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Elevated levels of synovial fluid PLA,, strome-
lysin (MMP-3) and TIMP in early osteoarthrosis
after tibial valgus osteotomy in young beagle

dogs

Harri E Panula!, L Stefan Lohmander?, Seppo Ronkk&3, Ulla Agren?,

Heikki J Helminen3 and likka Kiviranta*

We determined the concentration of markers in car-
tilage and synovium metabolism in the synovial fluid
(SF) of the knee of young beagle dogs with slowly
progressive osteoarthrosis. Osteoarthrosis (OA) was
induced by a tibial 30° valgus osteotomy to the right
hindlimb of 16 dogs. The contralateral knee served
as control. The animals were killed 7 (group I} and 18
months (group ll) after operation. The levels in SF of
chondroitin sulfate (CS), tissue inhibitor of metallo-
proteinases (TIMP-1), stromelysin (MMP-3), hyaluro-
nan (HA), and the activity of phospholipase A, en-
zyme (PLA,) were assayed.

The first microscopic signs of cartilage degenera-
tion were observed 7 months postoperatively and
the lesions became more severe, including osteo-
phyte formation during the following 11 months. The
synovial fluid level of MMP-3 was higher (p = 0.04) at

both time-points in the knee joint of the operated
hindlimb than in the contralateral joint. On the oper-
ated side, 7 months postoperatively, synovial fluid
PLA, activity was higher (p = 0.02) than in the con-
tralateral knee joint, but not 18 months postopera-
tively. The SF level of TIMP-1 was higher (p = 0.04) in
the operated joint than in the contralateral joint 18
months after operation. The molar ratio of MMP-3 to
TIMP-1 was higher (p = 0.001) in group Il than in
group I.

The changes observed in the concentration of
synovial fluid markers in this slowly progressive ca-
nine OA model suggest that activation of an inflam-
mation-related process occurs at an early stage of
the OA disease induced by unilaterai tibial valgus
osteotomy.

Departments of 'Surgery, Kuopio University Hospital, P.O. Box. 1627, FI-70211 Kuopio, Finland, 20rthopedics, University
Hospital, SE-221 85 Lund, Sweden, 2Anatomy, University of Kuopio, 4Surgery, Jyvéaskyla Central Hospital, FI-40620

Jyvéskyla, Finland. Tel  Fax +358 71 163032
Submitted 97-04-06. Accepted 97-11-28

Osteoarthrosis (OA) in dogs shows considerable re-
semblance to the corresponding human condition
(Pond and Nuki 1973, Adams and Billingham 1984).
To investigate the early mechanisms of OA pathogen-
esis, experimental animal models must be used. Most
OA models entail intraarticular surgery, which has
undesirable effects on cartilage and synovium metab-
olism. One example is the canine OA model, based on
transection of the anterior cruciate ligament. This
method is well characterized and widely used (Pond
and Nuki 1973). However, intraarticular surgery in-
duces bleeding and inflammation in the operated
joint, which may affect the tissue processes and con-
found interpretation of the results (Dingle et al. 1979,
Myers et al. 1990). To avoid these drawbacks, ex-
traarticular methods for inducing OA have been tried
(Reimann 1973, Johnson and Poole 1988). We have
used high tibial 30° valgus osteotomy to induce slow-

ly progressive cartilage degeneration in young beagle
dogs (Panula et al. 1997).

Products of articular cartilage and synovial tissue
metabolism diffuse into the synovial fluid (SF),
where their concentrations have been thought to re-
flect joint tissue metabolism (Lohmander 1991). Car-
tilage breakdown products are cleared from the joint
by first entering the SF, and there is considerable clin-
ical interest in using their concentrations in SF to as-
sess the severity of joint diseases.

Metalloproteinases (MMPs) and their tissue inhibi-
tors (TIMPs) have been thought to play an important
role in cartilage matrix turnover and degradation
(Dean et al. 1989). Stromelysin (MMP-3) is known to
degrade aggrecan, link protein, and collagen types II,
IX, X and XI (Wu et al. 1991). TIMP-1 forms irre-
versible complexes with the active forms of MMPs
with a 1:1 stoichiometry (Murphy 1995). High levels
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of MMP-3 and TIMP-1 have been detected in the SF
of patients having RA and OA (Clark et al. 1993, Lo-
hmander et al. 1993), as well as in animal models
(Pelletier et al.1988).

Fragments of the degradation (by MMPs) of aggre-
can are found in SF. They appear to contain, together
with other constituents of aggrecan, a chondroitin sul-
fate (CS)-rich domain of variable length (Sandy et al.
1992). The level of synovial fluid CS has been con-
sidered to reflect the metabolism of aggrecan. The
level of aggrecan fragments in SF has been found to
increase during the early course of OA and RA (Wit-
ter et al. 1987, Lohmander et al. 1993).

Inflammatory episodes of varying duration have
been recognized as an integral part of OA (Ehrlich
1984). PLA,, a key enzyme of the prostaglandin sys-
tem, generates arachidonic acid, which is further con-
verted into prostaglandins participating in inflamma-
tory reactions (Vadas et al. 1985). Stimulation of deg-
radative enzyme synthesis by chondrocytes has been
thought to be related to prostaglandin synthesis via
activation of PLA, by mechanical trauma (Chrisman
et al. 1981). High levels of PLA, have been found in
SF of RA and OA patients (Kortekangas et al.1994).

A major component of SF, hyaluronan (HA), has an
important role in providing joint lubrication and vis-
coelasticity to SF (Ogston and Steiner 1953). In hu-
man and dog OA and RA, the SF concentration of HA
is reduced (Dahl et al. 1985, Arican et al. 1994).

We determined changes in synovial fluid markers
in the knee of young beagle dogs in the initial phase
of slowly progressive osteoarthrosis, induced by tibial
valgus osteotomy. Markers were chosen to reflect car-
tilage matrix metabolism [chondroitin sulfate (CS) in
aggrecan fragments], inflammation pathways and
synovial and cartilage cell metabolism [(activity of
phospholipase A, (PLA,), tissue inhibitor of metallo-
proteinases-1 (TIMP), stromelysin-1 (MMP-3) and
hyaluronan (HA)].

Animals and methods
Animals and operative procedures

16 female beagle dogs of pure breed and same age
were purchased from Marshall Farms (North Rose,
NY, USA). The dogs were divided into 2 experimen-
tal groups, i.e., group [ (n 7) and group I (n 9). A
slowly progressive osteoarthrosis was induced in the
right knee by a method described earlier (Panula et al.
1997). Briefly, a 30" valgus osteotomy, internally
fixed with a plate was performed on the right tibia of
16 dogs at the age of 3 months (Panula et al. 1997).
The dogs were kept under kennel conditions in 3-dog-

fences. The experiment was approved by the Animal
Care and Use Committee of the University of Kuopio.

The animals were killed by an overdose of anes-
thetic 7 months (group I) and 18 months (group 1I)
after operation. The hindlimbs were dissected free
from the muscles and the tibial valgus angulation was
measured with a goniometer. The color and macro-
scopic structure of the cartilage and synovial lining
were examined.

Cartilage samples

Cartilage specimens were collected from the right and
left knees of the operated dogs. 1-mm-thick cartilage
slices were cut perpendicularly to the cartilage sur-
face with underlying subchondral bone, using a den-
tist’s drill equipped with 2 cutting discs, separated by
a 1-mm spacer. Samples for histology were harvested
from the patella, patellar surface of femur and from
both weight-bearing condyles of femur and tibia.
Mankin’s scores were assessed from the histological
sections, as described earlier (Panula et al. 1997).
Briefly, scores were given for the cartilage structure,
cellularity, stainability of the cartilage with safranin
0, and the integrity of tidemark.

Synovial fluid (SF) samples

SF specimens were collected immediately after kill-
ing the dogs. The hindlimbs were dissected free and
the joint capsule of the knee was exposed. 3 mi. of
sterile 0.9% saline was injected into the suprapatellar
pouch. The joint was flexed and extended 10 times
and gently massaged to ensure thorough mixing of the
saline with the SF. All of the diluted SF was then aspi-
rated from the opened joint and centrifuged (500 X g),
after measurement of the collected fluid volume. SF
samples were taken from both knees of the dogs. The
aliquots were stored frozen at 70 °C pending analy-
sis.

Assays of stromelysin (MMP-3) and tissue
inhibitor of metalloproteinases (TIMP-1)

Concentrations of MMP-3 and TIMP-1 were deter-
mined by sandwich ELISAs, using monoclonal and
polyclonal antibodies, raised against the canine re-
combinant proteins, as described earlier (Cooksley et
al. 1990, Bayne et al. 1992, Lohmander et al. 1993).
All assays use a monoclonal antibody against the en-
zyme or inhibitor as a trapping reagent. Polyclonal
antisera against the specific proteins generated in rab-
bits were used as secondary reagents. The assay for
MMP-3 detects the proform of the enzyme, the large
molecular active forms of the enzyme and the enzyme
complexed to TIMPs, but not small molecular forms
of the enzyme or enzyme complexed to alfa-2-macro-
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globulin. The assay for TIMP-1, as used in this study,
detects only free TIMP-1 (i.e., not the inhibitor com-
plexed with metalloproteinases). The MMP-3 assay
has a log-linear range of 0.5-100 ng/mL.

Quantification of chondroitin sulfate (CS)

CS concentration (aggrecan fragments) was deter-
mined by precipitation with Alcian Blue, as described
by Bjornsson (1993).

Phospholipase A, (PLA,) activity assay

The PLA, assay method described by Rénkko et al.
(1991) was used. Briefly, PLA, activity was mea-
sured with 1-acyl-2-[4-pyrenyl]-butyroyl-phosphati-
dylcholine (PPC) as substrate. The hydrolysis rate of
PPC was measured with a fluorescence spectropho-
tometer (Hitachi 650-50, Tokyo, Japan) and the fluo-
rescence was measured with excitation at 343 nm and
emission at 377 nm. All measurements were done in
duplicate.

Quantification of hyaluronan (HA)

HA content was measured in duplicate with an
ELISA-like method, using a biotinylated HA-binding
probe (bHABC) prepared from proteoglycan-link
protein complex of bovine articular cartilage (Wang
et al. 1992). The assay method used is slightly modi-
fied from that described by Kongtawelert and Ghosh
(1990). Nunc Covalink plates (Covalink, Nunc, Rosk-
ilde, Denmark) were coated with HA (100 uL, 50 pg/
mL, Sigma, St. Louis, MO, USA) and blocked with
1% bovine serum albumin (BSA). The samples were
first digested for 24 h at 60°C by papain (250 mg/mL
in 5 mM cysteine, SmM EDTA, Sigma); the enzyme
then was inactivated by boiling for 10 minutes. The
digested samples and a series of standard HA (5-200
ng/mL), diluted in 6% BSA in phosphate-buffered sa-
line (PBS), were mixed with an equal volume of
bHABC (450 ng/mL) in smalil polypropylene tubes
(Mekalasi Oy, Kuortane, Finland) and incubated
overnight at 4 ‘C. Immediately before the assay, the
mixtures were incubated for 1 h at 37 °C. The samples
were then transferred to the HA-coated plates, incu-
bated for 90 min at 37 °C and washed with 0.5%
Tween 20 in PBS. Horseradish peroxidase conjugated
streptavidin (1:20000 in PBS, Vector Lab, Burlin-
game, CA, USA) was added to the plates and left for
1 h at 37 "C. After washing, the substrate-chromogen
solution (O-phenylenediamine dihydrochloride; Sig-
ma, 0.03% H,0, in 0.1 M citrate buffer, pH 5.0) was
added and left for 1 h. The reaction was stopped with
8 M H,SO, and the absorbances were read at 490 nm,
using a microtiter plate reader (Molecular Devices
Corp, Palo Alto, CA, USA).

Statistics

The Wilcoxon matched-pairs signed-ranks test and
the Mann-Whitney U-test were used to assess differ-
ences between the operated hindlimb and the con-
tralateral side and between the groups, respectively.
For correlations, Pearson’s linear correlation analysis
was used. A p-value less than 0.05 was considered
statistically significant.

Results

Osteotomy

All osteotomies healed well and the mean (SD) tibial
angle (i.e., the angle between the axis of the upper
metaphysis of the tibia above the osteotomy line and
the axis of the tibial shaft) was 29° (5°) and 11° (5
(group I) and 28" (4°) and 9° (1°) (group II) in the right
operated and left control tibia, respectively.

1 month after tibial osteotomy, no limping could be
observed, although the forces measured under the
paw of the operated hindlimb were about 70% of that
on the contralateral side. The difference leveled off 3
months after the operation (Heikkinen et al. 1997).

Cartilage (Tables 1 and 2)

2 of the 7 dogs in group I showed macroscopic fibril-
lation of cartilage on the medial condyle of the femur
in an area 1 mm X 2 mm (Table 1). 5 of 7 valgus-oper-
ated dogs in group I had microscopic changes in the
cartilage (Table 2). 6 of 9 in the group II valgus-os-
teotomized animals had macroscopic cartilage lesions
in the right knee. 5 of 9 dogs had severe local fibrilla-
tion and ulcerative cartilage lesions in the anterior
part of the medial condyle of the femur and 4 on the
patellar surface of femur. In 3 dogs, the patella carti-
lage was ulcerated and 2 animals had marginal osteo-
phytes and the normally convex surface of the patella
was flattened. 1 dog had cartilage fibrillation on the
medial aspect of lateral tibial condyle. 3 of 9 dogs
showed no macroscopic changes. In both groups, the
contralateral knee joint was normal.

Synovial fluid

In group I animals, the volume of the aspirated rinsing
solution was 2.9 mL (SD 0.1) in both knees. In group
11, the volume was 3.0 mL (SD 0.1) in the right (oper-
ated) knee and 2.9 mL ( SD 0.2) in the left (control)
knee.

Chondroitin sulfate

The levels (mean (SD), mg/mL) of CS on the operat-
ed side were 4.8 (1.9) in group 1 and 5.7 (2.1) in group
II and 4.2 (1.0) and 5.3 (2.1), respectively, in the con-
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Table 1. Macroscopic changes in cartilage, bone and synovium in beagle dog stifle joints 7 months (group I} and 18 months
(group Il) after tibial osteotomy. No changes were observed in the lateral condyle of femur or medial condyie of tibia.

Dogno. PSF MF P LT Synovium
Group I: Valgus osteotomy (n 7)
1 - Fibrillated cartilage 1 x 2 mm - - -
2 - Fibriltated cartilage 1 x 2 mm - - -
Group lI: Valgus osteotomy (n 9)
3 Sulcus Ulcerated cartilage, Uicerated flattened surface, Fibrillated cartilage  Yellowish,
disappeared whole condyle medial subluxation, osteo- 1 x 3 mm macroscopic
phyte in the inferior pole synovitis
4 Sulcus flattened,  Ulcerated cartilage 4 x 4 mm - - -
fibrillation
5 Sulcus fiattened,  Uicerated cartilage Ulcerated cartilage - Yellowish,
fibrillation 4x5mmand 7 x5 mm 4 x B8 mm, lateral side macroscopic
synovitis
6 - Fibrillated cartilage 5 x 3 mm - - -
7 Sulcus flattened,  Ulcerated cartitage Ulcerated flattened surface, - Yellowish,
fibrillation 4x13 mm medial subluxation, osteo- macroscopic
phyte in the inferior pole synovitis
8 - Fibrillated cartilage 5 x 3 mm - - -

Dogs with no changes are not listed. — no changes observed in this joint surface, PSF patellar surface of femur, MF medial

condyle of femur, P patella, LT lateral condyle of tibia.

Tabie 2. Mankin scores of the beagle stifle joints 7 months
(group I) and 18 months (group Il) after tibial osteotomy. The
scores of each animal at different sites of the knee joint are
added. The total is the sum of scores

PSF MF LF P MT LT Total
Group I: Valgus osteotomy (n 7)
Right knee 5 2 ¢ 2 3 14ab
Left knee 1 1 0 o 0 0 2
Group I: Valgus osteotomy (n 9)
Right knee 22 14 11 13 8 12 sgoab
Left knee 0 0 0 0 0 0 0

PSF patellar surface of femur, MF medial condyle of femur,

LF lateral condyle of femur, P patella, MT medial condyte of

tibia, LT lateral condyle of tibia.

8 p < 0.05, between the right and left knee joint in both
groups, using the Wilcoxon matched-pairs signed-rank test.

b p < 0.05, between the right knee in groups | and 11, using
the Mann-Whitney U-test.

tralateral joints. The difference was not statistically
significant.

Phospholipase A,

There was an increase in PLA, activity in the operat-
ed knee of group I animals, compared to the unoperat-
ed side (p = 0.02) (Table 3). The difference could not
be detected any more in group II animals.

Tissue inhibitor of metalloproteinases

The group II valgus-operated animals showed a rise
(p = 0.04) in the concentration of TIMP-1 in the oper-
ated right knee joints, as compared to the contralateral
joints (Table 3).

Table 3. Analysis of synovial fluid from the knees of young
beagle dogs after valgus osteotomy of the right tibia. Syn-
ovial fluid lavage samples were obtained when the animals
were killed (group 17 months, and group 1l 18 months after
operation). Synovial fluid was examined for levels of phos-
pholipase A, {PLA,)} activity, tissue inhibitor for metallopro-
teinases (TIMP} and stromelysin {MMP-3}. Mean {SD}

Mediator Group Right knee Left knee

PLA, (pmol/min/mL) 12 16.6 (3.2) ¢ 14.2 (1.6)
ne 201 (7.9) 19.8 (9.7)

TIMP {nM) | 1.9 (1.6) 1.3 (0.4)
il 1.1 (0.4)¢ 0.7 (0.2)

MMP-3 (nM) | 12 (0.7)¢ 0.7 (0.2)
1] 2.0 (0.6) ¢ 1.3 (0.4)

8n7, groupl

bng, group ll

¢p < 0.05 versus left knee joint, using the Wilcoxon
matched-pairs signed-ranks test.

MMP-3
In both experimental groups, there was an increase in

MMP-3 concentration, as compared to the unoperated
side (p = 0.04) (Table 3).

Molar ratio of MMP-3 to TIMP-1

The ratio (mean MMP-3/mean TIMP-1) in the right
knee joint was 0.6 in group I and 1.8 in group II and
the left knee joint 0.5 and 1.8, respectively (p = 0.01).
There was no difference in the molar ratio between
the operated and the unoperated joints at either time-
point.
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Hyaluronan

The concentration of HA (mean (SD), mg/mL) in the
knee joints of the valgus-operated limbs (group 1 0.4
(0.3), group II 0.5 (0.2)) did not differ from the con-
tralateral limbs (group I 0.5 (0.3), group I1 0.4 (0.2)).

Correlations

In the valgus-operated dogs, the correlation coeffi-
cients of SF concentrations of TIMP-1, MMP-3 and
the activity of PLA,, on the one hand, and the severity
of cartilage lesions in the same joints, on the other
hand, were 0.35, 0.25 and 0.17 in group I and 0.83
(p=0.01), -0.62 and -0.45 in group II, respectively.
The correlation coefficients between MMP-3 and
TIMP-1 were 091 (group I) and —-0.21 (group II).
These correlations were not significant.

Discussion

Synovial fluid undergoes continuous formation by
capillary filtration and removal by transsynovial flow
into the lymphatic circulation. The concentration of
markers of cartilage is governed by the rate of release
of the components into the joint cavity relative to the
volumetric rate of SF turnover (Levick et al. 1996). It
is conceivable that in different stages of the OA pro-
cess the rate of release of markers varies, thus influ-
encing the concentration of markers. It is also known
that, after a “silent” period of the disease, there are
exacerbation phases of OA, further affecting the con-
centration of markers of cartilage metabolism. As a
clinical tool a single measurement of the SF concen-
tration of a marker can be misleading, if the volume
of the SF is not considered. The importance of effects
of volume and turnover rate of SF on marker concen-
tration has been evaluated by Levick (1990). In our
study, we related the concentration of markers to the
rinsing solution volume of samples. However, taking
into account the small number of animals in this
study, we should be careful in interpreting the signifi-
cance of elevated levels of markers.

We compared the SF marker values of the operated
limbs with those of the contralateral knee. The reason
why we did not compare the marker levels of the os-
teotomized dogs and control animals with each other
was to avoid the biological variation between individ-
ual dogs. Thus, we thought that the contralateral joint
would give the most reliable reference values. The
paw weight-bearing force was initially diminished in
the operated leg, but was at the same level 3 months
after the operation and also thereafter no differences
could be observed between the operated and con-
tralateral limbs. In the first weeks of increased load-

bearing, a change in the contralateral knee joint’s ar-
ticular cartilage metabolism could have taken place,
which might have affected the SF marker levels, even
at the 7-month interval. However, such a prolonged
effect of initial load-bearing seems unlikely. It can
also be argued that the elevated load-bearing would
bring about negative changes in the contralateral joint
cartilage which, in turn, would have tended to reduce,
not to enhance, the differences observed between the
joint fluids on the operated and contralateral sides.

PLA, is a key enzyme in providing substrates for
the synthesis of potent mediators of inflammation, in-
cluding prostaglandins (Pruzanski and Vadas 1991).
Inflammatory episodes of varying duration have been
noted in human OA (Revell et al. 1988). We found a
statistically significant rise in the activity of PLA, in
joint fluids from valgus-operated knee joints at 7
months, but not at 18 months after operation. PLA,
originates from the synovial lining cells, inflammato-
ry cells or chondrocytes (Gilman et al. 1988, Gonza-
les-Buritica et al. 1989, Pruzanski et al. 1990). In-
creased mechanical stimulation as a signal for initia-
tion of PLA, production by the chondrocytes has
been suggested by Chrisman and co-workers (1981).
It is possible that the tibial valgus angulation stimulat-
ed PLA, synthesis via a changed mechanical loading.
The role of the increased activity of PLA, in the initi-
ation of cartilage changes is not clear, but it may be
associated with the increased concentrations of
MMP-3 in joint fluid.

MMP-3 concentration was increased in SF of the
operated limb at both time-points, while the concen-
tration of TIMP-1 was increased only at the later
time-point. The increase in the level of TIMP-1 corre-
lated with the severity of cartilage damage. Elevated
concentrations of MMP-3 and TIMP-1 have been ob-
served in different types of human arthritides (Loh-
mander 1991), with molar ratios between total MMP-
3 and the free TIMP-1 varying between 1.6 and 5.3 in
the different disease groups. The ratio of MMP-3 to
TIMP-1 was 0.5 in a healthy human reference group.
MMP-3 concentrations in the human disease groups
averaged 15-45 times that of the reference group. In
our study, the elevation of SF MMP-3 in the valgus-
operated joints was much less than in human arthritis.
This moderate change is consistent with the small
area and the initial phase of degenerated cartilage in
the canine knee, as compared to human studies, where
the injured cartilage area and the mass of injured car-
tilage is large. The molar ratio of MMP-3 to its inhib-
itor TIMP-1 was higher in group II than in group I
animals, corresponding to the more severe cartilage
damage in group II than in group I (Table 2). It has
earlier been suggested that the increased molar ratio
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between MMP-3 and TIMP-1 could be due to a
changed joint loading pattern or systemic influence
(Dahlberg et al. 1994).

The level of synovial fluid CS has been considered
to reflect the metabolism of aggrecan. The level of
aggrecan fragments in SF increases during the early
course of OA and RA (Witter et al. 1987, Lohmander
et al. 1993). SF CS concentrations did not differ be-
tween the operated and nonoperated knees, although
the level of CS tended to be higher in the operated
hindlimb than on the contralateral side. These results
in dogs contrast with previous human data showing
an inverse relation between the radiographic severity
of knee OA and the concentration of joint fluid pro-
teoglycan fragments (Dahlberg et al. 1992). A likely
explanation of this discrepancy is that in our dog
model, cartilage changes were at a very early stage
and the damaged joint area was rather limited. It is
also known that in early-stage cartilage lesions both
the synthesis and degradation of aggrecan are activat-
ed (Carney et al. 1984, Adams and Brandt 1991).

The SF HA concentration in the knee of valgus-op-
erated dogs did not differ from the control joint val-
ues. This is in contrast to results in dogs with ad-
vanced secondary OA, which show significantly de-
creased SF HA concentrations in the affected joints as
compared with the unaffected contralateral joints (Ar-
ican et al. 1994). The reason for this observation is
probably the same as discussed above.

In summary, the changes observed in the concen-
trations of synovial fluid markers in this slowly pro-
gressive model of OA, after tibial valgus osteotomy,
suggest the activation of inflammation-related pro-
cesses in synovium, cartilage or other joint tissues al-
ready at a very early stage of the disease. The in-
creased concentration of MMP-3 in joint fluid is con-
sistent with the increased activity of PLA,, and proba-
bly reflects the increased rate of matrix cartilage me-
tabolism in early OA.
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