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Male, 10-week-old C57B110 mice recetved a single
intraarticular injection in the knee joints with pa-
pain, iodoacetate, or collagenase. This led to osteo-
arthritic lesions, such as matrix depletion, chon-
drocyte proliferation, and osteopbyte formation, in
the injected knee joints within several weeks. After
injection of iodoacetate and papain, the main os-
teoartbritic alterations were localized in the femo-
ropatellar joint, whereas injection of collagenase
led to marked osteoarthritic lesions in the femoro-
tibial joint. The mechanism of induction of these
alterations appears to differ for iodoacetate and pa-
Dain on one site and collagenase on the otber site.
Data are presented that collagenase injection, by
way of damaging ligaments and tendons, destabi-
lizes the knee joint eventually leading to osteoar-
thritic alterations. In contrast, injection of papain
or iodoacetate directly interferes with cartilage me-
tabolism resulting in osteoartbritic changes. (AmJ
Pathol 1989, 135:1001-1014)

Osteoarthritis is an age-related disease of diarthrodial
joints in which the predominant characteristic is degener-
ation of articular cartilage.! This process is often associ-
ated with proliferation of chondrocytes and formation of
new cartilage and bone at joint margins leading to the
formation of osteophytes. Osteoarthritis is presently con-
sidered the clinicopathologic consequence of various eti-
ologic factors, and most researchers agree that osteoar-
thritis is not a single disease entity."? The various forms
of human osteoarthritis can be characterized as the result
of abnormal biomechanical stress or intrinsic or acquired
abnormalities of articular cartilage. The final common

pathway of this multifactorial disease is disturbed carti-
lage integrity.

Many changes occur in the articular cartilage as a re-
sult of the osteoarthritic process. Hydration of the extra-
cellular matrix and the extractability of proteoglycans is
increased in osteoarthritic cartilage compared with normal
cartilage, both in human and experimental osteoarthri-
tis.3® Synthesis of cartilage proteoglycans is increased
while the quantity of proteoglycans is reduced in osteoar-
thritic cartilage, indicating a highly increased breakdown
of proteoglycans.®® Also, changes in the biochemical
properties of proteoglycans from osteoarthritic cartilage
were reported.>"'='* The normally nonproliferating articu-
lar cartilage chondrocytes are stimulated to divide as a
result of the osteoarthritic process.®'6-24

Besides changes in the articular cartilage, other joint
structures also undergo alterations in the osteoarthritic
joints. Formation of osteophytes at the joint margins is
highly associated with the osteoarthritic changes in the
articular cartilage.'®-?® Proliferation of synovial cells is ob-
served both in human osteoarthritis and in animal
models, '8212427-31 Another phenomenon seen in osteoar-
thritic joints is sclerosis of subchondral bone below the
degenerated cartilage.'’24%5%23 These observations
point to anabolic processes in the joint, in addition to the
catabolic degeneration of articular cartilage.

Because the pathogenesis of osteoarthritis can not be
adequately studied in humans, interest has been directed
to animal models of osteoarthritis that simulate the human
disease. Spontaneous osteoarthritis has been studied in
mice, guinea pigs, and dogs. 24253340 |n addition, osteo-
arthritis was induced in animal knee joints in two different
ways, induction of instability of the joint by surgical meth-
ods and intra-articular injection of chemicals interfering
with cartilage metabolism. Induction of joint instability has
been carried out by partial meniscectomy, frequently in
combination with dissection of collateral ligaments, and
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dissection of cruciate ligaments or myectomy.5%'4.18-
232741-44 The intra-articular injection of papain or sodium
iodoacetate leads to osteoarthritic alterations in the in-
jected joints.*5-57

Because osteoarthritis is considered to be the final re-
sult of a multifactorial pathogenesis, we used three differ-
ent ways of osteoarthritis induction in C57B110 mice.
Knee joints of the mice were injected with papain, sodium
iodoacetate, or collagenase. Papain induces degenera-
tion of cartilage proteoglycans, sodium iodoacetate is an
inhibitor of cell metabolism, and collagenase mainly at-
tacks joint structures such as tendons and ligaments that
contain collagen type |.

Materials and Methods
Animals

Male C57B1/10 mice aged 10 weeks were used in all ex-
periments. The animals were kept in boxes in an air-condi-
tioned room at constant temperature and were fed a stan-
dard laboratory diet (Hope Farms, Deventer, The Nether-
lands) with access to tap water ad libitum.

Induction of Osteoarthritis

The right knee joints of the mice were injected once, intra-
articularly through the patellar ligament, with a 6-ml solu-
tion of papain, sodium iodoacetate, or collagenase. The
left control knee joint was injected with 6 ul physiologic
saline. Papain (type IV, double crystallized, 15 units/mg,
Sigma Chemical Co., St. Louis, MO) was used in a con-
centration of 0.5%, 1.0%, and 2.0% (w/v), and these solu-
tions were supplemented with 0.03 M L-cysteine HCI
(Sigma) to activate the papain. Sodium iodoacetate
(Sigma) was injected in a concentration of 0.1%, 0.5%,
and 1.0% (w/v), whereas collagenase (Clostridial, 248
units/mg, Worthington Biochemical Corporation, Free-
hold, NJ) was injected in the following concentrations:
0.5%, 1.0%, and 1.5% (w/v). Before injection the solu-
tions were filtered through a 0.2-um filter to remove bac-
teria.

Histology

Groups of five mice injected with papain or collagenase
were killed by cervical dislocation 1, 3, 7, 21, and 42 days
after intra-articular injection, whereas an additional group
of mice injected with iodoacetate was also killed after 64
days. Carefully dissected knee joints were fixed in phos-
phate-buffered formalin (pH 7.4) for 5 days and subse-
quently decalcified in 5% formic acid for 4 days. Standard

processing of the knee joints in an automatic tissue pro-
cessing épparatus was followed by embedding of the
knee joints in paraffin wax. Frontal whole knee joint sec-
tions were prepared (6 gm) and stained with safranin O
and fast green.

Determination of Joint Swelling

Soft tissue joint swelling after intra-articular injection was
assayed onday 1, 3, 7, 21, 41, and 64 (iodoacetate) by
the %Tc-pertechnetate uptake method as described
previously.®® In short, mice were injected with 15 uCi
%mTc and sedated with choral hydrate (intraperitoneally).
After 30 minutes, the quantity of radiolabel in the right and
left knee joints was determined by measuring the gamma
radiation with a collimated Nal-scintillation crystal while the
knee joint was in a fixed position. Joint swelling was
scored as the ratio of the radiolabel in the right and the
left knee joint.

Glycosaminoglycan Synthesis

After 1, 3, 7, 21, 42, and 64 (iodoacetate) days, groups
of five mice were killed and the whole patellae, along with
a standard amount of surrounding tissue, were dissected
from both the left and the right knee joints, according to
the method of van den Berg et al.5° Patellae were incu-
bated in RPMI 1640 DM medium (Flow Laboratories, Ir-
vine, UK) containing 20 uCi [*S]sulfate (1200 Ci/mmol,
Radiochemical Centre Amersham, Amersham, UK) for 2
hours at 37 C in a humidified 5% CO, atmosphere. The
inorganic sulfate concentration was 0.8 mM. After incuba-
tion the patellae were washed twice with physiologic sa-
line to remove nonincorporated label and fixed in 4%
phosphate-buffered formalin (pH 7.4). The patellae were
isolated from the surrounding tissue after overnight decal-
cification in 5% formic acid. The patellae were digested
with Lumasolve (Hicol, Oud-Beijerland, The Netherlands),
and the incorporated radiolabel was determined by liquid
scintillation counting. Radiolabel is incorporated almost
exclusively in the proteoglycans of the patellar cartilage.
Almost no label is found in the underlying bone and bone
marrow cells.%

Statistical Evaluation

The glycosaminoglycan synthesis was evaluated by anal-
ysis of variance in combination with the two-tailed Stu-
dent’s T-test. Joint swelling was evaluated with the Wil-
coxon Rank Sum test. A P value less than 0.05 was con-
sidered significant.



Results

Effect of Intra-Articular Injection
on Joint Swelling

Papain was injected intra-articularly in the right knee joint
of mice in three different concentrations: 0.5%, 1.0% and
2.0%. One day after the injection of 2% papain, the right
knee joint was significantly thicker than the left knee joint
injected with physiologic saline, as determined by the
amount of radiolabel in the knee joints (Figure 1A). At later
stages, a significant joint swelling was not observed at
any concentration. The injection of 0.5% and 1.0% io-
doacetate resulted in a significant joint swelling 1 day after
injection, whereas the injection of 0.1% did not result in a
significant response (Figure 1B). The injection of collage-
nase had the most pronounced effects on joint swelling.
All concentrations (0.5%, 1.0%, and 1.5%) induced a sig-
nificant joint swelling on days 1 and 3 after intra-articular
injection (Figure 1C).

Effect of Intra-Articular Injection on
Glycosaminoglycan Synthesis

The intra-articular injection of papain resulted in a concen-
tration-dependent inhibition of glycosaminoglycan syn-
thesis in patellar cartilage after 1 day (Figure 2A). After 3
days, the glycosaminoglycan synthesis in the patellae
from mouse knees injected with 0.5% or 1.0% papain was
significantly elevated, whereas the synthesis in the patel-
lae from knee joints injected with 2% papain was still inhib-
ited. Seven days after the injection of papain, there was a
slight but nonsignificant elevation of glycosaminoglycan
synthesis in the patellae of all papain-injected knee joints.
Injection of iodoacetate in the knee joints resulted in
an inhibition of patellar glycosaminoglycan synthesis of
up to more than 80% after 1 day (Figure 2B). The glycos-
aminoglycan synthesis in the patellae of knee joints in-
jected with 1% iodoacetate continued to be inhibited from
day 1 until day 64. However, 3 days after injection of 0.1%
iodoacetate, the glycosaminoglycan synthesis in the pa-
tellae was significantly increased compared with the con-
trol patellae. The patellae from the knee joints injected
with 0.5% iodoacetate showed a normal overall synthesis
of glycosaminoglycans in the whole patellae after 3 and
7 days but was significantly decreased at later stadia.
Figure 2C shows the effect of collagenase injection
on the patellar glycosaminoglycan synthesis. After 1 day,
injection of 1.0% or 1.5% collagenase resulted in a sig-
nificant inhibition of patellar glycosaminoglycan syn-
thesis, whereas a significantly elevated synthesis was
observed after injection of 0.5% or 1.5% on day 7. An
increased synthesis was also observed at all concentra-
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Figure 1. joint swelling after injection with papain, collage-
nase, or iodoacetate. Mice were injected with radioactive
technetium and after 30 minutes the quantity of radiolabel in
the left and right knee joint was determined. Joint swelling was
scored as the ratio of the radiolabel in the right to that in the
left knee joint. Expressed are mean values of at least five mice.
A: Papain 0.5%, 1.0%, and 2.0%. B: lodoacetate 0.1%, 0.5%,
and 1.0%. C: Collagenase 0.5%, 1.0%, and 1.5%. *, Signifi-
cantly different from control joints.

tions on day 21 and at 1.0% and 1.5% on day 42, but this
was only significant for 1.0%.
Histologic Observations

Three concentrations of papain, iodoacetate, or collage-
nase were used to induce osteoarthritic changes in the
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Figure2. Glycosaminoglycan synthesis, as measured by sulfate
incorporation, in patellar cartilage after injection of papain,
iodoacetate, or collagenase. The glycosaminoglycan syntbesis
is compared with the glycosaminoglycan syntbesis in the left
control joint. Expressed are the mean values of at least five
patellae. A: Papain 0.5%, 1.0%, and 2.0%. B: Iodoacetate 0.1%,
0.5%, and 1.0%. C: Collagenase 0.5%, 1.0%, and 1.5%. *, Sig-
nificantly different from control joints.

right knee joints of C57B110 mice. The joint alterations
were essentially similar at all three concentrations, and
only quantitative differences were observed. The results
of 1% papain, 1% collagenase, and 0.5% iodoacetate will
be reported, and only major differences at other concen-
trations will be discussed. The results are summarized in
Table 1 and Table 2. Table 1 shows the changes in the
articular cartilage, whereas Table 2 presents the changes
in other joint structures and the grade of inflammation.

None of the control knee joints showed any evidence of
osteoarthritic alterations.

Day 1

One day after the injection of papain, there was a pro-
nounced depletion of safranin O staining in all the noncal-
cified articular cartilage of the joint, indicating a reduced
proteoglycan concentration (Figure 3). Injection with 2%
papain even led to disruption of noncalcified cartilage
from the calcified cartilage along the tidemark or to degra-
dation of the cartilage surface. The effect of papain on
articular cartilage was most extreme on the central part of
the patella. The injection of iodoacetate had no effect on
the safranin O staining or structure of the articular carti-
lage. One day after the intra-articular injection of collage-
nase, a medial translocation of the patella was observed
in four of five injected joints (Figure 4). The cartilage of the
patellaris femoris and the patella showed a mild loss of
safranin O staining whereas the cartilage of the femoro-
tibial joint was stained normally.

Signs of inflammation were observed in all three
models. A low-grade synovial leukocyte infiltration and ex-
udation of inflammatory cells in the joint cavity were
found. This was most pronounced in the cavity of the fem-
oropatellar joint.

Day 3

The depletion of safranin O staining in the femorotibial
joint was less marked 3 days rather than 1 day after pa-
pain injection. This was not observed in the femoropatel-
lar joint. The intermediate zone of the femorotibial carti-
lage showed signs of chondrocyte proliferation, and cell
clusters could be seen in the safranin O-depleted carti-
lage. Acellular areas in the tibial cartilage could be seen
in the group injected with 2% papain. The knee joints of
mice injected with iodoacetate showed a very mild deple-
tion of staining in the central part of the femoropatellar
joint, but other changes were not observed. Medial dislo-
cation of the patella was evident in four of five mice in-
jected with collagenase. The depletion of safranin O stain-
ing in the femoropatellar joint was decreased compared
with the depletion observed 1 day after collagenase injec-
tion.

The exudate of inflammatory cells in the joint cavity
was greatly reduced compared with the exudate present
after 1 day in all three models studied. Only a few cells
could still be seen in the joint cavity. A mild infiltration of
the synovium with inflammatory cells could still be ob-
served.
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Table 1. Histologic Observation of Alterations in the Articular Cartilage of Papain (1%)-, Iodoacetate (0.5%)-,
and Collagenase (1%)- Injected Knee Joints of Male C57B110 Mice

Day 1 Day 3 Day 7 Day 21 Day 42 Day 64
Cartilage fibrilation
Papain ++ ++ ++ ++ ++ ND
lodoacetate 0 0 0 + + ++
Collagenase 0 0 0 ++ ++ ND
Erosion of noncalcified
cartilage
Papain + + + ++ ++ ND
lodoacetate 0 0 0 0 + ++
Collagenase 0 0 0 ++ +++ ND
Erosion of calcified
cartilage
Papain 0 0 0 0 0 ND
lodoacetate 0 0 0 0 0 0
Collagenase 0 0 0 + +++ ND
Chondrocyte death
Papain + + + ++ ++ ND
lodoacetate + ++ ++ ++ ++ ++
Collagenase 0 0 0 ++ +++ ND
Chondrocyte clusters
Papain 0 + ++ ++ ++ ND
lodoacetate 0 0 0 + + +
Collagenase 0 0 0 + + ND
Loss of safranin O
staining
Papain +++ ++ + ++ ++ ND
lodoacetate 0 0 + ++ +++ +++
Collagenase + 0 + ++ +++ ND

0, no alterations; +++, pronounced pathologic alterations; ND, not determined.

Table 2. Histologic Observations of Inflammation and Alterations in Nonarticular Cartilage Joint Structures
in Murine C57B1 Knee Joints after Injection with Papain (1%), Iodoacetate (0.5%), and Collagenase (1%)

Day 1 Day 3 Day 7 Day 21 Day 42 Day 64

Patella displacement

Papain 0 0 0 0 0 ND

lodoacetate 0 0 0 0 0 0

Collagenase ++ ++ ++ ++ ++ ND
Erosion of bone

Papain 0 0 0 0 0 ND

lodoacetate 0 0 0 0 0 0

Collagenase 0 0 0 + +++ ND
Sclerosis of subchondral

bone

Papain 0 0 0 0 0 ND

lodoacetate 0 0 0 0 0 0

Collagenase 0 0 0 + ++ ND
Osteophyte formation

Papain 0 0 0 + ++ ND

lodoacetate 0 0 + ++ ++ ++

Collagenase 0 0 0 ++ +++ ND
Synovium hyperplasia

Papain 0 ++ + 0 0 ND

lodoacetate 0 ++ ++ + + 0

Collagenase 0 0 ++ +++ +++ ND
Inflammatory exudation

Papain ++ + 0 0 0 ND

lodoacetate ++ + 0 0 0 0

Collagenase ++ + 0 0 0 ND
Synovial infiltration

Papain ++ + + + 0 ND

lodoacetate ++ + + + 0 0

Collagenase + + + + + ND

0, no alterations; +++, pronounced pathologic alterations; ND, not determined.
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Day 7

Seven days after papain injection the noncalcified patellar
cartilage showed areas devoid of cells lying next to hyper-

Figure 4. Patellar displacement to the medial side of the joint
1 day after injection of 1% collagenase (frontal section, safra-
nin O-fast green, original magnification X40). For legend and
control joint see Figure 3.

Figure 3. C57B110 knee joint 1 day after
the intra-articular injection of 1% papain.
Note the depletion of safranin O staining
in the noncalcified cartilage A: Injected
Jjoint. B: Control joint (frontal section, saf-
ranin O-fast green, original magnification
X40). P, patella; F, femur; T, tibia, GP,
growth plate; C, cartilage; B, bone, CL, cru-
ciate ligaments; O, osteophyte, L, ligament.

cellular areas with numerous cell clusters (Figure 5).
Highly safranin O-staining halos were seen around the cell
clusters. Proliferation of cells and cluster formation were
also evident in the femorotibial cartilage and the menisci.
The synovium appeared to be slightly thickened in the
papain-injected knee joints.

Cell death was observed in the central part of the pa-
tella and to a minor extend in the patellaris femoris in the
knee joints of mice injected with iodoacetate (Figure 6).
The same cartilage areas also showed a moderate deple-
tion of safranin O staining. In the depleted matrix some
cells were present that markedly stained with safranin O.
Proliferation of chondrocytes was not observed. The fem-
orotibial joint also showed a slight depletion of safranin O
staining after injection with 1% iodoacetate. Early signs of
osteochondrophyte formation was evident at the margins
of the femoropatellar joint and, in a few animals, also at
the margins of the femorotibial joint to a minor extent.

In the collagenase-injected joints, the cartilage of the
femorotibial joint showed a loss of safranin O staining
whereas the staining of the femoropatellar cartilage was
comparable with the staining of control joints. The syno-
vial tissue on the medial side of the joint was markedly
thickened by proliferation of synovial cells, whereas the
synovium on the lateral side was only slightly thickened
(Figure 7). Inflammatory cell infiltration in the synovium tis-
sue was not observed.

Day 21

Injection with papain led to acellular areas in the patellar
cartilage lacking significant safranin O staining whereas



Figure 5. Proliferation of chondrocytes in
the femorotibial joint after the intra-artic-
ular injection of papain. A: Injected joint.
B: Control joint. (day 7, frontal section, saf-
ranin O-fast green, original magnification
X250). For legend, see Figure 3.

other areas showed hypercellularity and a strongly stain-
ing matrix indicating cartilage repair (Figure 8). Loss of
cartilage in the depleted areas was seen in two of five
animals. Most pronounced formation of osteophytes
could be seen at the medial side of the femoropatellar
joint, but in one of five animals at the medial side of the
femoropatellar joint also.

Figure 6. Femoropatellar knee joint 7 days
after the injection of 0.5% iodoacetate.

Formation of osteophytes at the margins of
the joint and acellular areas in the central
part of the patella can be seen (frontal sec-

tion, safranin O-fast green, original mag-
nification X 100). For legend see Figure 3.
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In the knees injected with iodoacetate a pronounced
depletion of the central part of the patella was observed,
whereas some areas adjacent to the central part showed
chondrocyte clusters with a markedly stained pericellular
matrix. Also, the femorotibial areas showed signs of chon-
drocyte proliferation. Osteophyte formation was seen at
the margins of the femoropatellar joint.
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A loss of safranin O staining was observed in the carti-
lage of the femorotibial joint of the collagenase-injected
knees. This was most pronounced at the medial side of
this joint. The depleted matrix appeared to be hypocellu-
lar, but the cells still present in the depleted matrix demon-
strated a heavily stained pericellular matrix.

Day 42

The knee joints injected with papain showed in the patellar
cartilage the presence of chondrocyte clusters in an in-
tensely stained extracellular matrix adjacent to acellular
safranin O-depleted areas. Pieces of cartilage were dis-
rupted from the degenerated cartilage. This was to a
lesser extent also observed in the femoris patellaris. Os-
teophytes were observed on the margins of the femoro-
patellar joint, mainly on the medial side of this joint (Figure

Figure 7. Proliferation of synovial cells 7
days after the injection of 1% collagenase.
Note the difference in proliferation on the
medial side of the joint in contrast to the
Dproliferation on the lateral side of the joint
(frontal section, safranin O-fast green,
original magnification X40). For legend
see Figure 3.

9). Osteophytes on the femorotibial joint were less com-
mon. There were no signs of inflammation in the joints.

Injection of iodoacetate led to the formation of large
osteophytes on the margins of the femoropatellar joint
(Figure 10) and sometimes to small osteophytes on the
margins of the femorotibial joint. The osteophyte forma-
tion was most marked at the medial side of the joints.
The central part of the patella and to a lesser extent the
opposite femoral cartilage showed a significant loss of
safranin O staining. Areas adjacent to depleted areas
were hypercellular in some of the animals. Loss of safra-
nin O staining was also observed in the cartilage of the
tibial plateau. Signs of inflammation were absent in the
joints.

The injection of collagenase resulted in a gross
change in the appearance of the knee joints. Due to os-
teophyte formation, thickening of the collateral ligaments
and synovium, and erosion of cartilage and bone, the

Figure 8. Cartilage of the femoropatellar
Joint 21 days after the injection of 1% pa-
Dpain. Acellular areas in the patellar carti-
lage with little safranin O staining are ob-
served lying next to bighly stained cellular
areas (frontal section, safranin O-fast
green, original magnification X250). For
legend see Figure 3.



Figure 9. Femoropatellar joint 42 days af-
ter the injection of 1% papain. Cartilage
fragments are disrupted from the cartilage
surface and osteophytes are present on the
margins of the joint (frontal section, safra-
nin O-fast green, original magnification
X 100). For legend see Figure 3.

height of the joints was decreased and the width was in-
creased. The osteoarthritic lesions were severe. Cartilage
at the medial side of the femorotibial joint was totally

Figure 10. Formation of osteophytes of the femoropatellar joint
42 days after the injection of 0.5% iodoacetate. The cartilage
of the femoropatellar joint clearly shows depletion of safranin
O staining (frontal section, safranin O-fast green, original
magnification X 40). For legend see Figure 3.
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eroded, and the subchondral bone had become sclerotic
(Figure 11). In two of five mice the subchondral bone on
the medial side of the femorotibial joint was exposed to
the surface. Changes on the lateral side of the joint were
always less pronounced than those on the medial side of
the joint. Formation of cartilage-like tissue, as indicated by
safranin O staining, was observed in the collateral liga-
ments.

Day 64

Sixty-four days after the injection of iodoacetate the carti-
lage in the central parts of the patella appeared to be thin-
ner in the iodoacetate-injected knee joints than in the
physiologic saline-injected knee joints. The central part of
the patella was depleted of safranin O staining whereas
chondrocyte clusters could be seen in nondepleted parts.
Osteophytes were present most markedly at the medial
side of the femoropatellar joint but also at the other joint
margins.

Discussion

A single injection of male C57B110 mice with papain, io-
doacetate, or collagenase led to osteoarthritic-like le-
sions in the injected knee joints after a few weeks. Interfer-
ence with joint stability by injection of collagenase in the
knee joints resulted in joint changes similar to changes
observed in murine osteoarthritis (compare Figure 11 and
Figure 12). Injection of papain or iodoacetate led to de-
generative alterations in the knee joints as a result of carti-
lage damage, which in many respects are similar to those
alterations seen with osteoarthritis.
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The injection of papain, iodoacetate, or collagenase
led in the initial phase to a moderate inflammatory reaction
in the knee joint. This inflammatory response was charac-
terized by synovial infiltration with inflammatory cells and
the presence of these cells in the joint cavities. The exu-
date was transient in all three models and had almost dis-
appeared 3 days after injection. A low-grade synovial infil-
trate could be observed until day 21. An inflammatory re-
sponse was also indicated by the joint swelling observed
after injection of papain, iodoacetate, or collagenase. The
joint swelling, as indicated by radiolabel uptake of the
knee joints, was also transient, and significant joint swell-
ing was not observed by 3 days after intra-articular injec-
tion. The joint swelling induced by the injection of colla-
genase was higher than could be expected by the histo-
logic evaluation of the inflammatory response in the
injected knee joints.%® The collagenase injection probably
has a direct effect on endothelial structures in the joint and

Figure 11. Destruction of the femorotibial
joint 42 days after the injection of 1% colla-
genase. Erosion of bone is clear on the me-
dial side of the tibial plateau, and the liga-
ments show cartilaginous alterations
(frontal section, safranin O-fast green,
original magnification X40). For legend
see Figure 3.

leads in this way to a more pronounced joint swelling than
would be expected by the observed inflammation.

The inflammatory response in all three models was low
grade when compared with the inflammatory response in
the murine arthritis models we routinely use in our labora-
tory.®'-% Because a grade of inflammation in the arthritis
models comparable with the grade observed in the osteo-
arthritis models does not result in a loss of safranin O
staining or cartilage damage in the later stages in the ar-
thritis models, the role of the inflammatory response in the
induction of the osteoarthritic lesions would be an insig-
nificant one. In addition, 18-month-old C57B110 mice with
spontaneous osteoarthritis also showed a low-grade sy-
novial infiltrate. An inflammatory reaction was also ob-
served in other animal models of osteoarthritis and is regu-
larly a component of human osteoarthritis.54-6°

Injection of collagenase resulted after 1 day in a high
incidence of patellar dislocation to the medial side of the

Figure 12. Spontaneous osteoarthritis in
an 18-month-old C57BL/10 mouse (frontal
section, safranin O-fast green, original
magnification X40). For legend see Fig-
ure 3.



injected knee joint. Injection of papain, iodoacetate, or
physiologic saline never led to patellar displacement. Pa-
tellar dislocation to the medial side of the knee joints has
also been associated with spontaneous osteoarthritis in
STR/IN and STR/ORT mice.?5337-3 The patella disloca-
tion demonstrates the presence of joint instability, either
as a result of inherent joint malformation (STR/IN and
STR/ORT strains) or as the consequence of the collage-
nase injection. The effect of collagenase on collagen type
I-containing joint structures, such as ligaments and ten-
dons, induces the observed joint instability. Collagenase
(1%) had no degradative effect on the anatomically intact
cartilage of patellae after in vitro incubation but degraded
sliced bovine cartilage under the same conditions (data
not shown).

The injection of papain and iodoacetate had the most
pronounced effects on the cartilage of the femoropatellar
joint, whereas the injection of collagenase resulted in
marked pathologic changes in the femorotibial joint. The
central parts of the patellae, and to a lesser extent the
opposite side on the femur, expressed the most distinct
depletion of safranin O and cell death after the injection
of papain or iodoacetate. A similar predisposition was ob-
served in the antigen (methylated bovine serum albumin)-
induced arthritis model in C57B110 mice in our labora-
tory.>® Moreover, in vitro incubation of murine patellae with
hydrogen peroxide resulted in more severe inhibition of
proteoglycan synthesis and higher cell death in the cen-
tral chondrocytes than in more peripheral situated chon-
drocytes.” This indicates that chondrocytes from certain
areas of knee joint cartilage are more vulnerable to the
effects of harmful compounds than chondrocytes from
other areas. As the central part of the patella in mice is
one of the load-bearing parts of the joint, the susceptibility
of chondrocytes in this area may be related to the in vivo
stress on these chondrocytes.

Osteoarthritic lesions on the medial side of the femoro-
tibial joint were the most pronounced effects on the
knee joint cartilage of mice injected with collagenase.
Also, the spontaneous osteoarthritis models in STR/IN
and STR/ORT mice showed a preferential development
of the osteoarthritic lesions on the medial side of the fem-
orotibial joint; the same localization was also re-
ported for the spontaneous osteoarthritis in guinea
pigs.24253337-3 |ntrinsic factors in the structure of the
knee joints of these animals, or of the chondrocytes on
the medial side of the femoral joint,”’ may predispose the
animals to osteoarthritis in this area. A similar localization
of the osteoarthritic lesions was observed in some of the
surgically induced models of osteoarthritis but this may
be due to the location of the surgical intervention, 8:20.21:23

In all three models, one of the main and first observed
aspects of the alterations in the cartilage, preceding the
erosive alterations, was loss of safranin O staining. After
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injection of papain this could already be seen after 1 day,
but in the other models depletion of stages severely
affected cartilage areas in later stages, could be observed
from day 7. A cellular reaction could be seen in these pro-
teoglycan-depleted cartilage in all three models, as in hu-
man osteoarthritis.' Some areas showed a decrease of
cell number, whereas other adjacent areas showed chon-
drocyte proliferation and the presence of chondrocyte
clusters. Chondrocyte proliferation was observed in the
papain-injected knee joints after 3 days but in the knee
joints injected with iodoacetate or collagenase prolifera-
tion was only observed at day 21 and at later stages. Also,
the number of cell clusters observed was much greater
after injection of papain than after injection of iodoacetate
or collagenase. A high proliferative response of chondro-
cytes, indicating an attempt to repair the damaged matrix,
was also observed in rabbits and guinea pigs after intra-
articular papain injection.*®5'5272 Proteoglycan loss from
cartilage matrix may trigger a proliferative response in
chondrocytes. The proliferative response may be related
to the depletion of proteoglycans after injection of papain,
which is more pronounced than after injection of the other
two compounds. lodoacetate could also have affected
the chondrocyte metabolism in such a way that many of
these cells lost the ability to proliferate whereas the
changes in joint loading after collagenase injection may
have limited the proliferative response in the severely
affected cartilage of the femorotibial joint.

In all three models we found that the remaining cells
in the proteoglycan-depleted matrix and the chondrocyte
clusters were often surrounded with a pericellular halo of
strongly staining matrix. Similar observations have also
been reported in the spontaneous osteoarthritis in other
mouse strains?*337-% and in the spontaneous osteoar-
thritis in 18-month-old C57B110 mice (the authors’ obser-
vations, data not shown). The presence of the strong
staining around the cells may demonstrate that the chon-
drocytes remaining in the proteoglycan-depleted matrix
have a high rate of proteoglycan synthesis.

The glycosaminoglycan synthesis in the whole patel-
lae shows a high rate of proteoglycan synthesis at certain
stages (Figure 2). After an initial inhibition on day 1, an
elevation of proteoglycan synthesis on days 3 and 7 after
papain injection (1%) and a normal proteoglycan synthe-
sis on days 3 and 7 after iodoacetate injection were ob-
served. As chondrocyte death was observed after the in-
jection of iodoacetate or papain, the high level of proteo-
glycan synthesis in the whole patella showed that certain
chondrocytes had an increased rate of proteoglycan syn-
thesis. However, the rate of proteoglycan synthesis mea-
sured in the whole patella after 7 days and at later stages
can be affected by the formation of osteophyte cartilage
at the margins of the patellae. The stimulation of proteo-
glycan synthesis in the patellae at days 3 and 7 after colla-



1012 vanderKraanetal
AJP December 1989, Vol. 135, No. 6

genase injection may be due to the initial depletion of pro-
teoglycans observed in the patellae on days 1 and 3. At
later stages, the elevated synthesis can be caused by
osteophyte formation. Autoradiography studies are being
carried out at the moment to resolve these issues.

The osteoarthritic alterations observed after the injec-
tion of iodoacetate, papain, or collagenase were not con-
fined to changes in the articular cartilage. Osteophyte for-
mation, a characteristic of osteoarthritis in humans and in
animal models, could be seen in all three models. Like
the erosion of cartilage, the formation of osteophytes was
also most pronounced at the margins of the femoropatel-
lar joint after papain or iodoacetate injection and at the
margins of the femorotibial joint after injection of collage-
nase. This demonstrates that the localization of osteo-
phyte formation is associated with the localization of carti-
lage erosion in these models. The osteophytes were most
times bigger on the medial side of the joint than on the
lateral side of the joint. This can be related to the distribu-
tion of loading in the mouse knee joint.

Metaplastic changes were observed in the synovial tis-
sue in all three models. This was most pronounced in the
knee joints of mice injected with collagenase. The collat-
eral ligaments on the medial side of the joints and to a
lesser extent on the lateral side showed striking cartilagi-
nous changes. Sclerosis of subchondral bone was evi-
dent 42 days after the injection of collagenase but not in
the other two models. The last phenomenon may be re-
lated to the erosion of the calcified part of the cartilage,
which was observed in the collagenase model but not in
the other two models. Similar changes, ie, metaplasia of
synovium and sclerosis of ligaments and subchondral
bone, have been reported for the spontaneous mouse
models‘25‘33-35.37-39
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