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Chapter 4  

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 

~~6Ï 



Chapter 4  

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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I type I collagen 

I I type III collagen 

type V collagen 

400 

a 300 

200 

1.5 h 6h 24 h 

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). 

64 



Collagen type 1. HI and V modulate MMP-I and -2 

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. 

Q WÊÊÊÊÊk 
•'•{% 

0 
J* * 

\ '*afc 'V 

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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conti t\ pe I type III t \ p e \ 

72 kDa 

66 kDa 

[ig collagen/weil 

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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800 _ 

5 600 
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w/o APMA 

with APMA 

rLL 
collagen 

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 

W 
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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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