
Articular chondrocytes: synthesis and

MM P-mediated degradation

of extracellular matrix

Proefschrift

ter verkrijging van de graad van Doctor

aan de Rijksuniversiteit te Leiden,

op gezag van de Rector Magnificus Dr. W.A. Wagenaar,

hoogleraar in de faculteit der Sociale Wetenschappen,

volgens besluit van het College voor Promoties

te verdedigen op woensdag 29 april 1998

te klokke 14.15 uur

door

Bob Beekman

geboren te Amsterdam in 1968



Promotiecommissie:

Promotoren: Prof. dr. D.L. Knook

Prof. dr. F.C. Breedveld

Copromotor: Dr. J.M. te Koppele

Referent: Dr. l.G. Otterness (Pfizer lnc., Groton, CT, USA)

overige leden: Prof. dr. H. Tanke

Prof. dr. A. Sturk

lsBN 90-901 1354-1

Trefwoorden: chondrocytes, matrix synthesis, matrix degradation, matrix
metalloproteinases.

The studies presented in this thesis were performed at the Gaubius Laboratory of

TNO Prevention and Health, Leiden, The Netherlands.

Financial support by TNO Prevention and Health, Pfizer BV, the Dr. lr. J.H. van der
Laar Stichting, and the Dutch League against Rheumatism for the publication of this

thesis is gratefully acknowledged.



1.

Stellingen

behorende bij het proefschrift:

Articular chondrocytes: synthesis and MMP-mediated
degradation of extracellular matrix

Aangezien de matrixmetalloproteinase-activiteiten in synoviale vloeistof van
patidnten met artrose zijn verhoogd ten opzichte van gezonde personen, is het
gebruik van pati6nten met artrose als 'controle'-groep in studies betreffende
reumatoide artritis ongegrond.
(Dit proefschrift)

Fluorogene substraten bieden in veel gevallen een goede basis voor simpele en
snelle metingen van enzymactiviteiten in biologische media.
(Dit proefschrift)

De relatie tussen de afname van de biomechanische stijfheid van kraakbeen en de
verhoging van het aantal breuken in het collageennetwerk bevestigt dat met name
collageendegradatie een verlies van functie van kraakbeen tot gevolg heeft.
(Dit proefschrift)

Het alginaatkweeksysteem voor chondrocyten voldoet niet alleen als model voor de
bestudering van matrixsynthese, maar ook als matrixdegradatiemodel.
(Dit proefschrift)

De uitkomsten van de veel gebruikte 'specif ieke' activiteitsbepaling voor
collagenase met collageen type I als substraat worden beinvloed door
aanwezigheid van andere proteinases. (Ohuchi et al., J. Biol. Chem. 272, 2446'
2451 , 1997; Mitchell el al., Biochim Biophys. Acta 1156, 245-254, 1993)

6. Doordat overmatige kraakbeenafbraak, zoals bij artrose, door een verhoogde
hoeveelheid van verschillende matrixmetalloproteinases (MMP's) wordt
veroorzaakt, zal hiertegen met algemene MMP-remmers een beter elfect kunnen
worden gesofteerd dan met een specifieke remmer tegen 66n MMP.

De positieve effecten die met orale tolerantie-ontwikkeling bereikt worden bij
reumatoide artritis zouden versterkt kunnen worden door humaan collageen type ll

in plaats van kippencollageen toe te dienen. (Trentham et al., Sclence261,1727-
1730, 1993; Barnett el al., Arthritis and Rheumatism 39,623-628, 1996)

Omdat maar een geringe fractie van matrixmetalloproteinases (MMP's) geactiveerd
wordt, kan de activatie van proMMP's als een snelheidsbepalende stap worden
gezien in de degradatie van extracellulaire matrix.

Dat rimpels radicaal zouden verdwijnen door de chemische toevoeging 'bdta-
hydroxy' in verjongingscrdmes is in strijd met de gangbare wetenschappelijke
opvatting dat reactieve zuurstofuerbindingen lelijke gevolgen kunnen hebben.
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3.

5.
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10. ln meer dan g0% van de gevallen waarin in wetenschappelijke artikelen wordt
gesproken van in vitro wordl' in plasticd bedoeld.

11. Mensen die beweren dat zij 'alleen maar vooruitkijken', zijn een gevaar op de weg.

12. lets volmondig met 'ja' beantwoorden, getuigt van een slechte opvoeding.

Bob Beekman Leiden,29 april 1998



aan mijn moeder,

ter nagedachtenis aan mijn vader,

voor Wendy
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lntroduction

GENERAL INTRODUCTION

1. ARTICULAR CARTILAGE

Articular cartilage is located at the end of long bones in all diarthroidial joints. lt is a
hyperhydrated tissue with a water content ranging from 60% to 80% of its wet weight

[1,2,3]. Collagen and proteoglycans (Fig. 1) account for up to 60% of the dry weight

[1,4]. Non-collagenous, non-proteoglycan glycoproteins can make up to 15% of the

cadilage: their function and detailed composition are largely unknown [1,4,5].
Collagen, proteoglycans and water are responsible Ior the two major functions of

articular cartilage: to transmit and distribute high compressive loads and shearing

forces to the subchondral bone, and to provide a lubricated surface that facilitates
movement with little friction between articulating surfaces [6].

type Xl collagen
(inside fibril)

\,r0" ll collagen fibril

hyaluronate

+ aggrecan

chondrocyte

Fig.1 Schematic representation (not to scale) of the major
macromolecules in the extracellular matrix of articular cartilage.
Type Xl collagen forms the core of the type ll collagen fibril. Type
lX collagen is present on the surface of the collagen fibril. Binding
of aggrecan monomers (detailed structure in Fig. 3) to hyaluronate
is faciliated by link protein.

proteinlink
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The highly negatively charged proteoglycans (up to 10,000 negative charges per

molecule) attract water. ln normal cartilage, the swelling volume of proteoglycans is

restricted to about 20'/" ol its maximum by the collagen-fibrillar network in which the

proteoglycans are entrapped. On compressive load, water is pushed out of the

cartilage. This results in a decreased cartilage volume and elevates the internal

osmotic pressure from the underhydrated proteoglycans. During unloading, the

osmotic pressure causes imbibing of water. Pressure on cartilage can be as high as

100 atmospheres on femural hip cartilage during normal standing, and cycle between

40-50 atmospheres when walking [7].

1.1. Chondrocytes

Chondrocytes are highly specialized cells present in cartilage only. They occupy less

lhan 2"/o of the tissue's volume of mature human articular cartilage [3,8]. Since normal

cartilage is avascular, aneural and alymphatic, its nutrition depends on diffusion from

outside the tissue. Synovial fluid, present in the joint cavity, is the primary source of

nutrients for the chondrocyte and cyclic compression of the cartilage facilitates

diffusion of nutrients [9,10]. Synovial fluid represents an ultrafiltrate of plasma to

which hyaluronate and some proteins synthesized by synoviocytes are added [1 1].

The chondrocyte's primary function is to produce the cartilage during growth and to

maintain it throughout life. The stability of cartilage after maturity is reached is high:

the half-life of collagen has been estimated to be 200 years ['12], indicating low

turnover of extracellular matrix. ln addition, cell-division in healthy adult cartilage can

not be detected [13].

1.2 Collagens

The collagen network is crucial for the biomechanical properties of cartilage. The

collagen molecule is composed of three polypeptide chains (a-chains) that form a

triple helix. The cr-chain is consists of repeating Gly-X-Y triplets, in which X is

frequently proline and Y hydroxyproline. The lack of side-group of Gly allows a tightly

packed triple helical structure. The biosynthesis of collagen is a multistep process

characterized by extensive modifications of the gene product 114,15,16,171. Many of

these posttranslational modifications are unique to collagen [18].

Firstly, the cr-chain precursor (pre-pro-cr) is synthesized on the rough endoplasmic

reticulum. A short N{erminal polypeptide (the presequence) steers the growing

peptide into the cisterna of the rough endoplasmic reticulum, where it is removed,

leaving the pro-cr-chain, with its N- and C-terminal propeptides. This is followed by

intracellular steps that produce a folded, triple helical soluble procollagen molecule

that is secreted from the cell: three procollagen cr-chains self-assemble at the
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carboxyl terminus and folding propagates towards the amino terminus in a zipper-like

fashion (Fig. 2). Unfolded cr-chains are subject to a variety of posttranslational

modifications: hydroxylation of certain proline (Pro) and lysine (Lys) residues by

specific prolyl- and lysyl hydroxylases, respectively [reviewed in 17,19,20], which

results in hydroxyproline (Hyp) and hydroxylysine (Hyl). The latter can be glysosylated

by galactosyl hydroxylysyl transferase giving galactosyl hydroxylysyine (Gal-Hyl), to

which a glucose can be added by glucosyl galactosyl hydroxylysyl transferase

resulting in glucosyl galactosyl hydroxylysine (Glc-Gal-Hyl), see Fig. 2 1171.

Hydroxylation and glycosylation are terminated when the s-chain is zipped into a triple

helix.

Type ll collagen shows a high degree of glycosylation of hydroxylysine residues:

aboul75"h of the hydroxylysine residues per triple helix are galactosylated to Gal-

Hyl, of which 60 % is subsequently glucosylated into Glc-Gal-Hyl [21 ,221. ln lype I

collagen only 7 Glc-Gal-Hyl residues are present per triple helix, whereas in type lll
collagen glycosylation is virtually absent [23].

staqes in collaqen svnthesis enrymes involved

'1. Synthesis of single pre-pro a-chains
C-terminus

Removal of N-terminal pre-peptide
Hydroxylation ot Pro and Lys
Glycosylation of Hyl

Assembly of c-chains into triple helix

cell membtane

3. Secretion of procollagen

Enzymatic removal of pro-peptides

I

prolyl and iysyi
hydroxylases,

glycosyl transferases

procollagen peptidases

OH

I
Glc
dat
o

Glc
Gal ,
i P,loHo

I .,.

4. Fibril lormation in 1/4 stagger alignment
Oxidation of hydroxylysyl and lysyl residues
Formation of hydrolysylpyridinoline and lysyl-
pyridinoline crosslinks

Fig. 2 Biosynthesis and assembly of collagen fibrils. Shown are the
different steps in posttranslational modification and the enzymes
involved.

Excretion of the soluble procollagen molecule into the extracellular space, is followed

by removal of the N- and C-terminal propeptides by specific enzymes 117,24,251.fhis
cleavage dramatically decreases the solubility of the collagen [26], so that the

collagen monomers spontaneously align into fibrils. Subsequently, specific lysyl and

rt

I lysyl oxidase 
I

OH O-Gal'Glc OH
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hydroxylysine residues are oxidized by lysyl oxidase into allysines and

hydroxyallysines, respeclively 117,27,281. These allysines can react with a Lys or Hyl

from a neighbouring cr-chain to form a Schiff's base. Two ol these difunctional

crosslinks can stabilize into a trifunctional crosslink, thereby releasing one Lys or Hyl.

Eventually, two crosslinks can emerge by this route: hydroxylysylpyridinoline (HP,

formed from three Hyl residues) and lysylpyridinoline (LP, from two Hyl and one Lys

residue) 117,28). ln cartilage, the predominant crosslink is HP, wlth levels which are

approximately 3O-fold higher than that of LP [29]. These intrafibrillar crosslinks are

formed slowly (over several weeks) and give the collagen fibrils their tensile strength.

ln cartilage, the collagen fibrils contain about 95% type ll collagen, the remaining 5%

is accounted for by type lX (1-2%), and type Xl collagen (3-4%) [30]. Type lX collagen

is confined to the surface of the fibril, presumably serving as an interfibrillar 'glue

strengthening the three-dimensional collagen network in cartilage [31]. Type Xl

collagen is located in the center of the fibril and is probably involved in fibril formation

and regulation of the fibril diameter [32].

1.3 Proteoglycans

Proteoglycans are a diverse group of heterogenous complex macromolecules

consisting of a linear protein core to which long-chain polysaccharide moieties

(glycosaminoglycans, GAGs) are linked. The predominant proteoglycan in articular

cafiilage is aggrecan (with a molecular weight up to '1 MDa for an aggrecan

monomer) representing about 90% of the total proteoglycans. The glycosaminoglycan

side chain is an unbranched repeating dimeric polysaccharide, of which three types

are found in aggrecan: chondroitin-4-sulphate, chondroitin-6-sulphate, and keratan

sulphate [33,34,35,36]. The chondroitin sulphates form the most prevalent

glycosaminoglycans (55-90%). The glycosaminoglycans are polyanionic, as a result

of the carboxylate and sulfate groups. Aggrecan monomers form 1:1 complexes with

link protein, which faciliates and stabilizes the binding to the polysaccharide

hyaluronan. Up to 200 aggrecan monomers can bind to a single hyaluronan chain

thus creating macromolecular polyanionic aggregates of over 200 MDa, see Fig. 1

[37,38,39].
Distinct regions exist within the core protein of the aggrecan monomer (Fig. 3; [40]):
at the N{erminal end, a globular domain (G1) forms a loop structure that permits

specific interaction with hyaluronan. The interglobular domain (lGD) separates G1

from the second globular domain G2 which lacks the hyaluronate-binding loop. Next

to G2 lies a keratan sulphate rich region (KS) followed by the major portion of the

protein core, the chondroitin sulphate rich region (CS). At the C-terminus, a third

globular domain (G3) is present.
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Articular cartilage also contains smaller proteoglycans such as biglycan, decorin and

fibromodulin comprising less than 0.5"/" ol the cartilage's wet weight [41]. Their

functions in cartilage are not fully understood, but they may be involved in regulation

of type ll collagen fibrillogenesis 142,431.

AGGRECAN MONOMER

KS rich
domain

CS rich domainG1 IGD G2

ru
link protein

chondrortrn sulrate . o-linked
olrgosacchafldes

Fig.3 Schematic representation of the structure of aggrecan monomer
and link protein of cartilage. The two globular domains (G1 and
G2) are separated by the lnterglobular Domain (lGD). Keratan
sulfate (KS) and chondroitin sulfate (CS) rich domains are present
between G2 and G3. Furthermore, the aggrecan core-protein
contains N- and O-linked oligosaccharides.

1.4 Glycoproteins
Non-collagenous, non-proteoglycan glycoproteins constitute a small part (< 15"h) ol
the dry weight of cartilage. Examples of glycoproteins are link protein, cartilage

oligomeric protein (COMP), fibronectin and matrix-Gla protein. Link protein stabilizes

the aggrecan-hyaluronate binding (see above; [39]); fibronectin and COMP can also

bind to structural components of cartilage, but their precise function remains largely

unknown [44].

2. CARTILAGE DEGRADATION

Under physiological conditions, synthesis and degradation of cartilaginous matrix are

tightly regulated. When degeneration of afticular cadilage occurs, the function of the
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joints is seriously impaired. Such degradation is prominent in various joint-diseases,

especially osteoarthritis and rheumatoid arthritis.

The primary cause of pathological destruction of cartilage is the elevated activity of

proteolytic enzymes. Four enzyme-classes are known: cysteine-, aspartic-, serine

proteinases and matrix metalloproteinases. ln pafticular the latter have been

implicated in degradation of articular cartilage [45,46].

2.1 Matrix metalloproteinases (MMPs)

The family of matrix metalloproteinases consists of at least '13 members, divided into

four groups based on substrate selectivities 147,48) (Table 1). All MMPs characterized

to date share a number of common properties [a9]. They are secreted from cells as

inactive zymogens (except for the membrane-bound MMPs), share sequence

homology with interstitial collagenase (MMP-'1), and contain three characteristic

domains: a propeptide region of -80 amino acids, a catalytic domain of -170 amino

acids and a C-terminal of -210 amino acids (lacking in MMP-7). The propeptide is

removed upon activation of the MMP zymogen (e.g. in vitro by mercurial compounds

like APMA, aminophenyl mercurialacetate). The activation mechanism in vivo has yet

to be elucidated, but is likely to occur by proteolytic cleavage by other MMPs and/or

proteinases [48]. The catalytic domain contains the highly conserved zinc-binding

motif His-Glu-X-X-His. The catalylic and hemopexin domains are involved in

substrate recognition of the individual MMPs 147).The membrane-bound MMPs have

an additional transmembrane domain [50,51]. The gelatinases contain additional

gelatin-binding domains 149,52). All MMPs are inhibited by tissue inhibitors of

metalloproteinases (TlMPs). Four distinct gene products have been identified (TIMP-
'l to -4); in particular TIMP-1 to -3 have been extensively characterized [53,54].
The collagenases, MMP-1, -8 and -13, are the only enzymes known to cleave the

triple helix of collagens type l, ll and lll at position Gly775-Leu/|1e776, resulting in

fragments corresponding lo 75"/" (TCe) and 25% (TCa) of the original length of the

collagen molecule [55]. Recently, Dahlberg and co-workers [56] demonstrated that

this initial cleavage was followed by a second hydrolysis in the TCe fragment, 3 amino

acids from the new N-terminus. ln addition, MMP-13 shows activity to the (nontriple

helical) C-terminal telopeptides of type I collagen [57,58]. ln addition to their triple

helix degrading activity, collagenases can also cleave aggrecan and gelatin

(denatured collagen), albeit at a much slower rate [59].
The stromelysins have a broad spectrum substrate specificity: MMP-3 hydrolyses

gelatin, aggrecan [60,61], non-helicaldomains of type lX and Xl collagen [62], and N-

telopeptides of type ll collagen [62,63]. ln addition, MMP-3 has been implicated in the

activation of other MMPs, like proMMP-1, -8, -9 and -13 [64,65,66,67]. The substrate
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specificity of MMP-10 and MMP-7 is similar to that of MMP-3, whereas the relevant
physiological substrates of MMP-11 are unknown.

The class of gelatinases consists of MMP-2 and -9, which can cleave type lV and V

collagen, as well as all denatured/unwound fibrillar collagens and proteoglycans [59].
The membrane bound metalloproteinases (MT-MMPs) is a recent discovered

group of MMPs [50,51,68] with 4 members described presently. Characteristic for

these MMPs is that they all have a membrane binding domain. Expression of MT1-

MMP, was found mainly in carcinomas [69]. MT-MMP seems to be important in the

activation in proMMP-2 [51,68,70], but it can also directly degrade gelatin and a
recent report mentioned activity against the triple helix of type I collagen [71].

Matrix Metal loproteinases

Molecular weight (kDa)
class number name latent active matrix substraies

collagenases MMP-1 interstitial collagenase 55 45 collagens I, ll, lll, X
vertebrate collagenase aggrecan (limited)
collagenase-1 gelatin (limited)

MMP-8 neutrophil collagenase 75 58
collagenase-2 55 46

MMP-13 collagenase-3 65

stromelysins MMP-3 stromelysin-1 57 45 gelatin
collagen telopeptides

MMP-10 stromelysin-2 57 44 collagen lX, X, Xl
aggrecan

MMP-1 1 stromelysin-3 51 gelatin

MMP-7 matrilysin 28 19 gelatin, aggrecan

gelatinases MMP-2 gelatinase A 72 66 gelatin

collagens lV, V
MMP-9 gelatinase B 92 86 proteoglycans

membranetype MMP-I4 MT1 MMP

MMP-15 MT2 MMP

MMP.16 MT3 MMP

MMP-17 MT4 MMP

gelatin, proMMP-2

?

gelatin

2

Table 1 The matrix metalloproteinase family. Shown are the subgroup
names, MMP number, known molecular weights of inactive and
active forms, and substrates.
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2.2 Aggrecanase
The interglobular domain of aggrecan provides sites for proteolytic attack by many

different proteinases. Such cleavage has major implications for the function of

aggrecan in cartilage, as it separates the glycosaminoglycan bearing region from the

G1 domain that anchors it in the matrix. The IGD domain can be hydrolyzed in vitroby

e.g. elastase, urokinase, plasmin and MMPs at several sites [72,73,74]. lnterestingly,

aggrecan degradation fragments in arthritic synovial fluid showed that aggrecan is

predominantly cleaved at Glu373-Ala"o 175,76,77,781. This cleavage site could not be

attributed to a known enzyme (although MMP-8 is able to hydrolyse this particular

bond, this occurs at a much slower rate than that for the normal MMP site Asnsl-
Phes2 [79]). The role of the unknown enzyme 'aggrecanase' and MMPs in aggrecan

degradation in cartilage disorders is discussed in 3.2.

2.3 Cellular sources of MMPs and aggrecanase

Cartilage degrading MMPs in the joint can result from multiple cellular sources:

chondrocytes and synoviocytes share a lot of similarity in their broad MMP synthesis

pattern (see below). ln contrast, inflammatory cells such as neutrophils and

macrophages only synthesize three members of the MMP-family: MMP-8, -9 and -12

[80,81,82].
Normal, unstimulated chondrocytes and synoviocytes only express proMMP-2

[83,84]. Stimulation by inflammatory mediators such as lL-1 and TNFcr results in the

synthesis of a whole array of MMPs (detected at mRNA level, protein level or both;

reviewed in [85,86,87]). MMP-1, MMP-3 and MMP-9 are the most extensively studied

proteinases synthesized by stimulated chondrocytes. Recently, the expression of

three new MMPs (MMP-8, MMP-13, and MTl-MMP) by chondrocytes and

synoviocytes was reported. MMP-8 was thought to be synthesized by

polymorphonuclear neutrophils (PMNs) only. lt is also expressed by chondrocytes

and synoviocytes [88,89,90]. However, its posttranslational glycosylation is absent,

which results in a non-glycosylated form of MMP-8, that exerts the same substrate

specificity as glycosylated MMP-8 from neutrophils [90].

The third collagenase, MMP-13, was first described by L6pez-Otln et al. in breast

carcinoma [91]. Recentstudies showed its expression by lL-1 stimulated and arthritic

chondrocytes [92,93,94] and synoviocytes [95,96].
The expression of MMP-3 is also upregulated in chondrocytes and synovial cells by

catabolic cytokines [61,97]. The othertwo stromelysins, MMP-10 and -11, as well as

MMP-7 are not found in healthy or affected joint tissues [98,99,100].
Of the gelatinases, the basal synthesis of MMP-2 by chondrocytes or synoviocytes is

10
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not upregulated by lL-1 treatment [101]. This is in contrastto MMP-9: its expression

and synthesis are highly induced by cytokine-stimulated cells [84,83,102].
MT1-MMP is the single membrane-bound MMP found on the surface of rheumatoid

synoviocytes [103] and chondrocytes [104]. Upregulation of this enzyme by cytokines

in these cells is only minor [103] or even absent [104].
To date, aggrecanase-activity is only found to be produced by chondrocytes and

chondrosarcoma cells stimulated with lL-1 or retinoic acidl77,1O5,106l. Aggrecanase

was first thought to be cell membrane bound, but recent data indicate that its activity

is also present in conditioned medla of chondrosarcomas [105].

3. CARTILAGE PATHOLOGY: OSTEOABTHRITIS AND RHEUMATOID ARTHRITIS

ln rheumatoid arthritis (RA) it is generally accepted that erosion of cartilage matrix

occurs in areas contiguous with the proliferating synovial membrane ('pannus') and at

the cadilage surface exposed to synovial fluid. The etiology of RA remains to be

defined, but most authors describe autoimmune mechanisms as the iniating event.

lnteraction of the inflammatory cells with the cells present in cartilage results in

destruction ol this tissue [107,108]. ln osteoarthritis (OA), multiple factors can be

involved, like mechanical, a genetic disorder in structure or metabolism of cartilage, or a

combination thereof [109], resulting in disruption of chondrocyte-matrix interactions and

altered metabolic responses of the chondrocyte. ln both pathologies, degradation of the

cartilage matrix is thought to be due primarily to increased synthesis and activation of

(matrix metallo)proteinases, synthesized by chondrocytes and/or cells in the synovial

membrane. Most likely, this upregulation of proteinase synthesis is a result from

stimulation of the chondrocytes and synoviocytes by immunomodulatory cytokines such

as interleukin-1 (lL-1) and tumour necrosis factor (TNFcr) [85]. ln addition, joint-

inliltrating cells, such as macrophages and monocytes can be the source of cartilage

degrading proteinases and/or cytokines [1 10,11 1,112].

3.1 Collagen degradation: the role of MMPs

The presence of elevated levels of matrix metalloproteinases in arthritic cartilage [e.9.
98,113,'114,1151, synovium [e.9. 98,1'15,116,117], and synovial fluid [e.g.
118,119,120,1211 have prompted researchers to investigate the role of the individual

members of this enzyme family in joint-destruction. Until recently, it was generally ac-

cepted that stromelysin (MMP-3) was involved in proteoglycan breakdown, and col-

lagenase (MMP-1) initiated collagen fibril degradation. The role of MMP-3 in collagen

degradation became apparent recently: in vitro, MMP-3 cleaved type ll collagen in the

non-helical N-telopeptides, and it degraded type lX and Xl collagen (Fig. 4A). That

11
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MMP-3 could play a role in collagen degradation was demonstrated by incubation of

MMP-3 with normal articular cartilage explants: swelling of the cartilage was observed

162,1221, which is also a feature in early osteoarthritis. This result can only be explained

by impairment of the collagen network. Furthermore, not only direct degradation of car-

tilage matrix may be an important feature of MMP-3, it was also shown that MMP-3 can

participate in the activation of the zymogens of the collagenases MMP-1, -8 and -'13

[65,66,66,67,123]. So far, the collagenases are the only enzymes known to cleave triple

helical type ll collagen. Until 1996, ol the collagenases only MMP-I was shown to be

present in (arthritic) cartilage. Neutrophil collagenase, MMP-8 was believed to be

produced by inflammatory cells only. Evidence that also chondrocytes can synthesize

MMP-8 was recently presented [88,89]. At the same time, the expression of a new

collagenase, MMP-13 was reported [89,92]. The precise role of MMP-8 and MMP-13 in

collagen degradation has to be elucidated yet, but comparative studies revealed that

these collagenases hydrolyse type ll collagen approximately 5 times faster than MMP-1

[94]. lnterestingly, MMP-13 was also shown to cleave (type l) collagen telopeptides, in

contrast to MMP-1 [57].

Furthermore, inhibition of MMP-'13 by a selective synthetic inhibitor in lL-1 stimulated

cartilage resulted in complete inhibition of triple helical collagen degradation [56],

suggesting an important role for MMP-13 in pathological cartilage breakdown.

lndications that MMPs are actually involved in cartilage degradation emerged mainly

from circumstantial evidence, obtained in vitro with purified, activated MMPs. However,

in vivo, the enzyme-activity is tightly regulated: except for MT-MMPs all MMPs are

excreted as inactive pro-forms. Usually, only a small part (. 5%) of the excreted

proMMPs become activated. Subsequently, the active MMPs can be neutralized by

forming a strong 1:1 complex with tissue inhibitors of metalloproteinases (TlMPs). So

far, two genetically distinct forms (TIMP-'I and -2) are identified in cartilage. Since

stimulation of chondrocytes with lL-1 does not result in an increase in T|MP-synthesis

11241, an MMP/TIMP imbalance results. When the level of activated MMPs can not be

neutralized by the TlMPs, cartilage destruction is likely to occur.

That indeed endogenous active MMPs are present in arthritic cartilage was

demonstrated histologically. The presence of collagen type ll neo-epitopes, resulting

from collagenase cleavage in the triple helix at the Gly775-Leu776 bond (Fig. 4A), was

shown by immunohistochemical studies of cartilage slices [125,126,1271, and could be

upregulated in cartilage explants by lL-1 [128]. These studies confirmed the hypothesis

that the chondrocyte plays a crucial role in cartilage degradation in both osteoarthritis

and rheumatoid arthritis: the damage to type ll collagen was first observed pericellularly

around chondrocytes before it spread out into the cartilage malrix146,127l.
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Fig. a (A) Cleavage sites of collagenases and MMP-3 in type ll and lX
collagen in the cartilage collagen fibril. NC, non-collagenous
domain.
(B) Cleavage sites of MMPs and aggrecanase in the IGD domain
of cartilage aggrecan.

3.2 Aggrecan degradation: the role of aggrecanase and MMPs

Until recently, the breakdown of proteoglycans and in particular aggrecan in cartilage
has been associated with MMP-3, for stromelysin was able to degrade proteoglycans

in vitro [60,61,129] and since treatment of cartilage with stromelysin leads to loss of
proteoglycans. However, detailed studies of aggrecan degradation products in

cartilage and synovial fluid revealed that aggrecan was predominantly cleaved at a
different location (Glu373-Ala374) than that known for MMP-3 (Asns1-Phes2)

[75,78,1 30,1 31 ]. The latter slte is also cleaved in vitro by other MMPs, like MMP-1, -2,

-7,-8, and -13 173,74,1321. As yet, the enzyme ('aggrecanase') responsible for the

majority of aggrecan degradation has not been identified. Some investigators have

implicated MMP-8 as an aggrecanase for it can cleave the Glu373-Ala374 bond, but this

occurs at a much slower rate than cleavage at the MMP-site (Asnsl-efre3421 12S1.

More recently, Arner et al. [133] demonstrated that cleavage by endogenous

aggrecanase is clearly distinct from cleavage by MMP-8. Therefore, aggrecanase is

unlikely to be a known MMP. Even TIMP, which is able to inhibit all the members of

the MMP family, could not inhibit aggrecanase-activity [134], suggesting that

aggrecanase is not a matrix metalloproteinase. So tar, no known potent inhibitor for
other enzyme classes has been shown to suppress aggrecanase-mediated cleavage
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of aggrecan [134] suggesting that aggrecanase does not belong to a known enzyme

class.

Besides aggrecanase, also MMPs have been implicated in aggrecan breakdown since

aggrecan-fragments in cartilage and synovial fluid contain MMP-derived neoepitopes

(cleavage of Asnsl-Phe3o', Fig.4) [130,135]. This corroborates the findings of Poole

et al [46] that active MMPs are present in arthritic cartilage. The relative contribution

of MMPs ys. aggrecanase in aggrecan turnover in health and disease has yet to be

quantified.

4. CHONDROCYTE CULTURE MODELS

Studying matrix synthesis by chondrocytes in articular cartilage (for instance in

explants) is hampered by the fact that matrix synthesis is extremely low. This may be

overcome by isolation of chondrocytes and subsequent in vitro culture: active

synthesis ol matrix components occurs. A widely used system, culturing chondrocytes

in monolayer, results in dedifferentiation of the chondrocytes already within days

[136]. The dedifferentiation is characterized by a change of the round chondrocyte

shape into a fibroblast-like cell [137], and by declining and evenlual loss of synthesis

of type llcollagen and aggrecan [138,139]. lnstead, non-cartilage collagens like type I

and lll collagen are produced [140].
The dedifferentiation of chondrocytes could be delayed by culturing the cells al high
density [141]. For this culture system relatively large amounts of cells are necessary

(105 cells/cm2;. The synthesis of the cartilage-specific matrix proteins type ll collagen

and aggrecan is better maintained in this culture system than in monolayer [142],

albeit for three weeks only [143].
Embedding of chondrocytes in agarose gel [144] results in a stable phenotype, and a

three-dimensional matrix is formed, but cells and matrix molecules can not be

recovered from the gel [145]. These disadvantages for studying matrix synthesis can

be overcome by the alginate bead culture system for chondrocytes, which was first

described in 1989 by Guo et al [146]. ln this convenient system, the cells are

encapsulated in alginate, which is polymerized into beads by divalent cations like

Ca2*. This negative environment of the polyanionic polysaccharide chains is likely to

be the main cause for the phenotypic stability of the chondrocyte that can be

sustained for over 8 months 11471. A major advantage of the alginate culture system

is that beads can be solubilized by Ca2* -chelating agents like citrate and EDTA

followed by mild centrifugation. This permits the separation of the cells with their cell-

associated matrix from matrix fufther removed from the chondrocytes [148,149,150].
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5. OUTLINE OF THIS THESIS

ln normal cartilage, a tight balance exists between matrix synthesis and degradation.

However, in caftilage pathologies like OA and RA this balance becomes disturbed. For

instance, the early phase of OA is characterized by an increase in matrix synthesis by

chondrocytes, which is in later stages followed by an elevation of matrix degradation

caused by an increase in MMP-activity. This thesis describes the development and

utilization of new methods to obtain more insight in these processes.

ln chapter 2, the alginate culture system, which was recently shown to be appropriate

for studying proteoglycan synthesis [149,150], was explored by studying both

proteoglycan and collagen synthesis. The posttranslational modifications of the collagen

synthesized were characterized using newly developed methods to establish the

collagen identity. ln addition, the effect of preventing collagen crosslink formation on

collagen synthesis was studied.

Doxycycline is a tetracycline known to inhibit MMP-activity in vitro [151]and to reduce

the severity of OA in dog and Guinea pig models [152,153]. Whether the inhibition of

MMP-activity by doxycycline presents the only or major machanism to delay the

caftilage degradation is unclear: doxycycline concentrations attained in vivo (<10 pM)

may not be high enough to result in effective inhibition of MMP-enzyme activity (lC5s

values are 10{old higheQ. Other additional modes of action of doxycycline may be

involved. Recently, doxycycline was shown to suppress the synthesis of type X collagen

by hypertrophic chondrocytes [154]. ln chapter 3, the ability ol doxycycline to suppress

the elevated synthesis of type ll collagen, a feature of the still highly differentiated

chondrocytes in osteoarthritis, was investigated.

ln afihritis, synthesis of MMPs by chondrocytes and synoviocytes is increased which

may lead to matrix destruction if a negative imbalance occurs between MMPs and their

endogenous inhibitors (TlMPs). The elevated levels of MMPs found in synovial fluid are

usually measured by immunological methods using MMP-antibodies. However, these

methods do not discriminate between active MMP and inactive forms, like proMMPs

and TlMP-complexes. Since only active MMP is assumed to be involved in matrix

degradation, this is the most interesting MMP forms. ln chapter 4, a new and

convenient method for measuring overall MMP-activity in unactivated synovial fluid is
described, using a fluorogenic substrate for MMPs. ln addition, the MMP-activities in

synovial fluids f rom control subjects, and from patients with osteoarthritis and

rheumatoid arthritis were determined.
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Stromelysin (MMP-3) is alleged to have a crucial role in cartilage breakdown, either as

an activator of the pro{orms of the collagenases MMP-I, -8 and -13 or by direct

cleavage of type lX or Xl collagen, the Ntelopeptide of type ll collagen, and

proteoglycans. lmmunological methods revealed that MMP-3 is the most abundant

MMP in arthritic synovial fluid [121]. ln chapter 5, the development of a specific assay

for stromelysin activity in synovial fluid is described, including the comparison between

the MMP-3 activity in normal and rheumatoid synovial fluid.

ln arthritic cartilage, the elevated level of MMPs is likely to be the cause of the increased

damage to the collagen network [125]. A characteristic feature in early phases of

osteoarthritis is swelling of the cartilage, most likely due to (partial) breakdown of the

collagen network. ln chapter 6, a new and simple method is presented by which the

amount of damaged collagen in tissues can be quantified. To investigate whether

damage to the collagen network is related to the swelling of the cartilage this method

was applied in osteoarthritic cartilage specimens.

The catabolic cytokine interleukin-1 (lL-1) is considered to play a pivotal role in cartilage

degradation in inflammatory pathologies like arthritis. lts ability to induce MMP synthesis

by chondrocytes is directly associated with matrix degradation. Whether lL-1 itself is

able to generate active MMPs that degrade a matrix synthesized by chondrocytes was

investigated in the alginate culture system (chapter 7). The techniques described in the

preceding chapters, such as the alginate culture system, collagen and proteoglycan

measurements, quantification of denatured collagen, and MMP-activity measurements

were used to elucidate the role of lL-1 and MMPs in matrix degradation.
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Synthesis of collagen by bovine chondrocytes cultured

in alginate; posttranslational modifications

and cell-matrix interactions
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1 Gaubius Lab., TNO Prevention and Health, Leiden, The Netherlands

2 lnstitute for Experimental Medicine, Friedrich Alexander University,
Erlangen, Germany

ABSTRACT

The extracellular matrix synthesized by articular chondrocytes cultured in alginate

beads was investigated. Collagen levels increased sigmoidally with time and

remained constant after two weeks of culture. The presence of cartilage-specific type

ll collagen was confirmed immunohistochemically. Predominantly type ll collagen was

present in the alginate bead, as reflected by the unique extent of lysyl hydroxylation,

glycosylation, and pyridinoline crosslink formation measured. Collagen crosslinks,

predominantly hydroxylysylpyridinoline (>93%), were observed after 7 to 11 days of

culture and their formation was effectively blocked by B-aminopropionitrile (BAPN).

Unexpectedly, BAPN treatment resulted in a 100% increase of collagen levels,

without influencing cell proliferation and proteoglycan levels. ln control cultures 90%

of the synthesized collagen was retained in the cell-associated matrix, while in BAPN-

treated cultures half of the collagen was found in the interterritorial matrix

compartment further removed from the cells. This suggests that impaired crosslinking

of collagen interferes with pericellular collagen deposition, causing upregulation of

collagen synthesis by impaired cell-matrix interactions. lntegrins are likely to be

involved in this feedback inhibition by extracellular collagen since the cyclic RGD-

containing peptide CGRGDSPC downregulated collagen synthesis by 37"h.
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INTRODUCTION
ln articular cartilage, chondrocytes are surrounded by a well-organized extracellular

matrix (ECM) consisting of collagen, proteoglycans, (PGs) and noncollagenous proteins.

The collagen types ll, lX, and Xl form an insoluble fibrous network that is responsible for

the tissue's tensile strength [1-3].

After enzymatic isolation of the chondrocytes from cartilage tissue, synthesis of collagen

and proteoglycans is upregulated. When cultured in a monolayer at low density, the

round chondrocytes lose their cartilage phenotype and transform into flattened

fibroblast-like cells. The modulated chondrocytes gradually change to synthesis of type

l, lll, and V collagen instead of type ll collagen [4]. This modulation can be prevented for

at least 8 months by entrapment of chondrocytes in negatively charged alginate gel [5].

Chondrocytes maintain the caftilage phenotype and continue synthesizing type ll, lX,

and Xl collagen in ratios comparable to those found in cartilage [6]. An additional

advantage of this culture system is that the alginate gel can be resolubilized using mild

centrifugation which results in separation of cells with their rim of cell-associated matrix

(CM) from matrix further removed from the cell (FRM) [7,8]. This allows detailed

investigation of the constituents in these two distinct matrix pools, as shown for the

turnover of proteoglycans [7,8]. ln contrast, limited information is available about

posttranslational modifications of type ll collagen and their elfects on synthesis,

secretion, and extracellular deposition in the alginate matrix, which are of major

importance for its function in the ECM. These modifications include intracellular

enzymatic hydroxylation, giving rise to hydroxyproline and hydroxylysine residues, and

glycosylation, which results in galactosyl-hydroxylysine and glucosyl-galactosyl-

hydroxylysine residues [9,10]. Hydroxylation of lysine residues varies between the

different collagen types as does the number of glycosides per triple helix. For instance,

type ll collagen is about 6-fold more glycosylated than type I collagen. After excretion of

the triple helical collagen into the ECM, hydroxylysine residues in the telopeptides are

modified by lysyl oxidase into aldehydes, eventually resulting in trifunctional collagen

crosslinks which play an important role in the tensile strength of the cartilage [3].

Hydroxylysylpyridinoline (HP) crosslinks represent more than 95"/" ol the trifunctional

crosslinks in cartilage. Recently, the formation of collagen crosslinks by chondrocytes in

alginate beads was described by Petit et al. 16l. The present study focuses on the

quantification of posttranslational modifications and the effect of crosslink formation and

extracellular deposition of collagen on matrix synthesis. The results indicate feedback

regulation of collagen synthesis by interactions of chondrocytes with the pericellular

collagen matrix.
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MATERIAL AND METHODS
Chondrocyte isolation and culture
Chondrocytes from the metacarpophalangeal joint of calves (12-14 months old, local
slaughterhouse) were isolated by collagenase digestion: cartilage slices were minced and
digested overnight at 37'C in 0.14% (w/v) collagenase (Worthington CLS2) in Dulbecco's
modified Eagle's medium (DMEM). After filtration of the suspension, cells were washed and
cell entrapment was performed according to Guo et al 111). Briefly, cells were suspended in

1.2% (wlv) alginate (Keltone LVCR, Kelco, Chicago, lL) in 0.9% NaCl at a density of 4x106
cells/ml, which was passed dropwise through a 2Z-gauge needle into 102 mM CaCl2. Afterl0
min of polymerization, beads were washed in 0.9% (w/v) NaCl (3 times) and finally in

complete medium: DMEM-Glutamax (Gibco-BRL) supplemented with 100 U/ml of
penicillin/streptomycin, 10% (v/v) FCS (Gibco-BRL), and 50 pg/ml ascorbic acid. The cells
were cultured at 10 beads per 0.5 ml medium in a humid atmosphere ol 5"/" CO2 in air at
37"C; the medium was refreshed twice weekly. At indicated time points, beads were
harvested and stored at -20'C until analysis.
B-Aminopropionitrile (BAPN, final concentration, 0.005%, w/v) was dissolved in complete
medium and added to the culture after three days of preculture under control conditions. The
integrin-binding RGD peptides Gly-Arg-Gly-Asp-Ser-Pro and cyclic Cys-Gly-Arg-Gly-Asp-Ser-
Pro-Cys [30,33] (kindly supplied by Dr J.W. Drijfhout, Academical Hospital, Leiden, The
Netherlands) were added at 1 mM in complete medium to cultures from day 4 to day 11 and
the medium was refreshed once, on day 8.

lmmunohistochemistry
Cultured beads (18 days old) were fixated in p{ormaldehyde and embedded in paraffin. After
deparaffinization, the sections (5 pm) were stained for type I, ll, and X collagen using goat
anti-human type lcollagen (Quartett Co., Berlin), monoclonal anti-type ll collagen [14], and
monoclonal anti-human type X collagen [15]. Primary antibodies were visualized using
alkaline-phosphatase-labeled secondary antibodies and 3-hydroxy-2-naphthylacid 2,4-
dimethylanilide as color substrate. Nuclei were counterstained with hematoxylin [14].

DNA content of beads
Alginate beads were digested for 2 h at 65'C in 250 pl papain buffer (126 pg/ml papain in 50
mM phosphate buffer (pH 6.5),2 mM L-cysteine, and 2 mM EDTA; [16]). To 2 ml of Hoechst
dye 33258 (0.1 pg/ml in 10 mM Tris (pH 7.4), 1 mM EDTA, and 0.1 M NaCl), 50 pl of digest
was added and fluorescence was measured after 5 min in a Kontron SFM-25 fluorometer,
using calf thymus DNA (Boehringer-Mannheim, Germany) as a standard.

Collagen content
After washing with 0.9% NaCl containing 10 mM CaClz, followed by a wash with saline,
beads were hydrolyzed in 500 pl 6 M HCI/bead at 108'C under nitrogenlor 24 h. An aliquot
of the hydrolysate was subjected to amino acid analysis [17]. Based on hydroxyproline levels,
amounts of collagen were calculated (assuming 300 hydroxyproline residues/triple helix [18]).

Proteoglycan content
After digestion of the bead with papain (see above), the amount of glycosaminoglycans
(GAGs) was determined by the dimethylmethylene blue method using a commercial kit
(Biocolor Ltd., Belfast, Northern lreland).
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Glycosylation of collagen
Cultured alginate beads were washed in 0.9% NaCl and hydrolyzed under nitrogen in 2 M

NaOH (500 ;rllbead) tor 24 h at 108"C. Under these conditions, the glycosidic bonds remain
intact. For quantification, the hydrolysate was neutralized with an equal volume of 2 M HCI
and subjected to HPLC analysis using precolumn FMOC derivatization, as described
previously [19]. Glc-Gal-hydroxylysine (Hyl) was quantified using a standard, donated by Dr.
R. Tenni (University of Pavia, ltaly) [20]. Alkaline hydrolysates of bovine type ll collagen
(purified from nasal cartilage according to the procedure of Wu and Eyre [21]) and bovine
type I collagen (from achilles tendon, Sigma) were used as comparisons.

Separation of matrix pools
Chondrocytes surrounded by cell-associated matrix were separated from the further removed
matrix as follows [6]: the alginate beads were first dissolved in 10 vol of 55 mM sodium citrate
(pH 6.8) and 50 mM EDTA in saline for 15 minutes at 37'C. After centrifugation at 1009, the
pellet containing the cell-associated matrix, CM) and the supernatant with the further
removed matrix, FRM) were dried and hydrolyzed in 200 pl 6 M HCI (24 h, 108'C), or
digested in papain buffer first (for GAG analysis) and then hydrolyzed. The hydrolysates were
dried and subjected to crosslink and amino acid analysis.

Crosslink measurements
Acid hydrolysates of beads were dried and reconstituted in 5O"/" acetic acid and injected on
an HPLC system equipped with on-line sample purification on CC31 cellulose using a
Prospekt solid phase extractor (Separations, The Netherlands). The retained crosslinks were
eluted from the CC31 material and on-line chromatographed on a cation exchange column
(Whatman Partisil SCX). Eluting crosslinks were detected by a Jasco fluorometer (Model FP-
920, Separations, The Netherlands). The PYDiDPD HPLC Calibrator (Metra, Palo Alto, CA)
was used as standard.

Statistics
Experiments were performed at least in triplicate and expressed as means + SD. Student's l-
test was used for statistical analysis with P<0.05 considered significantly different.

RESULTS
Cell proliferation and matrix synthesis
The amount of DNA per bead increased 3-fold over a culture period of '15 days. At 4

days in culture an increase in DNA content of the beads was observed, which

remained constant atlet 20 days of culture (Fig. 1A). Glycosaminoglycan (GAG)

levels followed a similar pattern: in the first three weeks of culture the formation of

GAGs resulted in approximately 28 pg GAG/pg DNA afler 22 days (Fig. 1B). The

amount of collagen in the bead increased sigmoidally in time between the fourth and

fifteenth day of culture. Atler 22 days, the collagen had reached a level of

approximately 23 pg collagen/pg DNA (Fig. 1C). Thus, the ratio of collagen/GAG

(ttg/tig) aftell5 days is approximately 1.1, which is lower than that found in bovine

articular cartilage (4.1 pg collagen/pg GAG).
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The time curves for DNA, proteoglycan/DNA, and collagen/DNA levels in the bead

show that cell proliferation and matrix synthesis occur concomitantly.
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Fig. 1 Cell-proliferation and matrix synthesis by bovine articular
chondrocytes cultured in alginate. (A): Cell-proliferation expressed
as DNA content in the bead. (B): Amount of GAGs per DNA. (C):

Collagen levels per DNA. (D): HP collagen crosslink formation in
beads. Experiments were performed in triplicate; data are given as
means + SD.

B: GAG

a/\t/ \rv?
L

a

I
I

I
a

C: collagen

T
TI=-a.a
lr\r\

\T
a
l_

T
a

t
I

l
a

t
I

D: HP crosslink

T
o

lr
I
Il

a
It

IIT.
T I/Lla

-.!l
?'l 'a'

35



Chapter 2

Posttranslational modification of collagen
The posttranslational modifications of collagen deposited in the alginate bead were

characterized. Hydroxylation of the lysine residues was relatively constant at 57

residues Hyl per triple helix throughout the culture period, which is in good agreement

with isolated type ll collagen: 60 Hyl/triple helix (type I collagen contains only 30

Hyl/triple helix; Table 1). ln type ll collagen, about 75% of the Hyl residues is

enzymatically galactosylated to Gal-Hyl of which about 60% is subsequently

glucosylated, giving Glc-Gal-Hyl 122,231. Glycosylation levels of collagen in 32 day-old

alginate beads were around 37 residues Glc-Gal-Hyl/triple helix, which is comparable

with the values we observed in isolated type ll collagen (30 residues/triple helix), and

those reported by others (36 residues/triple helix [18,23]). ln contrast, type lcollagen

was much less glycosylated: about 7 residues Glc-Gal-Hyl/triple helix (Table 1).

Post-translational modifications of collagen

0.005 % type I type ll
control BAPN collagen collagen

collagen/DNA 17.1 t 1.5 35.8 *. 4.7
(us/us)

Hyl/triple helix 57 t 1 55 r 3 29^ 60'
(mol/mol)

Glc-Gal-Hyl/triplehelix 37 +3 7 +1 30 t2
(mol/mol) 4^ 36u

HP/triple helix 32 days 0.15 t 0.02 0.01 + 0.004 1 .5b
(mol/mol) 48 days 0.33 t 0.02 ND

LP/triple helix 32 days 0.010 t 0.003 ND 0.05b
(mol/mol) 48 days 0.021 t 0.003 ND

ratio HP/LP 32 days .'15 
3Ob

(mol/mol) 48 days 16

Table 1 Posttranslational characteristics of collagen synthesized by
bovine chondrocytes cultured in alginate. Also shown: the effect
of 0.005% BAPN on collagen crosslinking and collagen levels.
Experiments were performed in triplicate, data (mean * SD) are
from 32 day-old cultures. As a comparison, values for isolated
type I and type ll collagen (from bovine achilles tendon and
bovine nasal cartilage, respectively) are shown. ND, below level
of detection. " From [18]. 

b From [24].
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Thus, analysis of the total amount of collagen shows the unique levels of

posttranslational modification of type ll collagen. This implies that mainly type ll

collagen is present, supporting the immunohistological findings of Petit et a/. [6], who

demonstrated that approximately 95"/" ol the collagen is type ll, and 5% consists of

type lX and Xl collagen. Furthermore, it justifies our assumption that quantification of

hydroxyproline in the bead reflects type ll collagen.

After 7-'11 days of culture, formation of HP crosslinks was observed. The on-line

solid-phase extraction HPLC method resulted in chromatograms of alginate bead

hydrolysates which only showed HP and small amounts of lysylpyridinoline (LP)

without interference by other fluorescent peaks (Fig. 2). After 32 days of culture, the

amount of HP per collagen triple helix was still increasing. At this time, one bead

contained approximately 9.5 pmol HP/bead (Fig. 1D), corresponding to 0.15 HP

crosslinks/triple helix (Table 1). LP levels were approximately 0.01 LP crosslinksitriple

helix. Thus, the ratio of HP/LP was 15 alter 32 days of culture (Table 1). These data

are in good agreement with those recently reported by Petit ef a/., who found an

HP/LP ratio of 10 after 28 days of culture [6]. After 48 days of culture, higher HP and

LP levels were observed, 0.33 and 0.02 crosslink per triple helix, respectively (Table

1). The HP/LP ratio was not changed (15 vs 16). After these 7 weeks, pyridinoline

levels were still substantially lower than those in mature articular cartilage (HP

crosslinks: 1.5/triple hellx, LP: 0.05/triple helix, [24], indicating that the formation of

collagen crosslinks had not yet been completed. Thus, the high HP/LP ratio

corresponds to that in type ll collagen in cartilage, and not to type I collagen (e.9., in

bone the HP/LP ratio is about 4, [24]).

a:_
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Fig. 2 Solid-phase extraction high-performance
liquid chromatography to quantify
pyridinoline crosslinks in cultured
alginate beads. Beads were hydrolyzed
in 6 M HCI at 108'C for 24 h. fhe
hydrolysate was dried and dissolved in

50% HAc and directly injected on the
SPE-HPLC system. Bottom chro-
matogram: HP/LP standard; 5.0 and
0.99 pmol injected respectively (Metra
Biosystems). Top chromatogram: acid
hydrolysate of a 32 day-old alginate
bead. Fluorescence detection: 1.","- 295
nm, 1"..-400 nm.16 18 20

time
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Immunohistochemistry

The cells were homogeneously distributed within the alginate bead (Fig. 3A). ln
general, the chondrocytes showed a round cell morphology; at the edges of the bead

some flattened cells were observed. Chondrocytes were surrounded by a layer of

matrix (CM), with intense staining for type ll collagen (Fig. 3B). Staining for type I

collagen (an indicator for dedifferentiating chondrocytes) and type X collagen (a

marker for hypertrophic chondrocytes) was very weak and limited to the edge of the

bead. This indicates dedifferentiated or hypertrophic cells in this region, as also found

by Petit et al.16). Little or no type ll collagen staining was found in the interterritorial

matrix (also called further removed matrix), in agreement with data repofted by others

[5-7]. The interterritorial space between chondrocytes mainly consists of alginate

itself, as shown by scanning electron microscopy [25]. The immunohistochemical

distribution of collagen over CM and FRM was substantiated by biochemical

quantification of collagen in the cell-associated matrix versus that in the interterritorial

matrix pool. The CM contained 90% of the total collagen content and 91% of the

amount of HP.
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Fig.3 Light microscopy of 5 pm sections of 18 day-old alginate beads.
(A) Negative control: overview of chondrocyte distribution in
alginate. (B) lmmunological staining of type ll collagen. (C)

lmmunological staining of type I collagen. Separate chondrocytes
can be seen as single cells encapsulated in their cell-associated
matrix, containing predominantly type ll collagen. Virtually no
collagen staining was observed in the further removed matrix.
Magnification: 40x (A) or 400x (B,C).
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Inhibition of crosslink formation by B-aminopropionitrile (BAPN)

To investigate whether the formation of collagen crosslink formation is involved in

retaining collagen in the CM, cultures were performed in the presence of BAPN.

BAPN blocks formation of difunctional crosslinks by irreversible inhibition of lysyl

oxidase, the key enzyme in the formation of collagen crosslinks 126,271. As expected,

BAPN abolished HP formation (Fig. a). This resulted in a decrease in the percentage

of collagen in the CM from 90% (no BAPN) to 50% (0.005% BAPN), indicating that

nearly 40"h ol the non-crosslinked collagen diffused from the pericellular environment

into the FRM (Fig. 4). As expected, the equal distribution of collagen over the CM and

FRM could not be visualized by imunohistochemistry:the CM occupies only 5-10% of

the bead volume [8], so that equal distribution of the amount collagen over the two

compartments results in undetectable concentrations in the FRM, 10 to 20-fold lower

than those in the CM.

DNA/bEAd GAG/DNA COI/DNA HP/bEAd COIIAgEN
in CAM

Fig. 4 Effect of inhibition of crosslink formation by BAPN on cell
proliferation and matrix synthesis. Cultures were performed in the
absence and presence of BAPN (0.005%) for 32 days. Values of
control cultures are set to 100 %. -, significantly different, P<0.05.
Data are presented as means + SD from three experiments.

Crosslinking of collagen molecules into a three-dimensional network is expected to

keep the collagen molecules close to the cells. Confinement of crosslinked collagen

to the CM (only 10% diffuses into the FRM) is suppoded by the fact that collagen that
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has not been crosslinked, and GAGs [6] diffuse further into the bead: 40 and 50%,

respectively, are found in the FRM.

Remarkably, inhibition of crosslinking caused a significant increase in total collagen

levels. After 32 days, the amount of collagen was 2-fold higher than that in control

cultures (Fig. 4). This effect could not be explained by the number of cells in the bead:

BAPN did not affect cell proliferation (Fig. 4). Furthermore, the amount of GAGs
present in the bead was not significantly altered by BAPN (Fig. 4). Thus, interference

with collagen crosslinking selectively affects collagen synthesis without influencing

GAG synthesis or cell proliferation.

Cell-matrix interactions that affect collagen synthesis provide a possible explanation

for the selective increase in collagen synthesis by blocking collagen crosslinking. To

investigate whether this is mediated through integrin receptors, chondrocytes

embedded in alginate were cultured in the presence of RGD sequences to mimic

integrin-mediated cell-matrix interactions. Two RGD peptides were used: the linear

GRGDSP and cyclic CGRGDSPC (via the terminal cysteines). lnterestingly, the cyclic
RGD peptide significantly inhibited collagen synthesis (by 37o/"), whereas
proteoglycan synthesis was not affected (Fig. 5). The linear GRGDSP peptide did not

modulate collagen or proteoglycan synthesis (Fig. 5).

A: collagen

p<0.05 
r

-NrQ I-NS-rl

GRGDSP CGRGDSPC
control (linear) (cyclic)

GRGDSP CGRGDSPC
conlrol (linear) (cyclic)

Fig. 5 Effect of RGD peptides on matrix synthesis. Chondrocytes in
alginate were cultured in the presence of 1 mM linear GRGDSP or
1 mM cyclic CGRGDSPC (via the terminal cysteines). Collagen (A)
or proteoglycan (GAG; B) synthesis from day 4 to day 11 was
quantified (see Material and Methods). Collagen synthesis was
significantly suppressed by CGRGDSPC. No effects on
proteoglycan synthesis were observed. ., significantly different,
P<0.05.
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These findings are consistent with the effects of RGD peptides on chondrocytes
reported by Loeser [12] and Duerr et al.l28l: the linear RGD peptide was unable to
prevent binding of type ll collagen to chondrocytes, whereas the cyclic RGD peptide

CGRGDSPC inhibited type llcollagen binding by75%[12).

DISCUSSION
Our findings confirm that the alginate culture system for chondrocytes is a convenient
model for studying synthesis and extracellular deposition of ECM. Our data on

proteoglycan synthesis by bovine chondrocytes in alginate as well as cell proliferation

were similar to those reported by others [6,7]. The phenotypic stability of the

chondrocyte was shown by immunohistochemistry: antibody staining of histological

sections showed the presence of type ll collagen, whereas type I collagen, a marker
for dedifferentiating chondrocytes, could hardly be detected. ln addition, the collagen

synthesized by chondrocytes has normal posttranslational modifications for type ll
collagen: a high degree of lysyl hydroxylation and glycosylation, and a high HP/LP

ratio. Together, these findings indicate that chondrocytes cultured in alginate
predominantly synthesize type ll collagen.

The function of the difference in glycosylation between different collagen types is still

unclear. lnvestigators have suggested that the extent of glycosylation influences the

fibril formation rate as well as the fibril diameter [29,30]. ln addition, glycosylation may
play a role in crosslinking [29] or it may provide resistance to proteolytic degradation

[29,30]. The alginate system provides a convenient model for studying this issue by

using, for instance, selective inhibitors of hydroxylases and glycosyltransferases to

modify this type of posttranslational modification [31].
Prevention of collagen crosslinking could be achieved by the addition of BAPN to the

cell culture. Unexpectedly, this resulted in a 2-fold higher collagen level in the bead,

without affecting cell proliferation or GAG levels. This suggests that chondrocytes

continue to produce collagen until the collagen network around the cell causes a
feedback to the cells; in the absence of crosslinking, collagen molecules are less well

retained close to the cell, and thus the chondrocyte experiences reduced

downregulation of collagen synthesis.

The regulation of collagen synthesis by an intact extracellular matrix was observed
earlier for fibroblasts: Mauch et al. [32] have demonstrated a dramatic reduction of

collagen synthesis by fibroblasts added to a retracting collagen lattice. Collagen-

chondrocyte interactions have been shown to be regulated via binding to integrin

receptors 112,28,33,341. ln this study, we demonstrated that addition of a cyclic RGD
peptide impaired collagen synthesis. Thus, occupation of integrin receptors by the

cyclic RGD ligand could mimic type ll collagen binding, resulting in feedback inhibition
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of collagen synthesis. The alginate culture system for chondrocytes is an excellenl

model for investigating these chondrocyte-collagen interactions in more detail.
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Doxycycline inhibits collagen synthesis by bovine

chondrocytes cultured in alginate

B. Beekman, N. Verzijl, J.A.D.M de Roos, J.L. Koopman

and J.M. TeKoppele

Gaubius Lab., TNO Prevention and Health, Leiden, The Netherlands

ABSTRACT

Doxycycline is known for its ability to inhibit matrix metalloproteinases (MMPs), a

family of enzymes that play a role in cartilage breakdown in arthritides. lts
prophylactic effect in reducing joint degradation in osteoarthritis is mainly attributed to

this property. ln this study, we show that doxycycline exhibits a profound inhibition of

collagen synthesis by bovine afticular chondrocytes cultured in alginate. At 25 pM

doxycycline, collagen synthesis was decreased with SO"h', no effect on cell

proliferation (DNA levels) or general protein synthesis 135S-Met and 3sS-Cys

incorporation) was observed. Messenger RNA levels of type ll collagen were also

reduced, indicating an effect of doxycycline at the transcriptional level. The

concentration of doxycycline needed to downregulate collagen synthesis was > 10-

fold lower than that needed to inhibit most of the MMPs. lnasmuch as differentiated

chondrocytes in the early stages of osteoarthritis exhibit increased collagen synthesis,

the beneficial effect of doxycycline in vivo may involve prevention of changes in

chondrocyte phenotype.
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INTRODUCT!ON
Tetracyclines possess anti-microbial properties as well as inhibitory effects towards

matrix metalloproteinases (MMPs; collagenases, stromelysins and gelatinases) [1-4].
lnhibition of MMPs by for instance doxycycline, minocycline and lymecycline occurs

independently of their antimicrobial activity. MMPs play an important role in the
physiological and pathophysiological breakdown of extra-cellular matrix (ECM) t5-71.

The beneficial effect of doxycycline on ECM degradation in animal models and

humans in periodontal and arthritic diseases [8-12] has been attributed to the

inhibition of MMPs. At least two mechanisms seem to be involved: inhibition of active

MMPs by chelation of calcium and zinc ions [2,13], and impairment of activation of

neutrophil procollagenase (MMP-8) [14]. ln spite of the large number of studies on

matrix degradation, no reports exist on the effects of the drug on matrix synthesis by

chondrocytes. ln the present study, we investigated the direct effect of doxycycline on

matrix synthesis by bovine chondrocytes and found a profound effect on collagen

synthesis.

MATERIAL AND METHODS
Cell isolation and culture
Chondrocytes from the metacarpophalangeal joint of calves (12-14 months old) were isolated
by collagenase digestion following established procedures [15-18]. Cell entrapment was
performed according to Guo etal. [16]. Briefly, cells were suspended in 1.2%(wlv) alginate
(Keltone LVCR, Kelco, Chicago, USA) in 0.9% (w/v) NaCl at a density of 4x106 cells/ml,
which was passed dropwise through a22-gauge needle into 102 mM CaC12 [15-18]. After 10
minutes of polymerization, beads were washed in 0.9% (w/v) NaCl (3 times) and cultured in
DMEM-glutamax (Gibco-BBL) supplemented with 100 U/ml of penicillin/streptomycin, 10%
(v/v) FCS (Gibco-BRL) and 50 prg/ml ascorbic acid. Ten beads were cultured in 0.5 ml
medium in a humid atmosphere of 5"/o CO2 in air at 37"C and medium was renewed twice a
week. Doxycycline (Sigma) was dissolved in culture medium in the appropriate concentration.
Treatment with doxycycline was started after 3 days of culture. At several time points, beads
were harvested and stored frozen (-20'C) until analysis. Cultures and experiments were at
least performed in triplicate.

Assays
DNA content
Chondrocyte containing alginate beads were digested for 2 hours at 65"C in 250 pl papain
buffer (126 pg/ml papain in 50 mM potassium phosphate buffer, pH 6.5,2 mM L-cysteine and
2 mM EDTA [19]). To 2 ml of Hoechst dye 33258 (0.1 pgiml in 10 mM Tris, pH 7.4,1 mM
EDTA and 0.1 M NaCl) 50 pl of digest was added and fluorescence was measured in a
Kontron SFM-25 fluorometer, using calf thymus DNA as a standard.

Viability test
After 7 days of culture beads were lyzed in 50 mM sodium citrate in PBS (1 hour 37.C), and
the cell pellet was trypsinized to remove extracellular matrix. Cell viability was performed
using the trypan blue assay.
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Collagen content
Harvested beads were washed twice, once in 0.9% (w/v) NaCl containing 10 mM CaCl2 and
once in saline, and were hydrolyzed in 500 pl 6 M HCI per bead at 108'C for 24 hrs. An

aliquot of the hydrolysate was subjected to amino acid analysis (HPLC) to determine the
amounts of the collagen-specific amino acid hydroxyproline [20]; collagen levels were
determined based on 300 residues per triple helix [24].

Protein synthesis
Chondrocytes encapsulated in alginate beads were cultured for 7 days in DMEM-glutamax
(Gibco-BRL) supplemented with t00 U/ml of penicillin/streptomycin, 10"/, (vlv) FCS (Gibco-
BRL) and 50 pg/ml ascorbic acid, and were treated with doxycycline (0-75 pM) from day 3 to
7. Thereafter, the beads were cultured in the same medium with 1 ;rCi Tran35s label
(containing tus-Cys and 3ss-Met, ICN Biomedicals, Netherlands) for 24 h lo label newly
synthesized proteins. The beads were washed three times in saline containing 1.5 mM Cys
and 1.5 mM Met to remove non-incorporated radiolabel. Beads were digested in papain
buffer (see above) and the resulting digest was analyzed for DNA (see above) and counted
in a liquid scintillation counter (Packard Tri-Carb 1900CA). General protein synthesis was
expressed per pg DNA, with data from control culture (no doxycycline) set to 100%.

Collagen mRNA analysis
Total RNA was isolated according to Chomczynski and Sacchi [21] from 2 .106 cells cultured
in alginate for 7 days in complete medium (see above) containing 0, 10 or 25 pM doxycycline.
Alginate beads were lyzed in 50 mM EDTA in 50 mM sodium citrate buffer (pH 7.5) for 30
minutes at 37'C prior to RNA isolation. Ten pg of total was fractionated by electrophoresis on
a 1o/o (wlv) denaturing agarose gel containing 0.75"/" tormaldehyde and transferred to a nylon
membrane (Hybond N, Amersham, UK) using a Vacugene system (Pharmacia, Sweden). A 3
kB EcoRl fragment of the human type ll collagen cDNA (HC22, a kind gift of Dr. Ramirez

122)), and a 1.2 kB Pstl fragment of the rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA were used as probes. The cDNA fragments were labeled with 32P-dCTP

using the random primer method (Multiprime, Amersham, UK). Membranes were hybridized
with 1 ng t'P-labeled cDNA fragments (approximately 10s cpm/pg DNA) per ml in 0.5 M

sodium phosphate buffer (pH 7.2) containingT% (wlv) SDS and 10 mM EDTA at 60"C for 1B

h and subsequently washed two times for 30 minutes with 1% (w/v) SDS in 150 mM NaCl/15
mM sodium citrate at 60'C. The membranes were exposed to Fujix intensifying screens for
16 h and relative intensities of the bands were quantified by a Fujix Bas 'l 000 Phosphor-
imager using Tina software. The amount of type ll collagen mRNA was expressed as a
percentage of control culture (no doxycycline), relative to GAPDH mRNA.
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RESULTS
Effect of doxycycline on chondrocyte DNA content and matrix synthesis.

To investigate the effect of doxycycline on collagen synthesis, the antibiotic was

added to the medium from culture day 3 onwards (10-75 pM). After 15 days of

culture, the beads were harvested and analyzed. Only at the highest dose used (75

pM) cell proliferation, measured as DNA content of the bead, was slightly inhibited

(Fig. 1A).
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Fig. 1 Effect of doxycycline on cell proliferation (DNA, A), collagen
synthesis (B) and protein synthesis rate (C) by articular
chondrocytes cultured in alginate. Doxycycline was added at day 3
and maintained in the medium throughout the culture period of 15

days; see Material and Methods for details. Values for (A) and (C)

were obtained after a culture period of 15 and 7 days, resp. For

(B)O, control;A, l0 pM doxycycline:Y,25 pM;1,75 pM.

At all doxycycline concentrations cell viability was >960/o, indicating that doxycycline is

not toxic under the conditions used.

Remarkably, the amount of collagen synthesized was significantly lowered in the

presence of doxycycline (Fig. 1B). For all concentrations of doxycycline,

collagen/DNA curves were sigmoidal and reached a plateau after 15 days of culture.

The rate of the collagen synthesis (slope at the steepest part of the sigmoidal curve)

as well as the final collagen levels (plateau) were lowered in a dose- dependent

manner, with an lC5s of approximately 20 pM (Fig. 2A).

ln contrast to collagen synthesis, the rate of general protein synthesis (determined at

day 7\ was not significantly affected for up to 25 pM doxycycline; at 75 pM the rate of

general protein synthesis was slightly reduced with 20% (Fig. 1C).
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The lower levels of collagen in the presence of doxycycline can result from either a

decreased synthesis, an increased degradation or a combination thereof. lnasmuch

as levels of hydroxyproline secreted in the medium were not elevated (results not

shown), increased intracellular lysosomal degradation is unlikely.

Altogether, this suggests that the mode of action of doxycycline wlll be on the level of

collagen synthesis and therefore mRNA of type ll collagen, the major collagen (>95%)

synthesized by chondrocytes, was quantified.

25 50 75

doxycycline (pM)

Fig.2 Effect of doxycycline on collagen levels in the bead after 15 days
of culture (A) and on type ll collagen mRNA after 7 days of culture
(B). Chondrocytes in alginate were cultured in the presence of
doxycycline (0,'10 or 25 pM) from day 3 until the cells were
harvested (see Material and Methods). The ratio of type ll collagen
mRNfuGAPDH mRNA from cultures without doxycycline was set
to 100%.

Type llcollagen mRNA

ln the presence of doxycycline, a concentration-dependent inhibition of type ll

collagen mRNA levels was found. At 25 pM doxycycline, type ll collagen mRNA was

reduced with 30%, suggesting inhibition of collagen synthesis at the transcriptional

level (Fig. 2B).

Reversibility of collagen synthesis inhibition
To investigate whether the inhibitory effect of doxycycline on collagen synthesis is

irreversible, chondrocytes were cultured in the presence of doxycycline (25 pM) from
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day 3 until day 11 or day '15. Thereafter, the chondrocytes were cultured under control

conditions to evaluate whether the chondrocytes regain their capacity to synthesize

collagen. At this concentration (25 pM), doxycycline had no effect on cell proliferation

(Fig. 1A). After excluding the drug from the culture medium, the amount of collagen in

the bead increased sigmoidally, comparable to that in control cultures (Fig. 3). The

delay of synthesis was related to the presence of doxycycline: even after 12 days in

the presence of doxycycline (from day 3-15) collagen synthesis was regained,

indicating the reversibility of the effect of doxycycline on collagen synthesis.

-o- no Dox

I,l ,,,.
+ ,,/
-L

25 pM Dox,

day 3-1 1

25 pM Dox,

day 3-15

/ /

't0 15 20

culture time (days)

Fig.3 Reversibility of collagen synthesis inhibition by doxycycline.
Chondrocytes in alginate were cultured in the absence ol
doxycycline (control, O), or with 25 yM doxycycline from day 3 until
day 11 (I) or from day 3 until day 15 (V).

CONCLUSION AND DISCUSSION
The present study shows that doxycycline selectively and reversibly inhibits collagen

synthesis by articular chondrocytes (mRNA and collagen protein measurements).

Under the experimental conditions doxycycline had little or no effect on cell

proliferation or chondrocyte viability, consistent with findings of others [23]. Up to 25

pM, general protein synthesis (rate of incorporation of radiolabeled Cys and Met) was

not affected by doxycycline. The low levels of Met and Cys in type ll collagen (5 and 0

residues per 1000 amino acids, respectively [24]), the major collagen synthesized by

chondrocytes cultured in alginate [15,25], explains why the strong inhibition of

E(t
320
cg1s
-6
8to
o,
f-

5

30

52



lnhibition of collagen synthesis by doxycycline

collagen synthesis is not reflected in the determination of the rate of general protein

synthesis.

It has been suggested that doxycycline presents a new therapy for reducing joint

degradation in arthritis by inhibition of MMPs [8,10-12,26]. However, doxycycline only

exerted a protective effect in OA when given prophylactically 111,121, and doxycycline

concentrations attained in vivo (<10 pM [12])are not high enough to effectively inhibit

MMPs (lcso 80-400 pM; with the exception that MMP-8 may be substantially inhibited

(lCso = 20 UM; 15,27,28)). These observations suggest that MMP inhibition may not be

the only or major mechanism of action of doxycycline. lnterestingly, the inhibition of

collagen synthesis in our study was achieved at doxycycline concentrations attained

in vivo, thus lower than those required to inhibit MMPs: at 10 pM substantial reduction

of type ll collagen mRNA and total collagen levels was observed. ln early phases of

OA, an increase in type ll collagen mRNA as well as newly synthesized type ll

collagen is an imporlant feature [29-33] that was shown to be correlated to the change

in chondrocyte phenotype [32]. Our findings that doxycycline effectively suppresses

collagen synthesis by chondrocytes suggests that it may delay the change in
chondrocyte phenotype typically seen in OA. This is suppofted by the suppression of

type X collagen specifically deposited by hypertrophic chondrocytes [23], a phenotype

encountered in OA [32,34].
Altogether, the combined rn vitro and rn vlvo findings suggest that the protective effect

of doxycycline in OA may involve mechanisms other than MMP-inhibition alone, such

as the prevention of phenotypic changes in the chondrocyte.
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ABSTRACT

Matrix metalloproteinases (MMPs) are involved in physiological tissue remodeling

and pathological conditions like tumour metastasis and joint destruction. Until now, no

convenient and sensitive MMP-activity assay in crude media like synovial fluid has

been available. Therefore, the highly soluble fluorogenic substrate TNO21'l (Dabcyl-

Gaba-Pro-Gln-Gly-Leu-Glu(EDANS)-Ala-Lys-NH2), containing the MMP cleavable

Gly-Leu bond and EDANS/Dabcyl as fluorophore/quencher combination, was

synthesized and characterized as a MMP specific substrate. We show that the

fluorogenic assay using TNO211 is sensitive and can detect MMP-activity in culture

medium from endothelial cells and untreated synovial fluid (SF) from RA and OA

patients, and control subjects. MMP-activity in SF significantly increased in the order

C < OA < RA, thus the frequent use of OA samples as controls in studies on RA is
debatable.
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INTRODUCTION
Matrix metalloproteinases (MMPs; e.g. collagenases, stromelysins and gelatinases)

are involved in the degradation of the extracellular matrix in physiological and
pathophysiological turnover of tissues. ln particular, elevated levels of MMPs have

been found in pathological conditions such as rheumatoid arthritis, osteoarthritis [1],
and tumour metastasis [2,3]. After excretion from the cell as inactive pro-enzyme

(proMMPs), MMPs undergo extracellular activation into the active enzyme, which can

be rapidly neutralized by reversible, stoichiometric binding with tissue inhibitors of

metalloproteinases (TlMPs). Therefore, to assess the potential of matrix degradation

by MMPs (levels of active MMP are usually less than 5% of total MMP), net enzyme

activity is more appropriate than total amounts of (pro)MMPs plus MMP-TIMP

complexes as frequently determined by immunoassay [4-7]. Activity assays for MMPs

comprise methods based on physiological substrates (e.9. radiolabeled collagen,

casein or proteoglycans) or synthetic substrates. The former methods are mostly too

insensitive for detection of MMP activity in unactivated biological media. Recently, the

use of fluorogenic peptides for measuring activity of purified MMPs was described [8-

1 11. These substrates consist of a fluorophore and a light-absorbing group (quencheQ

attached to an amino acid sequence that is recognized by MMPs. After enzymatic

cleavage the quenching is eliminated and fluorescence is observed. So far, the use of

this kind of substrates in synthetic MMP-inhibitor studies or biological media is
hampered by optical disturbances from the medium and their low solubility, due to the

(lipophilic) fluorophores and quenchers used.

The present study was designed to develop a water soluble fluorogenic MMP-

substrate containing the charged EDANS/Dabcyl groups [12] and apply it to relatively

complex samples such as cell culture medium and synovial fluid.

MATERIAL AND METHODS
Synthesis of fluorogenic substrate TNO21 1

The fluorogenic substrate Dabcyl-Gaba-Pro-Gln-Gly-Leu-Glu(EDANS)-Ala-Lys-NH2 was
synthesized according to the method described by Drijfhout et al.1131.

Proteolytic enzymes
The gelatinase zymogens proMMP-2 [14] (EC 3.4.24.24) and proMMP-9 [15] (EC 3.4.24.35)
were kindly provided by Dr. H. Nagase (University of Kansas, USA) and Dr. V. Knduper
(Strangeways Laboratories, Cambridge, UK), respectively. Recombinant human stromelysin
[1 1] (active form, MMP-3; EC 3.4.24.17) and the 19 kDa catalytic domain of collagenase
[1 6,17] (19 kDa MMP-1; EC 3.4.24.7) were a gift from Dr. J. McGeehan (Glaxo lnc.,
Research Triangle Park, NC, USA). The 19 kDa MMP-1 has the same specific activity for
small peptide substrates as full length MMP-l [17,18] and was therefore considered suitable
for the present study. PToMMP-2 was activated at 37"C for 2 hours and proMMP-9 at 4"C for
18 hours in bufferA (50 mM Tris (pH 7.6), 150 mM NaCl,5 mM CaClz, 1 pMZnCl2,O.O1'h
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Brij-35) plus 1 mM APMA, resulting in >90% activation into the active enzymes (validated

with gelatin zymography [19]). Plasmin (EC 3.4.21.7) was obtained from Kordia (Leiden, the
Netherlands), human recombinant urokinase-type plasminogen activator (u-PA, EC

3.4.21 .73), from Serono (Aubonne, Switzerland) and human neutrophil elastase (EC

3.4.21 .37\ from the Bloodbank (Leiden, the Netherlands); all these enzymes were supplied in

the active form.

lncubation conditions
All incubations were performed at 37"C in buffer A), unless stated otherwise. Enzyme and

substrate were preincubated separately for 5 minutes at 37'C. lnhibitors Na2EDTA and

aprotinin (Kordia, Leiden, the Netherlands) were dissolved in buffer A. A stock solution (10

mM) of the MMP inhibitor RS47,112 (gift of Dr. R. Marlin, Roche Bioscience, Palo Alto, CA,

USA, also known as BB94 [20]) was made in DMSO. Conversion of TNO2l 1 by plasmin, u-

PA, or elastase was investigated by incubation of 5 pM substrate with high concentrations of

these enzymes (100 nM) in buffer A by monitoring fluorescence (1"",=!{Q nm, }'".=495 n6'
Kontron SFM-25 fluorometer).

Solubility of fluorogenic substrates
Saturated solutions of 50 nmol peptide in 100 prl incubation buffer A were made without the

addition of organic solvents. After t hr at 37'C and 5 minutes of vortexing, the samples were

centrifuged (5 min at 10,0009) to remove insoluble material, and were subjected to RP-HPLC

to determine the solubility of the substrate. Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 was from
Bachem (Bubendorf , Switzerland) and DNP-Pro-Cha-Gly-Cys(Me)-His-Ala-Lys(Nma)-NH2
was a gift from Dr. J. McGeehan [.] 1].

Reversed Phase-High Performance Liquid Chromatography (RP-HPLC)

Purification of synthesized peptide and quantitation of cleavage products was determined
with a Perkin-Elmer C16 Pecosphere 3x3C column eluted with a linear acetonitrile gradient in

0.1% TFA; 1.0 ml/min delivered by a Gynkotek Model 480 pump. Samples were injected with
a WISP model 710B automated injector (Waters); detection comprised absorbance al 214 or
520 nm (Applied Biosystems Model 7594) and a Jasco Model 821-FP fluorescence detector
(I",=340 nm, )"".=485 nm). Data analysis was performed with Peakmaster v3.2 (Harley

Systems, Bucks, UK). ldentity of the substrate and cleavage products was established by

TOF-MALDI mass spectrometry [21] (Lasermat, Finnigan MAT) and amino acid analysis of
collected f ractions [22].

Enzyme kinetics
Proteolytic enzymes (19 kDa MMP-1,25nM; MMP-2, 1.5 nM; MMP-3,7.2nM; MMP-9, 1.5

nM) were incubated with 1.8 pM TNO21 1 in buffer A. At 0, 20, 40,60 and 90 minutes, 50 Pl

aliquots were added to an equal volume of ice-cold 40 mM EDTA in 0.1% TFA. Substrate
concentrations at time point zero, [S]0, and other time points, [S]t, were quantified by RP-

HPLC. Catalytic efficiencies (k,r/K^values) were calculated from the equation [S]/[S]o = ekt,

with k = [E]tot.(k""t/K.) 111,24).

MMP-activity in synovial fluid and culture medium
The feasibility of applying EDANS/Dabcyl peptides to determine MMP activity was
investigated with synovial fluid and tissue culture samples. Synovial fluids were obtained from
patients with rheumatoid arthritis (RA-SF; n=8, mean age 48 y, range 32-73 yl, patients with
osteoarthritis (OA-SF; n=5, 66 y, 52-80 y), and post mortem from individuals without any sign
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of arthritis, which were regarded as controls (C-SF; n=9, 45 y, 23-26 y). After centrifugation
(4'C, 10.000 g, 15 min.) and S-fold dilution with incubation buffer A, MMP activity of 75 pl
diluted SF (without activation of proMMPs) was measured at 37'C with substrate TNO211 (5
pM) in a total volume of 150 pl incubation buffer. lncrease in fluorescence was followed
continuously (I",=340 flrll, 1.",={$$ nm; Kontron SFM-25 fluorometer). lncubation time was
extended up to 6 h for samples containing low activity to acquire reliable ARFU/time data.
Conditioned media (75 pl) from untreated human umbilical vein endothelial cells cultured
under serum-free conditions tor 24 h ['l 9] were incubated with 5 ;rM TNO211 in a total
volume of 150 pl. Increase in fluorescence was measured as mentioned above. To some
incubations of biological media enzyme inhibitors were added, see figure legends for details.

RESULTS
Substrate cleavage site
Substrate TN021 1 (Dabcyl-Gaba-Pro-Gln-Gly-Leu-Glu(EDANS)-Ala-Lys-NH2) was

incubated with all MMPs available and hydrolysis was followed by RP-HPLC to
confirm that cleavage occurred exclusively at the Gly-Leu bond: incubation of

substrate TNO211 with MMP-9 resulted in two new peaks (al 214 nm) in the
chromatogram, with a concomitant decrease in peak height of the substrate peak

(Fig. 1). The first peak also exhibited fluorescence.

flu 340/485 nm

B: TNO211 + MMP-9

10

time (min)

10

time (min)

Fig. 1 HPLC analysis of incubation mixtures of TNO21 1 in the absence
or presence of MMP-9: S, the parent peptide Dabcyl-Gaba-Pro-
Gln-Gly-Leu-Glu(EDANS)-Ala-Lys-NH2 (MH*6s,.='l !p7.6, M H*"a"=
1326.5); NS, the N-terminal fragment (Dabcyl-Gaba-Pro-Gln-Gly;
MH*r"""-638.3, MH*""1"=637.3' 63, the C{erminal clqavage
product (Leu-Glu(EDANS)-Ala-Lys-NH2). Note the quenched
fluorescence of the parent peptide. Small differences in retention
times correspond to void volumes between detectors.

A: TNO211, no MMP-9
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Using amino acid analysis, this peak was identified as the C-terminal hydrolysis

product Leu-Glu(EDANS)-Ala-Lys-NH2. Detection at 520 nm (Dabcyl group) showed

two major peaks in the chromatogram: the parent compound (S) and the N-terminal

cleavage product Dabcyl-Gaba-Pro-Gln-Gly (NS). The identity of the latter was

confirmed by amino acid analysis and mass spectrometry (MH*,eas-638.3). This

exclusive cleavage of the Gly-Leu bond was found for all the MMPs tested.

Fluorescence response of EDANS/Dabcyl peptides

To establish whether measurement of fluorescence is a reflection of turnover of the

synthetic substrates, the fluorescence was related to the amount of cleavage product

formed (measured by HPLC). lncubation of TNO211 with MMP-9 showed that

fluorescence values are proportional to the amount of N{erminal cleavage product,

Dabcyl-Gaba-Pro-Gln-Gly (>0.999) and EDANS-fluorescence was quenched for

98.4"/" by Dabcyl. Furthermore, the rate of increase in fluorescence was linearly

related to the amount of enzyme (r>0.99; 5 pM TNO211, Fig. 2).

Fig. 2 Change in fluorescence (ARFU) increased linearly with time upon
incubation of TNO211 (5 pM) with MMP-1 (A, 50 nM; O, 20 nM; A,
10 nM; o,5 nM; V,2.5 nM; i, t nrr4l. No change in fluorescence
was observed with buffer only (l), or a high concentration of
MMP-1 (50 nM) in the presence of 10 mM EDTA (0; coincides with
the data of the substrate control). The rate of change in

fluorescence (ARFU/time) derived from the lines in (A) was
proportional to the concentration of MMP-1 (B),
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TNO2l'l allows sensitive measurement of MMP activity: for instance, 1 nM MMP-1

can routinely be measured in a 10 minute incubation with purified enzyme (Fig.2).

Substantially lower detection limits (down to 10 pM) can simply be achieved by

increasing the incubation time.

Enzyme kinetic properties and solubility of EDANS/Dabcyl peptides

For allTNO211-MMP combinations tested, first order enzyme kinetics were observed:

incubations showed a linear decrease of ln([S]1/[S]o) as a function of time (r>0.99).

Catalytic efficiencies h^tlK^, ranged from 21,000 (MMP-1) to 619,000 M 1s 1 
IMMP-2,

see Table.l). Fluorogenic substrates studied by others show large differences in

k^t/K^ values between the different MMPs [8,9]. For instance, two commercially

available fluorogenic substrates, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NHz [9] and

DNP-Pro-Leu-Gly-Leu-Trp-Ala-D-Arg [8] show a 40- to 70- fold higher k",t/K. for

MMP-2 (even at 25'C) than for MMP-'1 (at 37'C; table 'l ). For substrate TNO21 1, this

ratio between MMP-2 and MMP-1 (both determined at 37'C) is only 29. The catalytic

efficiency of TNO211 for MMP-3 is 2{old greater than that for MMP-1, similar to Mca-

Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (1.6 fold). Altogether, TN0211 represents a

general MMP-substrate. Furthermore, TN02't'1 was highly soluble (80 pM) in buffer

without the addition of organic solvents, in contrast to MMP-substrates containing

Mca/Dnp or Nma/Dnp as fluorophore/quencher couple (less than 5 pM, Table 1). ln

synthetic MMP-inhibitor studies where substrate concentrations up to 3 times K. are

preferable (estimated for TNO211, K, = 25 pM, and for Mca-Pro-Leu-Gly-Leu-Dpa-

Ala-Arg-NH2, Km = 70 pM, both for MMP-2 [9]), substrate TNO211 is favoured over

the lipophilic substrates containing Mca/Dnp or Nma/Dnp.

Specificity of EDANS/Dabcyl peptides for MMPs

ln biological fluids and culture media other proteinases than MMPs can be abundant

like the serine proteinases plasmin and u-PA, and the metalloproteinase elastase

125,26). Cleavage of the EDANS/Dabcyl substrates by these enzymes will interfere in

an MMP-activity assay. Therefore, incubations were performed with fluorogenic

substrate TNO21.l and 100 nM plasmin, u-PA or elastase. The increase in

fluorescence was followed in time and compared to the hydrolysis by 10O-fold lower

concentrations of MMP-'1 (1 nM). No conversion of the substrate by plasmin, u-PA nor

elastase was detected after 30 minutes, whereas increase in fluorescence with as low

as 1 nM MMP-1 could easily be monitored (Fig.3). Furthermore, addition of 10 mM

EDTA (FiS. 3) or 1 ,1O-phenanthroline totally abolished the conversion of
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Table 1. MMP substrates: amino acid sequence, solubility and catalytic efficiency (kca11Km) 37°C 

TN0211 Dabcyl-Gaba-Pro-Gln-GlyTLeu-Glu(EDANS)-Ala-Lys-NH2 

Dnp-Pro-Leu-GlyTLeu-Trp-Ala-D-Arg-NH2 

Mca-Pro-Leu-GlyTLeu-Dpa-Ala-Arg-NH2 

Dnp-Pro-Cha-GlyTCys(Me)-His-Ala-Lys(Nma)-NH2 

T, MMP cleavage site ; N.D. , not determined . 
a Solubility in buffer A without addition of organic solvents . 
b Determined at 25°C. 

Solubilitya (µM) 

80 

N.D. 

4.3 

4.6 

kcatlKm (X 103 M"1S- 1
) 

MMP-1 MMP-2 MMP-3 MMP-9 

21 619 40 206 

0.83 58a 2.2 

14.8 629b 23 

13 86.6 

Ref. 

[8] 

[8] 

[11] 



Chapter 4

substrates. In conclusion, interference by elastase or serine proteinases in MMP-

activity assays in crude media with TNO211 is unlikely.

Fig. 3 TNO211 (5 UM) was incubated at
37'C with 100 nM plasmin (r), u-PA
(A), or elastase (O). No change in

fluorescence was observed. ln
contrast, a substantially lower
concentration of MMP-1 (o, 1 nM),
resulted in a rapid increase in
fluorescence.

MMP-activity in culture medium and synovialfluid
Although several fluorogenic substrates for MMPs have been described, their
application to measure MMP activity in biological media has not yet been reported or

failed [8] due to optical interactions of the fluorophore with the medium. Since the

emission wavelength of EDANS is relatively high (485 nm) in comparison to other
fluorophores used in fluorogenic MMP substrates, disturbances from the medium will

be less severe.

Serum-free medium from non-activated human endothelial cells have been shown to
contain MMPs (predominantly gelatinases [19]). When incubated with TNO211, a
linear increase in fluorescence was observed within minutes indicating the presence

of active MMPs in the conditioned medium. The addition of EDTA totally suppressed

the increase of fluorescence (>99%; Fig. aA).

Also, unactivated synovial fluid from rheumatoid arthritis patients caused a linear

increase in fluorescence with time (Fig 48). This increase in fluorescence could be

inhibited lor 94/" by 10 pM RS47,112 (a synthetic MMP inhibitor [20]) or 10 mM

EDTA (95% inhibition). As expected, no inhibition was found when 10 pM (400

KIU/ml) aprotinin, a serine proteinase inhibitor, was added to the incubation. These

experiments indicate that only MMPs in SF are responsible for the turnover of the

fluorogenic substrate TNO21 1 .
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Fig. 4 Unactivated culture medium (A) or synovial fluid (B) was incubated
with substrate TNO211 (5 pM; 37"C). Conditioned medium from
human umbilical vein endothelial cells (serum free; two-fold
diluted, o) resulted in increasing fluorescence (ARFU), linearly
with time. This increase in fluorescence was totally abolished by
10 mM EDTA (O, A). Fluorescence resulting from the cleaved
fluorogenic substrate increased linear with time in the presence of
synovial fluid from a rheumatoid afthritis patient (ten-fold diluted,
o). Addition of the synthetic MMP-inhibitor RS47,'l 12 (also known
as BB94; 10 pM) suppressed the change in fluorescence
effectively (O, B).

Synovial fluids from patients with osteoarthritis and from patients with rheumatoid

arthritis showed significantly higher MMP-activities with TNO211 than control SF,

indicating increased levels of active MMPs in pathological situations (Fig. 5).

Fig.5 MMP-activity in synovial fluids
measured with TNO211. Closed
symbols are individual data, open
symbols represent the group mean r
SD. See Material and Methods for
incubation details. Student's t-test was
used for statistical analysis.
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Although activities in control subjects were low, enzymatic activity could be reliably

quantified by extending incubation time up to 6 h. Since MMP activity was significantly

increased in OA vs control SF, the frequent use of osteoarthritis patients as controls

in studies with respect to MMPs on rheumatoid arthritis can be debated and merits

f urlher investigation.

DISCUSSION
The present study shows that synthetic peptides with EDANS and Dabcyl groups are

efficiently hydrolyzed by MMPs. TNO211 seems a good substrate in enzyme kinetic

studies or inhibitor studies because of its high solubility. Furthermore, the

fluorescence properties of the substrate allow convenient measurement of MMP-

activity in complex biological media like synovial fluid and culture medium. Since

active MMP is detected only, this type of assay will be more useful than

immunological methods where antibodies also recognize inhibited forms of MMP [4-

71. MMP-activity in SF could be indicative for joint destruction and therefore used as a

marker in prognostic, therapeutic or diagnostic studies. However, we realize that the

fairly general substrate TNO21'l is not ideal to get insight in the role of specific MMPs

in physiological and pathological types of tissue remodeling. Therefore, new

EDANS/Dabcyl substrates selective for classes of MMPs are presently under

investigation.
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ABSTRACT

Stromelysin-1 (MMP-3) is an impofiant member of the matrix metalloproteinase

family. ln joint-degrading diseases like arthritis, elevated levels of MMP-3 protein are

detected in synovial fluid using immunological methods. However, these methods do

not discriminate between active and inactive enzyme. ln the present study, a specific

stromelysin activity-assay was developed using the selective fluorogenic substrate

TN0003 (Dabcyl-Gaba-Arg-Pro-Lys-Pro-Val-Glu o Nva-Trp-Arg-Gl u(EDANS)-Ala-Lys-

NH2, o=cleavage site). For its use in biological media, cleavage of TN0003 by other

enzymes than stromelysin was effectively blocked by a proteinase inhibitor cocktail.

Spiking of MMP-3 to synovial fluid resulted in MMP-3 concentration-dependent linear

increase in activity. The measured MMP-3 activity was not affected by the addition of

MMP-13, even in a S{old excess over MMP-3. Synovialfluid from rheumatoid arthritis

patients demonstrated 1O0-fold higher levels of active stromelysin than control

synovialfluids.
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INTRODUCTION
Matrix metalloproteinases (MMP) constitute a family of enzymes involved in the

degradation of the extracellular matrix in both physiological and pathophysiological

turnover of tissues. The MMPs comprise four groups [1]: stromelysins (MMP-3, -10

and -11) degrading a wide range of substrates, collagenases (MMP-1, -8 and -13)

that cleave interstitial collagen triple helices, gelatinases (MMP-2, and -9) mainly

acting on unwound collagen and gelatin, and membrane-type MMPs (MMP-14, -15, -

16 and -17) that are able to activate proMMP-2 [reviewed in 1-3].

Of the MMPs, in particular MMP-3 has been implicated as playing a pivotal role in
joint-degrading diseases like arthritis [4,5]. MMP-3 synthesis by chondrocytes and

synoviocytes can be induced by inflammatory mediators like interleukin-1 [4,6]. Highly

increased levels of MMP-3 have been found in diseased arthritic cartilage [7],

synovium [5,7,8], and synovialfluid [9-13]. The other stromelysins, MMP-10 and -11,

were hardly observed in joint tissues [5,14,15]. MMP-3 is excreted in a latent form and

can -once activated- degrade a broad range of cartilagenous substrates:

proteoglycans [16], collagen type lX and Xl [17], and collagen type ll N-telopeptides

[17,18]. ln addition, MMP-3 can participate in the activation ol proMMP-1, -8, -9 and -

13119-22), suggesting a key role for this enzyme in initiating matrix degradation.

Levels of MMP-3 in synovial fluid are mostly quantified by immunological methods;

these do not discriminate between active MMP-3 (< 5% of total), latent forms, and

complexes with tissue inhibitors of metalloproteinases, TlMPs. lnasmuch as the

active fraction of MMP-3 in particular is likely to reflect its matrix-degrading capacity,

an activity assay seems more appropriate. Several stromelysin activity assays have

been reported: they are based on macromolecular substrates like proteoglycan [23-
241, casein [25], and carboxylmethylated{ransferrin [26] or low molecular weight

substrates such as Substance P 1271. These methods mostly involve radioactivity

and/or are not specific for stromelysin [28-30]. Recently, the use of fluorogenic

peptides for measuring the activity of MMPs including MMP-3 was described [31-33].
These substrates consist of a fluorophore and a light-absorbing group (quencher)

attached to an amino acid sequence recognized by MMPs. Only the sequence

reported by Nagase et al 1341, Mca-Arg-Pro-Lys-Pro-Val-Gly r Nva-Trp-Arg-Lys(Dnp)-

NH2 (o=cleavage site) was shown to be preferentially cleaved by MMP-3 compared

to other MMPs. Application of this substrate in measurements of stromelysin activity

in biological media has not been reported yet. Previously, we have shown that

fluorogenic substrate TN0211 containing the highly soluble Dabcyl/EDANS as

quencher/fluorophore combination, can be conveniently used for MMP-activity

measurements in biological media [31]. The present study was designed to develop a

specific and sensitive stromelysin activity assay for biological media, using
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fluorogenic substrate TN0003 (Dabcyl-Gaba-Arg-Pro-Lys-Pro-Val-Glu r Nva-Trp-Arg-

Glu(EDANS)-Gly-Lys-NH2), and to investigate whether stromelysin activity levels are

elevated in synovial fluid from rheumatoid arthritis patients.

MATERIALS AUO METHODS
Substrate TN0003 synthesis
The fluorogenic substrate Dabcyl-Gaba-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Glu(EDANS)-
Gly-Lys-NH2 (TNO003) was synthesized according to the method described previously [35].

Matrix metalloproteinases
Human recombinant proMMP-2 (EC3.4.24.24), proMMP-3 (EC3.4.24.17), and proMMP-13
were kindly provided by Dr. P. Mitchell (Pfizer Central Research, Groton, CT, USA). The
catalytic domain of MMP-1 (19 kDa MMP-1 ,EC3.4.24.7) was a gift from Dr. J. McGeehan
(GlaxoWellcome, Research Triangle Park, NC, USA). The 19 kDa MMP-1 has the same
specific activity for small peptides as full length MMP-1 [36,37] and was therefore assumed
suitable for the present study. MMP-7 was supplied in its active form by Dr. P. Cannon
(Roche-Syntex, Palo Alto, CA, USA), and proMMP-8 was donated by Dr. G. Murphy
(Strangeways Laboratories, Cambridge, UK). Zymogens were activated by 1 mM APMA
(proMMP-2, -3, -8, -9) or 2 mM APMA (proMMP-13) lor 2 h (proMMP-8, -9, -13) or 16 h

(proMMP-2, -3) at 4"C (proMMP-2) or 37"C (proMMP-3, B, -9, -13) in buffer A, which
consisted of 50 mM Tris (pH 7.5), 150 mM NaCl,5 mM CaCl2,'l pM ZnCl2, and 0.01% Brij-
35. The amounts of active enzyme were calibrated by active-site titration with TIMP-1 (MMP-

1, -2, -3, -7, -8, and -.13)or TIMP-2 (MMP-9) as described by others [21,38]. TIMP-1 was a
gift from Dr. G. Murphy, and TIMP-2 was purchased from Boehringer Mannheim (Germany).

Enzyme kinetics: catalytic efficiencies (k"",/K,)
MMP-1 (10 nM), MMP-2 (5 nM), MMP-3 (5 nM), MMP-7 (10 nM), MMP-B (10 nM), MMP-9 (5

nM) and MMP-13 (5 nM) were incubated with 2 pM TNO003 at 25"C in buffer A. All
incubations described in this paper had a total volume of 180 pl, and were performed in black
round bottom 96 well plates (Dynatech, Denkendorf, Germany). The increase in fluorescence
resulting from substrate conversion was followed in a Cytofluor ll (excitalion filter 360 nm,
emission filter 490 nm, from Perseptive Biosystems). Catalytic efficiencies (k""t/K.) were
calculated from the equation [S]t/[S]o=e 

tr, with k{Elso1 . (k""r/K.) t33,391. Fluorescence after
total substrate conversion (Flu.",) is a measure for [S]e, and thus [S]1 equals Flu,",-Flu1.

Reversed phase-high performance liquid chromatography (RP-HPLC)
Purification of the synthetic peptide and separation of cleavage products was performed with
a Perkin-Elmer C1s Pecosphere 3 X 3C column eluted with a linear acetonitrile (Rathburn,
UK) gradient in 0.1% trifluoroactetic acid (Fluka, Belgium) at 1.0 ml/min delivered by a
Gynkotek Model 480 pump. Samples were injected with a WISP model 710B automated
injector (Waters). Detection comprised absorbance al 215 or at 520 nm (1,.., of Dabcyl;

Applied Biosystems, Model 7594) and fluorescence (),ex=340 nm, ),".={$$ nm, Jasco 821-FP
detector). ldentity of the substrate and cleavage products was established by TOF-MALDI
mass spectrometry [40] (Lasermat, Finnigan MAT), and amino acid analysis of collected
fractions [41].

73



Chapter 5

Stromelysin activity in synovial fluid: addition of inhibitors
Synovial fluid from a rheumatoid arthritis (RA-SF) patient was centrifuged (4"C, 10,000 X g,

15 min) and the resulting cell{ree supernatant was diluted S-fold in buffer A. Stromelysin
activity in SF (finally diluted 20{old in buffer A) was measured using 5 pM TNO003 (37"C) in

the presence of EDTA{ree CompleterM, a mixture of non-MMP inhibitors (final concentration:
one tablet in 10 ml buffer A; Boehringer Mannheim, Germany) to prevent conversion of
TNO003 by other proteinases than MMPs. All incubations in synovial fluid contained this
proteinase inhibitor cocktail.
Further improvement of assay selectivity for MMP-3 was investigated by the addition of the
MMP-inhibitor SC44,463 (kindly supplied by Dr. P. Mitchell, Pfizer Central Research, Groton,
CT, USA) which is less potent towards MMP-3 (lCuo=3O nM; determined in buffer) than
towards other MMPs (lCso=1 nM). lCso values of SC44,463 towards MMP-2, -3, -9, or -13 in
synovial fluid were determined bythe addition of SC44,463 (final concentration 0-1000 nM)
together with the proteinases (2.5 nM). Conversion of TNO003 (5 pM) was determined
fluorometrically (360/490 nm, Cytofluor ll, Perseptive Biosystems); and the activity measured
in the absence of SC44,463 was set to 100%.

Stromelysin-activity in synovial fluid
Stromelysin activity in synovial fluid samples from patients with rheumatoid arthritis (n=12)
was compared with that in control synovial fluid (obtained post-mortem), from individuals
without any sign of arthritis (n=11). Synovial fluids were diluted S-fold in bulfer A after
centrifugation (4'C, 10000 Xg, 15 min). Stromelysin activity in SF (final dilution 20-fold) was
measured using 5 prM TNO003 in the presence of 300 nM SC44,463 and the CompleterM
inhibitor cocktail (final concentration: 1 tablet in 10 ml buffer A). The initial velocity of
substrate turnover (linear increase in fluorescence in time) was used as a measure for
enzyme activity. The concentration of active stromelysin was calculated using a calibration
curve of MMP-3 spiked to synovial fluid.

RESULTS
Substrate cleavage site
Addition of stromelysin (MMP-3, 25 nM) to 4 pM TNO003 (Dabcyl-Gaba-Arg-Pro-Lys-

Pro-Val-Glu-Nva-Trp-Arg-Glu(EDANS)-Gly-Lys-NHz resulted in a rapid increase in

fluorescence indicating substrate conversion. ln approximately 40 minutes the

reaction was completed (Fig. 1A). As expected, HPLC analysis (Fig. 2) showed two

new peaks a|215 nm. The first peak exhibited EDANS characteristic fluorescence

(CS in Fig. 2B); the second peak absorbed at 520 nm, indicative for Dabcyl (NS in
Fig. 2B). Both peaks were analyzed by amino acid analysis and by mass

spectrometry and identified as H-Nva-Trp-Arg-Glu(EDANS)-Gly-Lys-NHz and Dabcyl-

Gaba-Arg-Pro-Lys-Pro-Val-Glu-OH, respectively (Fig. 2). Thus TN0003 was cleaved

at the position indicated (r): Dabcyl-Gaba-Arg-Pro-Lys-Pro-Val-GlurNva-Trp-Arg-

G lu(EDANS)-GIy-Lys-N H2.
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Fluorescence after total conversion (as confirmed by HPLC) was 27.5-fold higher

than the basal fluorescence of TNO003. Thus fluorescence of EDANS in TNO003

was efficiently quenched by Dabcyl (96.4%). The rate of fluorescence increase was

proportionalto the MMP-3 concentration (0 to 2nM; r >0.99, Fig. 1B), and low levels

of MMP-3 (down to 50 pM) could easily be detected by incubating for 60 minutes.

Selectivity of TNO003 towards MMPs.

Determination of the catalytic efficiencies of all MMPs available (MMP-1 , -2, -3, -7, -8,

-9, and -13) for TNO003 demonstrated that the substrate is selectively converted by

MMP-3 (Fig. 3). No activity of MMP-1 , -7, and -B against TNO003 could be measured

(k",t/K, <1000 M-'s-').MMP-2, -9 and -13 also hydrolyzed the substrate with k"utlK,

values ranging from 6000 to 14000 M-1s-1, but these were substantially lower than for

MMP-3 (29000 M-'"-').

Fig. 3 Catalytic efficiencies (k"",/K.) for conversion of TNO003 by MMPs
at 25"C. Mean + SD of three separate experiments are shown.

Stromelysin activity in synovial fluid: enhanced selectivity by addition of non-

MMP-3 inhibitors.
ln biological media, proteinases like plasmin and plasminogen activator may cleave

TNO003, due to the presence of Lys-X and Arg-X bonds. To prevent non-MMP-

related activity against TN0003, an inhibitor cocktail was added (EDTA-free

CompleterM). Furthermore, on the basis of their k"utlK. values, MMP-2, -9 and -13

potentially disturb stromelysin activity assays in biological media for they also

hydrolyze TNO003 albeit at a slower rate than MMP-3. To block this non-stromelysin
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activity, the synthetic MMP-inhibitor SC44,463 was used. ln buffer, its lCso value for

MMP-3 is approximately 30 times higher than for other MMPs (lCso-1 nM). To

investigate whether this 30-fold difference in lC5s value is also valid for synovial fluid,

lC5svalues of SC44,463 were determined in RA-SF against MMP-3, -2, -9 and -13.

These MMPs (2.5 nM) were spiked to RA-SF, together with the non-MMP inhibitor

cocktail (CompleterM) and SC44,463 ranging lrom 0 to 1000 nM. MMP-2, -9 and -13

were profoundly inhibited by SC44,463 with lCso values of 50 to 200 nM (Fig. 4A). No

inhibition of MMP-3 was observed, even at the highest inhibitor concentration tested

(1 pM) Therefore, in all subsequent stromelysin activity assays, SC44,463 was

added at 300 nM to minimize substrate turnover by other MMPs than stromelysin.

So far, only non-activated synovial fluids were used. However, most of stromelysin

present in synovial fluid will in the inactive pro-form. ln 5 synovial fluids,

prostromelysin was activated with the mercurial compound APMA [42] resulting in a 2

lo 24 lold increase in activity (result of one SF sample shown in Fig. 4B). The

stromelysin activlty could be blocked by the potent MMP inhibitor BB94 (10 pM),

indicating that indeed stromelysin activity is measured.
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Fig. 4 (A) lnhibitory capacity of MMP-inhibitor SC44,463 towards conver-
sion of TNO003 (5;rM) by MMP-2, -3, -9 and -13 (2.5 nM) added
to synovial fluid from a rheumatoid arthritis patient. MMP-activity
(rate of conversion of TNO003) in the absence of SC44,463 was
set to 100%.
(B) Stromelysin activity in RA-SF; effect of activation by APMA (1

mM, 20 h, 37"C; activ. RA-SF) and the MMP-inhibitor BB94 (10
pM).
(C) lnfluence of MMP-13 on the stromelysin activity measured in
synovial fluid. The activity of MMP-3 (0 - 2 nM) added to synovial
fluid from a rheumatoid arthritis patient was measured in the
presence and absence of MMP-13 (2.5 nM; see Material and
Methods for details).
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Effect of MMP-13 addition on measured stromelysin-activity in synovialfluid
Regarding the selective inhibition of SC44,463 and the lower k".t/K. of MMP-2,

-9 and -13 for TNO003 than MMP-3, our stromelysin-activity assays in biological

media are unlikely to be disturbed by non-stromelysins. To ensure however that such

MMPs do not interfere in this assay, a concentration range of MMP-3 (0-2 nM) was

added to RA-SF and the activity against TNO003 was measured in the presence and

absence of 2.5 nM MMP-13 (Fig. 4C), which is the most disturbing enzyme regarding

its k"utlK, for TNO003. Under the test conditions with CompleterM and SC44,463 the

conversion rate of TNO003 by MMP-3 was not affected by the presence of MMP-13,

even when a S-fold excess of MMP-13 (2.5 nM) over MMP-3 (0.5 nM) was used. This

indicates that only stromelysin-activity is determined in this TNO003-based assay

format.

Stromelysin-activity in control SF compared with RA-SF

The activity assay with TNO003 was applied to synovial fluid obtained from

rheumatoid arthritis patients (RA-SF) and from control subjects (C-SF). The

concentration of active stromelysin was calculated using a calibration curve of MMP-3

in synovial fluid. Virtually no stromelysin activity was observed in control SF samples

(0.3 t 0.5 nM stromelysin, n=11). All synovial fluids from rheumatoid arthritis patients

(n=.12) contained a considerable amount of active stromelysin (28.6 r 24.1 nM),

approximately 1O0-fold higherthan in synovialfluids of controlsubjects (p<0.001, Fig.

5)^

Fig.5 Levels of active stromelysin in

synovial fluid from control subjects
(no sign of arthritis) and from
patients suffering from rheumatoid
arthritis were determined using
the developed TN0003 based
activity assay. Closed symbols are
individual data, open symbols
represent the group mean * SD;
see Material and Methods for
details. Student's l-test was used
for statistical analysis.
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Stromelysin-activity assay for synovial fluid

DISCUSSION
The present report describes the development of a specific assay for stromelysin-

activity in synovial fluid, using a selective fluorogenic substrate in combination with

non-stromelysin inhibitors. The use of fluorogenic substrates together with the

application in 96-well plates provides rapid and convenient measurements and allows

a high sample throughput. Additionally, the assay can be applied in other biological

media, involves no species-specific antibodies, and is therefore not limited to human

samples.

SC44,463, an MMP inhibitor used to block MMPs other than MMP-3, showed

remarkably higher lCso values (50-200-fold) in synovial fluid compared with those

found in buffer. Most likely, this is due to a decrease in free SC44,463 in synovialfluid
as a result of protein binding. This interaction with proteins may well be variable

depending on physicochemical properties of the MMP-inhibitor. This implies that the

therapeutic efficiency of MMP-inhibitors in joint-degrading diseases, can differ from

the inhibiting potency found in buffer. Therefore, screening of MMP-inhibition by

synthetic compounds in synovial fluid is likely to be higher value than assaying in

buffer since the SF-data obtained better reflect the interaction between enzyme and

inhibitor in vivo.

Recently, we measured a 20-fold higher overall MMP-activity in rheumatoid synovial

f luid than in controls with the general fluorogenic MMP-substrate TNO21 1 [31]. Here,

we show that the activity of one particular MMP, stromelysin, is even 100-fold higher.

Thus, expression and activation of stromelysin in RA seems to be higher than that of

totalMMPs.

Since only active stromelysin is detected, this assay type can be regarded as more

useful than immunological methods where antibodies also recognize inhibited forms

of stromelysin [9-13]. Thus the stromelysin activity assay provides a novel tool for

investigating whether stromelysin enzyme activity is of diagnostic or prognostic value

in monitoring joint destruction in arthritides.
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ABSTRACT

lntact triple helical collagen molecules are highly resistant to proteolytic enzymes,

whereas degraded (unwound) collagen is easily digested. This fact was exploited to

develop a simplified method for the quantification of the amount of degraded collagen

in the collagen network of connective tissues. Essentially, the method involves

extraction of proteoglycans with 4 M guanidinium chloride, selective digestion of

degraded collagen by cr-chymotrypsin, hydrolysis in 6 M HCI of the released

fragments as well as the residual tissue, followed by measurement of the amount of

hydroxyproline in both pools. Since the digestion of degraded collagen by a-

chymotrypsin and measurement of hydroxyproline is not restricted to a specific

collagen type, this technique can be applied to a wide variety of connective tissues.

The method was validated with articular cartilage.

Levels o'f in situ degraded collagen were about four-fold higher in degenerated

(fibrillated) cartilage than in its healthy counterpart derived from the same donor.

More detailed investigations revealed that the collagen damage in degenerated

caftilage is more extensive at cartilage surface than in the region adjacent to bone.

This was not the case in healthy cartilage; identical low values were obtained at the

surface and close to the bone. An impaired collagen nelwork has been hypothesized

to be the reason for the swelling of cartilage in osteoarthritis (OA). The present paper

presents the first experimental evidence to support this hypothesis: more damage to

the collagen network (i.e. more degraded collagen molecules within fibrils) is linearly

related to more extensive swelling of the OA tissue in hypotonic saline.
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INTRODUCT!ON
The extracellular matrix of articular cartilage consists for more than 50% of its dry

weight of insoluble type ll collagen. This crosslinked three-dimensional fibrillar

network of collagen is responsible for the tensile strength of cartilage ['1-2].

Destruction of this network by proteolytic enzymes and/or excessive mechanical

loading will lead to pathologic conditions such as osteoarthritis. Due to the presence

of crosslinks, cleaved collagen molecules remain incorporated in the collagen network

[3]. lnasmuch as degraded collagen molecules unwind (denature) at physiological

temperature [4-5], a less functional network results that cannot withstand the

mechano-osmotic forces to which articular cadilage is exposed in vivo. Swelling of

cartilage, one of the early signs of osteoarthritis (OA), is believed to be the result of

an impaired collagen network [6-8]. The present study was designed to support this

hypothesis after development of a simple assay to quantitate damage to the collagen

network.

Only recently an assay became available to quantitate the amount of damaged

(degraded) collagen in the insoluble matrix. Poole and co-workers introduced an

immunohistochemical technique using a polyclonal antibody to localize degraded type

ll collagen of cartilaginous tissues [3, 9-11]. The polyclonal antiserum reacts

exclusively with cr-chain epitopes in the helical region of the denatured molecule

which remains hidden in the triple helical (native) collagen. Thereafter, an ELISA was

developed to quantitate the amount of degraded collagen type ll in cartilage 112-141;

the monoclonal antibody (COL2-3/4n), like the polyclonal antiserum, is reactive to an

epitope in unwound o1(ll) chains that is not accessible in native triple helices.

Selective digestion of degraded collagen by cr-chymotrypsin (crCT) releases the

epitope. Subsequent digestion of the remaining intact collagen network by proteinase

K releases the same epitope. Separate quantitation of the epitopes in both fractions

reveals the percentage degraded collagen type ll in tissue. Unfortunately, the assay

requires a not-commercially available antibody and elaborate ELISA procedures. ln

the present study we have considerably simplified the assay by measuring the

amount of the collagen-specific amino acid hydroxyproline (Hyp) present in crCT

supernatants as well as in the remaining insoluble matrix (Fig. 1). Another advantage

is, that the Hyp-based assay technique is also applicable to tissues containing fibrillar

collagens other than type ll collagen.
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tissue specimen

triple helix

denatured collagen

+

hydroxypro
in pellet

/

line

Fig. 1

_tt
@ incuOation with u-chymotrypsin

fragments in no fragments
supernatant in supernatant

+

\_-c-

@ hydrolysis (6 N HCI); hydroxyproline assay

+

hydroxyproline
in supernatant

% degraded collagen

Principle of the measurement of degraded collagen in tissues. Two
collagen molecules are shown in the tissue specimen: one intact
molecule and one molecule with an unwound triple helical region
due to degradation. After extraction of proteoglycans, degraded
(denatured) collagen molecules incorporated in the insoluble
collagen network are selectively digested at 37'C by G-

chymotrypsin. The supernatant, containing the fragments derived
from the digested collagen molecules, is removed and hydrolyzed,
as well as the insoluble matrix left after cr-chymotrypsin digestion.
Analysis of the hydroxyproline content in both pools yields the
percentage degraded collagen originally present in the tissue.
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MATERIAL AND METHODS
Reagents and instruments
Guanidinium chloride (GuHCl), hydrochloric acid, EDTA, iodoacetamide, ephthaldialdehyde
(OPA), pepstatin-A, 3-aminopropyl{riethoxysilan, 3,3'-diaminobenzidine tablets, cr-

chymotrypsin (oCT) (P-4265), trypsin and amino acid standard for collagen hydrolyzates
were obtained from Sigma (St. Louis, USA). Acetone, tetramethylammonium chloride, boric
acid, sodium hydroxide, diethyl ether and B-mercaptoethanol were purchased from Merck
(Darmstadt, Germany). HPLC-grade acetonitrile and methanol was obtained from Rathburn
(Walkerburn, Scotland). Sodium azide and citric acid were from Baker (Deventer, the Nether-
lands); heptafluorobutyric acid (HFBA) and 9-fluorenylmethyl chloroformate (FMOC) was
supplied by Fluka (Buchs, Switzerland) whereas Tris was from Boehringer (Mannheim,
Germany). The collagenase MMP-13 was a gift from Dr. Peter G. Mitchell (Ptizer, Groton,
CT, USA); the antibody COL2-314n was a gift from Dr. A.R. Poole (Joint Diseases
Laboratory, McGill University, Montreal, Canada).
The HPLC system consisted of a Marathon XT autosampler (cooled at 4"C) (Spark Holland,
Emmen, the Netherlands), a Gynkotek (Munich, Germany) High Precision Pump Model 480,
and a Jasco (Tokyo, Japan) Model 821-FP spectrofluorometric detector. Data were collected
on-line by a computing integration system (Peak Master; Harley Systems, Buckinghamshire,
UK). The solvents were degassed on-line with a GT-103 vacuum degasser (Lab-Quatec
co.).

Cartilage
Experiments to validate the cr-chymotrypsin digestion procedure were performed on cartilage
plugs derived from the superior part of a human femoral head obtained after femoral head
fracture; only plugs derived from areas with an intact surface (as assessed by lndian ink
staining [15]) were used.
Normal (N) and degenerated (DG) cartilage were obtained from the weight bearing areas part
of human femoral knee condyles within '18 h after death of the donor. The age of the donors
(n = 12) ranged from 43 to 83 years with a mean age of 65 + 13 years. The cartilage was cut
with a scalpel blade excluding underlying bone. DG cartilage, designated by macroscopic
focal fibrillation of the articular surface, was obtained from the lateral or medial condyle and is

considered to represent a pre-clinical stage of osteoarthritis [16]. A slice of N carlilage (i.e.

cartilage with a glossy, completely smooth surface) was obtained from the same position of
the contralateral knee from the same donor.
Swelling experiments of OA cartilage (n=61 and subsequent measurement of the amount of
degraded collagen was performed with femoral condylar cartilage 'from a 74 year old woman
that underwent total knee arthroplasty for osteoarthrosis.
All tissue collection was approved by the Local Ethical Committee.

Swelling experiments
Full depth cartilage plugs were excised with a cork borer (diameter = 6 mm) and placed in

0.15 M NaCl. After incubation for 1-3 h at 4"C, the plugs were cut into surface, middle and
deep region. The samples from the middle region were weighed after equilibration in isotonic
saline (0.15 M NaCl) (overnight; 4"C). Swelling was achieved in hypotonic saline (0.015 M

NaCl; overnight; 4'C) [17]. After weighing, the amount of degraded collagen was determined.
Percentage swelling was defined as [(Wn - Wi)/Wr] x'100%, where W6 is the weight of the
specimen in hypotonic solution and Wi the weight in isotonic solution.
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lmmunohistochemistry
Proteoglycan depleted cafiilage plugs (treated with and without oCT; see below) were
mounted in OCT embedding media (Miles Laboratories, Naperville, lL), and 7 pm sections
were cut al -22C on a Bright 3050 cryostat. Sections were mounted on glass microscope
slides precoated with 3-aminopropyltriethoxysilan, fixed in 4"k formaldehyde folI 0 minutes,
and washed in several changes of PBS for 15 minutes. Endogenous peroxidase activity was
blocked by incubation of the sections with freshly prepared 1% (v/v) Hz0z in absolute ethanol
for 30 min. Non-specific staining was blocked by incubation with 10% normal horse serum in

PBS containing 1% bovine serum albumin. The sections were incubated overnight with the

COL2-314I antibody (400-fold dilution) at 4'C in a humidified chamber. Biotinylated horse
anti-mouse immunoglobulin (DAKO, 111200) was used as secondary antibody (1 hour, room
temperature). A biotin-streptavidin detection system (Vectra elite kit) was used according to
the manufacturers recommendations. Sections were stained for peroxidase acitivity with 3,3'-
diaminobenzene-tetra-hydrochloride (Sigma, St. Louis, Mo.) in 0.5 mg/ml Tris/HCl (pH 7.6)
containing freshly added 0.01% (v/v) H202.

Measurement of degraded collagen
To remove proteoglycans and soluble collagen, and irreversibly denature any crosslinked
collagen molecules that have suffered proteolysis or destruction due to excessive mechanical
loading, cartilage plugs (typically around 3x3x2 mm) were extracted twice with 1 ml 4 M

GuHCI in incubation buffer [0.1 M Tris/HCl pH 7.3 containing the proteinase inhibitors
iodoacetamide (1 mM), EDTA (1 mM) and pepstatin-A (10 pg/ml)l for 48 h at 4"C on a roller
bank. After washing with incubation buffer (three times 1 ml for 3-6 h at 4"C) the denatured
collagen in the insoluble matrix was digested overnight at 37'C with 500 pl incubation buffer
containing I mg aCT/ml. The supernatant, containing the oCT-solubilized collagen
fragments, was removed quantitatively and diluted 1:1 with 12 M HCl. As it was found that
the remaining cartilage contained less then 5% of the oCT-solubilized fragments, the tissue
was not further washed but immediately immersed in 1 ml 6 M HCl. Supernatant and residual
tissue were hydrolyzed at 110'C for20-24 h. Hydrolyzates were dried overnight in a Speed
Vac (Savant). To remove traces of HCl, samples were reconstituted with 300 pl distilled water
and dried again. Finally, the samples were dissolved in 'l ml 0.1 M borate buffer pH 9.5. For
amino acid analysis, samples were used undiluted (hydrolyzates of supernatants) or diluted
250 times with 0.1 M borate buffer pH 9.5 (hydrolyzates of residual cartilage).

Hydroxyproline derivatization with OPA/FMOC
200 pl sample was mixed with 25 pl OPA reagent (30 mg OPA + 15 pl B-mercaptoethanol in

1 ml acetone) and reacted for 1 min at room temperature. The reaction mixture was
subsequently mixed with 25 pl iodoacetamide (80 mg/ml acetone) and incubated at room
temperature for at least 30 sec to remove excess B-mercaptoethanol. Subsequently, the
secondary amino acids Hyp and proline (Pro) were derivatized with 50 pl 6 mM FMOC in
acetone for 5 min at room temperature. lmmediately thereafter the sample was extracted
twice with 750 pl diethyl ether to remove excess reagent. After the addition of 200 pl solvent
A (see below) the sample is ready for injection into the HPLC system.
Linearity of the relationship between peak area and Hyp concentration was checked with an
amino acid standard for collagen hydrolyzates diluted in duplicate with 0.1 M borate buffer pH
9.5.
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HPLC amino acid analysis
Amino acids of 50 pl of the derivatization mixture were separated using a Micropak ODS-
80TM reverse-phase column (4.6 x 150 mm) (Varian, Sunnyvale, USA). Solvent A was
prepared by adding 20 mM sodium citrate containing 5 mM tetramethylammonium chloride
and 0.01% sodium azide to a solution of 20 mM citric acid containing 5 mM
tetramethylammonium chloride and 0.01% sodium azide until the pH reached 2.85. Solvent B

was 100% acetonitrile. Elution was performed in two isocratic steps: 15 min with a mixture of
60%solvent Aand4O"h solventBfollowedby10minwithamixtureof 25"/" solventAand
75% solvent B. Thereafter, the system was equilibrated 5 min with 60% solvent A and 40%
solvent B (starting conditions) for the next injection. Thus, the total time required from one
injection to the next is 30 min. The elution was carried out at a flow rate of 1 ml/min at
ambient temperature. On-line measurements were made at an excitation wavelength of 254
nm and an emission wavelength of 630 nm.

HPLC measurements of the collagen crosslink HP
ln one set of experiments, the collagen crosslink hydroxylysylpyridinoline (HP) was used to
measure the amount of degraded collagen. Hydrolyzates were, after a solid-phase extraction
step with CF-1 cellulose [18], dissolved in 1 ml 0.05% (viv) HFBA in 10% (v/v) acetonitrile.
Samples were used undiluted (hydrolyzates of supernatants) or diluted 5 times (hydrolyzates
of residual cartilage). Reversed-phase HPLC was carried out on a Micropak ODS-B0TM
column (4.6 x 150 mm) (Varian, Sunnyvale, USA); the crosslink HP was isocratically eluted
with 0.15% (v/v) HFBA in 24"h methanol with a flow rate of 1 ml/min and detected at an
excitation wavelength of 295 nm and an emission wavelength of 400 nm. The amount of
degraded collagen was calculated with the formula given below (Hyp replaced by HP).

Data analysis
The amount of degraded collagen is expressed as a percentage of total collagen present in

the tissue after extraction with GuHCl, by using the equation:

Hyp content in supernatant oCT digest x 100%
Hyp content in supernatant oCT digest + Hyp content of digested plug

Data are presented as means + SD. Statistical differences between groups were evaluated
using Student's ftest for paired observations.

RESULTS

Validation of the c-chymotrypsin digestion procedure

The assay is based on the features that crCT cannot cleave intact triple helical

collagen whereas it digests denatured collagen 112,141, and that the degradation

products are small, leading to complete release from the tissue into the buffer. These

features were checked by SDS-PAGE determination of the size of the fragments

obtained after aCT digestion of intact collagen, of collagen that was denatured by

preheating (70'C; 30 min), and of collagen that was cleaved (and thus became
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denatured) by human collagenase (MMP-13). lntact collagen type l, ll and lll was

indeed unaffected by aCT, whereas the denatured preparations were digested by

crCT into fragments too small to be detected by SDS-PAGE (<30 amino acids; shown

for collagen type ll in Fig. 2).

To evaluate whether an ctCT concentration of 1 mg/ml supplied an adequate excess

of enzyme to fully digest the degraded collagen, 500 pl oCT solution was tested with

1,2, 3 and 4 pieces of 2x2x1 mm cartilage plugs (roughly corresponding to 1.5, 3.0,

4.5 and 6.0 mg collagen, respectively).

n-ehymotrypsin

-* -+ r+

-- [al tll]12

** TCalft1{ll)}2

".* er1(ll)

.** TC6a1(ll)

Fig.2 Sensitivity of collagen towards o,-chymotrypsin. Collagen type ll
purified from bovine nasal cartilage was analyzed by SDS-PAGE
(7.5%), both without (-) and with (+) prior digestion at 37'C with o-
chymotrypsin, and visualized by staining with Coomassie Brilliant
Blue. Lanes 1 and 2, native collagen; lanes 3 and 4, collagen
denatured by heating for 30 min at 70'C; lanes 5 and 6, collagen
degraded by human collagenase (MMP-13). ln lane 6, five times
more material was applied than lane 5. Note that denatured
collagen and the MMP-13 cleavage products are degraded by o-
chymotrypsin whereas the intact triple helix remains unaffected.

654?,
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ldentical values of the percentage degraded collagen were obtained with all amounts

of cartilage (data not shown). Thus, as required, variations in the amount of cartilage

did not affect the obtained percentage degraded collagen.

Since 4 M GuHCI is a protein denaturant, experiments were carried out to evaluate

whether or not GuHCI is able to unwind collagen triple-helices in an irreversible way.

Healthy hip cartilage ot a54 year old female was treated (1)without GuHCl, (2) with

GuHCI and (3) with chondroitinase ABC/hyaluronidase to mimick the proteoglycan-

depletion properties of GuHCI (enzyme digestions were carried out according to [19]).

Percentages of degraded collagen were 2.1 t 0.3, 4.3 + 0.3 and 4.0 t 0.4 (n=3),

respectively. The percentage of degraded collagen was significantly higher (p<0.03)

in cartilage treated with either GuHCI or chondroitinase ABC/hyaluronidase; no

significant differences were found between the GuHCI and chondroitinase

ABC/hyaluronidase treated specimens (p=0.+). This shows that removal of

proteoglycans is necessary to allow crCT to penetrate into the matrix and that GuHCI

does not irreversibly denatures intact collagen. The last conclusion is strengthened by

the observation, that no differences were found in the percentage of degraded

collagen in demineralized cortical Baboon bone (femoral diaphysis, proximal part, age

range 5.2-26 years) that was treated with and without GuHCI (mean '13.5 t 5.3% and

13.2 t 5.7% respectively; n=14).

To substantiate that all of the degraded collagen in tissue is effectively digested by

uCT, healthy cartilage of a 54 year old female was treated with and without crCT,

sliced, and subsequently immunostained with antibody COL2-314n to determine if

any degraded collagen remained. Normal cartilage not treated with crCT showed an

intense pericellular staining (Fig. 3A), indicating the presence of degraded collagen

around the chondrocytes, which is in agreement with literature [3,9-10,12,14]. The

absence of significant background staining is additional proof, that 4 M GuHCI does

not induce irreversible denaturation of intact collagen. lnterestingly, upon treatment

with sCT, the pericellular staining was lost and only a weak, mainly territorial staining

remained (Fig. 3B). This staining pattern has been observed by others and was

attributed to antibody binding to the surface of the frozen section, due to incomplete

adherence of the section to the glass slide [14]. The absence of the specific

pericellular staining shows, that degraded collagen was effectively removed by the

crCT treatment.
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.e

#rs*#
' .1."&

th" p,siii,i i'rgsiei

Fig.3 Normal cattilage (female, 54 years) stained with monoclonal

antibody COL2-314m. (A) Proteoglycan-depleted cartilage treated

without aCT (positive control). (B) Proteoglycan-depleted cartilage

treated with crCT. Chondrocytes are no longer discernable

because of the extensive tissue treatment. Staining (i.e. degraded

collagen) is mainly confined to pericellular sites (A); no specific

pericellular staining is observed after treatment with crCT (B). The

weak staining of the territorial sites in B is caused by poor

attachment to the slide (see text).

The antibody COL2-314I is reactive to an epitope in unwound u1(ll) chain [12,14]

some 250 residues aminoterminal to the MMP-l cleavage site. ln addition to showing

with the COL2-314m antibody that all degraded collagen molecules in the tissue are

digested by uCT (see above), we investigated whether these molecules are digested

over their full length. This was achieved by independently measuring the amount of

degraded collagen based on hydroxyproline as well as based on the crosslink

hydroxylysylpyridinoline (HP) released into the supernatant by crCT. Both assays

resulted in highly correlated values (r=0.990), both in healthy and in OA cartilage (Fig.

4A). Since HP is located at the end of the s-chains, these findings indicate that the

entire s-chain is degraded by aCT.

To confirm that cCT is able to digest denatured collagen without cleaving intact triple

helices, cartilage was preheated in incubation buffer without oCT for 24h al elevated
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temperatures (between 35 and g5'C) to unwind the triple helix. After this preheating

step, the tissue was digested with acr at 37'c for another 24 h. Below 43"c less

than 3% denatured collagen was found, whereas above 43"C collagen denaturation

exceeded 5% (Fig. 48). At 95'C virtually all collagen was denatured and digested with

oCT (Fig. aB).

A

aL slope='l .02

r=0.99

p<0.001

0 10 20 30 30 40 50 90 100

% hydroxyproline released temperature ('C)

Fig. 4 (A) Amount of degraded collagen in OA cartilage as determined by
(1) the amount of hydroxyproline and (2) the amount of the
pyridinoline crosslink HP released after o,CT treatment. Both
assays result in the same values, indicating that aCT is able to
cleave the entire denatured cr,-chain.
(B) Effect oI temperature on the percentage denatured collagen.
Cartilage was pre-incubated at different temperatures tor 24 h
without a-chymotrypsin. Subsequent digestion with o-chymotrypsin
at 37oC tor 24 h shows an increase in denatured collagen in
cartilage pretreated at a temperature above 43"C, which is in good
agreement with thermal unwinding of collagen type ll.

since crcr preparations may be contaminated with traces of trypsin, and trypsin has
been reported to cleave collagen at a position close or identical to the MMp-1
cleavage site [21], digestion of cartilage with crCT was performed in the presence of
0, 1 , 5 and 10% (w/v) trypsin. No significant differences were found between 0 to 10%

(w/v) trypsin (data not shown). Thus, contamination of scr with trypsin does not
affect the outcome of experiments.

The overall reproducibility of the assay was tested with 24 full-depth cartitage plugs

taken from the superior region of a healthy (i.e. non-fibrillated) human femoral head
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obtained after autopsy. The amount of degraded collagen in the 24 specimens ranged

from 1 .2 to 2.8"/" with a mean of 1.9 -r 0.5%. This variation includes not only assay

variation but also biological differences between plugs. Freeze-drying of cafiilage and

subsequent reconstitution in incubation buffer did not affect the amount of degraded

collagen.

OPA/FMOC derivatization and chromatography characteristics

Derivatization was performed in two steps: first, the primary amino acids are reacted

with OPA. ln the second step the remaining secondary amino acids Hyp and Pro are

labelled with FMOC. The FMOC derivatives of Hyp and Pro are subsequently

separated and quantitated with reversed-phase chromatography (Fig. 64).

Consistently, chromatograms of UCT supernatant hydrolyzates as well as tissue

hydrolyzates show baseline-separated peaks for Hyp, FMOC-OH (a hydrolysis

product from the reagent FMOC), and Pro. Obviously, the large excess of primary

amino acids does not interfere in the assay. Linear calibration curves were obtained

over a range of 2-3 orders of magnitude (r >0.999; Fig. 58).

H PLC, OPA/FMOC derivatization
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Fig. 5 (A) Analysis of hydroxyproline in tissue hydrolyzates. The
chromatogram corresponds to the injection of 1.5 pg of cr-

chymotrypsin digested cartilage.
(B) Fluorescence al 254/630 nm as a function of the amount of
hydroxyproline.
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The detection limit was as low as 1.5 pmol at a signal-to-noise ratio of 4. The reprodu-

cibility of the complete procedure (OPfuFMOC derivatization and chromatography)

was established by analyzing ten different derivatizations of the same solution. The

difference between the highest and lowest value obtained was less than 3.5%.

Derivatized samples stored at 4'C for 48 h showed no decrease in fluorescence

response. This stability allows overnight automated chromatographic analysis.

Degraded collagen in normal and fibrillated cartilage
The amount of degraded collagen was determined in full-depth healthy and DG

condylar cartilage obtained painvise from 12 donors (age 43-83 years). Without

exception, DG cartilage contained more degraded collagen (mean 8.9 + 5.8%; range

2.0-20.4%) than its healthy counterpart (2.1 t 1.0%; range 0.8-4.1%; p=0.001; Fig. 6).

Consistently, high levels of degraded collagen were observed in clinical OA cartilage

(1O.4% t 5.6, range 3.61o 20.6/"; n=6).

Fig. 6 Percentage degraded collagen in
full depth normal and degenerated
human femoral condyle cartilage.
Lines connect normal and
degenerated cartilage from one
donor.

normal degenerated

cartilage cartilage

ln six of the above subjects the amount of degraded collagen was studied in tissue

specimens divided into an upper and a lower half. The upper half of fibrillated

cartilage contains considerably more degraded collagen ('14.3 t 7.Oo/"; range 6.0-

25.0%) than the bottom part (i.e. the region near the bone; 5.'l + 5.5"/"i range 0.7-

15.7o/"i p<0.01; Fig. 7B). ln contrast, in normal cartilage the amount of degraded

collagen in the upper (2.5 t 1.9%; range 0.3-4.6%) and lower half (2.0 + 1.4o/"; range

0.5-3.8%) were not different (Fig. 7A).
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Relationship between swelling ?ndo/o degraded collagen

To relate the integrity of the articular collagen network to a functional parameter,

swelling was determined in mild to severely affected osteoarthritic cartilage (n=8).

A: normal cartilage B: degenerated cartilage
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Fig. 7 Variation in the amount of degraded collagen in normal cartilage
(A) and degenerated cartilage (B) as a function of depth. Plugs of
cartilage are divided in an upper half (the region near the articular
surface) and a lower half (the region adjacent to the bone). Lines
connect upper and lower cartilage obtained from one donor.

The swelling ranged from '1 .2lo 7.3o/" (mean 4.2 x.2.2h). The amount of degraded

collagen in these samples ranged from 3.'1 lo 17.6"h (mean 7.9 + 5.1%). Swelling

properties of cartilage were highly correlated with the amount of degraded collagen

(r=0.858; Fig. 8).

I P<0.01 I
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a
a

,

a
osteoarthritic

cartilage

middle zone

r=0.858

Fig.8 Correlation between the percentage
degraded collagen and the swelling
(increase in water content) ol
osteoarthritic cartilage.

5101520
% degraded collagen

DISCUSSION
lntact triple helical collagen molecules are highly resistant to proteolytic enzymes. ln

contrast, cleaved (degraded, denatured, unwound) collagen is easily digested [12].
This lact has been exploited to develop a simplified method for the quantitation of the

amount of in situ degraded collagen in tissue. lt has been shown in the past that oCT
digests degraded collagen without affecting intact collagen 112,221. Since the
presented simplified assay estimates the amount of degraded collagen by measuring

the amount of Hyp released from the matrix by uCT, it is of importance to know that

degraded collagen is indeed completely digested by oCT and released from the

remaining matrix: if a large fragment of degraded collagen is resistant towards crCT

and remains incorporated in the matrix, the percentage of degraded collagen will be

underestimated. The size of the fragments of purified denatured collagen obtained

after aCT digestion was therefore tested on SDS-PAGE (Fig. 2). The fragments were

too small to be detected (MW <3000 Da), indicating that degraded collagen is

completely digested by oCT and should easily diffuse out the proteoglycan depleted

tissue. That crCT digestion of tissue collagen degrades the denatured cr-chains

completely and that all of the digested fragments are quantitatively eliminated from

the tissue is substantiated by the findings that the amount of degraded collagen can

be quantitated with Hyp but also with the pyridinium crosslink HP (Fig. 4A), and the

absence of staining with antibody COL2-314n in crCT treated samples (Fig. 3).
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Triple helical collagen is sensitive towards heating [4-5]: above the so-called melting

temperature it unwinds, making it susceptible to proteolytic enzymes. This property

was used to validate the assay by incubations of cartilage between 35 and 95'C. A

significant increase was found above 43"C (Fig. aB). This is in agreement with the

thermal unwinding temperature of soluble collagen type ll, which is 41-42 "C 123-24).

This supports the feasibility of UCT to digest denatured collagen selectively. lt also

shows, that the incubation temperature at which cartilage plugs are digested with oCT

should be controlled carefully: above 43"C the percentage degraded collagen is

overestimated. lnasmuch as the thermal unwinding temperature of the 3/4 and 114

fragments of collagen (the characteristic cleavage product of mammalian

collagenases) is around 34.0 - 35.5'C [25], the incubation temperature should always

be above 35.5"C: below this temperature the amount of degraded collagen will be

underestimated.

Trypsin has been reported to cleave collagen at a position close or identical to the

MMP-1 cleavage site [21]. Since aCT preparations may be contaminated with traces

of trypsin, this would result in overestimation of the amount of degraded collagen.

Therefore, the ability of trypsin to cleave collagen under our assay conditions was

checked. No cleavage of collagen type ll in cartilage by trypsin was found at

trypsin/cxCT ratios as large as 10% (w/w), indicating that contamination of cxCT with

trypsin does not affect the outcome ol experiments.

The pretreatment of cartilage with 4 M GuHCI (removal of proteoglycans) before

incubation with cxCT has two advantages. Firstly, crCT can diffuse more easily into the

tissue. Non-depleted cartilage has, due to the presence of proteoglycans, a pore

radius in the order ol23-25 A t201. As crCT has a Stokes' radius of around 20 A [20],
its penetration into cartilage is severily inhibited. This is illustrated by the observation,

that proteoglycan depletion by GuHCI or chondroitinase ABC/hyaluronidase results in

a higher percentage of degraded collagen molecules. Thus, for cartilage, any protocol

that does not include a proteoglycan depletion step, results in an underestimation of

the amount of degraded collagen. Secondly, GuHCI eliminates soluble collagen

molecules from the matrix (i.e. newly synthesized and other non-crosslinked collagen;

[26]). These collagens would result in unrealistic high values of degraded collagen if

present in the crCT supernatant. This is especially important for OA and DG cartilage,

as these tissues contain increased amounts of soluble collagens, such as type Vl

collagen and newly synthesized type ll collagen 127-281. The matrix remaining after

GuHCI extraction is insoluble and contains both intact and degraded collagen.

Virtually all degraded collagen is retained in the network by crosslinks. Only 1-2h of
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the amount of degraded collagen is extracted with GuHCI [12], indicating that GuHCI

extraction only removes non-fibrillar, non-crosslinked collagen molecules.

ln the present procedure, an excessive amount of amino acids is present after

reconstitution of hydrolyzed aCT supernatants (estimated around 1.5 pmol/200 pl).

Therefore a double derivatization protocol was required to measure Hyp levels:

pretreatment with OPA eliminates the primary amino acids before the derivatization

step of Hyp and Pro with FMOC [29-31]. An advantage is, that the complex gradients

required for full separation of amino acid mixtures can be omitted; Hyp, Pro and the

hydrolysis product of FMOC with water (FMOC-OH) can easily be separated with a
single isocratic step (Fig. 5A). Alternatively, other selective methods to quantitate Hyp

levels, such as that of Stegemann & Stadler [32], can be used.

The levels ol in situ degraded collagen were about 4{old higher in degenerated

cartilage than in its normal counterpart derived from the same donor (Fig. 6 and 8). ln
particular, the collagen damage in degenerated cartilage is more extensive at the

surface than in the region adjacent to bone (Fig. 7). These findings are consistent with

immunohistochemical studies [3,9,14] as well as with studies using immunoassays

112,14), showing that all methods yield similar results. The higher levels of degraded

collagen at the superficial and upper mid zones explains, at least in part, the

preferential loss of proteoglycans from the surface of fibrillated cartilage.

Swelling of caftilage, one of the early signs of osteoarthritis, is considered to be the

result of a collagen network that has lost its integrity [6-8]. So far, no quantitative data

directly support this assertion: combined measurements of the state of the collagen

network per se and the degree of swelling are lacking. Assessment of the quality of

the collagen network with our assay showed a good linear relationship (r=0.858) with

swelling of OA cartilage (Fig. 8). These experimental data provide direct evidence that

degradation of collagen in fibrils is one of the factors that result in an impaired three-

dimensional collagen network.

Untill recently, no technique was available to measure quantitatively the amount of rn
situ degraded collagen. Hollander and colleagues [12] were the first to determine the

percentage degraded collagen in cartilage. They made use of two inhibition ELISA's

to detect a specific epitope released by oCT and proteinase K treatment, respectively.

Their monoclonal antibody recognizes a specific epitope on the cr1(ll) chain, which

limits their assay to type ll collagen. Our assay circumvents the use of a not-

commercially available antibody and elaborate immunoassay procedures, and
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excludes potential pitfalls like incomplete digestion with proteinase K. Furthermore,

our technique is also applicable to tissues containing fibrillar collagens other than type

llcollagen, such as skin, tendon and bone. This advantage of the method implies that

it does not yield information on the degradation of minor collagens like collagen type

V and Xl. Since most connective tissues containing f ibrillar collagens are

predominantly composed of a single collagen type (cartilage: >957o collagen type ll;

bone, tendon and ligament: >95% type I collagen), this is not viewed as a
shortcoming. The minor fibrillar collagens (type V and XI) are buried inside collagen

fibrils [33], and are thus not accessible to proteolytic enzymes. Even for tissues with a

mixed collagen population the lack of specificity is not a drawback, since so far no

proteinases that specifically cleave either collagen type l, ll or lll are known.
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Matrix degradation by chondrocytes cultured in alginate:

lL-l8 induces proteoglycan degradation and proMMP

synthesis but does not result in collagen degradation

B. Beekman, N. Verzijl, J.A.D.M. de Roos, and J.M. TeKoppele

Gaubius Lab., TNO Prevention and Health, Leiden, the Netherlands

ABSTRACT

Objective. To determine the role of interleukin-18 (lL-18) in the degradation of

proteoglycans and collagen by afticular chondrocytes.

Methods. Chondrocytes were cultured in alginate beads for two weeks to produce

extracellular matrix, followed by the addition of lL-18 for'1 or 2 days. Breakdown of

extracellular matrix (with and without activation of proMMPs by APMA) was monitored

by release of glycosaminoglycans (GAG, proteoglycans) and hydroxyproline

(collagen) from the beads into the medium, and by the amount of damaged collagen

in the bead. Levels of (pro)MMPs in the beads were assayed by zymography and

their actlvity was quantified fluorometrically.

Results. lL-1B induced a prolound GAG release (-80% atler 2 days at 20 ng/ml lL-

1B) that was both time and lL-18 concentration dependent. Under these conditions no

increase in collagen release or damaged collagen in the bead was detected.

Zymography demonstrated that the synthesis of a variety of proMMPs was induced by

lL-18, without a detectable increase of MMP-activity as measured in the activity

assay. After activation of the proMMPs by APMA, a time and lL-1B concentration-

dependent increase in MMP-activity was found, which resulted in almost complete

deterioration of collagen already after 18 h of incubation. ln the presence of APMA,

GAG release was increasedby 28%.

Conclusion Our data suggest that proteoglycan and collagen degradation are

regulated through different mechanisms. lL-18 induces the synthesis of active

enzymes that degrade proteoglycans, such as 'aggrecanase', and inactive proMMPs.

Thus, lL-18 alone is not sufficient to result in collagen-degrading MMPs. Once

activated, MMPs may account for up to a quarter of the aggrecan degradation in this

model.
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INTRODUCTION
lnterleukin-1 (lL-1) is a cytokine alleged to play a major role in cartilage destruction in

afthritis [1-6]. These processes include enhanced proteoglycan degradation and

upregulation of matrix metalloproteinase (MMP) synthesis [7]. MMPs are excreted as

inactive proforms that are able to degrade proteoglycans and the collagen network in

cartilage after proteolytic activation. Several classes of MMPs exist (for reviews, see

[8,9]). the collagenases MMP-1, -8 and -13 cleave triple helical collagen type l, ll and

lll, the gelatinases (MMP-2 and -9) degrade non-triple helical collagen (gelatin); active

stromelysin (MMP-3) was shown to activate proMMP-1, -8, -9 and -'13 [10-13] and is

thoughtto be involved in the degradation of proteoglycans [14,15]. Recently, the role

of MMP-3 in proteoglycan degradation has been overshadowed by'aggrecanase', an

as yet unidentified proteinase that cleaves in the interglobular domain of aggrecan

between Glu373-Ala374 116-191. Upon lL-1 stimulation, proteoglycan degradation in
cartilage explants starts within one day at relatively low concentrations of lL-1 [17,2O-
221.

ln contrast to the rapid degradation of proteoglycans, collagen release in nasal

cartilage explants occurs only after long time periods (2 3 weeks) at relatively high

levels of lL-1 (50 ng/ml) 12O,23,241. However, maximal MMP-synthesis by

chondrocytes is observed within a few days in the presence of lL-1 125-271. The long

lag-time between synthesis of MMPs and detectable MMP-mediated degradation of

collagen, suggests a non-lL-1 mediated activation of MMPs (e.9. by other factors or

resulting from autoactivation). The present study was designed to determine the role

of lL-'l in degradation of extracellular matrix upon short{erm (< 2 days) exposure of

chondrocytes to lL-1 and in the absence of non-chondrocytic factors which may be

present in articular cartilage, e.g. other catabolic cytokines or activating proteinases

originating from other cell types like synoviocytes or inflammatory cells. For this
purpose, isolated bovine chondrocytes were cultured in the alginate bead culture

system, in which they produce a cartilage-like matrix 128,291, prior to lL-'l treatment.

MATERIALS II.IO METHODS
Cell isolation and culture
Chondrocytes from the metacarpophalangeal joint of calves (12-14 months old, local
slaughterhouse) were isolated by collagenase digestion following established procedures
[28,30,31]. Cells were suspended in 1.2/" alginate (Keltone LVCR, Kelco, Chicago, USA) in
0.9% NaCl at a density of 4x106 cells/ml, which was passed dropwise through a22 gauge
needle into 102 mM CaClz. After 10 minutes of polymerization, beads were washed in 0.9%
NaCl (3 times) and finally in DMEM-glutamax (Gibco-BRL) supplemented with 100 U/ml of
penicillin/streptomycin, l0% FCS (Gibco-BRL) and 50 mg/ml ascorbic acid. The cells were
cultured at 10 beads per 0.5 ml medium (24 wells plate, Costar) in a humid atmosphere of
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5"/o COz in air at 37"C. The medium was refreshed twice weekly. After 14 or 21 days of
culture, the beads were washed three times for t h with DMEM supplemented with 0.05%
human serum albumin (HSA, Bloodbank, Amsterdam, The Netherlands) and transferred to a
fresh culture plate. Chondrocytes were stimulated with human recombinant lL-18
(PeproTech, London, UK) for 24 or 48 h; beads and media were stored separately at -20"C
until analysis.

Proteoglycan measurements
The amount of sulfated glycosaminoglycans (GAGs) reflecting the amount of proteoglycans
in culture medium or alginate beads was determined by the dimethyl methyleneblue method
using a commercial kit (Biocolor Ltd, Belfast, N. lreland) according to the instructions of the
manufacturer. Beads were digested for 2 h at 65"C in papain buffer (126 pg/ml papain in 50
mM phosphate buffer pH 6.5, containing 2 mM L-cysteine and 2 mM EDTA [32]) prior to the
measurement. Culture media were analyzed without papain digestion. Proteoglycan
degradation was expressed as the percentage of GAG released into the medium.

Collagen measurements
After two washes, once in 0.9% NaCl containing 10 mM CaClz and once in saline, beads
were hydrolyzed in 500 ml 6 N HCI per bead at 108"C for 24 h. An aliquot (50 pl) of the
hydrolysate was subjected to amino acid analysis, (see below) to determine the collagen-
specific amino acid hydroxyproline. Alternatively, beads were digested in papain buffer first
(see above) and then hydrolyzed.
The collagen content of culture medium was determined by amino acid analysis after acid
hydrolysis (24 h al 108"C) of 100 pl of the medium with 100 ;rl 12 M HCl. After drying of the
hydrolyzates under vacuum, the residue was dissolved in 200 yl 0.1 M borate buffer (pH 9.5).
Primary amino acids were blocked by derivatization with 25 pl 0.23 M o-phthaldialdehyde
(Sigma, St Louis, MO) in acetone containing 0.23 M B-mercaptoethanol (Merck, Darmstadt,
Germany), for 1 minute at room temperature. After addition of 25 pl 0.45 M iodoacetamide (in
acetone, reaction for 30 seconds) to remove excess B-mercaptoethanol, secondary amino
acids (hydroxyproline and proline) were derivatized with 50 pl 6 mM FMOC-CI (Fluka, Buchs,
Switzerland) in acetone for 10 minutes [33,34]. Resulting samples were extracted twice with
750 pl diethylether and thereafter the water phase was diluted threefold in 0.1 M borate
buffer (pH 8.0) containing 25% (vlv) acetonitrile. HPLC analysis was performed as described
earlier [35]. The amount of collagen was quantified assuming 300 hydroxyproline residues
per triple helix, i.e. 1 nmol Hyp corresponds to 1 pg collagen. Collagen degradation was
expressed as the percentage of total collagen released into the medium.

Quantification of damaged collagen in beads
ln beads, pre-cultured under control conditions and then treated with lL-18 (0, 0.5, 5, or 2O

ng/ml) for 24 or 48 h, the percentage of damaged collagen, indicative for degradation of the
collagen network, was determined as described elsewhere [3a]. The assay is based on the
fact that G-chymotrypsin degrades damaged or collagenase-cleaved collagen which is still
covalently bound to the collagen network, thereby releasing the resulting fragments from the
alginate beads. lntact triple helical collagen is unaffected by cr-chymotrypsin. Briefly,
proteoglycans were extracted from three beads with 250 ltl 4 M guanidinium-HCl in 50 mM
Tris (pH 7.6) containing 10 mM CaOlz and 10 pM BB94 (a general MMP inhibitor, also known
as Batimastat or RS47,112, kindly supplied by Dr. R. Martin, Roche-Syntex, Palo Alto, CA

[36]) at 4"C for 6 h. After washing of the beads in the same solution without guanidinium-HCl,
damaged collagen was digested by 0.25 mg/ml u-chymotrypsin (Sigma) in 250 pl/bead 50
mM Tris (pH 7.6) containing 10 mM CaCl2 and 10 pM BB94 at 37"C for 3 h. Resulting
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supernatant and beads were hydrolyzed and subjected to amino acid analysis to determine
hydroxyproline using the OPtuFMOC derivatization method described above. The
percentage of damaged collagen was calculated from the amount of hydroxyproline released
by c-chymotrypsin divided by the total amount of collagen present in the bead.

Gelatin zymography ol bead extracts and culture medium
Beads were extracted in 50 mM Tris (pH 7.5), containing 5 mM CaC12,0.15 M NaCl, 1 pM
ZnClzand 0.1% Brij-35 for 16 h at 4"C. Extracts were mixed with an equal volume of non-
reducing SDS-PAGE sample buffer (125 mM Tris, pH 6.8, O.16"kvlv glycerol,4% w/v SDS,
0.01% w/v bromophenol blue) and incubated for t h at 37"C, prior to electrophoresis. Culture
medium (50 prl) was dried under vacuum and the residue was dissolved in non-reducing
SDS-PAGE sample buffer. Gelatin zymography 125,371 was performed under non-reducing
conditions using a 1O'/" polyacrylamide gel containing 0.1% gelatin on a ATTO
electrophoresis system (ATTO, Tokyo, Japan). Applied aliquot of bead extract to the gel was
comparable to 0.5 bead. Since the volume of 1 bead is approximately 15 pl, and 10 beads
were cultured in 0.5 ml of medium, the equivalent of 35 pl medium (-1120 of beads plus
medium) was applied to the gel in order to compare the concentration of MMPs in beads and
medium. Gels were washed in 50 mM Tris (pH 7.5) with 5 mM CaClz, 1 pM ZnCl2 and 2.5'/"
Triton X-100 in which the proMMPs and MMPs renature to active enzymes 125,371.
Subsequently, gels were incubated for 18 h in the same buffer without Triton (37"C).
ProMMPs and MMPs result in white lysis zones after staining with Coomassie Brilliant Blue,
due to gelatin degradation.

MMP-activity measurements
Beads were extracted in 50 pl/bead 50 mM Tris (pH 7.6),5 mM CaClz,0.15 M NaCl, 1 pM
ZnClz and 0.05% Brij-35 al 4'C at mild agitation for 72 h. General MMP activity was
measured in native (unactivated) and APMA-activated (1 mM, 2 h, 37"C) extracts with
fluorogenic substrate TN021 1 (Dabcyl-Gaba-Pro-Gln-Gly-Leu-Glu(EDANS)-Ala-Lys-NH, (5

prM in buffer as above with 0.01% Brij-35; further noted as incubation buffer) as described
earlier [38]. Catalytic efficiencies of TNO211 for MMPs are (25'C) . MMP-1, 18. I03M-1s-l;

MMP-2,230. 103;MMP-3,4. 10s;MMP-7,9 103;MMP-8,29. 103;MMP-9, 139 103; MMP-

13,550. 103. Measurements in bead extracts (45 pl) were performed in a total volume of 180
pl in a black round bottom microtiter plate and increase in fluorescence (due to conversion of
the substrate) was quantified in a Cytofluor ll fluorescence reader (excitation filter: 360 nm;
emission filter: 490 nm; Perseptive Biosystems).
The ability of APMA to activate MMP-TIMP complexes was investigated as follows. 5 nM
MMP-3, 1 nM MMP-13 (both generous gifts from Dr. P. Mitchell, Pfizer lnc., Groton, CT,
USA) and 5 nM MMP-8 (kindly supplied by Dr. G. Murphy, Strangeways Labs, Cambridge,
UK) were incubated with equimolar amounts of TIMP-1 (from Dr. G. Murphy, Strangeways
Labs, Cambridge, UK) in incubation buffer at 37"C for 2 h. This resulted in 100% inhibition of
MMP activity. Thereafter, MMP-TIMP complexes were incubated with(out) 1 mM APMA for 2
h at 37'C. Resulting MMP-activity was measured by the addition of 2 ;rM fluorogenic
substrate TNO211 (see above).

APMA activation of !L-1 B stimulated beads
Alginate beads (cultured for two weeks and stimulated with 20 ng/ml lL-18 for 48 h) were
incubated with 1 mM APMA at 37'C for 2 h in incubation buffer (200 pl/bead, 50 mM Tris pH
7.6,5 mM CaClz,0.15 M NaCl, 1 mM ZnCl2 and 0.01% Brij-35) to activate proMMPs.
Controls contained no APMA, or APMA in the presence of 10 pM BB94 [36]. After the
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activation step, the incubation medium was saved (to determine GAG and collagen release)
and 200 pl incubation buffer per bead (containing 10 pM BB94 when added during the
APMA-activation step) was added to the beads. Subsequently, the beads were incubated for
another 16 h at which point the percentage of damaged collagen was quantified as described
above.

Data analysis
Dala are expressed as mean + SD from three separate cultures. Assays were run at least in
duplicate. Student's t-test was used for statistical analysis. p<0.05 was considered as
statistically significant.

RESULTS
lL-l8 induced release of GAG and collagen into the medium

Chondrocytes were cultured for two weeks under control conditions. After 14 days,

collagen and proteoglycan levels in the beads had reached plateau levels

(approximately 22 and 30 pgilrg DNA, respectively [28]). The chondrocytes were

stimulated with lL-18 (0.5 - 20 ng/ml) for 1 or 2 days, and release of

glycosaminoglycans (GAG, as a measure for proteoglycans) and collagen (measured

as hydroxyproline after acid hydrolysis) into the medium was followed. A time and lL-

1B dose dependent release of GAG from the bead was seen. at 5 ng/ml (0.3 nM) of

lL-18, already 24"h of GAG was released in the medium after '1 day. This was

increased lo7O"h after 2 days (Fig. 1A). At the highest concentration of lL-18 (20

ng/ml) almost all GAGs were released after 48 h (- 80%). Spontaneous release was

negligible. under control conditions virtually no GAGs were found in the medium. The

data obtained for GAG release were in contrast to the degradation of collagen. no

increase in collagen content of the medium could be observed at increasing amounts

of lL-18 after 1 or 2 days (Fig. 1B).

Content of damaged collagen in the bead

Stimulation of MMP-activity by lL-18 does not necessarily result in release of collagen

into the medium, i.e. degraded collagen may stay in the matrix due to intermolecular

crosslinking; after two weeks of culture, a considerable level of collagen crosslinks

are present in the beads [28,29]. Therefore, the amount of a-chymotrypsin

degradable damaged collagen was quantified. By this method, unwound collagen

resulting from proteolytic degradation is further cleaved by cr-chymotrypsin and

released from the collagen network, whereas triple helical collagen is not degraded

[34]. Beads stimulated with lL-18 for 1 or 2 days revealed no increase in the

percentage of cr-chymotrypsin-degradable collagen (Fig. 1C).
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Fig. 1 lL-18 induced matrix degradation by bovine chondrocytes in

alginate. Chondrocytes were cultured for two weeks under control
conditions and subsequently stimulated with lL-18 (0, 0.5, 5 and
20 ng/ml) tor 24 or 48 h. Proteoglycan degradation (A, percentage
of GAGs released into the medium), collagen degradation (8, Hyp
released), and the amount of damaged collagen in the bead (C,

the percentage of o-chymotrypsin degradable collagen) were
monitored as described in Material and Methods.

lL-18 induction of MMP production: gelatin zymography

To rule out the possibility that lL-18 does not lead to MMP synthesis by chondrocytes

in the alginate bead system, extracts or culture medium from lL-18 treated alginate

beads were subjected to zymography. ln the non-stimulated culture only proMMP-2

(72 kDa) is observed in the beads and the medium (Fig. 2). Treatment with lL-18

resulted in a clear lL-18 dose and time dependent induction of proMMP synthesis. ln

more detail, strong induction of several lysis bands between 40 and 60 kDa (bead

extracts, Fig. 2A) and at -90 kDa (proMMP-9) was observed, whereas the level of

proMMP-2 was not or only marginally increased. The 45-60 kDa bands are likely to

correspond to multiple forms of stromelysin (MMP-3) or the collagenases MMP-1, -8

and -13 (different degrees in glycosylation and autolysis of proMMP into smaller

forms [8,9,25,39]). The lysis zone between proMMP-2 and -9 (-80 kDa) may

represent active MMP-9 and the band at -60 kDa) may result from the active from of

MMP-2 (Fis.2A).

ln the medium from non-stimulated cultures, only proMMP-2 is present and it is not

induced by lL-18 (Fig..28). The stimulation of proMMP-9 synthesis is comparable to

that found in the bead extracts. Since other (pro)MMPs are not present in the culture
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medium, we conclude that besides proMMP-2 and proMMP-9, the majority of the

MMPs synthesized by the chondrocyte upon lL-1B treatment are retained in the bead.
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Fig. 2 Gelatin zymography of bead extracts and medium. Chondrocytes
cultured in alginate for two weeks under control conditions were
subsequently stimulated with lL-18 lor 24 and 48 h. Beads extracts
(A) and medium (B) were applied to a 10% polyacrylamid gel
containing 0.1 % gelatin. lL-18 concentrations and are indicated at
the top of the gel; molecular weights shown on the left. Lysis zone
at -72kDa is likely to correspond to proMMP-2, and at -90 kDa to
proMMP-9.
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MMP-activity in bead extracts; effect of APMA

For proteolytic cleavage of extracellular matrix, proMMPs have to be activated after

excretion. To investigate whether the large increase in synthesis of MMPs upon lL-18

stimulation (zymography Fig. 2A) results in net MMP-activity, extracts of alginate

beads were analyzed with a sensitive activity assay with the fluorogenic MMP

substrate, TNO211 [38]. This substrate is rapidly cleaved by all MMPs tested so far

(MMP-I , -2, -3, -7, -8, -9, and -13). No increase in MMP-activity was observed after

lL-18 stimulatlon up to 48 h at 20 ng/ml lL-1B. This seems to be in contrast to

zymography (Fig. 2A)which indicates the induction of a variety of MMPs. Therefore, it

is most probable that the lysis zones originate from proMMPs or MMPs which are

inactivated by complexation with TlMPs. lt is known however, that induction of TIMP

upon lL-1 treatment in chondrocytes is absent [25,51]. Such MMP/TIMP complexes

are known to dissociate in the denaturing zymography buffer environment [40],
resulting in lysis zones corresponding to active MMPs in zymography.
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Fig. 3 MMP-activities in extracts of lL-18 stimulated beads.
Chondrocytes cultured in alginate for two weeks under control
conditions were subsequently stimulated with lL-18 (0, 0.5, 5, and
20 ng/ml) tor 24 and 48 h. MMP-activity in the extracts with and
without prior activation by APMA was determined using the
fluorogenic MMP substrate TNO2'l 'l , see Material and Methods for
details.

To investigate whether the lysis zones in zymography belong to proMMPs, bead

extracts were activated with APMA. This resulted in a time and lL-1B dose-dependent

increase in MMP-activity (Fig. 38) measured with TNO211, consistent with the
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relative increase in (pro)MMP-levels seen in zymography (Fig. 2A). MMP-activity in

beads exposed to 20 ng/ml lL-'lB for 48 h was 1S-fold higher than that in controls

beads (without lL-18). Addition of the selective MMP-inhibitors TIMP-1 (10 nM) or

BB94 (10 nM) totally suppressed the enzyme-activity (data not shown). The APMA-

induced elevation of MMP-activity was not due to dissociation of MMP/TIMP

complexes. APMA-treatment in vitro of MMP-3fflMP-1, MMP-8iT|MP-'1 or MMP-

13/TIMP-1 complexes did not result in active enzyme, when measured with TNO2'11

(data not shown).

Therefore, the detected MMP-activity must result from APMA-activated proMMPs,

which were not neutralized by free TIMPs in the bead. Furthermore, the lysis zones

seen in zymography are most likely to correspond to proMMPs and not active MMPs.

Role of MMPs in GAG release after activation by APMA

Beads, treated forl day with 20 ng/ml lL-1B still contain approximately 75% of the

GAGs (Fig. '1A), and high levels of proMMPs (Fig.2A). To examine whether active

MMPs (once activated) are able to degrade proteoglycans, the beads were incubated

lor 2 h (37"C) with 1 mM APMA to activate proMMPs. ln the absence of APMA,

approximately 24% of the remained GAGs (still present after lL-1B-stimulation; Fig.

4A) is released, most likely resulting from aggrecanase-activity (Fig. 4A). ln the

presence of APMA, the GAG release was increased to 31"/o. This additional

degradation of aggrecan with 28% indicate that activated MMPs may play a

significantly role in proteoglycan degradation.

Effect of activation of proMMPs on collagen degradation
To monitor the effect of proMMP activation on collagen degradation, lL-1 stimulated

beads (2 days, 20 ng/ml) were incubated with APMA. This resulted in a 3-fold

increase in collagen release from the bead in as little as 2 h in comparison with non-

APMA activated beads (Fig. 4B). This demonstrates that the APMA-mediated

increase in MMP-activity as determined with the fluorogenic activity assay (Fig. 38)

indeed results in rapid degradation of the collagen network. ln non-lL-18 stimulated

beads APMA treatment caused no increase in collagen release (Fig. aB), indicating

that a negligible amount of proMMPs are present in the control situation. The collagen

release alter lL-1 and APMA-activation could be totally abolished by the MMP-

inhibitor BB94 (10 pM; Fig.4B). Similar findings are shown for the fraction of

damaged collagen in lL-1 stimulated beads after exposure to APMA. an increase

upon APMA-activation and blocking of degradation by BB94 down to basal levels of

damaged collagen (lL-1, no APMA; Fig. aC). Hydroxyproline release (Fig. 48)
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together with the amount of damaged collagen (Fig.  C) indicate that after APMA

activation the lL-1 induced MMPs are able to rapidly degrade the collagen network.

C: damaged collagen
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Fig.4 Effect of proMMP-activation by APMA on proteoglycan (A) and
collagen (B) degradation, and the percentage of damaged
collagen in the bead (C). Chondrocytes containing alginate beads
were cultured for two weeks and subsequently stimulated with lL-
19 tor 24 h (proteoglycans) or 48 h (collagen), followed by an
incubation for 2 h in the presence of 1 mM APMA. The percentage
of damaged collagen in the bead (o-chymotrypsin degradable
collagen) was determined after another incubation of 16 h in the
absence of APMA. . significantly different. p<0.05 (Student's t-

test).

DISCUSSION

The alginate culture system was previously shown to be an excellent model to study

matrix synthesis by chondrocytes [28,29,41]. ln the present study we have been able

to apply established methodologies such as degradation of proteoglycans, collagen

release, and quantification of damaged collagen content in this model system to study

the direct effect of lL-1 on matrix degradation by chondrocytes.

Topographical differences in susceptibility of chondrocytes to lL-1 in cartilage

explants [42] have been eliminated in the alginate culture system for all beads contain

an identical cell population. As such, more reproducible results can be expected with

the alginate culture system than with articular cartilage explants.

Upon stimulation with lL-18 extensive proteoglycan depletion occurred. at only 5
ng/ml more lhan 70"/" of the GAGs was released within 2 days. This in good

agreement with the rapid proteoglycan degradation observed with cartilage explants

[20,21,23,24,43-451. The lL-1 mediated release of proteoglycans was attributed to

A: GAG release B: collagen release
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'aggrecanase'based on the release of specific aggrecan fragments 117,431. ln our

studies, we show that APMAtreatment of lL-1B stimulated beads resulted in a nearly

307o increase of GAG release. This suggests that MMPs (when activated) can

contribute to proteoglycan degradation in a cartilage-like extracellular matrix. This

corroborates the findings that MMPs can degrade isolated aggrecan [14,19,46-49]
and implies that MMPs can play a role in proteoglycan turnover in vivo. To which

extent MMPs are involved in aggrecan degradation in cartilage remains unknown until

quantitative methods become available to monitor both the neoepitopes generated by

MMPs and aggrecanase. ln our model system, after activation of proMMPs, 25% of

the total GAG release was likely to result from MMP-activity. This suggests that in

vivo, where only a small fraction of the MMPs is activated, their involvement in
aggrecan degradation will be small compared to aggrecanase-mediated turnover.

No increase in MMP-activity in alginate beads was detected afler 2 days of

stimulation by 20 ng/ml lL-18. Therefore, aggrecan degradation can not be related to

MMP-activity, which corroborates recent findings that 'aggrecanase' is not a known

MMP [50]. The absence of collagen degradation (20 ng/ml lL-18,2 days) was clearly

not due to a lack of MMP synthesis. upregulation of MMP synthesis was observed in

zymography as new lysis zones which are likely to correspond to MMP-1 , -3, -8 or -13

(45-60 kDa) and MMP-9 (-90 kDa), whereas MMP-2 expression was not or only

marginally induced. ln zymography, the sensitivity to detect the gelatinases MMP-2

and MMP-9 is about 100Jold higher than for other MMPs [49,51]. Since the intensity

of the lysis bands in the region corresponding to the molecular weights of MMP-'1, -3,

-8 and -13 were comparable to those of the gelatinases, our findings indicate that

gelatinases constitute 10"k or less of the total MMPs.

The excreted MMPs upon lL-18 treatment were still in the latent form, as concluded

from experiments where APMA was used to activate proMMPs. the collagen matrix in

the alginate bead rapidly deteriorated which was paralleled by an increase in MMP-

activity measured with the fluorogenic substrate TNO211. Together with the findings

that the MMP-inhibitor BB94 inhibited enzyme-activity and collagen degradation, this

suggests that the latent MMPs induced by lL-1 are able to rapidly degrade the

collagen matrix once activated. This presence of active MMPs after APMA treatment

in combination with the observation that APMA did not activate MMP-TIMP

complexes, indicates that the increase in enzyme-activity must be a result from an

excess of active MMPs over TlMPs. Hence, our enzyme activity data are consistent

with immunological findings that MMP/TIMP ratios in cartilage are increased upon lL-

1 treatment 125,42,52).

Our collagen degradation data correspond to recent findings from others with bovine

nasal cartilage explants. Collagen degradation was only found after exposure to high
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amounts of ll-'l for 3 weeks 120,23,241. The late onset of degradation in nasal

explants was putatively attributed to a change in chondrocyte phenotype during the

culture period (3 weeks) [20]. Another possible explanation is that prolonged

stimulation of cartilage explants with lL-1 results in a accumulation of latent MMPs,

which may lead to autoactivation of proMMPs due to high local concentrations as

described for proMMP-2 [53]. Taken together, investigations by others and the

present study indicate that lL-1 effectively increases proMMP synthesis and that

activation of these proMMPs requires other factors than lL-1 for collagen degradation

of cartilage to occur.

The actual presence of active MMPs in cartilage from arthritides was shown

immunohistochemically. MMP-generated neoepitopes in collagen and aggrecan were

observed [54-58]. This implies the presence of MMP-activating factors in cartilage in

vivo which may include catabolic cytokines and activators of proMMPs. Several

enzymes have been suggested to play a role in proMMP activation. Plasmin [59,60],

kallikrein [61], mast cell proteinases [62] activate proMMPs in vitro, but are not

produced by chondrocytes. Elevated levels of the plasminogen activator/plasmin

system and kallikrein have been found in synovial fluid from arthritis patients [63,64].

Besides proteolytic activation of latent MMPs, other mediators can be involved like

hypochloric acid produced by neutrophils that is able to activate proMMP-8 and -9

[65,66]. ln addition, a decrease in pH is known to activate proMMP-3 [67,68] and may

be local phenomenon, but the involvement in cartilage degradation is still unknown.

The alginate culture system for chondrocytes can be regarded as a suitable and

convenient model for detailed investigation of these putative proMMP activation

processes, and can be helpful in screening drugs for their ability to counteract

Induced matrix degradation. ln contrast to cartilage explants, interfering constituents

from synovial fluid which may confound the direct effect of a cytokine on matrix

degradation are lacking in alginate beads.

ACKNOWLEDGMENTS
The authors are grateful to Dr. G. Murphy and Dr. V. Knduper (Strangeways Lab.,

Cambridge, UK), and Dr. P. Mitchell (Pfizer Central Research, Groton, CT, USA) for

unique materials.

1.

REFERENCES

Dayer J-M, Demczuk S. Cytokines and other mediators in rheumatoid arthritis. Springer
Semin. l mmunopathol. T, 387 -413, 1 987 .

Arend WP, Dayer J-M. Cytokines and cytokine inhibitors or antagonists in rheumatoid

arth ritis. Arth riti s Rheu m. 33, 305-31 5,'l 990.
2.

118



7.

lL-l B induced matrix degradation by chondrocytes

Goldring MB. Degradation of articular cartilage in culture. regulatory factors. ln Joinl
Caftilage Degradation. Basic and Clinical Aspects; Woessner JF, Howell DS, eds., Marcel
Dekker, lnc. New York, p. 281-345, 1992.
Poole AR. Cellular biology of cartilage degradation. ln Mechanisms and models in
rheumatoid afthritis; Henderson B, Edwards J, Pettipher R, eds, London, England,
Academic Press, '1995.

Olliviere F, Gubler U, Towle CA, Laurencin, C, Treadwell BV. Expression of lL-1 genes in

human and bovine chondrocytes. a mechanism for autocrine control of cartilage matrix
degradation. Biochem. Biophys. Res. Commun 141 , 904-91 1 , 1 986.
Ahrend WP, Dayer J-M. lnhibition of the production and effects of interleukin-1 and tumor
necrosis factor cr in rheumatoid arthritis. Afthritis Rheum.38, 1 51 -160, 1 995.
Gowen M, Wood DD, lhrie EJ, Meats JE, Russell RGG. Stimulation by interleukin-1 of
cartilage breakdown and production of collagenase and proteoglycanase by human
chondrocytes but not by human osteoclasts in vitro. Biochim. Biophys. Acta.797, 186-193,
1 984.
Cawston TE. Metalloproteinase inhibitors and the prevention of connective tissue
breakdown. Pharmacol. Ther.70, 163-182, 1996.
Murphy G, Kniiuper V. Relating matrix metalloproteinase structure to function. why the
hemopexin domain. Matrix Biol. 15, 51 1 -51 8, 1 997.
Ogata Y, Enghild JJ, Nagase H. Matrix metalloproteinase 3 (stromelysin) activates the
precursor for the human matrix metalloproteinase 9. J. Biol. Chem. 267 ,3581 -3584, 1 992.
Suzuki K, Enghild JJ, Morodori T, Salvesen G, Nagase H. Mechanisms of activation of
tissue procollagenase by matrix metalloproteinase 3 (stromelysin). Biochemistry 29, 10261-
10270,1990.
Kniiuper V, L6pez-Otin C, Smith B, Knight G, Murphy G. Biochemical characterization of
human collagenase-3. J. Biol. Chem.271 , 1544-1550, 1996.
Knduper V, Wilhelm SM, Seperack PK, DeClerck YA, Langley KE, Osthues A, Tschesche
H. Direct activation of human neutrophil procollagenase by recombinant stromelysin.
Biochem. J. 295, 581 -586, 1 993.
Fosang AJ, Neame PJ, Hardingham TE, Murphy G, Hamilton JA. Cleavage of cartilage
proteoglycan between G1 and G2 domains by stromelysin. J. Biol. Chem.266, 15579-
15582,1991.
Hasty KA, Reife RA, Kang AH, Stuart JM. The role of stromelysin in the cartilage
destruction that accompanies inflammatory arthritis. Afthritis Rheum.33, 388-397, 1990.
Hughes CE, Caterson B, Fosang AJ, Roughly PJ, Mort JS. Monoclonal antibodies that
specifically recognize neoepitope sequences generated by 'aggrecanase' and matrix
metalloproteinase cleavage of aggrecan: application to catabolism in situ and in vitro.
Biochem. J. 305, 799-804, 1995.
Sandy JD, Neame PJ, Boynton RE, Flannery CR. Catabolism of aggrecan in cartilage
explants. ldentification of a major cleavage site within the interglobular domain. J. Biol.
Chem. 266, 8683-8685, 1 991.
Flannery CR, Lark MW, Sandy JD. ldentification of a stromelysin cleavage site within the
interglobular domain of human aggrecan. J. Biol. Chem. 267, 1008-1014, 1992.
Fosang AJ, Last K, Neame PJ, MurphyG, KnduperV, Tschesche H, Hughes CE, Caterson
B, Hardingham TE. Neutrophil collagenase (MMP-8) cleaves at the aggrecanase site E373-

43" in the interglobular domain of carlilage aggrecan. Biochem. J. 3O4, 347 -351, 1 994.
Kozaci LD, Buttle DJ, Hollander AP. Degradation of type ll collagen, but not proteoglycan,
correlates with matrix metalloproteinase activity in cartilage explant cultures. Arthritis
Rheum.40, 1 64-1 74, 1 996.

9.

10

11.

12

't3.

14.

15.

'16.

17

18

19.

119



Chapter 7

21. Rayan V, Hardingham T. The recovery of articular cartilage in explant culture from

interleukin-1cx. effects on proteoglycan synthesis and degradation. Matrix Biol. 14,263-271,
1 994.

22. llic M, Handly CJ, Robinson HC, Mok MT. Mechanisms of catabolism of aggrecan by

articular cartilage. Arch iv. B ioch e m. B iophys. 294, 1 1 5-1 22, 1 992.
23. Mitchell PG, Lopresti-Morow L, Yocum SA, Sweeney FJ, Reiter LA. lnhibition of interleukin-

1 stimulated collagen degradation in cartilage explants. Ann. N.Y. Acad. Sci.732, 395-397,

1 994.
24. Ellis AJ, Curry VA, Powell EK, Cawston TE. The prevention of collagen breakdown in

bovine nasal cartilage by TIMP, TIMP-2 and a low molecular weight inhibitor. Biochem.

Biophys. Res. Commun 201 , 94-101 , 1994.

25. Lefebvre V, Peeters-Joris C, Vaes G. Production of gelatin degrading matrix

metalloproteinases ('type lV collagenases') and inhibitors by articular chondrocytes during

dedifferention by serial subcultures and under stimulation by interleukin-1 and tumor
necrosis factor cr. Biochim. Biophys Acta1094,8-18, 1991.

26. Smith RJ, Justen JM, Ulrich RG, Lund JE, Sam LM. lnduction of neutral proteinase and
prostanoid production in bovine nasal chondrocytes by interleukin-1 and tumor necrosis

factor cr. Modulation of these cellular responses by interleukin-6 and plate-derived growth

factor. Clin. lmmunol. lmmunopathol.64, 134-144, 1992.

27. Stephenson ML, Goldring MB, Birkhead JR, Krane S, Rahmsdorf HJ, Angel P. Stimulation
of procollagenase synthesis parallels increase in cellular procollagenase mFINA in human

articular chondrocytes exposed to recombinant interleukin 1B or phorbol esler. Biochem.

Biophys. Res. Commun 144,583-590, 1987.

28. Beekman B, Verzijl N, von der Mark K, TeKoppele JM. Synthesis of collagen by bovine

chondrocytes cultured in alginate; post-translational modifications and cell-matrix

interaction. Exp. Cell Res.237, 135-141 , '1997.

29. Petit B, Masuda K, D'Souza AL, Otten L, Pietryla D, Hartman DJ, Morris NP, Uebelhaft D,

Schmid TM, Thonar EJ-MA. Characterization of crosslinked collagens synthesized by

mature articular chondrocytes cultured in alginate beads. comparison of two distinct matrix

components. Exp. Cell Res.225, 151-161, 1 996.

30. Guo J, Jourdian GW, MacCallum DK. Culture and growth characteristics of chondrocytes

encapsulated in alginate beads. Connect llss. Bes. 19, 277-297 , 1989.
31 . Hduselmann HJ, Aydelotte MB, Schumacher BL, Kuettner KE, Gitelis SH, Thonar EJ-MA.

Synthesis and turnover of proteoglycans by human and bovine articular chondrocytes

cultured in alginate. Matrix 12, 1 1 6-129, 1 992.

32. Kim YJ, Sah RL, Doong JY, Grodzinsky AJ. Fluorometric assay of DNA in cartilage

expalnts using Hoechst 33258. Anal. Biochem. 174, 168-176, 1988.

33. Monboisse V, Moinbosse JC, Borel JP, Randoux A. Nonisotopic evaluation of collagen in

fibroblast cultures. Anal. Biochem. 176, 395-399, 1989.

34. Bank RA, Krikken M, Beekman B, Stoop R, Maroudas A, Lafeber FPJG, TeKoppele JM. A
simplified measurement of degraded collagen in tissues. application in healthy, fibrillated

and osteoarthritic cartilage. Matrix Biol. 16,233-243, 1997.

35. Bank RA, Jansen EJ, Beekman B, TeKoppele JM. Amino acid analysis by reverse phase

high per{ormance liquid chromatography. improved derivatization and detection conditions
with 9-fluorenylmethyl chloroformate . Anal. Biochem.24O, 167-176, 1996.

36. Davies B, Brown PD, East N, Crimmin MJ, Balkwill FR. A synthetic metalloproteinase

inhibitor decreases tumor burden and prolongs survival of mice bearing human ovarian

carcinoma xenografts. Cancer Res.53, 2087-2091, 1 993.

120



38.

39.

40.

41 .

42

lL-l8 induced matrix deoradation bv chondrocvtes

Hanemaaijer R, Koolwijk P, Le Clercq L, de Vree WJA, van Hinsbergh VWM. Flegulation of
matrix metalloproteinase expression in human vein and microvascular endothelial cells.
Biochem. J. 296, 803-809, 1993.
Beekman B, Drijfhout JW, Bloemhoff W, Ronday HK, Tak PP, TeKoppele JM. Convenient
fluorometric assay for matrix metalloproteinase activity and its application in biological
media. FEBS leff. 390, 221-225,1996.
Cole AA, Chubinskaya S, Schumacher B, Huch K, Cs-Szabo G, Yao J, Mikecz K, Hasty K,
Kuettner K. Chondrocyte matrix metalloproteinase 8. Human articular chondrocytes
express neutrophil collagenase. J. Biol. Chem. 271 , 11023-1 1 026, 1 996.
Woessner JF. Quantification of matrix metalloproteinases in tissue samples. Methods
EnaJmol. 248, 5'l 0-528, 1 995.
Beekman B, Verzijl N, de Roos JADM, Koopman JL, TeKoppele JM. Doxycycline inhibitis
collagen synthesis by bovine chondrocytes cultured in alginate. Biochem. Biophys. Res.
Commun. 237, 107 -1'l 0, 1 997.
Hduselmann HJ, Flechtenmacher J, Michal L, Thonar EJ-MA, Shinmei TM, Kuettner KE,
Aydelotte MB. The superficial layer of human articular cartilage is more susceptible to lL-1
induced damage than the deeper layers. Afthritis Rheum.39, 478-488, 1996.
Loulaki P, Shrikhande A, Davis G, Maniglia CA. N-Terminal sequence of proteoglycan
fragments isolated from medium of interleukin-1 treated adicular cartilage cultures.
Biochem. J. 284, 589-593, 1992.

44. Ratcliffe A, Tyler JA, Hardingham TE. Articular cartilage cultured with interleukin-1 .

Biochem. J. 238, 57 1 -580, 1 986.
Cawston TE, Ellis AJ, Humm G, Lean E, Ward D, Curry V. lnterleukin-1 and oncostatin M in
combination promote the release of fragments from bovine nasal cartilage in culture.
Biochem. Biophys. Res. Commun 215, 377-385, 1995.
Fosang AJ, Last K, Knduper V, Neame PJ, Murphy G, Hardingham TE, Tschesche H,
Hamilton JA. Fibroblast and neutrophil collagenase cleave at two sites in the cartilage
a g g recan inte rg lobu lar d omain. B i oc h e m. J. 295, 27 3-27 6,1 993.
Fosang AJ, Neame PJ, Last K, Hardingham TE, Murphy G, Hamilton JA. The interglobular
domain of cartilage aggrecan is cleaved by Pump, gelatinases and cathepsin B. J. Biol.
Chem. 267, 1 947 O-1 947 4, 1 992.
Fosang AJ, Last K, Knduper V, Murphy G, Hughes CE Neame PJ. Degradation of cartilage
aggrecan by collagenase-3 (MMP-1 3) . FEBS Lefr. gB0, 't 7-20, 't 996.
Nagase H, Ogata Y, Suzuki K, Enghild JJ, Salvesen G. Substrate specificities and
activation mechanisms of matrix metalloproteinases. Biochem. soc. Trans. 'lg, 71s-718,
1 991.
Arner EC, Decicco CP, Cherney B, Tortorella MD. Cleavage of native cartilage aggrecan
by neutrophil collagenase is distinct from endogenous cleavage by aggrecanase. J. Biol.
Ch em. 272, 9294-9299, 1 997 .

Manicourt D-H, Lefebvre V. An assay for matrix metalloproteinases and other proteases
acting on proteoglycans, casein, or gelatin. Anal. Biochem. 215, 171-179, 1 993.
Mafiel-Pelletier J, McCollum R, Fujimoto N, Obata K, Cloutier J-M, Pelletier J-p. Excess of
metalloproteinase over tissue inhibitor of metalloproteinases may contribute to cartilage
degradation in osteoarthritis and rheumatoid arthritis. Lab. lnvest.7O, 807-815, 1994.
crabbe T, loannou c, Docherty AJP. Human progelatinase A can be activated by autolysis
at a rate that is concentration-dependent and enhanced by heparin bound to the C{erminal
domain. Eur. J. Biochem.218,431-438, 1993.
Dodge GR, Poole AR. lmmunohistochemical detection and immunohistochemical analysis
of type ll collagen degradation in human normal, rheumatoid, and osteoarthritic cartilages

46.

47.

48.

49.

51.

121



58.

59.

60.

61.

62"

63.

64.

Chapter 7

57.

and in explants of bovine articular cafiilage cultured with interleukln 1. J. Clin. lnvest.83,
647-661,1989.
Hollander AP, Heathfield TF, Webber C, lwata Y, Bourne R, Poole AR. lncreased damage
to type ll collagen in osteoarthritic articular canilage detected by a new immunoassay. J.

Clin. lnvest.93, 1722-1732, 1994.
Billinghurst RC, Dahlberg L, lonescu M, Reiner A, Bourne R, Rorabeck C, Mitchell P,

Hambor J, Diekmann O, Tschesche H, Chen J, Van Wart H, Poole AR. Enhanced

cleavage of type ll collagen bycollagenases in osteoarthritic cartilage. J. Clin. lnvest.99,
1534-1545,1997.
Lark MW, Bayne EK, Flanagan J, Harper CF, Hoerrner LA, Hutchinson Nl, Singer ll,

Donatelli SA, Weidner JR, Williams HR, Mumford RA, Lohmander S. Aggrecan
degradation in human cartilage. Evidence for both matrix metalloproteinase and

aggrecanase activities in normal, osteoarthritic, and rheumatoid joints. J. Clin. lnvest. 1OO,

93-106,1997.
Singer lL, Kawka DW, Bayne EK, Donatelli SA, Weidner JR, Williams HR, Ayala JM,
Mumford RA, Lark MW, Glant TT, Nabozny GH, David CS. VDIPEN, a metalloproteinase-
generated neoepitope, is induced and immunolocalized in articular cartilage during
inflammatory arthritis. J. Clin. lnvest.95, 2178-2186, 1995.

Murphy G, Atkinson S, Ward R, Gavrilovic J, Reynolds JJ. The role of plasminogen

activators in the regulation of connective tissue metalloproteinases. Ann. N.Y. Acad. Sci.
667, 1-12, 1992.
Gavrilovic J, Murphy G. The role of plasminogen in cell-mediated collagen degradation.
Cell. Biol. lnt. Rep. 13, 367-375, 1989.
Nagase H, Cawston TE, DeSilva M, Barrett AJ. ldentification of plasma kallikrein as an
activator of latent collagenase in rheumatoid synovial lluid. Biochim. Biophys. Acta 702,
133-142,1982.
Lees M, Taylor DJ, Wooley DE. Mast cell proteinases activate precursor forms of

collagenase and stromelysin, but not of gelatinases A and B. Eur. J. Biochem.223, 171-

177,1994.
Kummer AJ, Abbink JJ, De Boer JP, Roem D, Nieuwenhuys EJ, Kamp AM, Swaak TE,
Hack CE. Analysis of intraarticular fibrinolytic pathways in patients waith inflammatory and
non- inflammatory joint diseases. Arthritis Rheum.35, 884-893, 1 992.

Suzuki M, lto A, Mori Y, Hayashi Y, Matsuta K. Kallikrein in synovial fluid with rheumatoid
arthritis. Biochem. Med. Metabol. Biol. 37, 177 -1 83, 1987 .

Peppin GJ, Weiss SJ. Activivation of the endogenous metalloproteinase, gelatinase by
triggered human neutrophils. Proc. Natl. Acad. Sci. USA 83, 4322-4326, 1986.
Capodici C, Berg RA. Neutrophil collagenase activation, the role of oxidants and cathepsin
G. Agents Actions 34, 8-1 0, 1 991.
Gunja-Smith Z and Woesner JF. Activation of cartilage stromelysin-l at acid pH and its

relation to enzyme pH optimum and osteoarthritis. Agents Actions 40,228-231 , 1993.
Wilhelm SM, Shao ZH, Housley TJ, Separack PK, Baumann, AP, Gunja-Smith Z,

Woessner JF. Matrix metalloproteinase-3 (stromelysin-1). ldentification as the cadilage acid
metalloproteinase and effect of pH on catalytic properties and calcium. J. Biol. Chem.268,
21906-21913, 1993.

67.

68.

122





Summary and Discussion, Future Perspectives

SUMMARY AND DISCUSSION

ln normal cartilage, a tight balance exists between matrix synthesis and degradation.

However, in cartilage pathologies like OA and RA this balance becomes disturbed. For

instance, the early phase of OA is characterized by an increase in matrix synthesis by

chondrocytes, which is in later stages followed by an elevation of matrix degradation

caused by an increase in MMP-activity. ln this thesis, the development and utilization of

new methods to obtain more insight in these processes is described.

ln Chapter 2, a novel culture system for chondrocytes was explored for its feasibility

to study collagen synthesis by articular chondrocytes. When cultured in monolayer,

chondrocytes dedifferentiate into a fibroblast like cell which is accompanied by a
switch from synthesis of type ll collagen to type I and lll collagen 11,2).

lmmunohistochemically it was shown that the chondrocytes in alginate did not

produce type I collagen. The presence of type ll collagen was prominent, indicating

phenotypically stable chondrocytes in the alginate environment. The collagen

synthesized was further characterized by its posttranslational modifications: the

degree of lysyl glycosylation and crosslink formation was typical for type ll collagen,

corroborating that mainly type ll collagen was present.

To investigate whether impairing the collagen crosslink formation influences collagen

synthesis, chondrocytes were treated throughout the culture period with B-

aminopropionitrile (BAPN), an irreversible blocker of lysyl oxidase which is the key

enzyme in collagen crosslink synthesis. As checked by HPLC, no crosslinks were

formed. lnterestingly, collagen synthesis was doubled upon BAPN treatment. No

effect on proteoglycan synthesis was observed, indicating a collagen specific

mechanism. ln non-treated cultures, the collagen was retained lor gO"/" in the cell-
associated matrix, whereas in the presence of BAPN half of the collagen was found in
the further removed intercellular matrix. These data suggest that a regulatory role

exists for the collagen in the close proximity of the cell: collagen that has not been

crosslinked will diffuse further from the cell so that cell-collagen interaction is

reduced. This is expected to disturb the normal feedback signals to the cell, which are

thought to be mediated by matrix binding integrin receptors [3,4,5]. Culturing in the
presence of a cyclic peptide containing the integrin binding sequence Arg-Gly-Asp

dimished collagen synthesis wilh 37"h, whereas proteoglycan synthesis was not

affected. Thus, occupying the integrin receptors to mimic a matrix abundance close to

the cell indeed downregulated collagen synthesis. Further experiments have to clarify
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which member of the integrin family is mainly responsible for the cell-type ll collagen

interaction.

ln normal articular cartilage, the turnover of collagen is extremely low (half-life > 200

years). As a response to insult on the cartilage (a possible trigger to start OA),

chondrocytes increase synthesis of type ll collagen [6,7,8] which is looked upon as an

attempt to repair. This repair fails however, for yet unknown reasons. Most likely, the

newly synthesized collagen is not incorporated in the existing matrix for increased

amounts of intact type ll collagen monomers can be extracted from OA cartilage when

compared to that from normal cartilage [9,10]. ln the alginate system, the synthesis of

type ll collagen by freshly isolated chondrocytes is increased when compared to their

metabolic behaviour in cartilage. Therefore, the chondrocytes in the alginate express

a similar phenotype to chondrocytes in the early phase of OA: the increase in type ll

collagen synthesis can be regarded as a repair process to re-establish a surrounding

matrix. As such, this culture system may provide a valuable tool to elucidate the

chondrocyte's behaviour in matrix repair processes.

The alginate culture system was used to test the effect of doxycycline on collagen

synthesis (Chapter 3). The antibiotic doxycycline was recently shown to reduce the

severity of osteoarthritis in animal models [11,12], which was assumed to be related

to the MMP-inihibiting properties of the drug. However, the doxycycline concentration

reached in vivo (<10 pM) is far below the lCso values for the MMPs (-10-fold higher)

suggesting that this may not be the only or major mechanism ol action of the drug.

The results presented in Chapter 3 show that doxycycline profoundly inhibited

collagen synthesis (lCso-2O pM) and type ll collagen mRNA expression at levels

reached in vivo. The inhibition by doxycycline was reversible.

ln early phases of OA, an initial increase in type ll collagen synthesis by chondrocytes

is seen. Dedifferentiated, fibroblast-like chondrocytes change to type I and lll collagen

synthesis t131. Chondrocyte-clusters (so-called 'clones') can be observed

synthesizing type X collagen [14,15j, a specific marker for hypertrophic chondrocytes.

Cole et al. [16,17]demonstrated that the synthesis of type X collagen by hypertrophic

chondrocytes in chicken growth plate can also be inhibited by doxycycline at

concentrations comparable to those used in the study described in Chapter 3. lt is
therefore tempting to speculate that doxycycline interferes with the chondrocyte's

phenotypical changes as seen in OA (increase in type ll collagen synthesis, type X

collagen synthesis). This is consistent with reports by Yu et al. [11] and Greenwald et

al. 1121, who showed that doxycycline reduced the formation of chondrocyte clones in

the spontaneous OA model in dogs and Guinea pigs, respectively.
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It will be of interest to establish whether doxycycline has indeed a direct inhibiting

effect on the chondrocyte's dedifferentiation and hypertrophy. For such an

experiment, freshly isolated chondrocytes could be cultured in monolayer so that they

will dedifferentiate within a week (producing type I and lll collagen), and become

hypertrophic after several weeks (type X collagen synthesis) [13,18]. The effect of

doxycycline on the phenotypical stability can thus be monitored by determining the

type of collagen synthesized and the cell morphology.

Tissue degradation in joint diseases like OA and RA is caused by an excess of

proteolytic activity. Matrix metalloproteinases (MMPs) have been implicated to play a

pivotal role in this breakdown; this enzyme family can efficiently degrade all

components of the extracellular matrix. MMPs are secreted as inactive proforms.

After activation, the active MMPs can be inhibited by tissue inhibitors of matrix

metalloproteinases (TlMPs). Thus, only the active MMPs (<5% of the total MMP)

reflect the 'matrix-degrading-capacity'. Elevated levels of MMPs have been observed

in synovial fluids from OA and RA patients, as determined by immunological methods

119,20,211. So far, no MMP-activity measurements in untreated (unactivated) synovial

fluids have been reported. ln Chapter 4, the development of a convenient assay for

general MMP-activity in biological media is described. This assay uses fluorogenic

substrate TNO211 which allows continuous, selective and sensitive MMP-activity

measurements. ln untreated, synovial fluids MMP-activity increased in the order:

control < OA < RA. This is in line with immunological findings reported by others,

where levels of MMPs were the highest in RA synovial fluids [19,20,21]. The

significantly higher MMP-activity in synovial fluid from OA patients compared to that in

control synovial fluid implies that the frequent use of OA as a control group for RA can

be debated.

TNO21 1 is a general substrate, i.e. several MMPs can be responsible for its turnover

in synovial fluid. The catalytic effiencies of the gelatinases MMP-2 and -9 for TNO211

are about 10-20 times higher than those for MMP-1 and -3. This suggests that mainly

MMP-2 and -9 activity is measured. However, the MMP-2 and MMP-9 levels in RA

synovial fluid are about 70-100 fold lower than that for MMP-3 [20], indicating that

also MMP-3 can still account for a significant part of TNO21'l hydrolysis.

Recently, the newly discovered collagenase MMP-13 has been postulated as an

important cartilage degrading enzyme 122,231. The synthesis of MMP-13 by

chondrocytes and synoviocytes is upregulated in OA and RA [24,25,26,27,281.
However, the levels of (pro)MMP-13 have never been quantified in OA or RA synovial

fluid. Also MMP-13 can convert the general MMP substrate TNO211: its catalytic

efficiency is 2 to 3-fold higher than that for gelatinases (unpublished results).
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Therefore, MMP-13 may also contribute substantially to the conversion of TNO21 1 in

the OA and RA synovial fluid samples.

To measure enzyme activities of the individual MMPs in e.g. synovial fluid, more

specific assays are needed. This may be achieved by more selective fluorogenic

peptides. For stromelysin-1 (MMP-3), such a specific fluorogenic assay was

developed with substrate TNO003. (Chapter 5). MMP-3 showed the highest turnover

rate of this substrate. Other MMPs i.e. MMP-2, -9 and -13, can also cleave TNO003

albeit only at 10-50% of the rate by MMP-3. For its use in biological media, cleavage

of TNO003 by other enzymes than MMP-3 was effectively blocked by a proteinase

inhibitor cocktail: CompleterM (to suppress activity of non-MMPs), and SC44,463 (to

inhibit other MMPs than MMP-3). All synovial fluids from rheumatoid arthritis patients

contained a considerable amount of active stromelysin, which was about 100-fold

higher than that in synovial fluid from control subjects. Using the general MMP-

substrate TNO211 (Chapter 4) a 20-fold difference in activity was observed between

controls and RA synovial fluids. This suggests that the expression and activation of

stromelysin in RA is higher than of other MMPs.

Remarkebly, the compound used to inhibit MMP-2, -9 and -13 (SC44,463)

demonstrated 50-200-fold higher lC5e values for these enzymes in synovial fluid than

found in buffer. Binding of SC44,463 to proteins in synovial fluid resulting in a lower

free-drug concentration may well be the explanation for this observation. This

implicates that the therapeutic effiency of MMP-inhibitors as drugs in OA or RA is
highly depending on the physicochemical properties of the compound. Therefore,

assessment of lCso values of synthetic inhibitors for MMPs should be performed in

biological media such as SF. The use of fluorogenic substrates in such MMP-activity

measurements is favored over other assays for they allow convenient, sensitive and

continuous measurements with a high sample throughput.

Recent data indicate that MMP-10 (stromelysin-2) hydrolyses TNO003 at 80% of the

catalytic efficiency of MMP-3, and has comparable lC56 values towards SC44,463.

For measurements in synovialfluid adisturbance by MMP-10 is unlikely since MMP-

10 expression is not or hardly detected in joint tissues and not upregulated in
arthritides, in contrast to MMP-3 [29,30,31].

For MMP-3, the combination of a selective substrate and selective inhibitors was

required to result in a specific assay. To obtain specific fluorogenic substrates

(containing amino acid sequences which are cleaved by one MMP family member

only) detailed knowledge of (the differences in) active sites of the MMPs is crucial.

Some of this information has become available recently. However, only the crystal
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and NMR structures of MMP-1, -3, and -8 have been published [32,33,34,35]. These

structures were mainly used to design selective and/or potent MMP inhibitors by

molecular modeling. With the structural information about the active sites of the

enzymes more selective fluorogenic substrates may be designed. However, the

chance of obtaining specific substrates with molecular modeling should not be

overestimated; the MMPs have overlapping substrate specificities, i.e. they share

large similarities in their active sites.

Monitoring MMP-activities in synovial fluid is regarded to reflect of the 'matrix-

degrading-potential' in the joint at the moment of sampling. On the other hand,

quantification of MMP-mediated degradation products in cartilage will be indicative of

the actual degradation by MMPs.

ln Chapter 6, a novel method is described to quantitate the amount of damaged

collagen in articular cartilage. The advantage of this method is that it can be applied

to other tissues and different species since no antibodies are needed, as in similar

methods based on immunological principles [36,37,38]. The amount of damaged

collagen in degenerated cartilage (early OA) was about 4-fold higher than in healthy

cartilage from the same donor. ln this degenerated cartilage, most of the damaged

collagen was present in the upper zone, which is agreement with immunological

studies [36,38]. The increase in the amount of damaged collagen correlated (r= 0.gO)

with the swelling of the cartilage, one of the early features of OA. This implies that

damage to the collagen network seriously impairs the integrity of the cartilage and

thus its biomechanical function. Breakdown of collagen in the fibrils is mainly

attributed to the collagenases (MMP-1, -8 and -13): ln sifu staining of cartilage using

antibodies that recognize neoepitopes in type ll collagen (resulting from cleavage by

collagenases) indicated the presence of active collagenases [36,37,38]. Using these

immunological methods, a potential role of other proteinases in collagen degradation

is underappreciated: MMP-3, as well as leucocyte elastase can degrade the N-

terminal telopeptides of type ll collagen resulting in swelling of cartilage [39,40]. Our

method quantifies the total amount of degraded collagen (i.e. mediated by

collagenases plus other proteinases such as MMP-3) and may therefore better reflect

the damage to the collagen network than quantifying collagenase-derived epitopes.

Using the method described in Chapter 6, it was shown that by incubating cartilage

with MMP-3 the amount of damaged collagen increased [41], corroborating the

potential role for MMP-3 in collagen degradation. Whether MMP-3 directly acts on the

collagen or by activation of the pro-forms of MMP-1 , -8 and -13 remains unknown.

129



Chapter I

ln Chapter 7, techniques developed and described in the preceding chapters were

used to explore the suitability of the alginate culture system as a 'matrix degradation

model'. Chondrocytes were grown for three weeks to produce a cartilage-like matrix

followed by a stimulation with lL-1B. This resulted in a rapid depletion (lL-18 dose and

time dependent) of proteoglycans (GAGs) from the beads. No collagen degradation

was observed (neither by hydroxyproline measurements in hydrolyzed culture

medium, nor by the amount of denatured collagen in the bead). This is in line with

data obtained with cartilage explant cultures 142,43,44), and suggests that

degradation of the two major macromolecules of cartilage, collagen and

proteoglycans, are regulated by distinct mechanisms. Degradation of proteoglycans

was putatively attributed to aggrecanase.

The absence of collagen degradation was in agreement with the absence of MMP-

activity in bead extracts using fluorogenic substrate TNO21 1. However, lL-18 strongly

upregulated the synthesis of MMPs, as seen with substrate SDS-PAGE

(zymography). Activation of the bead extracts with the proMMP activator aminophenyl

mercuric acetate (APMA) resulted in an lL-18 dose and time dependent increase in

MMP-activity. Therefore, it was concluded that lL-18 treatment resulted in inactive

MMPs only (latent or complexed with TIMPs). The release of GAGs from the beads

was increased by nearly 30% after APMA treatment, indicating that activated MMPs

are able to degrade proteoglycans in the cartilage-like environment. ln vivo however,

only a small fraction of the proMMPs becomes activated. This suggests that the

involvement of MMPs in aggrecan degradation will be small in comparison to

aggrecanase-mediated turnover.

Activation by APMA also resulted in a rapid and severe degradation of the collagen in
the bead, based on the augmented levels of hydroxyproline in the medium and the

increase in denatured collagen in the bead. This is in agreement with the MMP-

activity data after APMA activation and thus stimulation of chondrocytes by lL-18 only

results in synthesis of -inactive- proMMPs.

There is now a reasonable body of evidence that indeed active MMPs are present in

OA and RA articular cartilage: type ll collagen neoepitopes derived from collagenase

cleavage, as well as aggrecan cleavage products mediated by MMPs were detected

in diseased cartilage [36,37,38,45].
The mechanisms by which proMMPs become activated in vivo are still unelucidated.

Several enzymes have been suggested to play a role in proMMP-activation, e.g.

plasmin [46], kallikrein [47] and mast cell proteinases [48]. So far only the activation of
proMMP-2 by MT-MMP has been generally accepted, altough no in vivo evidence has

been reported. As the expression of proMMP-2 and MT-MMP is not upregulated in

arthritic cartilage, it remains unclear whether this activation route is of major
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importance in arthritides. MMP-3 was shown to activate the precursors of all three

collagenases. However, the mechanism by which MMP-3 itself becomes activated is

unknown.

More detailed knowledge of the activation routes of the proMMPs is relevant as they

may lead to novel strategies for therapeutic intervention in cartilage degrading

diseases. To investigate these mechanisms, the alginate bead culture system for

chondrocyte is an appropriate model.

FUTURE PERSPECTIVES
The alginate bead culture system for chondrocytes is described in detail in this thesis

and can be regarded as a suitable model to study both matrix synthesis and

degradation. The phenotype of the cultured chondrocyte is comparable to that seen in

early OA. Compounds that inhibit the phenotypical change of the chondrocyte, as

suggested for doxycycline, may be interesting new drugs in delaying the progression

of OA.

For detailed studies on degradation of cartilage matrix proteins by chondrocytes, the

alginate bead system is favored over the explant culture system: the chondrocytes

cultured in alginate are freshly isolated and therefore this system contains no

interfering constituents from synovial fluid which may confound the direct effect of a

cytokine on matrix degradation. Such a 'clean' system will be useful in elucidating the

unknown processes involved in proMMP activation. lnasmuch as only a small fraction

of the proMMPs becomes activated, this activation can be expected to present a rate

limiting step in collagen degradation. The specific activity assays for MMPs described

in this thesis are sensitive tools to use in such studies. Besides the described specific

assay for MMP-3, similar assays are needed for MMP-1 and especially for the

exciting proteinase MMP-13, which is regarded by pharmaceutical companies as a
main target for intervention in OA.

To investigate whether the activity of certain MMPs (using the specific assays) in

synovial fluid is of diagnostic or prognostic value in disease severity or progression,

cohorls of OA and FIA patients should be monitored longitudinally. ln addition, the

effect of therapy on the level active MMPs can be followed.

The fluorogenic assays are not restricted to synovial fluid: they were also successfully

applied to culture medium and tissue extracts. Although this thesis is focussed on

matrix degradation in joint diseases, MMPs have been implicated in the processes

involved in angiogenesis, cancer, wound healing, and growth. The still expanding

MMP family is a major group of enzymes in normal and abnormal tissue-turnover and

can therefore be regarded as an interesting therapeutic target.
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Samenvatting

SAMENVATTING

Gewrichtskraakbeen bestaat uit een laagje weefsel van enkele millimeters dik dat zich

bevindt aan het einde van het bot in gewrichten. Het gewrichtskraakbeen heeft

diverse functies: het is van belang voor het soepel bewegen van de gewrichten en is

in staat mechanische schokken op te vangen. Het kunnen opvangen van schokken is

opmerkelijk aangezien kraakbeen voor het grootste gedeelte (60-80%) uit water

bestaat. Naast water zijn collageen en proteoglycanen de voornaamste componenten

in kraakbeen. Collageenmoleculen zijn langgerekte eiwitten die zich trapsgewijs

rangschikken in fibrillen. Door onderlinge verbindingen ('crosslinks') tussen de

collageenmoleculen kunnen de fibrillen grote trekkrachten weerstaan. Die krachten

ontstaan doordat de meervoudig negatief geladen proteoglycanen water aantrekken.

Bij compressie van het kraakbeen, tijdens normaal gebruik van gewricht, wordt water

uit het kraakbeen geperst. Na het wegvallen van deze druk zorgen de negatief

geladen proteoglycanen ervoor dat het water terug in het kraakbeen gezogen wordt

(osmotische zuigkracht). De juiste samenwerking tussen water, proteoglycanen en

collageen is verantwoordelijk voor het opvangen van de grote krachten die op het

kraakbeen worden uitgeoefend.

ln het kraakbeen bevindt zich slechts 66n celtype, de chondrocyt, die zorgt voor

balans in de synthese en afbraak van de componenten die het netwerk vormen van

de kraakbeenmatrix. Als deze balans verstoord is, heeft dit grote gevolgen voor het

functioneren van het kraakbeen. Bij gewrichtsaandoeningen, zoals artrose en

reumatoide artritis, is er sprake van een verhoogde afbraak van het kraakbeen. De

matrix metalloproteinasen (MMP's) vormen een familie van enzymen die

verantwoordelijk wordt gehouden voor de afbraak van kraakbeen. Het is dan ook een

verhoging van de MMP-synthese door de chondrocyt die gepaard gaat met artrose en

reumatoide artritis. Naast de chondrocyten kunnen ook cellen in het gewrichtskapsel

(synovium) MMP's uitscheiden. Dit wordt gestimuleerd door ontstekingsmediatoren,

zoals cytokines.

Het is van groot belang om meer inzicht te krijgen in de processen die een rol spelen

bij de synthese en afbraak van kraakbeenmatrix. Deze processen zijn nader

bestudeerd en de resultaten daarvan zijn beschreven in dit proefschrift.

ln Hoofdstuk 2 wordt het alginaalkweekmodel voor chondrocyten bestudeerd. Het is

gebruikt om de synthese van collageen en proteoglycanen te bestuderen. Hierbij

worden de cellen gekweekt in alginaatbolletjes (negatief geladen polymere

suikerketens) waardoor de chondrocyten niet dedifferenti6ren tot fibroblastachtige

cellen, zoals het geval is bij chondrocyten die in monolaag gekweekt worden.
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De synthese van, het voor kraakbeen specifieke, type ll collageen werd

immunohistochemisch aangetoond, terwijl vrijwel geen type I of X collageen (merkers

voor gededifferenti6erde, respectievelijk hypertrofe chondrocyten) aanwezig was. Ook

de posttranslationele modificaties (glycosylering van hydroxylysine en vorming van

crosslinks) van het collageen kwamen overeen met die van type ll collageen. Deze

resultaten geven aan dat de chondrocyten in het alginaat-kweeksysteem een

kraakbeenachtige matrix produceren. Om te onderzoeken of de remming van

collageen-crosslinkvorming de synthese van collageen beinvloedt, werden de

chondrocyten gekweekt in de aanwezigheid van B-aminopropionitril (BAPN), een

irreversibele remmer van lysyloxidase. Dit enzym speelt een sleutelrol bij de vorming
van collageen-crosslinks. Er konden inderdaad geen crosslinks worden aangetoond,

terwijl de collageensynthese verrassenderwijs tweevoudig was verhoogd. ln niet

behandelde kweken werd 90% van het collageen teruggevonden in de matrix in de

directe omgeving van de cel. ln de aanwezigheid van BAPN was dit slechts de helft.

Dit resultaat suggereeft dat het collageen in de extracellulaire matrix een regulerende

werking uitoefent op de collageensynthese: collageen dat niet gecrosslinkt is,

diffundeeft verder van de cel waardoor de chondrocyt-collageen interactie vermindert
en er geen negatieve terugkoppeling op de collageensynthese meer kan

plaatsvinden. Waarschijnlijk verloopt de chondrocyt-collageen interactie via

integrinereceptoren, aangezien de toevoeging van peptiden die aan integrine kunnen

binden de synthese van collageen verminderde met37"k.

Het alginaat-kweeksysteem voor chondrocyten werd gebruikt om de effecten van

doxycycline op de collageensynthese te bestuderen (Hoofdstuk 3). ln de literatuur is

beschreven dat in diermodellen het antibioticum doxycycline een gunstig effect heeft

op de gewrichtsschade bij artrose. Dit effect wordt toegeschreven aan de eigenschap

van doxycycline om MMP-activiteit te remmen. De concentratie van doxycycline rn

vivo is echter veel lager dan nodig is voor de remming van MMP-activiteit, hetgeen

suggereert dat het remmen van MMP-activiteit niet het enige of het belangrijkste

werkingsmechanisme is van doxycyline. ln Hoofdstuk 3 staat beschreven dat

doxycycline de collageensynthese door chondrocyten reversibel remt bij

concentraties zoals die gevonden worden in vivo.

ln vroege stadia van anrose vindt een verhoging plaats van de synthese van

collageen type ll. Dat kan gezien worden als een poging van de chondrocyt om de

kraakbeenschade te herstellen. ln latere fases kunnen gededifferenti6erde

chondrocyten (type I collageen synthese), en hypertrofe chondrocyten (type X
collageen synthese) worden waargenomen in het kraakbeen. Uit de literatuur is

bekend dat doxycycline de synthese van type X collageen van hypertrofe

chondrocyten kan remmen. Deze resultaten suggereren dat doxycycline de voortgang
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van de fenotypische veranderingen van de chondrocyt kan remmen, waardoor de

progressie van artrose afgeremd kan worden. Geneesmiddelen die in staat zijn om de

dedifferentiatie en hypertrofie van chondrocyten in vroege stadia van artrose te

verminderen, zouden in principe ingezet kunnen worden om artrose tegen te gaan.

ln de gewrichtsaandoeningen artrose en reumatoide artritis wordt de afbraak van

extracellulaire matrix zoals kraakbeen veroorzaakt door een verhoogde proteolytische

activiteit, met name van MMP's. MMPs worden uitgescheiden als inactieve pro-

enzymen. Na activatie (door nog onbekende mechanismen) worden ze geremd door

TIMPs (tlssue inhibitors of metalloproteinases). Dus vooral de hoeveelheid actieve

MMP's (<5% van alle MMP vormen) is een maat voor de 'matrix-afbrekende-

capaciteit'.

ln Hoofdstuk 4 is de ontwikkeling van een simpele meetmethode voor MMP-activiteit

in gewrichtsvloeistof beschreven. Deze methode maakt gebruikt van het fluorogene

substraat TNO211. Dat bestaat uit een korte, collageenachtige aminozuursequentie

waaraan een lichtabsorberende groep (Dabcyl) en een fluorescerende groep

(EDANS) gebonden zijn. Deze groepen gaan een interactie met elkaar aan waardoor

de fluorescentie gedoofd wordt. Na splitsing van de aminozuursequentie door MMPs

is deze interactie niet meer mogelijk en wordt een toename in fluorescentie

waargenomen die evenredig is met de hoeveelheid'geknipt'substraat.

Met deze meetmethode werden MMP-activiteiten bepaald in gewrichtsvloeistoffen

van pati6nten met artrose of reumatoide artritis en vergeleken met die in

gewrichtsvloeistof van controle pati6nten. De MMP-activiteit nam significant toe in de

volgorde: controle > artrose > reumatoide artritis. Het gebruik van pati6nten met

artrose als een controle groep voor studies betreffende reumatoide artritis is derhalve

niet gerechtvaardigd op grond van deze gegevens over de MMP-activiteit.

TNO211 is een algemeen MMP-substraat, wat inhoudt dat meerdere MMP's in de

gewrichtsvloeistof kunnen bijdragen aan de omzetting ervan. Om de activiteiten van

de afzonderlijke MMPs in gewrichtsvloeistof te meten, kan gebruik worden gemaakt

van specifiekere substraten. ln Hoofdstuk 5 is de toepassing van een selectief

fluorogeen substraat (TNO003) voor MMP-3 beschreven. MMP-3 wordt gezien als

een belangrijk lid van de MMP familie. Het is in staat andere, latente MMP's te

activeren en kan meerdere componenten van kraakbeen afbreken. Van de MMP's

hydrolyseert MMP-3 TN0003 het meest effici6nt; aspecifieke omzetting door andere

proteinasen kan geremd worden door de toevoeging van enzymremmers die geen

effect hebben op de activiteit van MMP-3. ln gewrichtsvloeistof van patidnten met

reumatoide artritis werd een 10O-voudige verhoging van de hoeveelheid actief MMP-

3 gevonden ten opzichte van gewrichtsvloeistof van controle patidnten.
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ln Hoofdstuk 6 wordt een nieuwe methode beschreven om de hoeveelheid

beschadigd collageen in kraakbeen te kwantificeren. Deze methode maakt geen

gebruik van antilichamen (zoals in door anderen gepubliceerde methoden) waardoor

deze toepasbaar is in verschillende weefsels, afkomstig van verschillende species.

De hoeveelheid beschadigd collageen in artrotisch kraakbeen was het grootst in de

bovenste laag en was ongeveer viermaal hoger dan in normaal kraakbeen van

dezelfde donor. De toename in beschadigd collageen correleerde met de zwelling van

het kraakbeen. Dat bevestigt de rol van het collageennetwerk voor de functie van het

kraakbeen.

De in voorgaande hoofdstukken beschreven methoden werden gebruikt om de

toepasbaarheid van het alginaat-kweeksysteem voor chondrocyten als 'matrix-

degradatie-model' te valideren (beschreven in Hoofdstuk 7). Chondrocyten werden

gedurende twee tot drie weken gekweekt onder controle omstandigheden om een

kraakbeenachtige matrix te produceren. Vervolgens werden de chondrocyten

gekweekt in de aanwezigheid van interleukine-1 (lL-18), een cytokine dat een

voorname rol wordt toegedacht in de processen bij kraakbeenafbraak: lL-1 is in staat

chondrocyten en synoviocyten aan te zetten tot synthese van MMPs.

De aanwezigheid van lL-18 resulteerde in een bijna volledige afbraak van

proteoglycanen in de alginaatbolletjes in 48 uur, terwijl geen collageenafbraak kon

worden gemeten (geen toename van de hoeveelheid beschadigd collageen in de

bolletjes of afbraakproducten in het medium). Er werd ook geen toename in de MMP-

activiteit gemeten (substraat TN0211), wat er op duidt dat MMPs nauwelijks

betrokken zijn bij proteoglycaanafbraak in dit systeem. De degradatie van

proteoglycanen werd toegeschreven aan 'aggrecanase', een tot dusver niet

gekarakteriseerd enzym dat ook in vivo de voornaamste rol lijkt te spelen bij afbraak
van proteoglycanen.

Alhoewel geen verhoogde MMP-activiteit kon worden waargenomen, toonde

zymografie duidelijk aan dat lL-18 wel de synthese van MMP's verhoogde.

Waarschijnlijk zijn dit inactieve proMMP's: activatie van proMMP's met APMA
(aminofenylkwikacetaat) resulteerde in een efficidnte degradatie van het collageen in

de bolletjes, en parallel daaraan, in een toename van de omzetting van TNO2'I 1

(MMP-activiteit). De mechanismen waarlangs proMMP's geactiveerd worden in vivo

zijn nog onbekend. Gedetailleerde kennis van deze mechanismen is belangrijk omdat

dit kan leiden tot nieuwe strategie6n voor therapeutische interventie in aandoeningen

waarbij kraakbeenafbraak plaatsvindt, zoals artrose en reumatoide artritis.

Het alginaat-kweeksysteem voor chondrocyten blijkt een geschikt modelsysteem om

deze activatiemechanismen te onderzoeken.
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APMA

BAPN

BB94

Cha

CM

o-CT

Cys(Me)

Dabcyl

DG

Dnp

Dpa

ECM

EDANS

EDTA

FMOC-CI

FRM

GAG

GaHCI

HFBA

HP

Hvl

Hvp

rL-1(B)

KIU

LP

Mca

MMP

Nma

Nva

OA

OPA

FIA

RA-SF

RFU

RP-HPLC

ABBREVIATIONS

4-am inophenylmercu ric acetate

B-aminopropionitrile

[4-(N-hydroxyamino)-28-isobutyl-3S-(thiopen-2-ylthiomethyl)-succinyl]-
l-phenylalanine-N-methylamide

cyclohexylalanine

cell-associated matrix

a-chymotrypsine

S-methyl-cysteine

4-((4-dimethylam ino)phenyl)azo)benzoyl

degenerated cartilage

2,4-dinitrophenyl

N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl

extracellular matrix

5-((2-aminoethyl)amino)naphtalene- 1 -sulphonic acid

ethylenediaminetetraacetic acid

9-f luorenylmethyl chloroformate

further removed matrix

glycosaminoglycan

guanidinium chloride

heptaf luorobutyric acid

hydroxylysylpyridinoline

hydroxylysine

hydroxyproline

interleukin-1 (B)

kallikrein inhibitor units

lysylpyridinoline

(7-methoxycoumarin-4-yl)acetyl

matrix metalloproteinase

N-methylanthranilic acid

norvaline

osteoarthritis

ophthaldialdehyde

rheumatoid arthritis

synovial fluid of rheumatoid arthritis patients

relative fluorescence units

reversed phase-high performance liquid chromatography
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R347,1 1 2 [4-(N-hydroxyamino)-2R-isobutyl-3S-(thiopen-2-yl-thiomethyl)-
succinyll-L-phenylalanine-N-methylamide

SC44,463 N-[3-(-N'-hydroxycarboxamido)2-(2-melhylpropyl)propanoyl]-O-methyl-

L-tyrosine- N-methylam ide

SF synovialfluid
TFA trifluoroacetic acid

TIMP tissue inhibitor of metalloproteinases

TOF-MALDI time-of-flight matrix-assisted laser-desorption ionisation

u-PA urokinase-type plasminogen activator

146



CURRICULUM VITAE

Bob Beekman werd geboren op 16 mei 1968 in Amsterdam. Het VWO-diploma werd

behaald in juni 1986 aan het Marcuscollege in Grootebroek (het huidige

Martinuscollege). ln augustus van datzelfde jaar werd begonnen met de studie

Farmacochemie aan de Vrije Universiteit te Amsterdam (bijvak Moleculaire

Farmacologie, prof. dr. A. Bast; hoofdvak Moleculaire Toxicologie, prof. dr. N.P.E.

Vermeulen). Het doctoraal examen werd behaald in maart 1992.

ln maart 1992 begon hij als assistent in opleiding aan de Rijksuniversiteit Leiden met

zijn promotieonderzoek (promotoren: prof. dr. D.L. Knook en prof. dr. F.C. Breedveld)

Het onderzoek werd uitgevoerd op het Gaubius Laboratorium (TNO Preventie en

Gezondheid) onder begeleiding van Dr. J.M. te Koppele. De resultaten van het

promotieonderzoek staan beschreven in dit proefschrift. Van l juni 1996 tot 1 juni

1997 was hij werkzaam als onderzoeker op een door Pfizer lnc. gelinancierd postdoc-

project; het vervolgproject hiervan werd gestart op 1 januari 1998 en loopt tot 1

januari 1999.

147


