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Abstract

An imbalance between extracellular proteinases and their inhib-
itors is thought to underlie cartilage degradation. In cultures of
adult cartilage, prostromelysin mRNA levels were much higher
than those for procollagenase and this differential was in-
creased in cultures stimulated with IL-18. Analysis of mRNA
prepared from freshly isolated chondrocytes showed abundant
amounts of prostromelysin mRNA in normal adult cartilage but
low levels in the neonate. Not all adult cartilage may possess
such high levels of prostromelysin mRNA, as the message lev-
els in the cartilage remaining on late-stage osteoarthritic joints
were lower than those in normal adult cartilage. Relative to
prostromelysin mRNA, little procollagenase and TIMP
mRNA were found in the adult cartilage. In situ hybridization
revealed that metalloproteinase mRNAs were localized in
chondrocytes of the superficial zone in adult cartilage. How-
ever, upon IL-18 treatment, chondrocytes in all cartilage zones
were observed to express prostromelysin mRNA. Relative to
the neonate, the normal adult cartilage appears to have a high
degradative potential, if one accepts that steady-state mRNA
levels reflect prostromelysin production. As the adult cartilage
is not apparently undergoing rapid turnover, it would appear
that control of prostromelysin activation may be the major regu-
latory step in stromelysin-induced cartilage degradation. (J.
Clin. Invest. 1992. 89:1189-1197.) Key words: aging  metallo-
proteinase ¢ osteoarthritis « Northern blot « IL-1

Introduction

Connective tissue turnover during normal growth and develop-
ment or under pathological conditions is thought to be me-
diated by a family of neutral metalloproteinases (1), which are
zinc-containing enzymes that require calcium for full activity.
These enzymes have been termed matrix metalloproteinases,
and a classification system has been introduced whereby each
enzyme has been designated a number based on the chronol-
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ogy of its original discovery, collagenase being MMP-1! and
stromelysin MMP-3 (2). A recent review reported the cDNA
cloning of seven members of this family (3). Studies on collage-
nase and stromelysin have shown that these enzymes are se-
creted in a latent state and can be activated, in vitro, by the
action of several proteinases (plasmin, kallikrein, mast cell
tryptase, and trypsin) and other nonproteolytic agents, such as
organomercurial compounds, sodium thiocyanate, oxidized
glutathione and N-ethylmaleimide (4). It is thought that these
activating agents perturb the interaction of a critical cysteine
residue in the highly conserved propeptide domain of the me-
talloproteinases with the catalytic zinc atom, so that the active
site becomes accessible to the substrates (4). However, it is still
unclear whether a unique agent is responsible for metallopro-
teinase activation in vivo.

Collagenase specifically degrades collagen types I, II, III,
VIII, and X (1, 5), while stromelysin has a wider substrate
specificity, digesting cartilage proteoglycan, gelatin, collagen
types IV, IX and XI, telopeptides of collagen types I and II,
fibronectin, laminin, and elastin (6, 7). In addition, stromely-
sin can activate procollagenase, so further enhancing its de-
structive potential (8). The action of the activated metallopro-
teinases can be regulated through their interaction with pro-
teinase inhibitors. A tissue inhibitor of metalloproteinases
(TIMP) of M, 28,000 has been isolated from the culture me-
dium of bone, cartilage, and synovial explants, and from body
fluids (9, 10). The molecule is very stable to heat and acidic pH,
and it binds noncovalently to the metalloproteinases in a 1:1
molar complex to abolish their activities (9).

The detection of enhanced collagen and proteoglycan de-
grading activities in human osteoarthritic cartilage (11, 12),
coupled with the abundance of procollagenase and prostrome-
lysin detected at the invasive pannus and inflamed synovium
in human rheumatoid joints (13, 14), have suggested the partici-
pation of these metalloproteinases in the destruction of ar-
thritic cartilage. In the inflammatory arthritides, the degrada-
tion of cartilage is thought to be further accelerated by the
action of various cytokines secreted by the neutrophils, mono-
cytes and macrophages that infiltrate the proliferative syno-
vium (15). Among the cytokines, IL-1 appears to be the most
important mediator of inflammation and cartilage destruction.
It has been shown that IL-1 stimulates the production of pro-
stromelysin and procollagenase in connective tissue cells (16),
and suppresses the synthesis of aggregating proteoglycan and
cartilage-specific collagen types II and IX (17, 18).

In human cartilage explant cultures, it has been observed
that prostromelysin is the major metalloproteinase secreted

1. Abbreviations used in this paper: CAP, collagenase activator protein;
MMP, matrix metalloproteinase; PCR, polymerase chain reaction;
TIMP, tissue inhibitor of metalloproteinases.
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into the culture medium, and that its production is strongly
stimulated by IL-18, with little secretion of procollagenase be-
ing detected even in the presence of IL-18 (19). This is in con-
trast to the coordinated synthesis and stimulation of the metal-
loproteinases observed in monolayer cell culture systems de-
rived from both cartilage and other connective tissues (6, 16).
To further investigate this apparent discrepancy, we examined
the synthetic potential of chondrocytes in human articular car-
tilage for metalloproteinase production.

Methods

Isolation of chondrocytes. Chondrocytes were isolated from normal
femoral condylar cartilage obtained from neonates (3, 4, and 5 mo) and
adults (50, 79, and 81 yr) within 20 h of death at autopsy, and from
surgical samples of osteoarthritic cartilage of patients (63, 65, and 74
yr) undergoing knee arthroplasty. Chondrocytes were also isolated
from normal adult human cartilage (50 yr) explants cultured with or
without IL-18 treatment as described below. Cartilage pieces were ini-
tially digested with trypsin (5 mg/g tissue) in DMEM at 37°C for 1 h,
followed by bacterial collagenase (3,000 U/g tissue) and bovine testes
hyaluronidase (4,500 U/g tissue) in DMEM-FCS for another 4-7 h.
Tissue residue was removed by passing the digestion mixture through a
25-um-pore size metal strainer. The cells were separated by centrifuga-
tion at 100 g for 5 min.

Cartilage explant culture. Cartilage was diced into small pieces, and
cultured, in the absence of serum, in Handley and Lowther’s variation
of DMEM at 1 ml/0.1 g wet weight of tissue (20). After an initial 2 d,
some cultures were supplemented with recombinant human IL-18
(Cistron Corp., Pine Brooke, NJ) at a concentration of 1 U/ml (19).
This concentration of IL-18 has been shown previously to give maxi-
mal stimulation of prostromelysin production in this organ culture
system (21). The cultures were maintained at 37°C for another 4 d with
a change of medium every 2 d.

Chondrocyte culture. Cells were isolated from normal adult femoral
condylar cartilage (65 yr) as described above, then plated at 2 X 10°
cells/ml in DMEM-FCS. After 2 d, the medium was changed to serum-
free DMEM for 1 d, followed by culture in the presence or absence of
IL-18 (1 U/ml) in DMEM for 48 h.

Fibroblast culture. Normal human fetal skin fibroblasts (cell line
GMO0010; Human Genetic Mutant Cell Repository, Institute for Medi-
cal Research, Camden, NJ) were maintained and passaged in DMEM
containing 10% FCS (DMEM-FCS). Fibroblasts (sixth passage) were
plated at a density of 10° cells/75-cm? flask in DMEM-FCS. When the
cells had reached near confluency, the medium was changed to serum-
free DMEM. After 2 d, some skin fibroblast cultures were treated with
IL-18 at 1 U/ml for 48 h at 37°C.

Northern blotting analysis. Total cellular RNA was isolated from
human chondrocytes and skin fibroblasts by the acid guanidinium thio-
cyanate/phenol chloroform extraction method (22). Total RNA (2.5
ug/lane) was fractionated on a 1% agarose gel containing 1.1% vol/vol
formaldehyde and 0.25 ug/ml of ethidium bromide. After electrophore-
sis, the gel was rinsed in deionized water for 10 min, and soaked se-
quentially in 50 mM NaOH, 0.5 M Tris buffer, pH 7.0, and 10X SSC
(1X SSC = 0.15 M NaCl, 0.015 M sodium citrate) for 30 min each. The
RNA was transferred onto GeneScreen hybridizing transfer membrane
(New England Nuclear Research Products, Boston, MA) by capillary
blotting overnight. The membrane was air-dried, then baked at 80°C
for 2 h. ’

The membrane was prehybridized at 42°C for 16 h in 5X SSC, 50%
formamide, 1X Denhardt’s solution (0.02% polyvinylpyrrolidone,
0.02% Ficoll, and 0.02% BSA), and 1% SDS, containing 100 pg/ml of
denatured salmon sperm DNA (prehybridization buffer). Hybridiza-
tion was carried out in the prehybridization buffer plus heat-denatured
a-32P-labeled probes, at 42°C for 16 h. The membrane was washed in
2X SSC at room temperature for 5 min, followed by 2X SSC containing

1190 Q. Nguyen, J. S. Mort, and P. J. Roughley

1% SDS at 65°C for 30 min, and 0.1X SSC at room temperature for
another 30 min. After drying, the membrane was exposed to Kodak
X-AR film at —70°C with an intensifying screen. Equal loading of
RNA samples was monitored by assessing the mRNA levels of human
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), which is gener-
ally expressed at a similar level by all viable cells.

¢DNA probes. cDNA clones for human procollagenase (MMP-1)
(23) and human GAPDH (24) were obtained from American Type
Culture Collection (Rockville, MD). A ¢cDNA clone for human pro-
stromelysin (MMP-3) (25) was kindly provided by Dr. C. Brinckerhoff
(Dartmouth Medical School, Hanover, NH). The 1.3-kb BamHI frag-
ment of the procollagenase insert, the 1.8-kb EcoRI fragment of the
prostromelysin insert, and the 5.5-kb Pstl linearized GAPDH plasmid
were isolated after electrophoresis on a 0.8% agarose gel, using low
melting agarose. The bands were cut and purified by the GeneClean
procedure (Bio 101, La Jolla, CA). The cDNA probes were radiolabeled
with [a-*2P]dCTP to a specific activity of 1.8 X 10° dpm/ug, using a
multiprime DNA labeling kit (Amersham International, Oakville, On-
tario). When the 1.8-kb EcoRI fragment of the prostromelysin insert
was used as a probe for Northern blotting analysis, it hybridized specifi-
cally to an mRNA transcript migrating just above the 18S rRNA
marker (1.86 kb). An additional hybridized message, migrating just
below the 28S rRNA marker (4.71 kb), was also visible in the RNA
sample of IL-18-stimulated cartilage cultures. The larger transcript pre-
sumably corresponds to the unprocessed prostromelysin mRNA pre-
cursor.

A cDNA fragment for human TIMP was prepared using the poly-
merase chain reaction (PCR). A first strand TIMP cDNA was prepared
by reverse transcription of total RNA isolated from human skin fibro-
blasts (GM0010), after their culture in the presence of transforming
growth factor-g8 (2 ng/ml) for 24 h, using a 21-oligonucleotide primer
(5-TATCTGGGACCGCAGGGACTG-3') complementary to a re-
gion between nucleotides 670 and 690 of the human TIMP ¢cDNA
sequence (26) and Moloney murine leukemia virus reverse transcrip-
tase (Bethesda Research Laboratories, Gaithersburg, MD). The reac-
tion was carried out at 42°C for 45 min in 20 ul of 10 mM Tris, 50 mM
KCl, 1.5 mM MgCl,, 0.01% wt/vol gelatin, pH 8.3 buffer (1X PCR)
containing 2 ug of total RNA, | mM deoxynucleotide triphosphate
mixture, 40 U of human placental ribonuclease inhibitor (RNAsin;
Promega Biotec, Madison, WI), 100 pmol of downstream oligonucleo-
tide primer and 400 U of reverse transcriptase. After denaturation at
95°C for 5 min, followed by a 5-min incubation at 4°C, the reaction
mixture was adjusted to a final volume of 100 ul with 1X PCR buffer
containing 2.5 units of Taq DNA polymerase (Perkin-Elmer/Cetus
Corp., Norwalk, CT) and 100 pmol of a 21-oligonucleotide primer
(5-TTCGTGGGGACACCAGAAGTC-3') coding for a region be-
tween nucleotides 208 and 228 of the human TIMP cDNA sequence.
Second-strand TIMP cDNA synthesis and subsequent amplification
reactions for the region (483 bp) defined by both upstream and down-
stream oligonucleotide primers were carried out on the DNA thermal
cycler (Perkin-Elmer/Cetus Corp.). cDNA templates were denatured at
94°C for 45 s, followed by a primer-annealing reaction at 60°C for 1
min, and a primer extension reaction at 72°C for 2 min. This series of
reactions proceeded for 30 cycles. Amplified human TIMP cDNA was
purified and labeled with [a->?P]dCTP by the same methods described
for the other cDNA probes. The oligonucleotide primers were made
using a DNA synthesizer (model 381A; Applied Biosystems, Inc., Fos-
ter City, CA).

In situ hybridization. Normal cartilage samples obtained from an
adult (79 yr) at autopsy and osteoarthritic cartilage obtained from pa-
tients (65 and 73 yr) undergoing knee arthroplasty, were fixed immedi-
ately in 10% formalin for 24 h, then decalcified in 10% formalin con-
taining 0.25 M EDTA, pH 7.25, at 4°C for 1-2 wk. Normal adult
cartilage explants under IL-18 stimulation for 4 d were treated in the
same manner. After fixation and decalcification, the samples were
rinsed once with PBS, then equilibrated in PBS containing 0.5 M su-
crose at 4°C for 24 h. The samples were snap frozen in OCT compound
(Lab-Tek, Naperville, IL), and 6-um sections were cut and placed onto



microscope slides coated with poly-L-lysine. The conditions for prehy-
bridization and hybridization were as follows. For prehybridization,
the slides were immersed sequentially in the following solutions: PBS
containing 0.3% Triton X-100 (15 min), twice in PBS (5 min each), 10
mM Tris/HC], 50 mM EDTA, pH 8.0 at 37°C (30 min), PBS contain-
ing 0.1 M glycine (5 min), post-fixed in 10% formalin (3 min), washed
in PBS (1 min) and 0.1 M triethanolamine, 0.25% acetic anhydride, pH
8.0 (10 min). The slides were rinsed with water and dried at 37°C for 10
min. The hybridization solution contained 50% formamide, 10% dex-
tran sulfate, 1X Denhardt’s solution, 0.6 M NaCl, 10 mM Tris (pH
7.4),0.5 mM EDTA, 10 mM DTT, 0.2 ug/ml tRNA and a-*’S-UTP-la-
beled riboprobes. A 50-ul aliquot of the hybridization solution (3 X 10°
cpm) was applied to each slide, which was then covered with a silicon-
ized coverslip, and incubated at 42°C for 24 h. After hybridization, the
sections were washed in the following solutions: 2X SSC-10 mM mer-
‘captoethanol (30 min), 2X SSC-10 mM mercaptoethanol containing 1
mg/ml RNase A (30 min), 2X SSC-10 mM mercaptoethanol (30 min),
and 0.1X SSC-10 mM mercaptoethanol at 65°C for 1 h. After the
sections were dehydrated in 70% ethanol-0.3 M ammonium acetate (5
min) and 95% ethanol-0.3 M ammonium acetate (5 min), the slides
were air-dried.

Autoradiography was performed by dipping the slides into Kodak
NTB-2 nuclear track emulsion diluted 1:1 with 0.6 M ammonium
acetate, at 45°C. After drying at room temperature for several hours,
the slides were exposed in a desiccant-containing box at —70°C for ~ 2
wk. The slides were developed in half-diluted Kodak D19 developer
(2.5 min), rinsed briefly in water, and fixed in a 24% sodium thiosul-
phate solution (5 min). The sections were counterstained with Safranin
O, dehydrated, and mounted with permount.

Riboprobes. The EcoRI prostromelysin insert in pUC19 was sub-
cloned into pPGEM-4 (Promega, Montreal, Quebec). The plasmid was
then linearized with BamHI or Bgll to generate the templates for the
production of sense and antisense riboprobes, respectively. The BamHI
and Bgll-linearized plasmids (1 ug/reaction) were transcribed in vitro
using SP6 RNA polymerase and T7 RNA polymerase (Promega Bio-
tec, Madison, WI), respectively, at 20 U/reaction in a 20 ul reaction
volume containing 0.5 mmol each of ATP, GTP, CTP, 12 umol of
UTP, and 300 uCi of [a-**SJUTP, at 37°C for 1 h. After transcription,
DNA templates were removed by DNase treatment and the labeled
RNA transcripts were recovered after phenol-chloroform extraction
and precipitation with ethanol. The length of the nascent RNA tran-
scripts was verified by electrophoresis. A procollagenase antisense ribo-
probe was similarly prepared using the EcoRI-linearized pSP64 plas-
mid containing a cDNA insert for human procollagenase.

Results

Comparison of metalloproteinase and TIMP mRNA produc-
tion by human skin fibroblasts and by articular cartilage. The
mRNA levels of prostromelysin, procollagenase, and TIMP
were analyzed by Northern blotting to compare their relative
constitutive levels and the response following IL-18 stimula-
tion. In the case of cartilage explants, prostromelysin was the
major metalloproteinase transcript observed and on stimula-
tion with IL-18 the level was further increased (Fig. 1). In con-
trast, in the case of isolated fibroblasts, procollagenase message
was preferentially expressed relative to prostromelysin in unsti-
mulated cells (Fig. 2), albeit at a relatively low level, and this
low level was greatly increased after IL-18 stimulation (Fig. 2).
In fibroblasts, virtually no prostromelysin message was ob-
served in either stimulated or unstimulated cells (Fig. 2). How-
ever, upon longer exposure, the autoradiograph showed a small
amount of prostromelysin message in fibroblasts treated with
IL-18. TIMP mRNA was expressed in small amounts by both
cartilage explants and skin fibroblasts, and IL-18 had little ef-
fect on its level in either system (Figs. 1 and 2).
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Figure 1. Effect of recombinant IL-18 on the mRNA levels for pro-
stromelysin, procollagenase, and TIMP expressed in adult human
articular cartilage explants. Total cellular RNA was prepared from
chondrocytes isolated from cartilage explants treated with or without
IL-18 for 4 d. 2.5-ug samples of RNA were analyzed by Northern
blotting using specific cDNA probes. The autoradiograph was exposed
either for 3 (prostromelysin and procollagenase) or 9 h (TIMP and
GAPDH). The migration positions of 18S rRNA (1.86 kb) and 28S
rRNA (4.71 kb) are also indicated (arrows).

Effect of culture on metalloproteinase mRNA production by
isolated chondrocytes. Very little procollagenase mRNA was
observed in freshly isolated chondrocytes. However, when such
cells were maintained for a short period in culture in the pres-
ence of IL-18, stimulation of both prostromelysin and procol-
lagenase mRNA levels was seen (Fig. 3). Under these condi-
tions of high message production, it would appear that high
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Figure 2. Effect of recombinant IL-18 on the mRNA levels of pro-
stromelysin, procollagenase, and TIMP expressed in normal human
skin fibroblasts. Total cellular RNA was prepared from skin fibro-
blasts cultured with or without IL-18 for 2 d. 2.5-ug samples of RNA
were analyzed by Northern blotting using specific cDNA probes. The
autoradiograph was exposed either for 3 (prostromelysin and procol-
lagenase) or 9 h (TIMP and GAPDH). The migration positions of 18S
rRNA (1.86 kb) and 28S rRNA (4.71 kb) are also indicated (arrows).
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molecular weight forms of the prostromelysin mRNA are pres-
ent. The reason for such a processing anomaly is unclear, but a
similar situation has been previously observed in human syno-
vial cells when prostromelysin message is stimulated by
IL-1 27).

Relative steady-state mRNA levels of metalloproteinases
and TIMP in normal and osteoarthritic cartilage. The mRNA
levels of prostromelysin, procollagenase, and TIMP in chon-
drocytes freshly isolated from neonatal, normal adult, and os-
teoarthritic cartilage, were assessed by Northern blotting analy-
sis. Prostromelysin message was preferentially expressed in
vivo over procollagenase message in both normal and arthritic
adult cartilage (Fig. 4). Abundant amounts of prostromelysin
mRNA were found in all normal adult cartilage examined. In
arthritic cartilage, the amounts of prostromelysin message were
generally less. Relative to the adult tissues, there was minimal
prostromelysin mRNA in neonatal cartilage (Fig. 4), with mes-
sage only being detectable in an overexposed autoradiograph.
The apparent low level of prostromelysin mRNA in neonatal
cartilage was not due to unequal loading of RNA on the gels,
since the level of GAPDH mRNA was comparable to those of
other samples. TIMP mRNA was present in all cartilage sam-
ples analyzed, with no evidence of TIMP message deficiency in
arthritic cartilage. .

Localization of metalloproteinase mRNA in normal carti-
lage. Chondrocytes expressing message for prostromelysin or
procollagenase were examined across the total thickness of nor-
mal adult human articular cartilage using the technique of in
situ hybridization. It was demonstrated that prostromelysin
mRNA was localized preferentially in the chondrocytes of the
superficial zone (Fig. 5 a). This uppermost layer of adult articu-
lar cartilage showed diminished staining for Safranin O. Lack
of Safranin O staining was also observed in the pericellular
matrix of cells present throughout the cartilage. Under higher
magnification, grains due to the prostromelysin antisense ribo-
probe complexes were visualized directly above the cells, with
little evidence for nonspecific localization in the matrix (Fig. 5
b). The binding between prostromelysin mRNA and the anti-
sense riboprobe was specific, as indicated by the absence of
grains in cartilage sections hybridized with the sense riboprobe
(Fig. 5 ¢). Procollagenase message was also detected solely in
chondrocytes of the superficial zone, similar to the distribution
pattern of prostromelysin message (Fig. 5 d).
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£ Figure 3. Effect of recom-
binant IL-18 on the mRNA
levels for prostromelysin
and procollagenase in cul-
tured human chondrocytes.
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for 2 d in the presence or
B cbenceofIL 18 25
samples of RNA were ana-
lyzed by Northern blotting
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kb) and 28S rRNA (4.71
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Figure 4. Relative steady-state mRNA levels of prostromelysin, pro-
collagenase, TIMP and GAPDH in neonatal, normal adult, and os-
teoarthritic cartilage. Total cellular RNA was extracted directly from
chondrocytes isolated from neonatal cartilage samples, normal adult
cartilage samples, and osteoarthritic (OA) cartilage samples. 2.5-ug
samples of RNA were analyzed by Northern blotting using cDNA
probes specific for prostromelysin, procollagenase, TIMP and
GAPDH. The autoradiograph was exposed for 18 (membranes hy-
bridized with prostromelysin or procollagenase probes) or 60 h
(membranes hybridized with TIMP or GAPDH probes).

Localization of metalloproteinase mRNA in cartilage incu-
bated with IL-18. Northern blotting analysis revealed a large
increase in the content of prostromelysin mRNA in cartilage
explants stimulated with IL-18 (Fig. 1). To investigate further
the source of this elevated message level, in situ hybridization
was carried out for normal adult cartilage explants treated with
or without IL-18 for 4 d in culture. The matrix of cultured
explants completely lacked staining for Safranin O. Virtually
no prostromelysin mRNA was detected in tissue sections of the
untreated cartilage explant, even in the chondrocytes of the
superficial zone (Fig. 6 a). However, prostromelysin message
could be localized in all cells throughout the full thickness of
the cartilage in sections treated with IL-18 (Fig. 6 b). Thus, all
the chondrocytes from the different cartilage zones are capable
of prostromelysin mRNA synthesis. Procollagenase mRNA,
however, was not detected in tissue sections obtained from ei-
ther IL-18-stimulated or unstimulated cartilage explants
(Fig. 6 ¢).

Localization of metalloproteinase mRNA in arthritic carti-
lage. Expression of prostromelysin and procollagenase mRNA
in osteoarthritic cartilage obtained from two patients undergo-
ing knee arthroplasty was also examined by in situ hybridiza-
tion. In comparison with normal adult cartilage, the articular
surface of osteoarthritic cartilage was fibrillated, and more ma-
trix area showed an absence of Safranin O staining (Fig. 7). In
agreement with Northern blotting analysis (Fig. 4), there was
no evidence for an overproduction of metalloproteinase mes-
sages in the osteoarthritic cartilage. Both prostromelysin and
procollagenase mRNAs were localized only in the chondro-
cytes of the superficial zone (Fig. 7, a and c¢), as observed in
normal adult cartilage. On moving towards the erosion site,
there was a progressive loss of cells expressing messages for the
metalloproteinases (Fig. 7, a and b). At the erosion site, few
cells were observed and often neither prostromelysin nor pro-
collagenase mRNA could be detected.



Figure 5. Localization of prostromelysin and procollagenase mRNA in normal adult human articular cartilage. Cryostat sections of femoral
condylar cartilage, obtained from a 79-yr-old adult at autopsy, were hybridized with an antisense prostromelysin riboprobe (a and b), a sense
prostromelysin riboprobe (¢), or an antisense procollagenase riboprobe (d). Autoradiography was performed for 2 wk. The sections were coun-
terstained with Safranin O. g, ¢ and d: X90: or b: X250.



Figure 6. Localization of prostromelysin and procollagenase mRNA in normal adult cartilage explants treated with or without IL-18. Cryostat
sections of unstimulated cartilage explants (a) and explants stimulated with IL-18 for 4 d (b) were hybridized with an antisense prostromelysin
riboprobe. Cryostat sections of the stimulated explants were also hybridized with an antisense procollagenase riboprobe (c). Autoradiography
was performed for 2 wk. The sections were counterstained with Safranin O. a-c: X65.

Discussion

In a previous study from this laboratory, it was observed that
prostromelysin was by far the major metalloproteinase detect-
able in the culture medium of human cartilage explants, and
that its secretion was greatly stimulated in the presence of IL-13
(19). This was not due to a selective interaction of procollage-
nase relative to prostromelysin with the cartilage matrix, as
little metalloproteinase was found to be retained in the tissue
(28). These results are in contrast to the reported stimulation of
procollagenase synthesis induced by IL-18 in cell culture of
rabbit articular chondrocytes (16) and human chondrocytes
(29). However, in agreement with the protein data, this study
found very low levels of procollagenase mRNA in unstimu-
lated cartilage explants, and demonstrated that IL-18 had only
a limited effect in inducing message production in cartilage
organ culture. At the same time, dramatically more prostrome-
lysin mRNA was expressed constitutively, and there was a large
increase after IL-18 stimulation. The level of procollagenase
mRNA that could be stimulated by IL-18 was, however, in-
creased upon culture of isolated chondrocytes, though pro-
stromelysin message levels were still predominant, unlike the
situation present in skin fibroblast cultures. The reason for
these differences is not clear. While it is possible that increased
levels of IL-18 are required for maximal stimulation of
procollagenase relative to prostromelysin in cartilage culture, it
is also possible that tissue or environmental differences play a
role in the differential regulation of these genes. These findings
indicate the danger of extrapolating results from cell culture as
representative of the situation in the intact tissue.

Relative to adult cartilage, little prostromelysin message
was detected in neonatal cartilage. This was perhaps unex-
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pected, since evidence for stromelysin activity has been demon-
strated in neonatal cartilage (19), and growing tissues may be
expected to undergo more proteolytic remodeling than mature
tissues. Thus, it appears that the turnover of cartilage matrix
components in neonatal cartilage during growth and develop-
ment is tightly controlled, and that this process may be partly
regulated at the level of prostromelysin transcription. In con-
trast to neonatal cartilage, higher levels of prostromelysin
mRNA were consistently observed in adult cartilage, suggest-
ing that in adults control of prostromelysin transcription may
not play as important a role in matrix turnover.

In situ hybridization revealed that prostromelysin and pro-
collagenase messages were expressed mainly in chondrocytes of
the superficial zone of adult articular cartilage. At the protein
level, a similar observation has been made in bovine cartilage.
Collagenase activator protein (CAP), which is now recognized
to be prostromelysin (30), was shown to be synthesized predom-
inantly in the superficial zone (31). Clearly, chondrocytes at all
levels have the potential to synthesize prostromelysin, as illus-
trated by the uniform pattern of expression seen in cartilage
cultured in the presence of IL-18, and therefore the pattern of
metalloproteinase mRNA expression reflects a preferential
stimulation of the superficial chondrocytes, rather than an in-
herent deficit in the deeper cells. The reason for such a limited
pattern of expression is unclear, although it is possible that
there is a higher remodeling activity in the superficial zone in
response to the various mechanical forces exerted onto the artic-
ular surface. Alternatively, chondrocytes in the superficial zone
may be more susceptible to the stimulatory effect of cytokines,
which could be present in small amounts in the synovial fluid
of normal joints. Irrespective of its mechanism of origin, pro-
stromelysin presumably is released continuously into the su-
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perficial cartilage matrix and could represent a potential haz-
ard. The magnitude of this release may not be uniformly high
in all normal individuals, as previous data (21) would suggest
considerable heterogeneity in the initial level of proteinase se-
cretion when adult articular cartilage is placed in organ culture.
In addition, the presence of high prostromelysin levels may not
in itself be of detriment to the cartilage matrix, as the proen-
zyme is inactive. Substantial evidence exists, however, that in
situ activation of the enzyme can occur (19, 21, 32). If this
should occur in an uncontrolled manner, then those individ-
uals with high proenzyme levels in the superficial region of the
cartilage would be at risk.

With respect to prostromelysin message, there was gener-
ally less TIMP message present in all cartilage specimens exam-
ined. Little variation in TIMP message level was observed be-
tween specimens, including osteoarthritic cartilage, even
though diminished TIMP activity has been reported for human
osteoarthritic cartilage (33). However, quantitation of TIMP
by measurement of proteinase inhibition cannot detect en-
zyme/inhibitor complexes, and such complexes have been
shown to be present in human articular cartilage (34). In adult
cartilage, it is apparent that total metalloproteinase message
often exceeds that of TIMP message. If this translates into more
latent metalloproteinase than TIMP, then the degradative po-
tential of the cartilage exceeds its inhibitory capacity.

Fibrillation of the articular surface, and diminished superfi-
cial Safranin O staining, are indicative of proteolytic changes in
the osteoarthritic cartilage, so the lack of evidence for increased
mRNA levels of metalloproteinases in the osteoarthritic carti-
lage was surprising, as mRNA levels commonly reflect secreted
protein levels. A number of factors could, however, contribute
to this observation. As with normal adult cartilage, both pro-
stromelysin and procollagenase mRNAs were only detected in
chondrocytes of the superficial zone, with no evidence for a
global activation of chondrocytes throughout the cartilage ma-
trix. Near the osteoarthritic erosion site, the superficial zone
was completely absent, and depletion in this superficial chon-
drocyte population would be expected to diminish the average
relative steady state mRNA levels of the metalloproteinases. A
second contributory factor could be the pharmacological status
of the cartilage, as all patients were undergoing drug therapy
before surgery. The possibility therefore exists that the low level
of prostromelysin mRNA expression could be due to the inhibi-
tion of synthesis by anti-inflammatory drug therapy (35). Fi-
nally, one should also consider the possibility of differences
being caused artifactually due to the time incurred after death
for collection of control autopsy specimens compared to fresh
surgical material. The main difference between these two situa-
tions would be the absence of blood circulation in the former
case for up to 20 h before tissue collection. However, it is un-
likely that changes in oxygen tension in the surrounding tissue
would greatly effect the chondrocytes, since it has been shown
that these cells undergo anaerobic metabolism, even under
normal circumstances (36, 37). Furthermore, if local hormonal
or nutrient changes caused by the lack of blood circulation
could result in stimulation of chondrocyte biosynthesis by an
autocrine mechanism, one would expect similar effects in both
the adult and neonatal autopsy specimens, which was not the
case.

Other workers have reported higher total endogenous pro-
teoglycan and collagen-degrading activities in osteoarthritic
cartilage relative to normal tissue, and an increase in the level
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of metalloproteinase activity toward the erosion center (11,
12). It is possible that the tissue remaining on the late stage
osteoarthritic joints used in this study may have been undergo-
ing more of a reparative phase of the disorder than a degenera-
tive phase (38), and therefore have properties resembling neo-
natal cartilage. Indeed, this might be the reason that it had
survived. The intense Safranin O staining in the deep zones of
the osteoarthritic cartilage would support such a concept. Inter-
estingly, some growth factors, such as transforming growth fac-
tor-3, which promote tissue repair by stimulating matrix syn-
thesis, also down-regulate metalloproteinase synthesis (39). If
this is the case, then the observation reported for the osteoar-
thritic cartilage used in this study may in no way reflect the
situation in an actively degenerating joint, with respect to the
level of prostromelysin mRNA.

In conclusion, our data suggest that if the metalloprotein-
ases do play a role in the turnover of adult cartilage, then the
level of activation rather than the rate of synthesis of the latent
precursor may be the prime factor determining the detrimental
depletion of cartilage extracellular matrix components. Fur-
thermore, such activation is presumably deficient in normal
adult articular cartilage, as this tissue appears to be constitu-
tively primed with abundant amounts of the message for the
latent precursor, and is therefore likely to be producing abun-
dant prostromelysin.
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