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In osteoarthritis (OA), the combination of altered
cartilage matrix composition and mechanical wear
from joint motion can result in erosion of cartilage
down to the bone surface {1]. In its degenerated state,
OA cartilage exhibits dramatically different bio-
chemical, physicochemical, mechanical, and electro-
mechanical properties from normal tissue, including
a distinct loss of proteoglycan [2,3], marked collagen
network fibrillation [4], increases in tissue hydration
[5], and loss of compressive stiftness [6]. The role of
enzymatic degradation in OA has been studied exten-
sively, but is not completely understood. It has been
suggested {7] that families of enzymes, including
matrix metalloproteinases (MMPs) [8,9], serine
proteinases [10], and a novel “aggrecanase” [11]
contribute to cartilage degradation in OA. It seems
likely that the enzymatic component of OA involves
a cascade of activities which work in tandem to
degrade the tissue.

MMPs are a family of at least 12 enzymes which
are divided into three main classes: collagenases, gel-
atinases, and stromelysins. The role of the gelatinases
in degradation of cartilage matrix is unclear; howev-
er, interstitial collagenase (MMP-1) is known to
degrade collagen types II and X [12], while stromely-
sin-1 (MMP-3) is known to degrade aggrecan [13],
link protein [8], and collagen types II, IX, X, and XI
[14]. Both collagenase and stromelysin (SLN) are
produced by chondrocytes and synovial fibroblasts
{15]. These MMPs are present in elevated levels in
cartilage and synovial fluid of patients with degener-
ative OA [3,15], as well as in animal models [9].
Elevated levels have likewise been detected in cases
of traumatic joint injury [3]. There is also evidence of
MMP gene expression in early stages of soft tissue
development [16].

Both interleukin-1 and retinoic acid have been
commonly used to induce cell-mediated degradation

of cartilage explants. Interleukin-18 (IL-18) is an 18
kD cytokine produced by several cell types including
endothelial cells, synoviocytes and chondrocytes
[17]. Although typically associated with inflammato-
ry diseases such as rheumatoid arthritis [18], both the
o and B forms of IL-1 have been shown to be relevant
to degradation in osteoarthritis as well [19]. IL-1
interacts with chondrocytes by means of cell surface
receptors [20]. Stimulation of cartilage explants with
IL-1 has been shown to result in significant matrix
degradation, including loss of tissue PG and colla-
gens [21]. Additionally, IL-1 induces production and
mRNA expression of MMPs in chondrocytes [22,23],
while modulating production of tissue inhibitors of
metalloproteinases (TIMPs) [17]. Although tissue
treated with IL-1 contains an excess of MMPs, the
PG degradation products which result are not those
typically associated with MMP cleavage [24]. These
fragments, however, are similar to those found in
human OA patients [25]. Despite this apparent dis-
crepancy, MMP inhibitors have been shown to be
effective at inhibiting cartilage matrix degradation
induced by IL-1 [21,26].

The vitamin A derivative all-trans retinoic acid
(RA) has also been shown to induce matrix degrada-
tion in cartilage explants [21,27). RA stimulation
involves interaction with nuclear receptors, directly
altering DNA transcription [28]. On the tissue levels,
RA treatment results in loss of tissue PGs and colla-
gens [21,27] decreased synthesis of PG [27] and col-
lagens [29,30] by chondrocytes. RA has also been
shown to induce expression and production of MMPs
[21], although degradation products from such
systemis are not those typically associated with MMP
activity (JD Sandy, unpublished results). This matrix
degradation is inhibited in the presence of MMP
inhibitors, but not in the presence of inhibitors of
cathepsin B [21].
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Alterations of biochemical composition and matrix
structure which result from enzyme activity are man-
ifest in changes in cartilage material properties and
physical behavior. Enzymatic degradation has been
shown to result in decreased compressive stiffness
[31], changes in tensile stiffness, strength, and frac-
ture strain [10,32], decreased shear modulus [33],
changes in creep behavior [10,32], and increased
indentation displacement [10,31]. Degradation of
matrix collagens due to action of proteinases has been
shown to be manifest in increased tissue swelling
[34,35]. In addition, a marked decrease in compres-
sion-induced streaming potential has been shown to
be a particularly sensitive indicator of alterations in
matrix proteoglycan composition associated with
enzymatic degradation [36], and of the spatial distri-
bution patterns of degradation caused by enzymes
such as stromelysin [34].

This study focuses on cartilage matrix degradation
which resulted from treatment of calf cartilage
explants or rabbit stifle joints with activated stromel-
ysin and on degradation induced by the addition of
the MMP-activating agent APMA, IL-18, or retinoic
acid to calf cartilage explants. Degradation of matrix
proteoglycans and collagens was assessed and the
resultant changes in mechanical and electromechani-
cal behavior of the tissue were quantified.

Methods

In vitro culture

Cartilage disks were incubated in groups of 4 in 1 ml
DMEM containing 100 U/ml penicillin G and 100
ug/ml streptomycin for approximately 16 hours at
37°C in a 5% CO, atmosphere. Groups of 4 disks
were then placed in 1ml DMEM alone or containing
100pg/ml recombinant human stromelysin (SLN),
ImM  aminophenylmercuric  acetate (AMPA),
100ng/ml recombinant human interleukin-16 (IL-18)
or 1uyM all-trans retinoic acid (RA) in 0.1% dime-
thylsulfoxide. Tissue incubated in the presence of
SLN or APMA was removed from culture at select
times up to 3 days. Cartilage treated with IL-18 or RA
was cultured for up to 8 days, in media which also
contained 0.1% bovine serum albumin and was
changed every two days. After culture, selected car-
tilage disks were assayed for type II collagen denatur-
ation by analysis with the CB11B antibody [37].
Media from SLN cultures was assayed for type IX
collagen fragments by ELISA using a type IX colla-
gen antibody [38].

Tissue swelling behavior was measured as an indi-
cator of damage to matrix collagens [5]. After cul-

ture, cartilage disks were removed from media and
patted briefly with a paper towel to remove surface
water, and wet weights were measured. Disks were
then twice reequilibrated in 1 ml of hypotonic saline
solution (0.01M NaCl at pH 7.0) for 1 hour at room
temperature [34]. Surface water was again removed
and wet weights were measured. Following wet
weight measurements, disks were lyophilized, and
dry weights were recorded.

After swelling measurements were completed, lyo-
philized samples were digested with 1 mi of 125
pg/ml papain digestion solution and assayed for sul-
fated GAG by reaction with 2 ml of dimethylmethy-
lene blue dye solution [39] using whale/shark chon-
droitin sulfate as the standard.

In vivo model

At Merck Research Laboratories, 6~8 week old NZW
female rabbits received intraarticular injections of
100 pg of trypsin-activated rhSLN in buffer into one
hind stifle joint, with the contralateral control joint
receiving only buffer. After one hour the animals
were sacrificed and joints were lavaged. Stifle joints
were dissected and stored on dry ice. Subsequently,
2-4 cartilage/bone cylinders were cut from each fem-
oropatellar groove with a 3 mm dermal punch.
Immediately prior to testing, the cartilage was separ-
ated from the bone, and each plug was tested in con-
fined compression (see below), then weighed, digest-
ed with papain and analyzed for GAG content {40].

Physical properties

Cartilage disks were placed in a cylindrical confining
chamber, similar to that used by Frank et al. [36]. The
chamber was mounted in a servo-controlled Dynastat
mechanical spectrometer which was interfaced to a
computer and frequency generator. Samples were
equilibrated in 0.15 M phosphate buffered saline at
pH 7.4 containing 100 U/ml penicillin G and
100 pg/ml streptomycin at room temperature. Disks
were subjected to confined compression between a
porous polyethylene platen and a 6.35 mm Ag/AgCl
pellet electrode mounted at the base of the chamber.
An identical electrode was mounted in the surround-
ing PBS bath.

Disks were subjected to sequential increments of
~1% strain, up to a maximum of 20% total strain and
the resultant equilibrium stresses were recorded. At a
given static offset strain, sinusoidal strains of <1%
amplitude were superimposed on the static strain at
frequencies ranging from 0.01 Hz to 1 Hz, and the
resultant oscillatory load and streaming potential
were recorded. Equilibrium modulus, dynamic stiff-
ness, and streaming potential data were used in com-
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Control
GAG content (ug GAG/mg wet weight) 61.8 16.9
Type Il collagen (% denaturation) 253 0.94

Type IX collagen release to media (nmol) 48

Streaming potential @ 1 Hz (pV/%6) 234 38
Dynamic stiffness @ 1 Hz (MPa) 1158 1.7
Equilibrium modulus (MPa) 0.89 0.25
Hydraulic permeability (m2/Pa-s x 10-19) 1.08 0.19
Electrokinetic coupling coefficient (V/Pax 10-%) 1.92 0.28
Swelling ratio (0.01 M NaC/DMEM) 1.06 0.03

Calf explants 2 Rabbit in vivo P
24 hr 72 hr Control 1 hr
372 73 63 05° 43.0 9.6 364 172
245 0.68
156
120 15° 33 16° 22.7 9.8 54 28°*
89 3.0 1:4:02'* 1.36 0.67 1.23 0.64
065 0.24 0.06 0.03* 0.25 0.11 0.18 0.09
225 1.26 15.7 4.65° 153 127 236 154
133 026" 091 0.15° 117 0.32 0.70 0.27*
117 0.06°* 1.25 0.07°

8 Cartilage explants (n = 4) were cultured in the presence of 100 pg/ml SLN for 24 or 72 hours.
b Rabbits (n = 6) received intraarticular injection of 100 pg SLN in one stifle joint and were sacrificed after 1 hour.

* Results which varied significantly (p <0.05) from controls

bination with the method of Frank and Grodzinsky
[41] to calculate the effective hydraulic permeability
and electrokinetic coupling coefficient of the tissue
samples.

A comparison of biochemical analyses and physical
property measurements between in vitro SLN treat-
ment of calf cartilage explants and in vivo SLN treat-
ment of cartilage in rabbit stifle joints is shown in
Table 1. Data are reported as mean SD with n=4 disks
for explant studies and n=6 animals for in vivo stud-
ies. Data on culture media from explants studies indi-
cates the cumulative release of macromolecules from
4 cartilage disks. Tissue GAG content of calf explants
treated with 100 pg/ml SLN decreased with time in
culture and was significantly less than that of controls
(p < 0.05, denoted by *) by 24 hours, while the GAG
content of cartilage disks removed from the rabbit sti-
fle joints which received 100 ng SLN did not differ
significantly from controls after only 1 hour of treat-
ment. The amount of type II collagen denaturation in
calf explants was not affected by SLN treatment;
however, explants treated with SLN showed a greater
than 3-fold increase in loss of type IX collagen frag-
ments to culture media.

After 24 hour treatment with SLN, cartilage
explants showed significant decreases in streaming
potential at 1 Hz and electrokinetic coupling coeffi-
cient and a significant increase in swelling. However,
there were no significant changes in dynamic stiff-
ness at 1 Hz, equilibrium modulus, and hydraulic
permeability. After 72 hours, streaming potential at
1 Hz, electrokinetic coupling coefficient, dynamic

stiffness at 1 Hz, and equilibrium modulus all
decreased significantly while hydraulic permeability
and tissue swelling both increased significantly. A
decrease in high frequency streaming potential was
the only change observed in the rabbit cartilage after
the 1 hour treatment.

The frequency response of dynamic stiffness and
streaming potential for calf cartilage explants treated
with ImM APMA, 100ng/ml IL-18, and [ pM retino-
ic acid are shown in Figure 1 (A, B, and C, respec-
tively). Explants treated with APMA showed signifi-
cant decreases in streaming potential and dynamic
stiffness at all frequencies after 1 day in culture and
continued to decrease through the course of the
experiment. Streaming potential and dynamic stiff-
ness of explants cultured with IL-18 also decreased
with time in culture. However, by day 2 of culture,
changes in dynamic stiffness were not statistically
significant at any frequency tested, while the stream-
ing potential differed significantly only at testing fre-
quencies >0.5 Hz. By day 4, dynamic stiffness had
decreased significantly at all testing frequencies and
streaming potential measurements significantly dif-
ferent at frequencies >0.03 Hz. By day 8, both
streaming potential and dynamic stiffness had
decreased significantly at all frequencies tested.
Similar to APMA studies, explants treated with reti-
noic acid showed significant decreases in streaming
potential and dynamic stiffness at all frequencies
after 2 days in culture and continued to decrease
through the course of the experiment.

Data from Figure 1 and independent measurements
of equilibrium modulus were used to calculate mate-
rial properties of explants treated with APMA, IL-18,
and retinoic acid. These data, along with biochemical
analyses of these disks, are shown in Table 2. After 3
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Figure 1. Frequency profiles of streaming potential and dynamic stiffness of caif cartilage explants cultured in the presence of
1mM APMA on days 0, 1, 2, and 3 of culture (A) and 100 ng/ml interleukin-18 (B), or 1 pM retinoic acid (C) on days 0, 2, 4, and

8 of culture. All data are reported as mean SD with n=4.

Table 2. Results of biochemical analyses and physical properties measurements from calf cartilage explants (N=4) treated
with 1mM APMA, 100 ng/ml IL-18, or 1 pM retinoic acid and cultured up to 8 days. All data are reported as mean SD

APMA
Day 0 Day 3 Day 0

GAG content 95 3.8 34 65" 97 1.5
Type Il collagen ® 25 094 69 054°

Swelling ratio © 1.0 0.02 1.2 0.09° 1.0 0.07
Equilibrium modulus ¢ 1.3 035 029 0.12° 1.2 043
Hydraulic permeability® 059 022 19 088" 14 1.2
Electrokin. coupl. coeff.! 1.9 028 1.2 026* 39 0.27

IL-18

Day 2 Day 8 Day 0
90 7.5 6.8 4.2° 97 1.9
1.0 0.03 11 002* 1.0 0.02
0.79 0.19 0.20 0.05° 1.1 0.27
1800 9.8 48° 1.0 1.0
31 099 14 034" 33 052

Retinoic acid
Day 2 Day 8
41 35° 48 23"
1.0 0.02 1.0 0.02
0.49 0.26° 0.24 0.20"
1.8 045" 10 37°
20 084° 075 042"

1 (2% GAG in tissue), b (% denaturation), € (0.01 M NaCVDMEM), @ (MPa), ® (m?/Pa s x 107'5), ! (V/Pa x 1079).
* Results which varied significantly (p<0.05) from measurements Day 0.

days in culture, APMA-treated disks showed signifi-
cant decreases in tissue GAG content, equilibrium
modulus, and electrokinetic coupling coefficient, as
well as significant increases in hydraulic permeabil-
ity, tissue swelling, and type II collagen denaturation.

Explants treated with IL-16 showed no significant
changes in these parameters after two days in culture,
but showed significant decreases in tissue GAG
content, equilibrium modulus, and electrokinetic
coupling coefficient, as well as significant increases
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in hydraulic permeability, and tissue swelling after 8
days. Explants treated with retinoic acid showed sig-
nificant decreases in GAG content, equilibrium mod-
ulus, and electrokinetic coupling coefficient as well
as an increase in hydraulic permeability after only 2
days in culture; however, there was no change in tis-
sue swelling even after 8 days in culture.

Discussion

Cartilage explants treated with SLN and cartilage
from lapine stifle joints exposed to SLN in vivo
showed similar patterns of proteoglycan degradation
(Table 1). By 24 hours, calf cartilage explants exhib-
ited moderate loss in tissue GAG, and significant
decreases in electromechanical properties, streaming
potential measured at | Hz and -electrokinetic
coupling coefficient, but did not exhibit significant
changes in purely mechanical properties, dynamic
stiffness, equilibrium modulus, and hydraulic perme-
ability. Similarly, cartilage disks from lapine stifle
joints exposed to SLN for 1 hour did not have signif-
icantly different GAG content, showed significant
changes in measured streaming potential at 1Hz and
electrokinetic coupling coefficient, but did not exhib-
it significant changes in dynamic stiffness, equilibri-
um modulus, and hydraulic permeability. These data
highlight the sensitivity of electromechanical meas-
urements to the fixed charge density, and therefore
the proteoglycan content of the tissue [36]. High fre-
quency streaming potential measurements are partic-
ularly sensitive to degradation at the tissue surface
[34,40]. This is particularly relevant to these systems
given that transport of SLN (45 kDa) is restricted by
the cartilage matrix. Thus at early times during these
experiments, the surface regions of the tissue are
degraded while deeper regions remain relatively
intact [34,42,43].

By 3 days in culture, tissue GAG content decreased
by ~90% and all measured physical properties
changed dramatically. The loss of proteoglycans
reduces the tissue fixed charge density and conse-
quently results in decreased streaming potential and
electrokinetic coupling coefficient. This degradation,
combined with damage to the collagen network
impairs the ability of the tissue to withstand compres-
sive loads, as reflected in decreases in dynamic stiff-
ness and equilibrium modulus. Additionally, removal
of proteoglycans allows fluid to flow through the
matrix more easily, as indicated by the large increase
in hydraulic permeability.

The addition of SLN to culture media caused an

increase in swelling with time in culture up to 17%
after 1 day and 25% after 3 days. As described by
Maroudas [5], the swelling state of cartilage is deter-
mined by a balance between the osmotic pressure of
the proteoglycans (which tends to swell the tissue)
and the restraining tensile forces of the collagen net-
work (which tend to limit tissue swelling). If the col-
lagen network is compromised, as in OA [5], it is less
able to counteract the osmotic swelling forces, and
the tissue swells. Given that other enzymes which
remove proteoglycans but do not damage collagen do
not cause this type of swelling response [34], it seems
apparent that SLN has degraded the collagen net-
work. It is interesting that SLN did not cause an
increase in type II collagen unwinding, but did cause
type IX collagen release along with tissue swelling.
This suggests that type IX collagen may play an
important role in maintaining the integrity of the col-
lagen network [44]. The lack of type II collagen
unwinding is curious, since it is known to be a result
of collagenase activity and SLN is known fo activate
collagenase in solution {45]. This activation does not
appear to be taking place in the tissue, despite the
large amount of SLN to which the explants were
exposed.

The frequency profiles of streaming potential and
dynamic stiffness (Figure 1) and the corresponding
changes in material properties and biochemical com-
position (Table 2) again point out the relationship
between matrix degradation and changes in physical
properties and highlight the sensitivity of electrome-
chanical measurements to tissue proteoglycan con-
tent. The 65% loss of tissue GAG due to 3 day APMA
treatment is consistent with the decreases in stream-
ing potential, electrokinetic coupling coefficient,
dynamic stiffness, and equilibrium modulus, as well
as the increase in hydraulic permeability. In contrast
to studies using SLN to degrade the cartilage matrix,
the decrease in streaming potential is similar across
all frequencies tested. This is due to the fact that
APMA is small (0.5 kDa) and can move through the
cartilage matrix more easily, thus the resulting degra-
dation is more spatially uniform. The degradation of
the collagen network indicated by type II collagen
denaturation is also consistent with the increase in tis-
sue swelling. Given that tissue treated with SLN
showed no increase in type II collagen depaturation,
it seems likely that the type II collagen degradation
observed here is due to collagenase activated by
APMA.

Cartilage matrix degradation induced by treatment
with TL-18 was slower than that induced by retinoic
acid (Table 2). After 2 days in culture retinoic acid
treated disk showed significant decreases in GAG
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content, equilibrium modulus, and electrokinetic
coupling coefficient and an increase in hydraulic
permeability, while these measurements in disks
treated with IL-18 did not differ significantly from
disks at the start of the experiment. This is also likely
due to transport restrictions, given that retinoic acid is
relatively small (0.4 kDa) and can stimulate cells to
degrade the cartilage matrix more quickly and more
uniformly than the larger IL-185 (18 kDa).

As with SLN, the restricted transport of IL-18
results in initial degradation at the tissue surface. This
is reflected in streaming potential measurements at
high compression frequencies, where fluid flow
occurs only near the tissue surface. After 2 days, IL-
18 treated disks showed significant decreases in
streaming potential at frequencies >0.5 Hz; after 4
days, streaming potential was significantly less at fre-
quencies >0.03Hz; and after 8 days streaming poten-
tial decreased significantly at all frequencies tested.
This is consistent with a pattern of degradation start-
ing at the surface and moving into the tissue with
time. This is in contrast to retinoic acid treatment
which showed significant decreases in streaming
potential across all frequencies tested after only two
days in culture.

Another interesting difference between the IL-18
and retinoic acid culture systems was the observation
that swelling was induced by IL-18 but not by retino-
ic acid. This suggests that different pathways of col-
lagen catabolism are initiated by these agents.

Acknowledgments

This research was supported by NIH Grant AR33236 and
Merck Research Laboratories. The authors thank Drs.
Vernon Moore, Michael Lark, and coworkers for collabora-
tion on the animal studies, Drs. Anthony Hollander and
Robin Poole for analysis of type II collagen denaturation,
and Drs. James Wu and David Eyre for analysis of type IX
collagen degradation.

References

1. Bullough P G. The pathology of osteoarthritis.
Osteoarthritis. Edited by Moskowits R W, Howell D S,
Goldberg V M, Mankin H J., p 39-70. WB Saunders,
Philadelphia, 1992.

2. McDevitt C A, Muir H. Biochemical changes in the car-
tilage of the knee in experimental and natural osteoar-
throsis in the dog. J Bone Joint Surg 1976; 58B: 94-101.

3. Lohmander L S, Hoermer L A, Lark M W. Metallo-
proteinases, tissue inhibitor, and proteoglycan frag-
ments in knee synovial fluids in human osetoarthritis.
Arthritis Rheum 1993; 36: 181-9.

10.

11.

12.

15.

16.

17.

19.

Freeman M A R, Meachim G. Ageing and degeneration.
Adult Articular Cartilage. Edited by Freeman MAR., p
487-544. Pitman Medical, Kent, UK, 1979.

Maroudas A. Balance between swelling pressure and
collagen tension in normal and degenerate cartilage.
Nature 1976; 260: 808-9.

Hoch D H, Grodzinsky A J, Koob T J, Aibert M L, Eyre
D R. Early changes in material properties of rabbit artic-
ular cartilage after meniscectomy. J Orthop Res 1983; I:
4-12.

Ehrlich M G, Mankin H J, Treadwell B V. Acid hydro-
lase activity in osteoarthritic and normal human cartil-
age. J Bone Joint Surg 1973; 55a: 1068-76.

Nguyen Q, Murphy G, Roughly P J, Mort J S. Degra-
dation of proteoglycan aggregate by a cartilage metal-
loprotease. Biochem J 1989; 259: 61-7.

Pelletier J P, Martel-Pelletier J, Malemud C J. Canine
osteoarthritis: effects of endogenous neutral metallo-
proteoglycanases on articular cartilage proteoglycans. J
Orthop Res 1988; 6: 379-88.

Kempson G E, Tuke M A, Dingle J T, Barret A J,
Horsfield P H. The effects of proteolytic enzymes on the
mechancial properties of adult human articular cartil-
age. Biochim Biophys Acta 1976; 428: 741-60.

Sandy J D, Flannery C R, Neame P J, Lohmander L S.
The structure of aggrecan fragments in human osteoar-
thritic synovial fluid. Evidence for the involvement in
osteoarthritis of a novel proteinase that cleaves the
glu373-ala374 bond of the interglobular domain. J Clin
Invest 1992; 89 (2):v1512-6.

Vincenti M P, Clark 1 M, Brinkerhoff C E. Using inhib-
itors of metalloproteinases to treat arthritits. Arth
Rheum 1994; 37: 1115-26.

. Flannery C R, Lark M W, Sandy J D. Identification of a

stromelysin cleavage site within the interglobular
domain of human aggrecan. J Biol Chem 1991; 267:
1008-14.

. WulJ ], Lark M W, Chun L E, Eyre D R. Sites of stro-

melysin cleavage in collagen types I, IX, X, and XI of
cartilage. J Biol Chem 1991; 266: 5625-8.

Okada Y, Shinmei M, Tanaka O, Naka K, Kimura A,
Nakanishi I, Bayliss M, Iwata K, Nagase H. Localiza-
tion of matrix metalloproteinase 3 (stromelysin) in oste-
oarthritic cartilage and synovium. Laboratory Investiga-
tion 1992; 66: 1069-73.

Brenner C A, Adler R A, Werb Z. Genes for extracellu-
lar matrix-degrading metalloproteinases and their inhib-
itor, TIMP, are expressed during early mammilian
development. Gen Develop 1989; 3: 848-59.

Shingu M, Nagai Y, Isayama T, Naono T, Nobunaga M.
The effects of cytokines on metalloproteinase inhibitors
(TIMP) and collagenase production by human chon-
drocytes and TIMP production by synovial cells and
endothelial cells. Clin Exp Immunol 1993; 94: 145-9.

. Darling J M, Glimcher L H, Shortkroff S, Albano B,

Gravellese E M. Expression of metalloproteinases in
pigmented villonodular synovitis. Hum Path 1994; 25:
825-30.

Oegema T R, Lewis J L, Thompson R C. Role of acute

trauma in development of osteoarthritis. Agents Actions
1993; 40: 220-3.



44

Acta Orthop Scand (Suppl 266) 1995; 66: 38—44

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chandrasekhar S, Harvey A K. Induction of interleukin-
1 receptors on chondrocytes by fibroblast growth factor:
a possible mechanism for modulation of interleukin-1
activity. J Cell Physiol 1989; 138: 236-46.

Buttle D J, Handley C J, [lic M, Saklatvala J, Barrett A
J. Inhibition of cartliage proteoglycan release by a spe-
cific inactivator of cathepsin B and an inhibitor of
matrix metalloproteinases. Evidence for two converging
pathways of chondrocyte-mediated proteoglycan degra-
dation. Arth Rheum 1993; 36: 1709-17.

Kandel R A, Pritzker K P H, Mills G B, Cruz T F. Fetal
bovine serum inhibits chondrocyte collagenase produc-
tion: interlenkin 1 reverses this effect. Biochim Biophys
Acta 1990; 1053: 130-4.

Hutchinson N I, Lark M W, MacNaul K L, Harper C,
Hoermer L. A, McDonnell J, Donatelli S, Moore V L,
Bayne E K. In vivo expression of stromelysin in synovi-
um and cartilage of rabbits injected intraarticularly with
interleukin-1 beta. Arthritis Rheum 1992; 35: 1227-33.
Sandy J D, Boynton R E, Flannery C R. Analysis of the
catabolism of aggrecan in cartilage explants by quantita-

tion of peptides from the three globular domains. J Biol
Chem 1991; 266: in press

Sandy J D, Flannery C R, Neame P J, Lohmander L S.
The structure of fragments in human synovial fluid. J
Clin Invest 1992; 89: 1512-6.

Seed M P, Ismaiel S, CHeung C Y, Thomson T A,
Gardner C R, Atkins R M, Elson C I. Inhibition of inter-
leukin 1 beta induced rat and human cartilage degrada-
tion in vitro by the metalloproteinase inhibitor U27391.
Ann Rheum Dis 1993; 52: 37-43

Morales T I, Roberts A B. The interaction between reti-
noic acid and the transforming growth factors- beta in
calf articular cartilage organ cultures. Arch Biochem
Biophys 1992; 293: 79-84.

Noji S, Yamaai T, Koyama E, Nohno T, Taniguchi S.
Spatial and temporal expression pattern of retinoic acid
receptor genes during mouse bone development. FEBS
Lett 1989; 257: 93-6.

Dietz U, Aigner T, Bertling W M, von der Mark K.
Alterations of collagen mRNA expression during reti-
noic acid induced chondrocyte modulation: absence of
untranslated alpha [(I) mRNA in hyaline chondrocytes.
J Cell Biochem 1993; 52: 57-68.

Yasui N, Benya P D, Nimni M E. Coordinate regulation
of type IX and type II collagen synthesis during growth
of chick chondrocytes in retinoic acid or 5-bromo-2-
*dexyuridine. J Biol Chem 1986 261: 7997-8001.
Harris E D, Parker P G, Radin E L, Krane S M. Effects
of proteolytic enzymes on the structural and mechanical
properties of cartilage. Arthritis Rhuem 1972; 15:
497-503.

Schmidt M B, Mow V C, Chun L E, Eyre D E. Effects
of proteoglycan extraction on the tensile properties of
articular cartilage. J Orth Res 1990; 8: 353-63.

. Hayes W C, Bodine A J. Flow-independent viscoelastic

properties of articular cartilage matrix. J Biomechanics
1978; 11: 407-19.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

Bonassar L J, Frank E H, Paguio C P, Murray J C,
Moore V L, Lark M W, Grodzinsky A J. Changes in car-
tilage composition and functional properties due to stro-
melysin degradation. Arthritis Rheumatism 1995; 38:
173-83.

Bonassar L J, Paguio C P, Frank E H, Jeffries K A,
Moore V L, Lark M W, Grodzinsky A J. Effects of
matrix metalloproteinases on cartilage swelling and bio-
physical properties in vitro and in vivo. Trans ORS p
310. New York, 1994.

Frank E H, Grodzinsky A J, Koob T J, Eyre D R.
Streaming potentials: a sensitive index of enzymatic
degradation in articular cartilage. J Orthop Res 1987; 5:
497-508.

Hollander A P, Heathfield T F, Webber C, Iwata Y,
Bourne R, Rorabeck C, Poole A R. Increased damage to
type ii collagen in osteoarthritic articular cartilage
detected by a new immunoassay. J Clin Invest 1994; 93:
1722-32.

Diab M, Wu ] J, Shapiro F, Eyre D R. Abnormality of
type IX collagen in a patient with diastrophic dysplasia.
Am J Med Genet 1994; 49: 402409, 1994.

Farndale R W, Buttle D J, Barrett A J. Improved quanti-
tation and discrimination of sulphated glycosaminogly-
cans by use of dimethylmethylene blue. Biochim
Biophys Acta 1986; 883: 173-7.

Bonassar L J, Paguio C P, Frank E H, Jeffries K A,
Moore V L, Lark M W, Caldwell C G, Hagmann W K,
Grodzinsky A J. Effects of matrix metalloproteinases on
cartilage biophysical properties in vitro and in vivo.
Inhibition of Metalloproteinases: Therapeutic Potential
p 439-443, New York, 1994.

Frank E H, Grodzinsky A J. Cartilage electromechanics-
I1. a continuum mode] of cartilage electrokinetics and
correlation with experiments. J Biomechanics 1987; 20:
629-39.

Bonassar L J, Frank E H, Paguio C P, Murray J C,
Moore V L, Lark M W, Grodzinsky A J. Changes in car-
tilage composition and functional properties due to stro-
melysin degradation. Trans ORS p 192, New York,
1993.

Bayne E K, MacNaul K L, Donatelli S A, McDonell J,
Griffin P, Hoermer L A, Calaycay K, Hagmann W, J W,
Christen A, Moore V L, Mumford R, Lark M W,
Hutchinson H 1. Identification of the stromelysin cleav-
age site within rabbit aggrecan and detection of a stro-
melysin-generated HABR fragment within rabbit articu-
lar cartilage. Trans ORS p 309, New York, 1994.

. Eyre DR, Apone S, Wu J J. Collagen type IX: evidence

for covalent linkages to type II collagen in cartilage.
FEBS Lett 1987; 220: 337-41.

Treadwell B V, Towle C A, Ishizue K, Mankin K P,
Pavia M, Ollivierre F M, Gray D H. Stimulation of the
synthesis of collagenase activator protein in cartilage by
a factor present in synovial-conditioned media. Arch
Biochem Biophys 1986; 251: 724-31.





