amount of gelatinöses in 
medium conditioned by isolated 
fibroblasts in the presence of TGF-ß. 

Hydroxyproline release 

The hydroxyproline analyses of the conditioned media demonstrated that most cytokines tested 

(TGF-ß, TNF-a, IFN-y, aFGF and IL-11) had no effect on the degradation of collagen of the soft 

connective tissue explants (data not shown). The only cytokine affecting this parameter proved to 

be IL-la. In line with previous findings33 a significantly decreased amount of hydroxyproline was 

noted in its presence (control: 424 ± 13 ng/explant; with IL-la: 275 + 19 ng/ml; P<0.05). 

The effect of MMP-inhibitors on the expression of MMP-2 

Low concentrations 

Periosteal expiants were cultured in the absence or presence of low concentrations of synthetic 

MMP-inhibitors (100 nM CT1166, 200 nM CT1399, and 200-500 nM CT1746). At these 

concentrations all three inhibitors block the activity of MMP-2, MMP-3 and MMP-9, whereas 

MMP-1 is inhibited by CT1746 only (Table I). 

Zymographic analysis 

By comparing control with inhibitor-cultured expiants, it was seen that the extracts and the media 

of the expiants incubated with either inhibitor contained higher levels of MMP-2 (Fig. 2A and 2B). 

This was confirmed by densitometric analysis (Fig. 2C and 2D). In particular the extracts proved 
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to contain an almost three fold higher level of MMP-2 following incubation with the inhibitors 

(Fig. 2C). No differences were found in the amount of MMP-9. 

control lOOnM kDa control lOOnM kDa 

— 72 
— 68 
^-66 

B 

Fig. 2A/B. Gelatin zymograms showing inactive (72 kDa), intermediate (68 kDa) and active (66 kDa) 
MMP-2 in tissue extracts (A) and conditioned medium (B) of periosteal expiants cultured for 72 h without 
or with 100 nMCT1166. In the presence of the MMP-inhibitors an increased amount of MMP-2 is seen. 

H 66 kDa band (active MMP-2) 

1 66, 68 and 72 kDa bands (total MMP-2 ) 

O 
H 

U 

control CT1166/1399 CT1746 control CT1166/1399 CT1746 

D 

Fig. 2C/D. Densitometrie analysis of the MMP-2 bands in tissue extracts (C) and conditioned media (D) 
of non-incubated expiants vs inhibitor-incubated expiants (100-200 nM CT1166/CT1399; 200-500 nM 
CT1746). Values are expressed as the mean ratio experimental versus control (E/Q+SD of at least 10 
expiants per incubation. *: p<0.05: **: p<0.01: ***: p<0.001 
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Western Blot analysis 

Western blot analysis of conditioned media and tissue extracts with anti-MMP-2/-MMP-9 

demonstrated that culturing of expiants in the presence of low inhibitor concentrations resulted 

in an enhanced protein level of MMP-2 (Fig. 3). 

tissue medium kDa 

Fig. 3. Western blot showing MMP-9 (92 kDa) and MMP-2 (72, 68 and 66 kDa; inactive, intermediate 
and active form, respectively) in tissue extracts (lanes 1-3) and in conditioned medium (lanes 4-6) of 
expiants cultured for 72 h without (lanes 1 and 4) or with 100 nMCT1166 (lanes 2 and 5). Note the 
increased level of MMP-2 when cultured with the inhibitors. Lanes 3 and 6 represent samples obtained 
from expiants cultured for 72 h with 10 /uMCT1166. In the presence of this high concentration of the 
inhibitors a decreased amount of MMP-2, but not of MMP-9, is noted. 

Hydroxyproline assay 

As a measure of the effectivity of the MMP-inhibitors the amount of degraded collagen was 

measured by assessing the level of hydroxyproline in conditioned medium. In line with previous 

results6 the MMP-inhibitors almost completely blocked the release of hydroxyproline in the 

medium (« 80%;data not shown). 

High concentrations 

Zymographic analyses of expiants that were incubated with inhibitor concentrations high 

enough to block the activity of all MMPs (10 uM; see Table I) demonstrated that the active 

fraction of MMP-2 was almost completely absent (Fig. 4). This finding was confirmed at the 

protein level by Western blotting (Fig. 3). Densitometrie analysis of the zymograms 

demonstrated a significant decrease of active MMP-2 of expiants cultured with the MMP-

inhibitors. Comparable effects were noted in the extracts and in the conditioned media (Fig. 4 C 

and D). The densitometric analysis of the inactive, the intermediate and the active band of 

MMP-2 revealed lower total level of MMP-2, which was statistically significant in expiants that 
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were cultured with CT 1746 (Fig. 4C). As with the lower concentration, the incubation with higher 

concentrations of the MMP-inhibitors resulted in a statistically significant inhibition of the release 

of hydroxyproline (>85%; not shown). 

control CT 1166 CT1746 CT1399 kDa control CT1166 CT1746 CI 

92-— 

A B 

Fig. 4. Effect of high concentrations of MMP-inhibitors on the gelatinöses of explants 
A.B: Gelatin zymograms showing MMP-2 and MMP-9 in tissue extracts (A) and in conditioned media 
(B) of expiants cultured for 72 h without or with 10 mM MMP-inhibitors. In both extracts and media 
obtained from inhibitor-cultured expiants, the active fraction of MMP-2 is almost completely lacking. Note 
that the level of MMP-9 in the media is not influenced by the inhibitors. 

i I * 

Si 
CT1 166 /1399 

C T I 7 4 6 control 
C T I 166/1399 

C T I 7 4 6 

H B 6 6 kDa band (active M M P - 2 ) 

WMb 66 . 68 and 72 kDa bands (total M M P-2 ) 

CD: Densitometrie analysis of the MMP-2 bands of tissue extracts (C) and conditioned media (D) of non-
treated expiants vs expiants treated with 10 mM MMP-inhibitors. Values are expressed as the mean ±SD 
ofatleast 10 expiants per incubation. *: p<0.05: **: p<0.001 
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Discussion 

Cytokines and MMPs are supposed to be involved in the release and subsequent activation of 

MMP-215"1821"23. Since most studies were performed with cultured cells or purified enzyme, it is 

uncertain whether the same principles of regulation apply to cells within a tissue. 

We showed that, in contrast to what happens with cultured cells'9"23, the cytokines TNF-a, 

TGF-ß, aFGF, IFN-y, IL-la, and IL-11 do not affect the release or activation of MMP-2 in 

periosteal expiants. Possible explanations for this discrepancy are: (i) the cytokines were unable to 

reach the cells because the extracellular matrix constituents prevented their penetration, (ii) 

periosteal cells do not respond to these cytokines, or (iii) the extracellular matrix somehow prevents 

the cells from responding. The first two possibilities do not apply since Van der Zee et al. 

demonstrated, with the same model system, that IL-la and TGF-ß greatly affected the release of 

another MMP, interstitial collagenase (MMP-1). Since we now show that periosteal cells, isolated 

from the tissue, responded to TGF-ß by an increase of MMP-2, we conclude that it is the 

extracellular matrix that somehow influences the cellular response. In any case it is clear that plated 

cells react differently compared to cells maintained within their own extracellular matrixsee a s(> ' . 

Further support for this conclusion is provided by a study in which the stimulatory effect of TGF-a 

on the synthesis of matrix components proved to be reduced when the cells were kept in a 

collagenous gel34. This altered response was explained by assuming that the number of free growth 

factor-receptors on the cell surface was reduced. Moreover, growth factors and cytokines3536, but 

also extracellular matrix components, appear to be involved in the expression of integrinsJ , 

which themselves can induce changes in the modulation of MMPs" . 

In contrast to cytokines, selective low molecular weight inhibitors of MMPs had a profound 

effect on the synthesis and activation of MMP-2 in the tissue model. Our data clearly demonstrated 

that the conversion of proMMP-2 into active MMP-2 was blocked by the inhibition of all MMP-

activity. In contrast herewith, a more selective inhibition of gelatinase activity did not affect MMP-2 

activation. This finding is of interest since it has been suggested that, following the MT1-MMP-

mediated conversion of the 72 kDa into the 68 kDa form, autoactivation is involved in the final step 

of the activation process of MMP-2, resulting in the 66 kDa form40. Our data do not seem to support 

this option since by blocking the activity of the active fraction of MMP-2, no effect on the 

occurrence of the active 66 kDa form was seen. Further, the results also showed that depending on 

the concentration of the selective MMP-inhibitors used, the level of MMP-2 is up- or down-

regulated. Thus MMP-activity not only plays an essential role in MMP-2 activation, but also in the 
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modulation of its expression. 

Incubation with low concentrations of MMP-inhibitors resulted in an increased release of 

MMP-2. Since in the present and in a previous study6 it was shown that under these conditions 

collagen breakdown was almost completely blocked, the increase of MMP-2 may be caused by 

feed-back from changes in the concentration of extracellular matrix degradation products. This 

explanation is doubtful, however, since we found recently that, in the absence of inhibitors, the level 

of MMP-2 increased as a function of time with a concomitant rise in the amount of degradation 

products41. Another explanation for the observed increase of MMP-2 could be a modulating activity 

of the MMPs present in the expiants. Of these enzymes it is unlikely to be MMP-1, since no 

differences were found in the level of MMP-2 of expiants incubated with the "gelatinase"-inhibitors 

(CT1166/ CT 1399) and those that were cultured with the inhibitor that also blocked MMP-1 

(CT1746). Another candidate is MMP-3 which is inhibited also by these compounds. So far, 

however, we have not been able to detect MMP-3 in the periosteal expiants6. 

It is possible that the active fraction of MMP-2 somehow modulates its own synthesis and 

release. A comparable self-regulatory principle has been proposed for MMP-1 by Clark et al. . 

These authors demonstrated that inhibition of MMP-1 by its natural inhibitor, TEVIP-143, stimulated 

secretion of the enzyme by human fibroblasts. Analogously, it is conceivable that we mimicked this 

situation in the present study with the synthetic inhibitors and thatw vivo TIMP-2 regulates MMP-2 

synthesis. TIMP-2 appears to be tightly associated with MMP-2 and binds to the MMP-2/MT1-

MMP complex44'*6. Such a complex makes it not only possible to modulate its activity but perhaps 

also synthesis of MMP-2. 

Taken together, we have demonstrated that blocking the activity of gelatinase resulted in 

an increased MMP-2 secretion by soft connective tissue expiants and we hypothesise that this is due 

to a feedback by the active enzyme itself. Other, yet unknown, MMPs are also involved in this 

process since inhibition of the activity of all MMPs inhibits expression of MMP-2. 
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Abstract 

In the present study we investigated whether the collagen types I, III and V play a role in 

modulating the secretion and/or activation of matrix metalloproteinase 1 (MMP-1; interstitial 

collagenase) and matrix metalloproteinase 2 (MMP-2; gelatinase A) by fibroblasts. Rabbit 

periodontal ligament fibroblasts were cultured (in the absence of serum) on plastic culture dishes 

either or not coated with collagen type I, III or V and analysed for the expression and activation 

of the enzymes. Our data demonstrated that without collagen the fibroblasts hardly attached and 

spread, whereas the collagens induced a rapid attachment (<90 min) and spreading (<24 h). Cell 

spreading was partly prevented by inhibition of tyrosine kinases or by blocking the integrin 

subunit ß|. All collagens dose-dependently up-regulated the level of inactive and active MMP-2. 

In contrast, MMP-1 proved to be down-regulated. The effects were more pronounced with 

collagen type I and III than with collagen type V. Inhibition experiments showed that tyrosine 

kinases, the ßpintegrin family and RGD-sequences participated in the modulation of MMP-1. 

Activation of MMP-2 depended on the activity of tyrosine kinases and protein kinases A and C. 

We conclude that the interaction of collagen types I, III and V with fibroblasts significantly 

affects the expression of MMP-1 and MMP-2. This expression depends on tyrosine kinases, 

protein kinase A, protein kinase C and the ßpintegrin family. 

Introduction 

Degradation of extracellular matrix constituents of soft connective tissues depends on the activi

ty of matrix metalloproteinases (MMPs), cysteine proteinases and serine proteinases . In 

particular the MMPs are considered to be essential in this process"". Most MMPs are 

synthesised and secreted as inactive proenzymes and activation has to occur prior to their action 

in the extracellular space . 

Although all MMPs are structurally related, each member of this class has its own 

substrate specificity. Important members are MMP-1 (interstitial collagenase) and MMP-2 

(gelatinase A). Recent data suggest that during physiological turnover of collagen MMP-2 

fulfills a crucial role in collagen degradation'. MMP-1, on the other hand, is more likely to act as 

a key enzyme under (pathological) conditions when large amounts of collagen and/or 

proteoglycans aie broken down in a short time interval . In concert with these different roles is 

their differing expression mode, which appears to depend on the conditional state of the tissues. 

MMP-2 is constitutively expressed by fibroblasts and is found in most, if not all, soft connective 
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tissues under both physiological and pathological conditions2. In contrast, MMP-1 is hardly 

detectable in tissues under physiological circumstances whereas considerable amounts are found 

in tissues characterised by a high level of degradation5'7. The regulation of MMP-1 expression 

greatly depends on inflammatory mediators, such as a variety of cytokines and growth factors2. 

Recent data suggest the existence of an alternative regulatory pathway. Components of the 

extracellular matrix, in particular the collagens and a number of glycoproteins, appear to have 

the capacity to up- or down-regulate the level of a variety of proteolytic enzymes810. In this 

respect it is of interest to note that fibroblasts cultured in a three-dimensional collagen gel or 

seeded on fibronectin enhance their expression of MMP-11011, probably mediated by the ßi 

integrin family12'13. In contrast to MMP-1, however, hardly any data are available with regard to 

the processes involved in the modulation of MMP-2. Only a very limited number of cytokines 

(e.g. TGF-ß and TNF-a) have been shown to induce different patterns of secretion of this 

enzyme14"16. Apart from these cytokines some data suggest that collagen type I has an effect on 

,17-20 
MMP-2 expression 

Before the MMPs exert their activity in the extracellular space, they are activated due to 

removal of the propeptide domain . The activation of MMP-1 proves to differ considerably 

from that of MMP-2. Proteinases, such as plasmin and stromelysins, have the capacity to 

activate MMP-1, but not MMP-224'25. Activation of the latter enzyme involves participation of a 

membrane-bound MMP, MT1-MMP26'27. This enzyme is taken to induce the first step of MMP-

2 activation, resulting in an intermediate form of 68 kDa. The fully activated enzyme (66 kDa) is 

formed by autoactivation28. Recent observations tentatively suggest that the production of this 

membrane-bound MMP may be influenced by collagens since cells embedded in a three-

dimensional matrix of type I collagen are stimulated in both MT1-MMP production and MMP-2 
19 20 

activation " . 

Although several observations strongly suggest that type I collagen plays a role in 

modulating MMP-expression and activation, it is unknown whether other types of collagen can 

also influence these processes. It was the aim of the present study to determine to what extent 

different types of collagen that are abundantly present in soft connective tissues modulate the 

expression and/or activation of MMP-1 and MMP-2. To this end fibroblasts from rabbit molar 

periodontal ligament were cultured on the collagen types I, III and V. The expression and 

activity of MMPs were analysed in culture medium and cell extracts. Furthermore, we examined 

the role of integrins in these processes as well as the involvement of the intracellular signalling 

proteins, tyrosine kinases, protein kinase A and protein kinase C. 
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Materials and methods 

Materials 

Iscove's modified Dulbecco's medium (IMDM), fetal calf serum (FCS), Hanks' Balanced Salt 

Solution (HBSS), trypsin, penicillin, streptomycin, amphotericin were purchased from Gibco 

(Gibco Lab., Grand Island, NY). Purified human placenta type V collagen, bovine serum albu

min (BSA, fraction V), peroxidase-conjugated donkey-anti-[sheep IgG] and echistatin were 

from Sigma (Sigma Chemical Co., St. Louis, MO). Culture flasks and multi-well culture dishes 

were from Costar (Costar, Cambridge, MA). Purified collagen type I and type III isolated from 

human leiomyoma were generously provided by Mr. P. Teeling (Dept. of Pathology, Academic 

Medical Center, Amsterdam). Drs. R. Hembry and G. Muiphy (School of Biological Sciences, 

University of East Anglia, Norwich, UK) kindly donated sheep polyclonal antibodies (IgG 

fractions) to rabbit MMP-1 and to MMP-2/-9. Mouse monoclonal antibodies to the human 

integrins/integrin subunit avß3 and ßi were purchased from Serotec (Serotec Ltd, Oxford, UK). 

Mouse IgG was purchased from Sigma and used as control, protein kinase A inhibitor [6-22] 

amide, bisindolylmaleimide IV and herbimycin A were from Calbiochem (Calbiochem-

Novabiochem Corp., La Jolla, CA). Gelatin (from porcine skin, 250 bloom) was from Fluka 

(Fluka Chemie, Buchs, Germany) and 40% acrylamide/Bis. 37.5:1 from Bio-Rad (Hercules, 

CA). All other reagents were of analytical grade. 

Cell isolation and culture 

One week old Chinchilla rabbits were killed and decapitated. Premolars were extracted, washed 

in IMDM supplemented with 10% FCS and amphotericin (25 mg/ml), streptomycin (100 

mg/ml) and penicillin (100 U/ml), and, after removal of pulp and crown, cut into smaller pieces. 

The root fragments were placed in 6-well culture plates and incubated with IMDM sup

plemented with 10% FCS and antibiotics in a humidified atmosphere containing 5% C0 2 in air 

at 37°C. The growth medium was changed twice a week until the cells, grown out the tissue 

expiants, were confluent. The cells were then trypsinised with 0.1% ethylenediaminetetraacetic 

acid (EDTA) and 0.25% trypsin (pH 7.3), transferred to 25 cm2 culture flasks and designated as 

'passage one' (PI). The PDL cells of PI and subsequent passages showed typical fibroblastic 

characteristics with trapezoid morphology when cultured confluent. For all experiments, cultures 

between P3 and P8 were used. Four days prior to the onset of each experiment the medium of 

the cells was changed with IMDM supplemented with 5% FCS and antibiotics, which was 
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changed after three days with IMDM supplemented with 4 mg/ml BSA and antibiotics. The 

PDL (3 x 104 cells/well) were incubated with 300 jLXl IMDM (+ 4 mg/ml BSA) in collagen-

coated 24-well culture plates and cultured in a humidified atmosphere containing 5% C0 2 in air 

at 37°C. 

Coating of the culture plates 

In a preliminary series of experiments the isolated native type I, HI and V collagen were 

characterised as highly purified collagens by SDS Polyacrylamide gel electrophoresis. The 

collagens were dissolved in 0.01 M acetic acid in a concentration of 1 mg/ml and, before use, 

further diluted in 0.01 M acetic acid in concentrations ranging from 8-250 ug/ml. 24-well 

culture plates were coated by incubating the wells with 500 ul diluted collagen or with 0.01 M 

acetic acid as control. The culture plates were air-dried in a laminar flow cabinet at ambient 

temperature and subsequently sterilised by UV light for 20 min. The wells were washed with 

HBSS before the cells were seeded. In preliminary experiments the amount of collagen coated to 

the plates (after air-drying and washing) was established by measuring the hydroxyproline 

content in the wells, which was performed by using a microassay developed by Creemers et 

air9. This approach showed that equal amounts of each of the three collagen types attached to 

the cultured plates; a final range of 2.5-80 ug/well coating required 500 ul of 8-250 ug/ml 

collagen per well. 

Integrins and intracellular signalling 

Inhibition experiments were performed with activity-blocking antibodies to ß, and o^ß3 at a final 

concentration of 10 ug/ml. Echistatin, an Arg-Gly-Asp (RGD)-containing snake venom, was 

added in a concentration of 100 nM30. To inhibit protein kinase A, protein kinase C and tyrosine 

kinase activity, the following compounds were used: the PKA inhibitor [6-22] amide: 2 uM31; 

the protein kinase C inhibitor bisindolylmaleimide IV: 0.5 uM32; and the tyrosine kinase 

inhibitor herbimycin A: 0.5 uM . 

Cell culture and cell extraction 

To establish cell morphology the cells were washed with PBS after 24 and 48 h of culturing and 

then fixed and stained with Giemsas Azur-Eosin-Methylenblau (Merck KGaA, Germany) after 

which micrographs were taken. For the biochemical analyses conditioned media were collected 
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after a culture period of 24 or 48 h and attached cells were extracted in 150 u.1 extraction buffer 

(10 mM sodium cacodylate, 1 M NaCl, 0.01% Triton X-100 and 1 mM ZnCl2, pH 6.0) or in 150 

|il DNA-lysis buffer (50 mM Tris, 150 mM NaCl, 1% Triton-X-100, pH 10) and frozen at 

-20°C. Both conditioned media and cell extracts were analyzed for the activity and protein level 

ofMMP-1 andMMP-2. 

Cell-collagen attachment 

To establish specific cell-collagen attachment properties, wells were (after coating, air-drying, 

sterilisation and washing) incubated for 30 min with a BSA-containing buffer (50 mM Tris, 110 

mM NaCl, 5 mM CaCk 0.1 mM PMSF, 1% BSA). Cells (3 x 104 cells/well) were then seeded 

in 300 u.1 IMDM supplemented with BSA (4 mg/ml). After a culture period of 1.5, 3, 6, 24 or 48 

h the cells were washed with PBS and fixed and stained with Giemsas Azur-Eosin-

Methylenblau. Micrographs were taken from two predetermined fields and printed at a final 

magnification of x 490, coded and randomised. Counting all cells on each micrograph assessed 

the number of attached cells. The results shown are representative for all experiments. 

DNA assay 

The amount of DNA was assessed fluorometrically using a Perkin Elmer spectrofluorometer 

(extinction 400 nm, emission 505 nm) according to the method of Janakidevi et al:4. 

Zymographic analysis 

The cell extracts were sonicated (3x5 sec) and centrifuged for two min at 10,000 g. Aliquots of 

conditioned medium (5 |il) and cell supernatant (equalised according to their DNA-content) 

were 1:1 diluted with sample buffer (0.1 M Tris-HCl, 4% SDS, 20% glycerol, 0.005% BFB, 10 

mM EDTA) and electrophoresed through a 10% Polyacrylamide gel containing 2% gelatin. 

After electrophoresis, the gel was washed for 15 min in a buffer containing 50 mM Tris-HCl, 

2.5% Triton X-100 and 5 mM CaC^ (pH 7.5) and transferred to incubation buffer consisting of 

50 mM Tris-HCl, 1% Triton X-100 and 5 mM CaCl2. After an overnight incubation at 37EC, 

the gel was stained for 1 h at 60°C with 0.1% Coomassie Brilliant Blue in 10% acetic acid, 50% 

methanol and destained with 7% acetic acid, 5% methanol. Densitometrie analyses were perfor

med using a Quantimet 500 image analysis system (Leica, Cambridge Ltd., UK) and the Qwin 

v02.00B software program. In preliminary experiments we established with recombinant MMP-
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2 a linear relationship in a range from 0 up to 3 mU. Zymographic analyses of the conditioned 

media and cell extracts were performed within this range. The zymograms shown are 

representative for all experiments. 

Collagenase bioassay 

Conditioned media were analysed for the presence of active and inactive collagenases (MMP-1, 

-8 and -13) using fibrillar [l4C]-labelled collagen as substrate35. Latent forms of MMP-1, -8 and 

-13 were activated using p-aminophenylmercuric acetate (APMA, 1 mM). EDTA (3 mM) was 

used to inhibit enzyme activity. 20 JJ.1 of conditioned (or unconditioned as control) medium and 

50 |il buffer (0.05 M Tris, 10 mM CaCl2, 0.1 M NaCl, pH 7.6; with and without APMA and/or 

EDTA) was added to 25 mg [14C]-labelled fibrillar collagen and incubated for 20 h at 35°C. 

Each sample was assayed in duplicate. After the incubation period the non-digested collagen 

was precipitated with 50 \i\ 90% ethanol (4°C), centrifuged and the radioactivity of the superna

tant was counted using a LKB liquid scintillation counter. After subtraction of background, the 

data were expressed as counts per minute. Similar data were found in the different experiments. 

Western Blot analysis 

Aliquots of conditioned medium (15 ul) or cell extracts (equalised with respect to their DNA-

level) were 1:1 diluted with sample buffer (0.1 M Tris-HCl, 4% SDS, 20% glycerol, 0.005% 

BFB, 10 mM EDTA) and electrophoresed through a 10% Polyacrylamide gel. Following elec

trophoresis, proteins were transferred onto a nitrocellulose membrane (0.45 |Xm, Bio-Rad) with a 

Trans-Blot cell system (Bio-Rad Laboratories). The blots were preincubated for 1 h with PBS, 

0.05% Tween 20 and 5% Protifar (Nutricia, The Netherlands), followed by an incubation with 

sheep anti-rabbit MMP-2/-9 or with sheep anti-rabbit MMP-1 (80 u.g/ml, 5% Protifar/PBS) for 2 

h at 37°C. The blots were washed and incubated with a peroxidase-conjugated donkey anti-

sheep IgG (20 lig/ml, 5% Protifar/PBS) for 60 min. After washing (in 5% Protifar/PBS) the 

blots were stained with H202 and 3,5,3',5'-tetramethylbenzidine (Pierce, Rockford, IL) as 

chromogen. The Western blot shown in the results are representative for all experiments. 

Statistical analysis 

The attachment, densitometric and enzymatic data were presented as mean ± SD. Statistical 

analyses were performed by a Mann-Whitney test (densitometric/enzymatic data) and by a 
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BonfeiToni multiple comparison test (attachment data). P<0.05 (two-tailed) was assumed to 

indicate statistical significance. 

Results 

I. Cell attachment and spreading 

Fibroblasts cultured on plates not coated with collagen did hardly attach and spread (Fig. 1 A), 

whereas on collagen-coated plates they attached within 90 min (Figs 1B-D; Fig. 2) and almost 

all of them (94% ± 4%) spread within 24 h. The different collagen types similarly induced 

attachment and spreading. To investigate whether RGD-sequences or ßrcontaining integrins 

play a role in the observed cell attachment and/or spreading, the fibroblasts were cultured for 24 

h in the presence of echistatin, a compound that blocks RGD-mediated adhesion, or with an 

antibody to the ßrintegrin subunit. Incubation with echistatin did not interfere with cell 

attachment or spreading. The anti-ß, antibody resulted in inhibition of attachment (Fig. 3) and 

spreading of the cells to the collagen types III and V (Table I). It had no effect on cell spreading 

on collagen type I. The effect of the anti-ßrintegrin antibody, however, was most pronounced 

with cells cultured on non-coated plates. Under these conditions spreading was completely 

prevented. Inhibition of the protein kinases A and C and tyrosine kinases revealed that only 

blockage of tyrosine kinases inhibited spreading (data not shown). 

Table I 

Condition % spread cells % spread cells 
w/o anti-ß, with anti-ß, 

Control 84.5 ± 20 0* 

Type I 98.7 ±1.1 95.5 ± 3.8 

Type III 93.1 ±1.2 68.9 ±26* 

TypeV 90.9 ±4.2 66.3 ±17* 

The number of spread cells is given as a percentage (mean ± SD; n = 4) of the total number of attached cells. Tlie 
cells were cultured for 24 h in uncoated (control) or collagen-coated wells without (w/o) or with an anti-ß, integrin 
antibody (10 flg/ml). Note that the absolute number of cells attached to the uncoated plates is far less than the 
number of cells attached to collagen-coated plates (see Figs 1 and 3). Statistical analysis revealed a significantly 
decreased cell spreading of cells cultured with the anti-ß, antibody in uncoated and type III or type V collagen-
coated wells. *: p< 0.001 versus w/o anti-ß,. 
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Fig. 1. Effect of collagen coatings on fibroblast attachment and spreading. Fibroblasts were cultured for 
24 h in uncoated wells (A) and in wells coated with 15 jig/well collagen type I (B). type 111 (C) or type V 
(D). Note the high number of spread cells on the collagen-coated plates. Cells were stained with 
Ciemsas Azur-Eosin-Methylenblau, x 490. 
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Fig. 2. The number of attached cells after 1.5, 3, 6 and 24 h ofculturing on collagen-coated plates. The 
wells were preincubated with a buffer containing 1% BSA (see Materials and methods) to block 
aspecific (non-collagenous) cell attachment. No differences were found among the three types of 
collagen and a maximal attachment was apparent within 90 min. Data are expressed as mean (+ SD) 
number of attached cells per area (n = 4). One area is the sum of two microscopic fields per well. 

^ B g w/o 3,-antibody 

I | with 3,-antibody 

Fig. 3. The number of 
attached cells after 24 h of 
culturing in non-coated 
(control) and collagen-
coated wells without (w/o) 
or with an anti-ßi integrin 
antibody (10 flg/ml). In the 
presence of the anti-ßi 
antibody' a significantly-
decreased number of 
attached cells was found. 
The data are expressed as 
mean (+SD) number of 
attached cells per area (n = 
4). One area is the sum of 
two microscopic fields per 
well. *:p<0.01; **: 
p<0. 001 versus w/o 
anti-ß/. 

collagen 

In contrast to the wells coated with collagen, no increased cell attachment and spreading was 

seen in non-coated wells to which dissolved collagen type I and III was added (Figs 4A, B). 
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However, cells incubated with dissolved collagen type V showed a remarkable attachment and 

spreading (Fig. 4C). 

II. MMP-2 

Gelatin zymograms of extracts and culture media of fibroblasts cultured on different 

concentrations of the collagen types I, III and V revealed that each type of collagen increased the 

level of inactive (72 kDa form) and active (66 kDa form) MMP-2 (Fig. 5 A). This effect proved 

to be dose-dependent which is shown for conditioned media in Fig. 5B. It was apparent that the 

ratio active to inactive MMP-2 dose-dependently increased. Also the release of MMP-9 

(gelatinase B) was up-regulated but was almost exclusively detected in culture medium and not 

in the tissue extracts. Since a maximal response of collagen on MMP-2 release and activation 

was found at a concentration between 10 and 20 (ig/well, subsequent experiments were 

performed with 15 (ig/well collagen. The gelatinolytic activity of the cells cultured on this 

concentration was quantified by densitometric analyses. This approach demonstrated 

significantly increased levels of MMP-2 (Fig. 6); the effect of type I and III being stronger than 

type V collagen. The dissolved collagens stimulated the expression and activation of MMP-2 in 

a similar way as the coatings (not shown). Again the highest levels were found with type I and 

III collagen. 
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Fig. 4. Addition of dissolved collagen type I and 111 induce spreading of a low number of cells (A, B), 
whereas the addition of type V collagen (C) resulted in attachment and spreading of numerous cells. 
Cells were stained with Giemsas Azur-Eosin-Methylenblau, x 490. 
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66 kDa 
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Fig. 5. Gelatin zymograms 
of extracts and conditioned 
media of PDL fibroblasts 
that were cultured for 48 h 
in uncoated or collagen-
coated wells. Bands at 92 
kDa represent MMP-9 and 
bands at 72 and 66 kDa 
represent the inactive and 
the active form of'MMP-2.. 
(A) Zymogram of extracts of 
cells cultured in non-coated 
(control) wells or in wells 
coated with collagen type I, 
III or V(15 fig/well) and (B) 
zymogram of conditioned 
media of cells cultured on 
different concentrations of 
type III collagen. 
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Fig. 6. Densitometrie 
analysis of the MMP-2 bands 
of zymograms. Extracts of 
fibroblasts that were cultured 
for 48 h in collagen-coated 
wells (15 /Àg/well) revealed a 
significant increase ofMMP-
2 expression in comparison 
with those cells that were 
cultured in uncoated 
(control) wells. Values are 
expressed as the ratio 
experimented versus control 
(E/C ratio) of 10 samples per 
condition. *: p<0.05; **: 
p<0.0J. 

control ni 

collagen 
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Western blot analyses using an antibody to MMP-2 and MMP-9 confirmed the zymographic 

analyses (Fig. 7) and demonstrated that the actual protein levels were increased in the presence 

of the various collagens. 

control type I type III typeV 

- 7 2 kDa 

- 6 6 kDa 

Fig. 7. Western blot showing 
MMP-2 in extracts of 
fibroblasts cultured for 48 h in 
non-coaled (control) or on 
collagen-coated wells (15 
pg/well). Note the increased 
amount of MMP-2 in the 
extracts of cells cultured on 
collagen. 

Involvement ofintegrins and intracellular signalling 

Neither the activity-blocking antibodies to ßi (Fig. 8A) nor anti-avß3 and echistatin (not shown) 

affected the collagen-induced release and/or activation of MMP-2. Inhibition of kinase-activities 

revealed that blockage of the protein kinase A, protein kinase C or tyrosine kinases activity 

resulted in a decreased activation of MMP-2 (Fig. 8B). 

contro V+anti-ß, PKAI Bis IV Herb A 

72 kDa 
66 kDa 

72 kDa 
68 kDa 
66 kDa 

Fig. 8. (A) Zymogram of extracts of fibroblasts that were cultured for 48 h in non-coated wells (control) 
or on collagen type V (15 pg/well) in the absence (V) or presence (V + anti-ßi) of the activity blocking 
J3i-antibody (10 pg/ml)); (B) Zymogram of cell extracts of fibroblasts cultured on collagen type III in the 
absence (-) or presence of the PKA inhibitor (6-22) amide (2 pM) (PKAI). bisindolylmaleimide IV (0.5 
pM) (Bis IV) or herbimycin A (0.5 pM) (Herb A). Note that inhibition of protein kinase A, protein kinase 
C or tyrosine kinases activity decreased the activation of MMP-2. Similar results were found on the 
three different collagen types. 
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i n . MMP-i 

Western blot analysis using an antibody to MMP-1 demonstrated bands at 52, 43 and 41 kDa, 

representing the inactive, intermediate and active form of MMP-1, respectively (Figs. 9A and 

9B). Conditioned media obtained from fibroblasts cultured in non-coated wells contained high 

levels of this enzyme as shown by intensely staining bands. Under the influence of the three 

types of collagen the release of the enzyme was down-regulated (Fig. 9A). This down-regulating 

effect proved to be dose-dependent. Concentrations up to approximately 40 |ig/well decreased 

the release of both inactive and active MMP-1, whereas higher concentrations increased the 

release of this enzyme (Fig. 9B). Under the latter conditions the amount of MMP-1 proved to be 

even higher than found with non-coated plates. The decrease in secretion of collagenase by the 

relatively low concentrations (15 |ig/well) of the collagens was more pronounced with type I or 

type III collagen than with type V collagen. This finding was confirmed by analysing the activity 

of collagenases using a [14C]-fibrillar collagen assay (Fig. 10). 

In contrast to the collagen coated to the plates addition of dissolved collagen type I and 

type III did not affect the expression of MMP-1. Dissolved type V collagen, however, strongly 

decreased the level of this enzyme (Fig. 11). The effect was comparable or even stronger than 

found with a coating of this collagen. 

control type I type 111 typeV control 2.5 80 \x% collagen/well 

: -

ifcj"**»"* 

52 kDa 
43 kDa 
41 kDa 

~- 52 kDa 
- 43 kDa 
^ 41 kDa 

Fig. 9. Western blot showing the inactive (52 kDa), intermediate (43 kDa) and active (41 kDa) form of 
MMP-1 in (A) medium of cells cultured for 48 h on uncoated wells (control) or on wells coated with 15 
Hg/well collagen type I, 111 and V; (B) medium of cells cultured for 48 h on uncoated (control) or on 
collagen type 111 coated plates (2.5 p:g/well or 80 p:g/well). 
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Fig. 10. The collagenolytic activity in the conditioned medium was assessed by a fibrillar [NCJ-collagen assay. 
The cells were cultured for 48 h in uncoated or collagen-coated wells. Enzyme activity was assessed without 
(w/o) or with activation by APMA. The data are expressed as mean (± SD) of 4 samples. *: p < 0.05. **: p < 
0.01. ***/?< 0.001 versus control. 

con . + 1 + 111 + V 

Fig. 11. Western blot showing MMP-1 in 
, medium of cells to which dissolved type I, III 

or V collagen was added (15 tig/well). Note 
— 4 I kDa rhat dissolved type V collagen decreased the 

release of MMP-1, whereas dissolved type I 
and type 111 collagen had no effect. 

Inhibition experiments 

Inhibition of the ß,-integrin subunit activity up-regulated the expression of MMP-1 . A similar 

effect was found with cells treated with echistatin (Fig. 12A). Either treatment prevented the 

collagen-induced down-regulation of the enzyme. Furthermore, cells in which the tyrosine 

kinases were blocked showed lower levels of the enzyme, blockage of protein kinase A or 

protein kinase C activity did not show such an effect (Fig. 12B). This latter decrease was also 

found for the cells that were cultured in the presence of the collagen types. No effects were 

found in the presence of the activity blocking ant i-a vß 3 antibody. 
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Fig. 12. (A) Western blot showing MMP-I released in medium of cells that were cultured for 48 h on 
uncoated (con) or type I collagen-coated (I) wells in the absence or presence of an activity blocking ß,-
integrin subunit (10 fig/ml) (anti-ß,) or echistatin (100 nM) (ech); (B) MMP-1 Western blot of medium 
of cells that were cultured for 48 h on uncoated plates in the absence (-) or presence of the PKA 
inhibitor [6-22] amide (2 jiM) (PKAI), bisindolylmaleimide IV (0.5 fiM) (Bis IV) or herbimycin A (0.5 
jlM) (Herb A). Note that inhibition of ß, integrin activity or blockage of RGD-sequences stimulates 
MMP-1 secretion and that the inhibition of tyrosine kinases activity (Herb A) decreased secretion of 
MMP-1. 

Discussion 

Our data have clearly demonstrated that the collagen types I, III and V modulate the expression 

of MMP-1 and MMP-2 by PDL fibroblasts. These observations indicate that components of the 

extracellular matrix may play an essential role in modulating the expression of this important 

class of enzymes by fibroblasts. 

The collagen types I, III and V dose-dependently stimulated the production and 

activation of MMP-2, whereas MMP-1 was down-regulated. At first sight the decreased 

expression of MMP-1 is somewhat surprising since fibroblasts seeded in a three-dimensional 

collagen type I gel have been shown to express higher levels of this enzyme " '. One has to keep 
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in mind, however, that the down-regulation observed in the present study was only apparent 

with relatively low concentrations of collagen (< ±40 |ig collagen coating per well). Higher 

amounts of collagen proved to have an opposite effect; under these conditions an up-regulated 

release of MMP-1 was found. Such higher concentrations of collagen are probably more 

comparable to the gel system in which fibroblasts are surrounded by collagen. Thus it appears 

that depending on the amount of collagen available to the cell (or perhaps its spatial 

arrangement) up- or down-regulation of MMP-1 occurs. This could mean that in situations 

where cells are in direct contact with a relatively low amount of collagen Ba situation most 

likely to occur under normal conditions where most collagen is surrounded by non-collagenous 

proteins- the expression of MMP-1 is down-regulated. If, however, under certain conditions (e.g. 

inflammation) the accessible amount of collagen increases, fibroblasts are induced to up-regulate 

the level of this enzyme. 

In contrast to MMP-1, MMP-2 production and activation was dose-dependently 

enhanced by the collagens. Since recent data have shown that MMP-2 is a key-enzyme in the 

digestion of collagen under normal non-inflamed conditions5, it is tempting to speculate that 

collagen itself is crucial for fine-tuning the level of this enzyme. If differing amounts of collagen 

are accessible to the cells, the level of MMP-2 increases accordingly, thus resulting in a 

measured digestion of this collagen. If, however, cells come into contact with high levels of 

collagen which has to be removed, in addition to higher levels of MMP-2 also more MMP-1 is 

expressed. The combined high levels of these enzymes may then lead to a rapid and efficient 

digestion. 

In line with the view that collagen under a variety of conditions does play a role in the 

expression of MMP-2, is the finding that fibroblasts seeded in collagen gels were shown also to 

increase the level of this enzyme18"20. So it appears that independent of how the cells are in 

contact with collagens (surrounded by gelated collagen, dissolved collagen added to the cells or 

seeded on collagen-coated plates), the mere presence of these proteins is sufficient to modulate 

the expression of MMP-2. 

Cell shape is associated with the expression of MMP-1 but not with that of MMP-2 

Our observations further suggest a relationship between the expression of MMP-1 and the shape 

of cells. High levels of this enzyme were found under all conditions where the cells were not 

spread. A decreased expression was found in spread cells cultured on low collagen 

concentrations. Since it is known that spreading of cells is associated with rearrangement of the 
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cytoskeleton36, our data are in line with the view37' 38 that cytoskeletal components, e.g. 

microtubules and microfilaments, play a role in MMP-1 expression. The present findings 

indicate, however, that the cell-shape-associated modulation is overruled if the cells are in 

contact with higher concentrations of collagen. Thus in spite of the spreading of the cells under 

the latter conditions, the expression of MMP-1 increases. We therefore conclude that different 

mechanisms are operational in the regulation of MMP-1 production by fibroblasts. 

Signalling routes in the modulation of MMP-1 and MMP-2 

The decreased expression of MMP-1 caused by the collagens appeared to depend on RGD-

recognising integrins since echistatin, an RGD-containing snake venom, prevented the down-

regulating effect of the collagens. In contrast, the collagen-mediated MMP-2 expression was 

unaffected by this compound. Furthermore, ßi-subunit blocking antibodies but not anti-Oyß.i 

counteracted the collagen-mediated down-regulation of MMP-1. Again no influence was noted 

on the expression of MMP-2. Our data thus indicate that the modulation of MMP-1, but not that 

of MMP-2, depends on the RGD-recognising ßpintegrin family. 

Since integrins are involved in signal transduction pathways39"*', we investigated 

whether protein kinases and/or tyrosine kinases were involved. Our data demonstrated that the 

intracellular signals involved in the modulation of MMP-1 depended on the activity of tyrosine 

kinases, which is in concert with other studies8'42'43. With regard to MMP-2, intracellular 

signalling involving protein kinase A, protein kinase C and tyrosine kinases were essential for its 

activation. Also others have shown that protein kinase C and tyrosine kinases participate in 

MMP-2 activation44'45. Since the latter authors found that the expression of MT1-MMP, an 

activator of MMP-2, was blocked by inhibitors of tyrosine kinases or protein kinase C activity, it 

is possible that this also occurred in our experiments and that the MTl-MMP-mediated 

activation step was decreased. However, when protein kinase A activity was blocked we 

observed increased levels of the intermediate form of MMP-2, suggesting that not the MT1-

MMP-dependent first activation step28, but the second auto-activation step was blocked. 

Type I/III collagen versus type V collagen 

An intriguing finding was that the cells responded differently to the different types of collagen. 

Although each of the three collagens comparably affected the expression of the different MMPs, 

the effects of type V collagen were, under all conditions tested, less than those of type I and III 

collagen. More interestingly, however, was the finding that addition of type V collagen in a 
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soluble form to the culture media induced attachment and spreading of the cells which coincided 

with a reduced release of MMP-1. Type I or type III collagen had, under these conditions, no 

such effects on the cells. So, in spite of the inability of the cells to attach to non-coated culture 

plates, soluble type V collagen was able to improve somehow the attachment properties of the 

cells. In this respect it is of interest to note that the integrins a,ß|, (Xißi, a.ißi seem to be 

important in the attachment to type I collagen but not to type V collagen46. We therefore 

hypothesise that addition of collagen type V leads to the expression of other (yet unknown) 

attachment proteins and a down-regulation of MMP-1. Further studies are needed to clarify the 

interaction(s) of the fibroblasts with this type of collagen. 

Taken together, we demonstrated that the expression of MMP-1 and MMP-2 is 

differently modulated by various collagens in a concentration dependent fashion. In addition to 

the overwhelming amount of data on the modulation of MMP-expression by growth factors and 

cytokines, our data indicate that the extracellular matrix itself, in particular the collagens, has to 

be regarded as a regulatory factor. We propose that under conditions of a normal turnover of 

collagen where MMP-2 plays an important role, a subtle modulation of the level of this enzyme 

is accomplished by the collagens. At the same time MMP-1 is down-regulated. If, however, a 

partial breakdown of the extracellular matrix results in higher levels of collagen accessible to the 

cells, not only MMP-2 but also collagenase increases. These two enzymes, with or without the 

participation of other enzymes, then effectuate a rapid digestion. 
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Abstract 

In the present study we investigated whether the collagen types I, III and V modulate the 

production and activation of the matrix metalloproteinases (MMPs) gelatinase A (MMP-2), 

interstitial collagenase (MMP-1) and stromelysin (MMP-3) by fibroblasts obtained from three 

different soft connective tissues: gingiva, periodontal ligament (PDL) and periosteum. 

Each collagen type rapidly promoted attachment and spreading of the fibroblast subsets. 

Irrespective of the collagen type used, the release of MMP-1 and MMP-3 decreased, whereas 

expression and activation of MMP-2 increased. These effects were more pronounced with the 

collagen types I and III than with collagen type V. Differences between the three fibroblast 

populations were found with respect to the level of MMP-expression and -activation. Compared 

to the PDL and periosteal cells, gingival fibroblasts expressed the highest level of MMP-1 and 

MMP-3. The collagen-induced stimulation of active MMP-2, on the other hand, was most 

pronounced in the PDL cells. Analysis of the amount of collagen broken down during culturing 

revealed that this was highest with the PDL fibroblasts. 

The present study demonstrated that MMP profiles of gingival, PDL and periosteal, 

fibroblasts are up- (MMP-2) or down-regulated (MMP-1, -3) by the collagen types I, III and V, 

and that considerable differences exist in the level of expression of these enzymes among the 

different fibroblast populations. 

Introduction 

The fibroblast is the predominant cell type in soft connective tissues and is essential for tissue 

homeostasis. Although all fibroblasts fulfill a comparable role in that they synthesise and 

degrade extracellular matrix (ECM) constituents, numerous studies have shown that there is 

considerable heterogeneity among fibroblast populations. Phenotypic variations include 

differences in size, shape, attachment, proliferation and collagen synthesis" , enzyme 

production3 \ collagen turnover6"8, and cytokine production9, but also the reaction pattern 

towards cytokines, growth factors, hormones4'10'" and bacterial products9''2 appears to depend 

on the tissue from which the fibroblast originates. 

Several data indicate that extracellular matrix components like collagens and fibronectin 

strongly influence cell activity by modulating a variety of cellular functions such as gene-

expression, protein synthesis, proliferation and cell migration13"'7. It may thus be hypothesised 

that the composition of the matrix somehow directs the functional properties and behaviour of 
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cells. Thus, it is of considerable interest to determine to which extent different fibroblast 

populations respond differently to extracellular matrix components. In the present study we have 

investigated the behaviour of fibroblasts cultured gingiva, periodontal ligament (PDL) and 

periosteum. The cells were maintained on culture plates coated with the collagen types I, III, or 

V (15 |ig/well). We analysed cellular attachment and spreading, actual breakdown of the 

collagen coating, and the production and activation of matrix metalloproteinases (MMP-1, -2 

and -3). In addition, we investigated the influence of TGF-ß on MMP-modulation. This growth 

factor has been shown to influence both the level of MMP-1 and MMP-2, in that it down-

regulates the former18 2' and up-regulates the latter20. 

Materials and methods 

Materials 

Iscove's Modified Dulbecco's Medium (IMDM), Dulbecco's Modified Eagle Medium (DMEM) 

penicillin, streptomycin, amphotericin were purchased from Gibco (Gibco Lab., Grand Island, 

NY). Bovine serum albumin (BSA, fraction V), sheep IgG and purified human type V collagen 

were from Sigma (Sigma Chemical Co., St. Louis, MO). L-|35SJ methionine for in vivo cell 

labelling was from Amersham (Amersham Life Science Ltd., Buckinghamshire, UK). 

Transforming growth factor-ß (TGF-ß) was purchased from BTI (Biochemical Technologies 

Inc., Stoughton, MA). Culture flasks and multi-well culture dishes were from Costar 

(Cambridge, MA), Euthesate from Apharmo (Apharmo B.V., Arnhem, NL), gelatin (from 

porcine skin, 250 bloom) from Fluka (Fluka Chemie, Buchs, Germany) and 40% 

acrylamide/Bis. 37.5:1 from Bio-Rad (Hercules, CA). Human leiomyoma purified collagen type 

I and III were a generous gift from P. Teeling (Dept. of Pathology, Academic Medical Center, 

Amsterdam). Drs. R. Hembry and G. Murphy (School of Biological Sciences, University of East 

Anglia, Norwich, UK) kindly donated a sheep polyclonal antibody (IgG fraction) to rabbit 

MMP-1. All other reagents were of analytical grade. 

Cell isolation and culture 

One week old Chinchilla rabbits were killed with Euthesate and decapitated. Mandibular molars 

were carefully dissected, pulp and crown were removed and the roots were cut into smaller 

pieces. Free and attached gingiva was removed from the mandibular molars; periosteum was 

removed from the calvaria and cut into smaller pieces. All expiants were washed in IMDM 
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supplemented with 10% FCS and 10 x antibiotics: amphotericin (2.5 mg/ml), streptomycin (1 

mg/ml) and penicillin (1000 U/ml), placed in 6 well culture plates and incubated in IMDM 

supplemented with 10% FCS and 10 x antibiotics in a humidified atmosphere containing 5% 

CO2 in air at 37 °C for one day after which the medium was changed with growth medium 

(IMDM supplemented with 10% FCS and 1 x antibiotics). The growth medium was changed 

twice a week until the cells, grown out of the tissue expiants, were confluent. The cells were 

then trypsinised with 0.1% ethylenediaminetetraacetic acid (EDTA) and 0.25% trypsin (pH 7.3), 

transferred to 25 cm2 culture flasks and designated as 'passage one' (PI). The cells of PI and 

subsequent passages showed typical fibroblastic characteristics with trapezoid morphology 

when cultured confluent. For all experiments, cultures between P3 and P8 were used. Four days 

prior to the onset of the experiments the medium was changed with IMDM supplemented with 

5% FCS and antibiotics, which was changed after three days with IMDM supplemented with 4 

mg/ml BS A and antibiotics. The cells (3 x 104 cells/well) were incubated with 300 |il IMDM (+ 

4 mg/ml BSA) in collagen-coated 24-well culture plates and cultured in a humidified atmosphe

re containing 5% CO2 in air at 37 °C. 

Coating of culture plates 

Native human type I, III and V collagen were characterised as purified collagens by SDS 

Polyacrylamide gel electrophoreses analysis. The collagens were dissolved in 0.01 M acetic acid 

in a concentration of 50 ug/ml. 24 well culture plates were coated by incubating the wells with 

500 ul diluted collagen. The culture plates were air-dried in a laminar flow cabinet at ambient 

temperature and subsequently sterilised by UV light for 20 min. The wells were washed with 

HBSS before the cells were seeded. In preliminary experiments the amount of collagen coated 

to the plates (after air-drying and washing) was established by measuring the hydroxyproline 

content in the wells, which was performed by using a microassay developed by Creemers et 

al.22. This approach showed that equal amounts of each of the three collagen types attached to 

the cultured plates and that an initial coating of 50 |ig/ml (25 (ig/well) collagen resulted in a final 

coating of 15 |ig/well. 

Cell attachment and cell extraction 

Cells were cultured in non-coated or collagen-coated wells. For the biochemical analyses 

conditioned media were collected after a culture period of 48 h and attached cells were extracted 

in 150 |il extraction buffer (10 mM sodium cacodylate, 1 M NaCl, 0.01% Triton X-100 and 1 
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raM ZnCl2, pH 6.0; Eeckhout et al.23) or in 150 JJ.1 DNA-lysis buffer (50 mM Tris, 150 mM 

NaCl, 1% Triton-X-100, pH 10) and frozen at -20 °C. Both conditioned media and cell extracts 

were analysed for the activity and protein level of MMP-1, -2 and -3. 

To establish specific cell-collagen attachment properties, wells were (after coating, air-

drying, sterilisation and washing) incubated for 30 min with a BSA-containing buffer (50 mM 

Tris, 110 mM NaCl, 5 mM CaCk 0.1 mM PMSF, 1% BSA). Cells (3 x 104 cells/well) were 

then seeded in 300 u.1 IMDM supplemented with BSA (4 mg/ml). After a culture period of 1.5, 

3, 6, 24 or 48 h the cells were washed with PBS and fixed and stained with Giemsas Azur-

Eosin-Methylenblau. Micrographs were taken from two predetermined fields and printed at a 

final magnification of 750 x, coded and randomised. Counting all cells on each micrograph 

assessed the number of attached cells. The results shown are representative for all experiments. 

DNA assay 

The amount of DNA was assessed fluorometrically using a Perkin Elmer spectrofluorometer 

(extinction 400 nm, emission 505 nm) according to the method of Janakidevi et al.' . 

MMP-1, -2 and -3 analysis 

Western blotting was used to analyse MMP-1. To this end aliquots of conditioned medium (15 

Hi) or cell extracts (equalised with respect to their DNA-level) were diluted 1:1 with sample 

buffer (0.1 M Tris-HCl, 4% SDS, 20% glycerol, 0.005% BFB, 10 mM EDTA) and electropho-

resed through a 10% Polyacrylamide gel. Following electrophoresis, proteins were transferred 

onto a nitrocellulose membrane (0.45 um, Bio-Rad) with a Trans-Blot cell system (Bio-Rad 

Laboratories). The blots were preincubated for 1 h with PBS, 0.05% Tween 20 and 5% Protifar 

(Nutricia, The Netherlands), followed by an incubation with sheep anti-rabbit MMP-1 (80 

fig/ml, 5% Protifar/PBS) for 2 h at 37 °C. The blots were washed and incubated with a peroxida-

se-conjugated donkey anti-sheep IgG (20 |i.g/ml, 5% Protifar/PBS) for 60 min. After washing (in 

5% Protifar/PBS) the blots were stained with H202 and 3,5,3',5'-tetramethylbenzidine (Pierce, 

Rockford, IL) as chromogen. 

Gelatin zymography was performed to analyse gelatinolytic activity. To this end aliquots 

of conditioned medium (5 p.1) and cell supernatant (equalised according to their DNA-content) 

were diluted 1:1 with sample buffer (0.1 M Tris-HCl, 4% SDS, 20% glycerol, 0.005% BFB, 10 

mM EDTA) and electrophoresed through a 10% Polyacrylamide gel containing 2% gelatin. 
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After electrophoresis, gels were washed for 15 min in a buffer containing 50 mM Tris-HCl, 

2.5% Triton X-100 and 5 mM CaCl2 (pH 7.5) and transferred to incubation buffer consisting of 

50 mM Tris-HCl, 1 % Triton X-100 and 5 mM CaCl2. After an overnight incubation at 37 °C, the 

gel was stained for 1 h at 60°C with 0.1% Coommassie Brilliant Blue in 10% acetic acid, 50% 

methanol and destained with 7% acetic acid, 5% methanol. To ascertain that these bands 

reflected gelatinase activity, a number of samples was preincubated with an activity blocking 

anti-gelatinase antibody which resulted in the disappearance of the lytic bands. 

Densitometrie analyses of the gelatinolytic bands were performed using a Quantimet 500 

(Leica, Cambridge Ltd., UK) image analysis system and the Qwin v02.00B software program. 

In preliminary experiments we established that a linear relationship exists from 0 up to 3 mU 

recombinant MMP-2. The zymographic analyses were performed within this range. 

For the analysis of MMP-3 activity conditioned media or cell extracts were analysed by 

using the fluorogenic substrate TNO003 according to the method of Beekman et al25. 

Isotopic labelling 

For these experiments fibroblasts (3 x 104 cells/well) were cultured in 300 (il DMEM (+ 4 

mg/ml BS A) in 24 well culture plates coated with a final concentration of 15 (ig/well collagen in 

a humidified atmosphere containing 5% C02 in air at 37 °C. After an initial culture period of 3 h, 

the medium was changed with 300 JLLI DMEM without cysteine/methionine and incubated for 

1.5 h. Metabolic protein labelling was performed by the inclusion of 10 (iCi/ml [-5S]-methionine 

in the medium. The culture medium was harvested after a period of 20 h and the cells were 

washed with PBS and subsequently extracted with extraction buffer {see Cell extraction). Total 

incorporation of radiolabel was analysed by TCA precipitation of the cell extracts and the 

radioactivity was counted on a LKB liquid scintillation counter. The de novo synthesis of MMP-

2 was determined by immunoprecipitation, which was performed with antibodies to gelatinases 

bound to CNBr-activated Sepharose® 4B (Pharmacia, Uppsala, Sweden) beads. After 

precipitation and washing with PBS, a part of the MMP-2-antibody-beads complex was counted 

on an LKB liquid scintillation counter and part of the complex was electrophoresed through a 10 

% Polyacrylamide gel. To this end the samples were equalised to their protein-level and diluted 

1:1 with sample buffer {see Western blotting). Following electrophoresis, using a phosphor-

imager (Molecular Dynamics, Image QuantTM, Sunnyvale, CA) performed autoradiography. 

Hydroxyproline assay 
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The amount of hydroxyproline released in medium was established and used as a parameter of 

collagen degradation. Preliminary studies using a,a-dipyridyl (which inhibits the synthesis of 

collagen) demonstrated that, under the culture conditions employed, the hydroxyproline content 

in the culture media reflected degradation of collagen and not release of newly synthesised 

collagen. Using a microassay developed by Creemers et al. hydroxyproline analyses were 

established. In a series of experiments it was demonstrated that MMPs were required for the 

degradation of the coated collagens in our model, since inhibition of this class of enzymes by 

using the selective MMP-inhibitor CT116626 reduced the hydroxyproline release for at least 

50%. 

Statistical analysis 

The attachment, densitometric, enzymatic and hydroxyproline data were presented as mean ± 

SD. Statistical analyses were performed by a Mann-Whitney test (densito-

metric/enzymatic/hydroxyproline data) and by a Bonferroni multiple comparison test 

(attachment data). P<0.05 (two-tailed) was assumed to indicate statistical significance. 

Results 

I. Cell attachment 

Fibroblasts of the three populations cultured on plates not coated with collagen did hardly attach 

and spread after 24 h of culturing (Fig. 1 A). On collagen-coated plates, however, they attached 

quite rapidly. A maximal attachment of the cells was already found within 90 min (Fig. 2). The 

cells spread within 24 h on collagen (Fig. 1B-D). All three collagen types had a similar 

attachment- and spreading-promoting effect on the different fibroblast populations. 

II. MMP-2 

Gelatin zymographic analysis of the extracted periosteal, gingival and PDL fibroblasts, cultured 

for 48 h, revealed the presence of inactive and active MMP-2 (Fig. 3). When cultured on 

collagen coatings all three populations expressed a higher level of both the inactive and active 

form of MMP-2. There were, however, differences with respect to the ratio inactive/active 

MMP-2 among the three cell populations. Compared to periosteal and gingival fibroblasts, PDL 

fibroblasts revealed the highest ratio active to inactive MMP-2 when cultured on collagen. 
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* 1 c" 1D 

Fig. 1. Light microscopy showing periosteal (A, B), gingival (C) and PDL (D) fibroblasts cultured for 
24 h in wells coated (B-D) or not (A) with collagen type V. Note spreading of cells seeded on collagen. 
Giemsas Azur-Eosin-Methylenblau. x750. 
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periosteal cells szingival cells | | PDL-cells 

600 

1.5 h 3 h 6 h 24 h 

Fig. 2. The number of periosteal, gingival and PDL cells attached to type V collagen after a 1.5, 3, 6, or 
24 h culture period. The wells were preincubated with a buffer containing 1 % BSA to block aspecific cell 
attachment. No significant differences were found among the attachment properties of the cells: neither 
between the various populations nor for the various collagens. Data are expressed as mean (+ SD) 
number of attached cells per area (n = 4). One area is the sum of two microscopic fields. 

control collagen type III collagen type V 

- 72 kDa 
- 66 kDa 

Fig. 3. Gelatin zymogram of cell extracts of periosteal (PER), gingival (GF) and PDL (PDL) fibroblasts 
that were cultured for 48 h in non-coated (control) or collagen-coated (type III and V; 15 p:g/well) 
wells. The bands at 72 and 66 kDa represent the inactive and the active form of MMP-2, respectively. 
Note that the amount of active MMP-2 had increased when the cells were cultured on collagen. This 
effect was found for all three collagen types. 
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Densitometrie analyses of the gelatin zymograms, demonstrated that the collagen-induced 

increase of MMP-2 (both inactive plus active MMP-2) was statistically significant when the 

cells were cultured on type I and type III collagen (Fig. 4). Under these conditions the level of 

MMP-2 proved to be 3 to 5 times higher than the amount produced by cells cultured on plastic. 

Although also in the presence of collagen type V a higher level of MMP-2 was apparent, this 

increase was not statistically significant. 

Fibroblasts from: 

| periosteum 

gingiva 

I I PDL 

Type I Type III Type V 

Fig. 4. Densitometrie analysis of the MMP-2 bands of zymograms. Extracts of fibroblasts that were 
cultured for 48 h in wells coated with collagen type I- or type III collagen (15 fig/well) revealed a 
significant increase of MMP-2 expression in comparison with those cells that were cultured in non-
coated (control) wells. Cells cultured on type V collagen did not significantly enhance their MMP-2 
production. Values are expressed as the ratio experimental versus control (E/C ratio) of 8 samples per 
condition. *: p<0.05; **:p<0.01 versus control. 

8 Fibroblasts from: 

WE g^giva 
7 

• P D L 

6 Fig. 5. Gingival and PDL 
fibroblasts were cultured for 24 h 

5 in wells coated with type I, III or V 
collagen (15 /dg/well). [ S]-

4 methionine incorporation was 
determined for the last 17 h of 
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MMP-profiles of periosteal, gingival and PDL fibroblasts 

The de novo synthesis of MMP-2 was determined in gingival and PDL fibroblasts by [ S]-

methionine incorporation and immunoprecipitation with anti-MMP-2/MMP-9 antibodies. This 

approach demonstrated an increase of newly synthesised MMP-2 within 24 h when cultured on 

collagen (Fig. 5). The radiolabel proved to be MMP-2 since autoradiographic analysis revealed 

one band of 72 kDa (not shown). 

i n . MMP-l and MMP-3 

control collagen type 

52 kDa 
43 kDa 
41 kDa 

PER GF PDL PER GF PDL 

control type! type 111 type V 

, 51 kDa 
_ 43 kDa 
v 41kDa 

Fig. 6. Western blot showing the 
inactive (52 kDa), intermediate 
(43 kDa) and active (41 kDa) 
form of MMP-l in (A) medium 
conditioned by periosteal (PER), 
gingival (GF) and PDL 
fibroblasts during 48 h of 
culturing in non-coated wells 
(control), or in wells coated with 
15 jig/well type I or 111 collagen: 
(B) medium conditioned by 
gingival fibroblasts during 48 h 
of culturing in non-coated wells 
(control) or wells coated with 15 
fig/well collagen type 1, III and V. 
Note that type 1 and type 111 had a 
more pronounced down-
regulating effect than type V. 

B 

Western blot analysis of MMP-l in media conditioned by periosteal, gingival and PDL cells 

cultured on not-coated plates showed the presence of three immunoreactive fractions of MMP-l : 

an inactive (51 kDa), an intermediate (43 kDa) and an activated fraction (41 kDa) (Fig. 6A and 

B). The highest level of MMP-1 was found in media obtained from gingival cells (Fig. 6A). The 

three collagen types induced a decrease of this MMP in each of the three fibroblast populations. 

The down-regulating effect, however, was less pronounced for cells cultured on type V 

compared to the other collagens (Fig. 6B). In line with these findings were collagenolytic data 
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assessed with a [14C]-fibrillar collagen assay27. The total amount of collagenolytic activity was 

significantly lower in media from cells cultured on the collagens, and again media of fibroblasts 

kept on type I and type III collagen revealed a more pronounced decrease of collagenolytic 

activity than media obtained from cells cultured on type V collagen. 

A sensitive activity assay using the fluorogenic MMP-3 specific substrate showed that 

collagen coatings were associated with a decreased enzyme activity (Fig. 7). Media conditioned 

by gingival fibroblasts revealed the highest MMP-3 activity. 

50 

40 

30 

•Ó 20 

10 

non-coated 

type I 

type III 

type V 

collagen 

# * ** 

periosteal gingival PDL 

Fig. 7. MMP-3 activity in the culture media of fibroblasts maintained for 48 h in non-coated (control) 
or collagen-coated wells. Note that the collagens were associated with a decreased activity of MMP-3 in 
gingival and PDL fibroblasts. MMP-3 activity was higher for gingival cells than for periosteal and PDL 
fibroblasts (non-coated wells). The data are expressed as mean (± SD) of 4 experiments. *: p < 0.05, 
**: p < 0.01 versus control. 

TV. Effects of TGF-ß 

Gelatin zymographic analysis of media conditioned by gingival fibroblasts revealed the presence 

of inactive and active MMP-2 and inactive MMP-9 (at 92 kDa). Addition of 10 ng/ml TGF-ß 

increased the level of both enzymes in cells that were cultured on plastic (Fig. 8A), whereas the 
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growth factor decreased the level of MMP-1 in cells cultured on plastic or collagen (Fig. 8B). 

These effects were observed with all three populations. 

control type V 

— 92 kDa 

72 kDa 
66 kDa 

TGF-ß 

control type V 

+ 

51 kDa 

TGF-ß 

B 

Fig. 8. (A) Gelatin zymogram 
conditioned by PDL fibroblasts 
showing MMP-2 and MMP-9 (at 92 
kDa). The fibroblasts were cultured 
in non-coated (control) or collagen-
coated wells (type V; 15 fig/well) in 
the absence or presence of 10 ng/ml 
TGF-ß. Note that the collagen-
induced increase of MMP-2 
expression in cell extracts (Fig. 3) 
was less pronounced in conditioned 
media. (B) Western blot for MMP-
1 containing the same samples as in 
Fig.8A. TGF-ß .down-regulates 
MMP-1 secretion. 

V. Collagen breakdown 

In order to investigate whether different levels of digested collagen reflected differences in 

MMP-profiles, the amount of collagen released in the medium was assessed. To this end the 

amount of hydroxyproline in the media was determined after a 48 h culture period. Comparison 

of the three cell types revealed that the highest level of this imino acid was found with the PDL 

cells (Fig. 9). The highest levels of degraded collagen were found in media obtained from cells 

cultured on type I collagen; digestion of type V collagen was lowest, irrespective of the cell type 

analysed (Table I). 
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Fig. 9. Hydroxyproline content in medium 
conditioned by periosteal (PER), gingival 
(GIN) or PDL fibroblasts cultured on type 
I collagen for 48 h. Values are expressed 
as percentage hydroxyproline of the total 
coated hydroxyproline in the wells and 
represent the mean of 4-7 experiments. *: 
p < 0.05 versus periosteal cells. 

PER GN PDL 

Discussion 

The present data demonstrate for the first time that the production of several MMPs may differ 

considerably among distinct populations of fibroblasts. The highest level and/or activity of 

MMP-1 and MMP-3 was expressed by gingival fibroblasts. Active MMP-2, on the other hand, 

was most markedly produced by PDL fibroblasts when cultured on collagen. These data indicate 

that tissue-related differences exist in the release of these enzymes and may suggest site-specific 

differences in MMP-mediated remodelling of extracellular matrices. Recent data indicate that 

MMP-2 activity is essential for remodelling and turnover of collagens under physiological 

conditions2829 whereas MMP-1 activity is probably less important under these conditions. The 

findings of the present study are in line with the alleged role of MMP-2 since high levels of its 

active fraction were found in fibroblasts that were isolated from the PDL, a tissue characterised 

by a rapid turnover of collagen6. In this respect it is also of interest to note that the digestion of 

collagen coated to the culture plates was higher with the PDL fibroblasts than with the gingival 

(or periosteal) cells and that the digestion correlated positively with the level of active MMP-2. 

The latter data strongly suggest that also under these conditions MMP-2 was more important for 

collagen digestion than MMP-1 or MMP-3. Despite relatively high levels of active MMP-1 and 

-3 in the gingival cultures, this did not reflect in the amount of digested collagen. However, since 

we have not analysed the collagen-induced modulation of the tissue inhibitors of 
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Table I 

Breakdown of collagen coating as assessed by hydroxyproline (HP) content in the media 

Collagen % H P % H P % H P 

type periosteal cells gingival cells PDL cells 

15±5A; 11±7»; 35±19A;19±12»; 85±10*;26±14"; 

I 33±7s3±2» 52±5<;3±1D; 42±4E; 49±4C;6±1»;49±13E; 

11±5';14±4" 98±37*;48±8<= 

III 3±2A;22±11C; 3±2A;47±9C;6±5D; 8±3A;26±9C;21±15°; 

8±8D: 2±5' ;5±3C 13±12':49±13= 

V 3±1B;8±6° 10±5»;3±4» 15±7»;23±7» 

The data are given as percentage (mean+SD) of at least 6 samples per condition of 7 experiments (A-G). 
The fibroblasts were cultured for 48 h on type I, III, or V collagen. The hydroxyproline content in the 
conditioned media in severed experiments were below detection limit of the assay, particularly for type V 
collagen. Note that in 6 out of 7 experiments PDL cells revealed the highest level of hydroxyproline in 
their culture media. 

metalloproteinases (TIMPs), inhibitors that proved to be produced by PDL fibroblasts30, or other 

proteolytic enzymes in these cultures, further studies are needed to elucidate this in more detail. 

Not only differences between the various fibroblast populations were found when cultured on 

plastic, they also responded differently to the extracellular matrix on which they were seeded 

(type I, III or V). In general, MMP-1 and -3 were down-regulated by the collagen coatings. 

MMP-2, however, was up-regulated. Not only did the total amount of this enzyme increase, also 

the active fraction was higher. This latter effect was particularly obvious for cells derived from 

PDL. 

Type I and III collagen proved to have comparable effects on the expression of MMPs, 

whereas type V collagen had a more moderate effect resulting in an intermediate amount of 

enzyme. These data not only indicate that collagens strongly affect production of collagenolytic 

enzymes, but also that the ratio between the different collagen types in the matrix is important. 

The present data indicate differences in the reaction patterns of the different fibroblast 

populations. In line with this are data presented by others who showed that PDL and periosteal 

fibroblasts on one hand and gingival fibroblasts on the other differ in their expression of the 

membrane-bound enzyme alkaline phosphatase. The former cells express high levels of this 
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enzyme whereas gingival fibroblasts produce significantly less5'31. Differences were also 

reported with respect to the expression of MMP-2, both in vitro (this study) and in vivo . 

One of the few growth factors known to influence the level of MMP-1 and MMP-2 is 

TGF-ß. In the present study we found, in line with data presented by others, an up-regulation of 

MMP-220 and a down-regulation of MMP-118"21. The up-regulation of MMP-2 was most 

pronounced when fibroblasts were kept on plastic. When the cells were cultured on collagen, 

however, TGF-ß-induced effects were largely prevented, especially when the cells were cultured 

on type V collagen. Based on these results we suggest that cells attaching to collagen become 

less susceptible for TGF-ß. Support for this assumption was the finding that the increased 

synthesis of gelatinases and matrix components by TGF-ß was reduced in fibroblasts that were 

kept in a collagenous gel". Furthermore, the finding that collagen has the capacity to counteract 

the TGF-ß-effect is in line with recent findings in our group, showing that this growth factor 

does not affect the production of MMP-2 by periosteal fibroblasts that are still embedded in their 

tissue environment. Isolated periosteal fibroblasts, on the other hand, appeared to respond 

rapidly by secreting higher levels of MMP-233. Although these observations suggest that the 

collagens somehow prevent a reaction toward TGF-ß, several data seem to indicate that this 

applies for MMP-2 but not for MMP-1. Down-regulation of MMP-1 under the influence of 

TGF-ß was not only found with isolated cells seeded on plastic""1 sr"d-v-20-21 but also with cells in 

their normal tissue environment18-19. Taken together these observations would seem to suggest 

that cells express different TGF-ß-receptors: receptors that are involved in MMP-2 production 

interact with collagen and those that participate in MMP-1 modulation do not interact with 

collagen. 

In conclusion, the data presented in this study indicate that fibroblasts obtained from 

different connective tissues express different levels of MMPs and that the collagen types I, III 

and V greatly affect the expression of these enzymes. Our data strongly suggest that the 

composition of the extracellular matrix plays an essential role in the modulation of enzyme 

production and that this modulation is perhaps tissue-specific. 
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Abstract 

The objective of this study was to evaluate whether the interaction of fibroblasts with the 

extracellular matrix components, collagen types I, III and V, modulate DNA synthesis of these 

cells. Fibroblasts were obtained from rabbit periosteum, gingiva and periodontal ligament and 

cultured (in the absence of serum) for 48 h on culture plates coated or not with one of the three 

collagen types. DNA synthesis was evaluated by [3H]-thymidine incorporation. The data showed 

that the collagen types I and III dose-dependently stimulated incorporation of the radioactive 

label. A maximal incorporation (approximately 8-fold) was found at a concentration of ± 0.5 

ug/well/7.5 x 103cells. Relatively low concentrations of type V collagen (up to ± 3.5 ug/well) 

had a similar stimulatory effect. Higher concentrations of this type of collagen, however, proved 

to inhibit incorporation. The three different fibroblast populations responded in a comparable 

way to the different collagens. Collagen-induced DNA synthesis appeared to depend on the 

activity of protein and tyrosine kinases as shown by inhibitors of these enzymes, staurosporine 

and herbimycin A, respectively. More selective inhibitors of protein kinases A and C (protein 

kinase A inhibitor [6-22] amide and bisindolylmaleimide IV, respectively) had no effect on 

thymidine uptake. 

Introduction 

Fibroblasts in their normal tissue environment express a relatively low level of proliferation. 

However, under conditions of wound healing and also when isolated cells are maintained in 

vitro they tend to multiply rapidly. One of the factors that may play a role in cellular dynamics is 

the structure and composition of the extracellular matrix (e.g. collagens) in which they are 

embedded. Indeed some data indicate that collagens, among which type I, IV and VI, may 

enhance the proliferative rate of fibroblasts'. This was only found when the cells were cultured 

on immobilised collagens. Fibroblasts kept in a 3-dimensional collagen gel were inhibited in 

their proliferation2,3. Recently we established that the collagen types I, III and V play an 

important role in modulating fibroblast activity, they proved to up- or down regulate several 

matrix metalloproteinases4'3. Interestingly the effect of type V collagen was less pronounced 

than that of types I and III collagen. 

As far as we are aware little is understood how fibroblasts respond to different collagens 

in terms of proliferation. In the present study we investigated this. Fibroblasts obtained from 

several soft connective tissues (periodontal ligament, gingiva and periosteum) were cultured in 
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wells coated with various concentrations of collagen types I, III and V and DNA synthesis was 

evaluated by [H]-thymidine incorporation. In addition, by using selective inhibitors of various 

kinases, participation of these enzymes was studied. 

Materials and methods 

Materials 

Iscove's modified Dulbecco's medium (IMDM), fetal calf serum (FCS), Hanks' Balanced salt 

solution (HBSS), trypsin, penicillin, streptomycin, amphotericin were purchased from Gibco 

(Gibco Lab., Grand Island, NY). Purified human placenta type V collagen and bovine serum 

albumin (BSA, fraction V) were from Sigma (Sigma Chemical Co., St. Louis, MO). Culture 

flasks and multi-well culture dishes were from Costar (Costar, Cambridge, MA). Purified colla

gen type I and type III, isolated from human leiomyoma, were generously provided by Mr. P. 

Teeling (Dept. of Pathology, Academic Medical Center, Amsterdam). [6-3H]-thymidine 

(specific activity 16.5 Q/mM) was from New England Nuclear (Boston, MA). Betaplate Scint 

fluid® was obtained from Wallac (Turku, Finland). Staurosporine, protein kinase A inhibitor [6-

22] amide, bisindolylmaleimide IV and herbimycin A were from Calbiochem (Calbiochem-

Novabiochem Corp., La Jolla, CA). All other reagents were of analytical grade. 

Cell isolation and culture 

One-week-old Chinchilla rabbits were killed with Euthesate and decapitated. Free and attached 

gingiva was removed from the mandibular molars. Mandibular molars were carefully dissected, 

pulp and crown were removed and the roots were cut into smaller pieces. Periosteum was 

removed from the calvaria and cut into smaller pieces. All tissue expiants were washed in 

IMDM supplemented with 10% FCS and 10 x antibiotics (amphotericin [25 mg/ml], streptomy

cin [100 mg/ml] and penicillin [100 U/ml]) and subsequently placed in 6-well culture plates and 

incubated in growth medium (IMDM supplemented with 10% FCS and 1 x antibiotics) in a 

humidified atmosphere containing 5% C0 2 in air at 37°C. The culture medium was changed 

twice a week until the cells, grown out the tissue expiants, were confluent. The cells were then 

trypsinised with 0.1% ethylenediaminetetraacetic acid (EDTA) and 0.25% trypsin (pH 7.3), 

transferred to 25 cm" culture flasks and designated as 'passage one' (PI). The cells of PI and 

subsequent passages showed typical fibroblastic characteristics with trapezoid morphology 

when cultured confluent. For all experiments, cultures between P3 and P8 were used. 

101 



Chaîner 6  

Coating of the culture plates 

In a preliminary set of experiments the isolated native type I, III and V collagens were 

characterised as highly purified collagens by SDS Polyacrylamide gel electrophoresis. The 

collagens were dissolved in 0.01 M acetic acid in a concentration of 1 mg/ml and, before use, 

further diluted in 0.01 M acetic acid in concentrations ranging from 0.2 - 125 (ig/ml. 96 well 

culture plates were coated by incubating the wells with 125 u.1 diluted collagen or with 125 (il 

0.01 M acetic acid as control. The culture plates were air-dried in a laminar flow cabinet at am

bient temperature and subsequently sterilised by UV light for 20 min. The wells were washed 

with HBSS before the cells were seeded. Preliminary experiments showed, by measuring the 

hydroxyproline content in the well9, that equal amounts of each of the three collagen types 

adhere the cultured plates (after air-drying and washing). It also appeared that the final coating 

of collagen was 60 % of the initial amount added to the wells (e.g. 6.25 u.g/well added, resulted 

in a final coating of 3.75 (ig/well). 

Proliferation assay 

Four days prior to the onset of the incoiporation studies, the medium of the cells was changed 

with IMDM supplemented with 5% FCS and antibiotics. One day prior to the experiment the 

medium was changed with IMDM supplemented with 4 mg/ml BSA and antibiotics. The 

periosteal, gingival and PDL fibroblasts (7.5 x 103cells/well) were transferred to collagen-coated 

96 well culture plates and cultured in 100 p.1 IMDM supplemented with BSA (4 mg/ml) and 

antibiotics. Culturing was performed in a humidified atmosphere containing 5% C0 2 in air at 

37°C. Previous studies showed that the three populations similarly attached to the three different 

collagen types4. After an initial culture period of 31 h, 0.33 |i.Ci [6-3H]-thymidine was added to 

the culture medium of each well for a subsequent culture period of 17 h. All experiments were 

performed in sextuple. To study the level of incorporation of attached cells, medium was 

discarded and the wells were washed with PBS to remove free [6-3H]-thymidine and non-

attached cells. The cells were dissociated with 1 N NaOH, incubated for 15 min and harvested 

on a filter with a Tomtec harvester (Tomtec Inc., Hamden, USA). After addition of Betaplate 

Scint® fluid, filters were counted in an LKB liquid scintillation counter. In addition, a similar 

extraction and analysis was performed on non-attached cells. The data were expressed as mean 

counts per minute (c.p.m.). 
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Inhibition of intracellular kinases 

Inhibition experiments were performed with inhibitors of protein and tyrosine kinases. The 

following compounds were used in the concentrations as indicated: the PKA inhibitor [6-22] 

amide: 2 uM10; the protein kinase C inhibitor bisindolylmaleimide IV: 0.5 uM11; the tyrosine 

kinase inhibitor herbimycin A: 0.5 (J.M1 and the broad-spectrum protein kinase inhibitor 

staurosporine: 50 nM13. The inhibitors were added to the cell culture 6.5 h prior to the addition 

of [6-3H]-thymidine and proliferation was evaluated as described above. Preliminary studies 

showed that the culturing of fibroblasts with the inhibitors in the used concentrations had no 

effect on the viability of the cells. 

Results and Discussion 

I. Collagen type I, HI and V stimulate [3H]-thymidine incorporation by periosteal, gingival 

and PDL fibroblasts 

Table I 

Cell type Collagen type Concentration collagen coating: 

0.6 ( ig /we l l 3.6 | j g / w e l l 

P E R I 6.1 ± 5 . 4 14.0 ± 20.5 

III 4.3 ± 3.4 26.0 ± 39.4 

V 5.5 ± 3.5 0.6 ± 0 . 5 

G I N I 9.8 ± 4 . 5 7.9 ± 4 . 4 

III 10.4 ± 3 . 6 8.6 ± 4 . 7 

V 7.0 ± 3.8 3.0 ± 2.1 

P D L I 8.6 ± 6 . 5 2.0 ± 0 . 5 

III 6.0 ± 3 . 7 5.3 ± 5 . 7 

V 3.2 ± 2 . 0 0.5 ± 0 . 3 

Effect of collagen on the3 H-thymidine incorporation by periosteal, gingival and PDL fibroblasts. 
[3H]-thymidine incorporation by periosteal (PER), gingival (GIN) and periodontal ligament (PDL) 
fibroblasts. The cells were cultured for 48 h in non-coated wells (control) or in wells coated with 0.6 or 
3.6 pg/well type I, III or V collagen. The values represent the mean ratio experimental versus control+ 
SD of three experiments. Significant differences were found in each separate experiment between cells 
cultured on type I or III collagen versus those cultured on type V collagen. 
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The different types of collagen proved to stimulate incorporation of [TTJ-thymidine (Fig. 1; 

Table I). This was found for each of the three fibroblast populations studied. Cells not attached 

to the culture plates proved to incorporate label to a similar extent as attached cells (data not 

shown). 

In line with findings presented by Atkinson et al. we observed that thymidine 

incorporation was highest at later time intervals. An enhanced incorporation was found only at 

the 48 h time interval (Fig. 2). These data strongly suggest an indirect effect of collagen on DNA 

synthesis, perhaps under the influence of growth factors and/or cytokines released by the cells 

during prolonged culturing. 
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Fig. 1. The figure represents [3H]-thymidine incorporation by PDL fibroblasts that were cultured for 48 
h in non-coated wells and in wells coated with type I. Ill or V collagen (0.6 jJtg/well). Values represent 
the mean cpm ± SD (n = 6). *: p<0.01; **: p<0.001. 

II. Collagens dose-dependently affect fibroblast proliferation 

Each of the three collagen types dose-dependently increased thymidine incorporation (Fig. 3; 

Table I). Maximal incorporation was found with a coating of approximately 0.6 p:g collagen per 

well. Higher amounts of collagen type V, but not of types I and III, significantly inhibited the 

incorporation (Fig. 3, Table I). In order to find out whether these effects were only seen when 
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cells were seeded on collagen coatings, dissolved collagen was added to cells in non-coated 

wells. This approach resulted in a similar response (not shown). Although the fibrillar type I and 

III collagens are abundantly present in soft connective tissues, they are usually integrated with 

2000 

1500 

o 

È 

1000 
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Culture period: 

I | 0-24 h 

1 0-48 h 

non-coated Type I Type III Type V 

Collagen 
Fig. 2. [ H]-thymidine incorporation by periosteal fibroblasts that were cultured for 24 h or 48 h in 
non-coated or collagen-coated wells (3.6 fig/well). Note that this concentration of type I and type HI 
collagen resulted in an increased proliferation at the 48 h time point, whereas type V collagen had no 
effect. Stimulation of the incorporation was not found after a culture period of 24 h. Values represent 
the mean cpm+SD (n = 6). *: p<0.001 

many other matrix constituents, e.g. proteoglycans and glycoproteins. Type V collagen, on the 

other hand, has been shown to be closely associated with the fibroblasts'6,17. Direct intimate 

contact between the cells and type V collagen is probably more likely to occur in vivo and may 

thus influence fibroblast activity. 

HI. Involvement of protein and tyrosine kinases 

The observed differences in DNA synthesis by the three collagens are probably due to 

interaction and activation of different membrane receptors, in particular the integrinsl8'9. 
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Fig. 3. The figure represents f H]-thymidine incorporation by periosteal fibroblasts that were cultured 
for 48 h in non-coated or collagen-coated wells. Values represent the mean cpm ±SD(n = 6). Similar 
effects were found with gingival and PDL fibroblasts. *: p<0.01 ; * *: p<0.001 
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Fig. 4. PDL fibroblasts were cultured for 48 h in non-coated or collagen coated wells (0.6 pg/well). 
The tyrosine kinase inhibitor herbimycin A (0.5 pM) or the protein kinase inhibitor staurosporine (50 
nM), were added 6.5 h prior to the addition of !H-thymidine and the cells were subsequently cultured 
for 23.5 h. Addition of these inhibitors significantly reduced incorporation of the radiolabel. Values 
represent the mean cpm±SD (n = 6). Similar effects were foundfor periosteal and gingival 
fibroblasts. *:p<0.05; **:p< 0.001. 
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Fig. 5. PDL fibroblasts were cultured for 48 h in non-coated or collagen-coated wells (0.6 jig/well) with 
or without the inhibitors of protein kinase A (protein kinase A inhibitor [6-22] amide; 2 ßM) and 
protein kinase C (bisindolylmaleimide IV; 0.5 /jM). The inhibitors had no effect on the incorporation. 
Values represent the mean cpm ± SD (n = 6). Similar results were obtained with periosteal and gingival 
fibroblasts. 

Support for this assumption is provided by studies demonstrating that type V collagen is 

recognised by a different set of integrins than type I collagen20'21. The subsequent signal 

transduction pathways may differ and result in other cell activities. Therefore, we investigated 

the involvement of protein and tyrosine kinases in collagen-mediated proliferation. 

In concert with other studies22'23 we found that both protein and tyrosine kinases are 

involved in collagen-stimulated DNA synthesis. Addition of the protein kinase inhibitor 

staurosporine and the tyrosine kinase inhibitor herbimycin A to the medium resulted in a 

decreased thymidine uptake (Fig. 4). More selective inhibitors of protein kinase A and C had no 

effect (Fig. 5). The inhibiting effect of the general inhibitors was found for each of the three 

populations of fibroblasts. 

In conclusion, the present findings indicate that collagens strongly affect cellular 

dynamics of fibroblasts in terms of DNA synthesis and that this effect depends on the 

concentration of collagen available to the cells. 
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General discussion 

Soft connective tissues are of essential importance for maintaining the integrity of the animal 

body. They help to establish the three dimensional architecture and provide support and 

strength. A precise and balanced regulation of the metabolic activities in these tissues is a 

prerequisite for proper functioning of the organs. In the present thesis it is demonstrated that 

constituents of the extracellular matrix (ECM) play an essential role in modulating the 

activity of cells that are responsible for soft connective tissue metabolism, the fibroblasts. 

Focus was given to one of the major enzyme classes involved in connective tissue 

metabolism, the matrix metalloproteinases (MMPs). 

Role of ECM in modulating fibroblast activities 

During the last two decades it has been well established that a variety of cytokines and 

growth factors have profound effects on fibroblast activity'" . More recently it became 

apparent that also certain components of the ECM can modulate cellular functioning. In 

particular collagens and certain glycoproteins appear to have this capacity. In the presence of 

these proteins expression of a variety of proteolytic enzymes, e.g. MMPs and serine 

proteinases, is up-regulated7"9. Several studies indicate that the expression of both MMP-1 

and MMP-2 enhances by a collagenous gel (containing type I collagen) " . The data 

presented in this thesis provide additional evidence for this view. We now demonstrate that 

three of the major collagens (type I, III and V) are involved in the regulation of MMP activity 

of fibroblasts. We show that the production, secretion and activation of interstitial 

collagenase (MMP-1), gelatinase A (MMP-2) and stromelysin (MMP-3) greatly depend on 

the amount and type of collagen available to the cells. High levels of these enzymes are 

produced by fibroblasts that are in contact with a relatively high amount of collagens type I, 

III or V (Chapters 4 and 5). However, when the cells are cultured in the presence of low 

concentrations of these collagens, MMP-1 (but not MMP-2) is down-regulated. Have these 

findings any relevance to the in vivo situation? We do know that under normal conditions 

virtually no MMP-1 is detectable in soft connective tissues. MMP-2 on the other hand is 

abundantly present14 (Chapter 2). Since normally most of the collagen is surrounded by non-

collagenous proteins, an extensive interaction of the cells with collagen is unlikely to occur. 

We therefore hypothesise that cells that are embedded in an intact tissue environment, 

express a relatively low level of MMP-1. Under these conditions the expression of MMP-2 is 
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up-regulated (Chapter 4). The latter enzyme is considered to play a pivotal role in the 

digestion of collagen during normal turnover and remodelling " (Chapter 2). So, we 

propose that modulation of MMP-2 expression is accomplished by the collagens of the tissue 

and that, in contrast to MMP-1, cytokines and/or growth factors are less essential for this 

process (Chapter 3). 

If, however, under certain catabolic conditions (e.g. inflammation) the non-

collagenous matrix associated with the collagen fibrils is dissolved and the collagen comes 

into contact with the cells, MMP-1 tends to be overexpressed. In addition to the collagen-

induced enhanced expression of MMP-1 also cytokines like IL-1 may stimulate the cells to 

produce even higher levels of this enzyme1'3"5. This could then result in a rapid and very 

efficient digestion of the collagen mass in the extracellular matrix. 

Modulation of cellular activity does not only depend on the amount of collagen in 

contact with the cells, but also on the type of collagen. We showed that different types of 

collagen (I, III and V) differently affect fibroblast activity (Chapters 4-6). Although each of 

them influenced the expression of the different MMPs, type V collagen had less pronounced 

effects than type I and III collagen. This relatively mild effect was not only apparent with 

respect to the release of MMPs but also on DNA synthesis by the fibroblasts (Chapter 6). It 

was even found that higher amounts of this type of collagen inhibited thymidine uptake. Also 

attachment of the cells and MMP expression was differently modulated by the three collagens 

when added to the cells in a soluble form. Although all tested collagens that were coated to 

the plates similarly induced spreading and attachment, only type V induced this in a soluble 

form (Chapter 4). Moreover, under these conditions collagen type I and type III did not affect 

expression of MMP-1, whereas dissolved type V collagen strongly decreased the level of this 

enzyme. In contrast herewith was the expression of MMP-2, that proved to be independent of 

the form in which collagen was applied (Chapter 4). So it appears that both the composition 

of the ECM and the accessibility to the cells are important in modulating fibroblast activities. 

Although the fibrillar collagen types I and HI are abundantly present in soft 

connective tissues, they are normally tightly associated with non-collagenous substances such 

as proteoglycans and glycoproteins. Several data indicate that prior to the digestion of the 

collagenous matrix the non-collagenous proteins have to be broken and removed. This has 

been convincingly demonstrated for cartilage17 and recently for bone18. Although for soft 

connective tissues such data are not available, it is likely that a similar sequence takes place. 

Following removal of these substances the collagen will become exposed. A direct 

interaction with the cells then lead to changes in their activity. What about type V collagen; is 
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this collagen also associated with non-collagenous components? Although little is known 

about this, immunolocalization studies suggest that type V collagen is in close spatial 

relationship with fibroblasts19'20. If this is indeed the case it may be postulated that type V 

collagen is good candidate molecule as a regulator of fibroblast activities within the tissue. 

Integrins, protein kinases and tyrosine kinases are involved in the collagen-induced 

effects on fibroblast activity 

The modulation of fibroblast activity by collagens is probably via interaction with membrane-

bound receptors, e.g. the integrins"1". Since these molecules are substrate specific, the 

differences found between the three collagen types are likely due to interaction with different 

integrins. It has been demonstrated that, unlike collagen type I , type V collagen has an Arg-

Gly-Asp (RGD) sequence which is recognised by the integrins a5ßi, anbß3 and the subunit 

ocv
24. The integrins recognising type I (cxißi, a2ßi and a.ißi) differ from those binding to type 

V25. Our data suggest the involvement of RGD-sequences and, more in particular, the ßi-

integrin subunit in the modulation of MMP-1 expression (Chapter 4). Blocking RGD-

recognising membrane receptors by echistatin or the ßrsubunit with anti-ßi antibody 

prevented collagen-induced down-regulation of MMP-1. Also in a three-dimensional gel of 

type I collagen the ßi-integrin family was shown to participate in MMP-1 expression26'27. 

Thus both up- and down-regulation of MMP-1 by collagen are mediated via the ßi-integrin 

subunit. In contrast, expression of MMP-2 does not appear to be mediated via this integrin 

subunit or an RGD-sequence (Chapter 4). The precise mechanisms involved in the interaction 

of the cell with collagen which results in a changed expression of this enzyme has still to be 

determined. 

Not only integrin-collagen interactions but also attachment as such to collagen seems 

to influence the production of MMPs. Cells not attached to collagen express higher levels of 

MMP-1 than those that are attached. Expression of MMP-2. on the other hand, was not 

affected by attachment. These observations, too, indicate that considerable differences exist 

between the modulation of MMP-2 expression and that of MMP-1. Taken together our 

findings support the view that for these enzymes different signal transduction pathways are 

involved28. 

Several studies suggest that modulation of the two enzymes is mediated by tyrosine 

kinases and protein kinases1'29"3'. With respect to MMP-2, our observations indicate that also 
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for cells cultured on collagen, intracellular signalling involves the activity protein kinase A, 

protein kinase C and tyrosine kinases. The collagen-induced modulation of MMP-1, however, 

proved to depend on the activity of tyrosine kinases. Protein kinases A and C did not 

participate in this process. In conclusion, we propose that MMP-1 modulation by collagen 

(type I, III and V) is mediated by ßi-containing integrins and that the subsequent intracellular 

signal cascade is tyrosine kinase dependent. The membrane-bound receptor involved in the 

collagen-induced up-regulation of MMP-2 has still to be elucidated. Intracellularly the 

activity of protein and tyrosine kinases is essential. 

Different roles of MMPs in remodelling require different routes of modulation 

Recent data indicate that during normal remodelling and turnover, degradation of collagen 

primarily depends on the activity of MMP-214'15; MMP-1 appears to be less important in this 

situation. The data presented in this thesis provide further support for this view and indicate 

for the first time the modulating role of different types of collagen in the expression of these 

important MMPs. We propose that under steady state conditions minute amounts of collagen 

are freely accessible to the cell. This results in the production of a relatively low level of 

MMP-2. Concomitantly MMP-1 is down-regulated. The level of MMP-2 would then be 

sufficient for the initial degradation of collagen during tissue remodelling and turnover. Final 

digestion would be accomplished via the intracellular pathway32, a route depending on MMP-

activity, probably MMP-214. Tissues characterised by a rapid turnover, such as periodontal 

ligament, express relatively high levels of MMP-2, whereas in skin a low level of MMP-2 

coincides with a much slower turnover14. These observations indicate tissue-specific 

modulation of the level of MMP-2. We tentatively propose that for this modulation collagen 

is essential. In particular type V collagen is an attractive candidate due to its close spatial 

relationship with fibroblasts. 
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Summary 

Fibroblasts are the predominant cells in soft connective tissues and play a key role in the 

homeostasis of these tissues by continuously degrading and synthesising extracellular matrix 

components. A proper regulation of the metabolic activity of the fibroblast is thus a 

prerequisite for the maintenance of soft connective tissues in the organism. How modulation 

of the activity of fibroblasts is controlled not exactly known. Although it is generally taken 

that growth factors and cytokines are crucial for this modulation, recent data suggest that 

extracellular matrix components (e.g. collagens) may play a role in this process as well. It 

was the aim of the studies presented in this thesis to elucidate the contribution of collagens in 

modulating fibroblast activity and behaviour. Special emphasis was put on the expression of 

an important class of enzymes involved in the breakdown of the extracellular matrix: the 

matrix metalloproteinases (MMPs). 

By using soft connective tissue expiants (periosteum of calvaria) it was found that 

gelatinase A (MMP-2) and not the collagenases (MMP-1, -8 and -13) were essential for the 

digestion of the collagen in the tissue (Chapter 2). Modulation of the activity and expression 

of MMP-2 proved to depend on MMP-activity including MMP-2 itself and not, as generally 

assumed, on the activity of growth factors and cytokines. If fibroblasts were isolated from the 

periosteal tissue, however, growth factors and cytokines (Chapter 3) could induce expression 

of MMP-2. Since these data suggested the involvement of extracellular matrix components in 

the modulation of fibroblast activity, in the following studies participation of different types 

of collagen (types I, III and V) was investigated (Chapters 4, 5, and 6). 

In Chapters 4 and 5 it is shown that collagen type I, III and V modulate the expression 

and activation of MMP-1, -2 and -3 by fibroblasts. Of particular interest was the finding that 

low concentrations of collagen resulted in an increased expression and activation of MMP-2, 

whereas MMP-1 and -3 were down-regulated under these conditions. Higher concentrations 

of the collagens up-regulated all MMPs. Another intriguing finding was that, if compared to 

type I and III collagen, type V collagen had the weakest effect on the modulation of the 

various MMPs. Independent of the type of collagen, the induction of MMP-expression was 

mediated by the ßi-integrin family and the intracellular signal depended on the activity of 

tyrosine kinases, protein kinase A, and protein kinase C (Chapters 4 and 5). 

Since fibroblasts do not form a homogeneous population of cells it is possible that, in 

addition to differences in the composition of the tissue environment, also intrinsic differences 

play a role in their activity. In Chapter 5 it is demonstrated that different fibroblast subsets 
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(periosteal, periodontal ligament (PDL) and gingival fibroblasts) reveal differences in the 

level of expression of MMPs, although the overall effects of the collagens are similar. 

Gingival fibroblasts expressed the highest level of activity of MMP-1 and MMP-3, whereas 

MMP-2 was highest in cultures of PDL fibroblasts. Comparing these data with collagen 

turnover data presented in the literature, support is given to the view that MMP-2 plays an 

important role in collagen breakdown under physiological conditions. 

In addition to the effects of the collagens on MMP-expression, these components 

proved to modulate proliferation of fibroblasts (Chapter 6). Each of the three types of 

collagen dose-dependently stimulated cell proliferation. Whereas all concentrations of type I 

and III collagen stimulated cell proliferation, type V collagen dose-dependently up- or down-

regulated proliferation. In spite of these different reaction patterns the involvement of various 

intracellular cascades proved to be similar. In all instances it appeared that tyrosine kinases 

and protein kinases were involved in collagen-stimulated cell proliferation. 

The data presented in this thesis indicate that components of the extracellular matrix, 

among which type I, III and V collagen, may play an essential role in proliferation and the 

modulation of the activity of soft connective tissue cells. We propose that the regulation of 

fibroblast activity greatly depends on the amount and nature of the extracellular matrix 

constituents available to the cells. Under normal physiological conditions relatively low 

levels of collagens are freely accessible to fibroblasts, resulting in a relatively low level of 

proliferation and a low level of enzyme expression. If under certain conditions (e.g. damage 

of the tissue) part of the collagenous meshwork is disrupted and comes into contact with the 

cells, proliferation as well as enzyme expression would than increase. 
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Samenvatting 

Fibroblasten zijn de meest voorkomende cellen in zachte bindweefsels en spelen een 

sleutelrol bij de homeostase van deze weefsels. De cellen zijn verantwoordelijk voor een 

continue ombouw (afbraak en synthese) van de componenten die de extracellulaire matrix 

vormen. Een goede regulatie van de metabole activiteit van fibroblasten is cruciaal voor de 

instandhouding van zachte bindweefsels en daarmee voor het functioneren van het organisme 

als geheel. Hoe de activiteit van de cellen gemoduleerd wordt, is vooralsnog grotendeels 

onbekend. Algemeen wordt aangenomen dat bij dit proces groeifactoren en cytokinen een 

voorname rol spelen. Sluitend bewijs voor de veronderstelling dat deze factoren onder alle 

omstandigheden van belang zijn, ontbreekt echter. Recentelijk is aangetoond dat ook 

componenten van de extracellulaire matrix (collagenen en niet-collagene eiwitten) fibroblast 

activiteit kunnen beïnvloeden. In dit proefschrift is dit nader onderzocht. Daarbij is in het 

bijzonder aandacht besteed aan de modulatie van een belangrijke groep van enzymen die 

betrokken zijn bij de afbraak van de extracellulaire matrix: de matrix metalloproteinases 

(MMPs). 

In de eerste twee hoofdstukken (Hoofdstukken 2 en 3) werd gebruik gemaakt van 

bindweefsel-explantaten (periosteum van calvaria). Dit modelsysteem bood de mogelijkheid 

de reactiepatronen van fibroblasten die omgeven zijn door hun eigen matrix te bestuderen. 

Het onderzoek toonde aan dat gelatinase A (MMP-2) van belang is bij de afbraak van 

collageen. De collagenases (MMP-1, -8, -13) daarentegen bleken bij dit proces niet of 

nauwelijks betrokken te zijn (Hoofdstuk 2). 

In Hoofdstuk 3 staat het mechanisme dat betrokken is bij de expressie en activering 

van MMP-2 in het explantaat-model centraal. Alhoewel er verondersteld wordt dat 

groeifactoren en cytokinen de modulatie van MMP-2 initiëren, blijken cellen in 

weefselverband niet door deze componenten aangezet te worden tot een veranderde productie 

van dit enzym. Een reactie van deze cellen op de groeifactoren en cytokinen werd echter wel 

gevonden na isolatie van de cellen uit het weefsel. De resultaten toonden verder aan dat 

MMPs, en in het bijzonder de actieve fractie van deze enzymen, betrokken zijn bij de 

expressie en activering van MMP-2. 

De bevindingen van Hoofdstukken 2 en 3 geven aan dat de activiteit van fibroblasten 

(bijv. modulatie van MMPs) in weefselverband wezenlijk anders is dan die van geïsoleerde 

cellen, suggererend dat de extracellulaire matrix betrokken is bij de modulatie. In de 
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Hoofdstukken 4, 5 en 6 is dit nader onderzocht door de reactiepatronen te bestuderen van 

fibroblasten die gekweekt zijn op de veel voorkomende collageen typen I, III en V. 

In de Hoofdstukken 4 en 5 is aangetoond dat deze collagenen in staat zijn de expressie 

en activering van collagenase, gelatinase A en stromelysine (MMP-1, -2 en -3, 

respectievelijk) te moduleren. Verrassend was de vondst dat lage concentraties collageen de 

expressie en activering van MMP-2 stimuleerden, terwijl de vorming van MMP-1 en -3 werd 

geremd. Een andere bevinding was dat, in vergelijking met type I en III collageen, type V 

collageen een zeer gematigd effect had op de modulatie van de verschillende MMPs. Tevens 

bleek dat de expressie van MMP-1 en -2 afhankelijk was van een interactie tussen de 

fibroblast en het collageen via ßi-integrine. Het intracellulaire signaal werd gestuurd door de 

activiteit van tyrosine kinases, proteïne kinase A en proteïne kinase C. Deze bevindingen 

tonen aan dat collagenen een belangrijke rol kunnen spelen bij de modulatie van enzym 

expressie en activiteit. 

Aangezien fibroblasten geen homogene celpopulatie vormen, is het denkbaar dat 

naast verschillen geïnduceerd door de omgevende matrix ook intrinsieke verschillen een rol 

spelen in de modulatie van hun activiteit. In Hoofdstuk 5 is aangetoond dat verschillende 

fibroblast populaties (periosteum, parodontaal ligament (PDL) en gingivale fibroblasten) 

verschillen vertonen in de hoeveelheid MMPs die, onder invloed van de collagenen, tot 

expressie gebracht worden. Alhoewel de drie populaties in grote lijnen vergelijkbaar 

reageerden op de collagenen, bleken gingivale fibroblasten meer MMP-1 en MMP-3 tot 

expressie te brengen en PDL fibroblasten meer MMP-2. Vergelijk van deze data met 

literatuur gegevens over collageenombouw van de verschillende weefsels, ondersteunen onze 

visie dat MMP-2 een belangrijke rol speelt bij de afbraak van collageen tijdens de 

fysiologische ombouw. 

Naast het effect van de collagenen op de modulatie van MMPs, is in Hoofdstuk 6 

aangetoond dat de drie typen collageen celproliferatie stimuleren. Ook nu bleek dat type V 

collageen de respons van de fibroblasten anders beïnvloedde. Terwijl bij de geteste 

concentraties de collageen typen I en III de celproliferatie stimuleerden, hadden hogere 

concentraties van type V collageen een remmend effect. Ondanks dit verschil in 

reactiepatronen bleken de enzymen, die verantwoordelijk zijn voor de intracellulaire signaal

overdracht, dezelfde te zijn. In alle gevallen waren tyrosine kinases en proteïne kinases 

betrokken bij de collageen-gestimuleerde celproliferatie. Betrokkenheid van proteïne kinase 

A of C kon niet worden aangetoond. 
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Samenvatting 

De bevindingen gepresenteerd in dit proefschrift tonen aan dat componenten van de 

extracellulaire matrix, in ieder geval type I, III en V collageen, van doorslaggevend belang 

kunnen zijn bij de modulatie van de activiteit van Fibroblasten. Zowel de proliferatie als de 

expressie van MMPs blijken gestuurd te kunnen worden door de aard en hoeveelheid 

collageen dat in contact staat met de fibroblast. Verondersteld wordt dat onder normale 

omstandigheden relatief geringe hoeveelheden collageen in direct contact staan met de 

fibroblasten, hetgeen resulteert in een relatief geringe proliferatie en een lage expressie van 

enzymen. Indien echter beschadiging van het weefsel optreedt en er meer collageen 

herkenbaar wordt voor de fibroblasten zou dat kunnen leiden tot verhoogde proliferatie en 

enzymniveaus. 
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