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In vivo animal models play integral roles in unraveling the
complex interactions of biochemical, physiologic, and mechani-
cal factors in the etiopathogenesis and therapy of osteoarthritis
(OA) (1). Numerous models that are used to study OA are uni-
fied by their failure to mimic all aspects of human OA (2). Re-
viewers of OA models have characterized and classified various
models, emphasizing their advantages and disadvantages (3, 4).
Although canine models are most desirable, small laboratory
animals such as the rat have some advantages over other ex-
perimental animals due in part to their low cost, ease of han-
dling, and resistance to postsurgical infections (2, 5, 6). Also,
many research diagnostic and analytical procedures, including
antibodies, have been developed specifically for use in small ro-
dents. The stifle joint of the rat may be particularly advanta-
geous since it is sufficiently large to permit intra-articular
injection, in vivo imaging, and gross necropsy evaluation (7, 8).

Transection of the cranial cruciate ligament (CCL) and me-
niscectomy were developed as early joint instability models to
induce OA lesions (2, 9-12). Although CCL transection is the
most common model of OA, partial resection of the medial me-
niscus mimics articular lesions observed after naturally ac-
quired meniscal damage and OA (1, 13). Lesions induced by
transection of the rat CCL included surface disruptions that ex-
tended deep into the articular cartilage, loss of complex sugars
(proteoglycans), and chondrocyte death with clone formations
(5). Osteophytes did not form during the short duration (four
weeks) of this study; however, osteophyte formation was re-
ported in a separate study (14). In other species, lesions induced

by partial or complete meniscectomy were similar to those result-
ing from CCL transection, although the location of lesions was
variable (9). However, reports regarding the effect of partial menis-
cectomy (PMM) in the rat were not found in published literature.

The histologic description of articular cartilage of the normal rat
is limited and incomplete (5, 15-18). Comprehensive knowledge of
the rat stifle joint is a prerequisite for interpretation of pathologic
lesions that develop after destabilization of the joint. The study re-
ported here was conducted to: describe the normal histologic struc-
ture and histochemical nature of articular cartilage of the rat stifle
joint, compare lesions of OA that develop after transection of the
CCL with those resulting from PMM of the medial meniscus of the
rat, and determine whether OA lesions change following a long
period after joint destabilization of the rat stifle joint.

Materials and Methods
The study was conducted under a protocol approved by the

Auburn University Institutional Animal Care and Use Commit-
tee. Twenty-four adult male Wistar rats (Rattus norvegicus),
weighing 375 to 400 g, between the ages of 120 and 140 days,
were purchased by the Department of Laboratory Animal
Health, College of Veterinary Medicine, from a USDA-licensed
vendor (Harlan, Indianapolis, Ind.). On receipt, the rats were
given a physical examination and were housed individually in
standard shoe box-type cages (48 cm long, 25 cm wide, 20 cm
deep, and 920 cm2 in floor area). A commercially formulated diet
(5P00 Prolab RMH 3000, PMI International, Inc., P.O. Box
19798, Brentwood, Mo.) and water were provided ad libitum.
Husbandry and treatment of the rats were in accordance with
the standard operating procedures of the Department of Labo-
ratory Animal Health, College of Veterinary Medicine, Auburn
University, and The Guide for the Use and Care of Laboratory Ani-

Osteoarthritis (OA) was induced in the rat stifle joint by partial medial meniscectomy (PMM) and transection of
the cranial cruciate ligament (CCL). At 10 weeks after destabilization, joint morphologic and pathologic changes
were observed, scored, and compared. The intact rat stifle  joint was observed in a mid-saggital plane. Articular
cartilage of the distal portion of the femur and proximal portion of the tibia had thicker and thinner sites, and the
thicker sites were located caudally on the distal portion of the femur and centrally on the proximal portion of the
tibia. The two separate triangular portions of the medial meniscus observed in the mid-saggital plane contained a
center of ossification in the cranial portion and fibrocartilage in the caudal portion. The synovium was one to three
cells thick, and contained rare inflammatory cells. Although lesions were more severe in stifles after PMM, both
treatments produced OA lesions that closely simulated OA lesions of other species. Lesions consistent with idio-
pathic OA included chondrocytic clones with increased metachromasia around them, chondrocytic death, loss of
metachromasia, fibrillation, fissuring, erosion of articular cartilage, osteophyte formation, and variable synovial
inflammation. The results indicate that PMM and CCL transection in the rat are useful in vivo models for study of
the etiopathogenesis of OA and therapeutic efficacy of anti-arthritic drugs and treatment concepts.
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mals. After allowing two weeks for the rats to adapt to the housing
environment, they were assigned randomly to one of three groups
of seven rats each: group 1, untreated controls; group 2, treatment
by PMM; and group 3, treatment by CCL transection.

On day 0, PMM and transection of the CCL of the left stifle
joint of rats in groups 2 and 3, respectively, were performed.
Anesthesia for each rat was initiated with halothane (Fort
Dodge Animal Health, Fort Dodge, Iowa) and was maintained
by intra-peritoneally injected sodium pentobarbital (50 mg/kg of
body weight; The Butler Company, Columbus, Ohio). Transec-
tion of the CCL was accomplished, using the aseptic procedure
described by Williams and co-workers (5).

The same surgical approach was used to expose of the medial
meniscus of rats in group 2. The medial meniscus was gently
retracted, and the cranial third was carefully excised by use of a
Dumont hard carbon steel cutter (Fine Science Tools Inc, Foster
City, Calif. ) to ensure that the articular surface of the femur
and tibia were not damaged. The joint capsule was closed, using
5-0 Dexon absorbable sutures. After opposing the musculature,
the skin was sutured, using a simple interrupted pattern.

Rats of all groups were euthanatized by administration of a
concentrated sodium pentobarbital euthanasia solution (6Socum
B-6 Gr, The Butler Company, Columbus, Ohio) on day 84. Each
stifle joint was excised in toto by transection at the midshaft of
the femur and the tibia. The excised joint was immediately
placed in buffered 10% formalin. After decalcification, speci-
mens were processed in paraffin and embedded. The embedded
samples were serially sectioned on a rotary microtome at a thick-
ness of 5 µm. Every ninth and tenth slide was stained with hema-
toxylin & eosin and toluidine blue, respectively, and blindly eval-
uated by use of light microscopy. Microscopic analysis of the stifle
joint was conducted, using a mid-sagittal section of the medial
condyle of the distal portion of the femur and corresponding to the
medial condyle of the proximal portion of the tibia.

The location of analysis was standardized by observing the tri-
angular shape of the cranial and caudal portions of the medial
meniscus in serial sections just prior to the presence of articular
cartilage of the patellar groove. Articular cartilage of the distal por-
tion of the femur and proximal portion of the tibia was divided into
five regions for analysis (Fig. 1). Region 1 was located at the cranial
margin, region 2 was in contact with the cranial portion of the me-
dial meniscus, region 3 was in the central area of the joint, region
4 was contact surface with the caudal portion of the medial menis-
cus, and region 5 was located at the caudal margin.

Statistical analysis. In addition to describing histomorpho-
logic and histopathologic changes, lesions were numerically scored
(Table 1). The total articular cartilage score and osteophyte forma-
tion were analyzed by use of analysis of variance (ANOVA) for
ranked data and the least significant difference (LSD) for multiple
comparisons. Synovitis was analyzed, using the general linear
model (GLM) for ranked data and Scheffé’s test for multiple com-
parisons. For the multiple comparison tests, P ≤ 0.05 was con-
sidered significant. Multiplication of the tidemark was analyz-
ed, using a categorical model and multiple contrast to compare
regions. All data analysis was conducted, using statistical
analysis system (SAS) software (release version 6.12, SAS Insti-
tute, Inc., Cary, N.C.).

Results
Postsurgical recovery of all rats was unremarkable.

Group 1 (control). Non-calcified and calcified portions of ar-
ticular cartilage of the distal portion of the femur and proximal
portion of the tibia were separated by a basophilic tidemark (Fig.
2A). Thickness of non-calcified and calcified cartilages on the distal
femoral condyle were similar or the calcified cartilage was slightly
thicker (Fig. 2A and 2C). However, in regions 4 and 5, the non-cal-
cified cartilage was thicker than the calcified cartilage (Fig. 2A).
Non-calcified articular cartilage was thicker on the proximal por-
tion of the tibia, except near joint margins where it approximated
the thickness of calcified cartilage (Fig. 2A and 2D). Thickness of
non-calcified tibial cartilage was greatest in region 3 (Fig. 2A).

The non-calcified articular cartilage was morphologically di-
visible into a superficial tangential layer, an intermediate layer,
and a deep layer. The surface of articular cartilage of the distal
portion of the femur and proximal portion of the tibia had a thin
line of eosinophilia that rarely was penetrated by superficial fi-
brillations. The gray to lightly eosinophilic interterritorial ma-
trix of the superficial and intermediate layers was more eosin-

Figure 1. Anatomic location for analysis of the rat stifle joint in sag-
ittal sections was standardized by observing the triangular shape of
the cranial (A) and caudal (B) portions of the medial meniscus. Ar-
ticular cartilage of the distal portion of the femur and proximal por-
tion of the tibia was divided into five regions. Region 1 was located at
the cranial margin, region 2 was in contact with the cranial portion of
the medial meniscus, region 3 was in the central area of the joint,
region 4 was contact surface with the caudal portion of the medial
meniscus, and region 5 was located at the caudal margin.

Rat Model of Osteoarthritis
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ophilic, with greater spacing between chondrocytes in the deep
layer. This morphology was more conspicuous in the proximal
portion of the tibia (Fig. 2D). Territorial matrices were darker in
the intermediate and deep layers (Fig. 2D). Blood vessels were
not penetrating the tidemark of either the distal portion of the
femur or proximal portion of the tibia. Although multiple tide-
marks were present in articular cartilage of both joint surfaces
(Fig. 2C), they were significantly (P = 0.0001) less frequent in
region 3 of the proximal portion of the tibia and regions 4 and 5
of the distal portion of the femur (Fig. 2D).

Superficial chondrocytes in the articular cartilage usually
were lenticular in shape, except in region 3 where they were
oval. This was more pronounced in the proximal portion of the
tibia (Fig. 2D). The remainder of the non-calcified cartilage con-
tained round chondrocytes that were organized into columns
adjacent to the tidemark (Fig. 2D). Columnization in the distal
portion of the femur was less conspicuous than that in the
proximal portion of the tibia (Fig. 2C), except in thick articular
cartilage of the condyle. In the proximal portion of the tibia,
round chondrocytes in the intermediate layer and adjacent por-
tions of the superficial layer were larger than those in the rest
of the non-calcified articular cartilage and those of the femur
(Fig. 2D). In addition, femoral chondrocytes had little variability
in size (Fig. 2C). Regardless of the location, the largest chondro-
cytes were localized in the layers of calcified cartilage near the sub-

chondral bone (Fig. 2C and 2D). Chondrocytic clones were rarely
observed in the intermediate layer of either the femur or tibia.

Metachromatic staining was uniform throughout the articu-
lar cartilage of the distal portion of the femur and proximal por-
tion of the tibia (Fig. 2B). However, loss of metachromasia was
evident in the superficial tangential layer of the proximal por-
tion of the tibia. Metachromasia, especially in the territorial
matrices, was more intense in the deep layer, although it also
increased in region 3 of the distal portion of the femur and
proximal portion of the tibia.

The cranial and caudal portions of the medial meniscus had a
triangular shape (Fig. 2A and 2B). Although a focus of ossifica-
tion surrounded by large chondrocytes was present in the cra-
nial portion, the caudal portion only contained fibrocartilage
(Fig. 2A and 2B). The intima of the synovial membrane was one
to three cells thick and was supported by a subintima that con-
tained a few inflammatory cells.

Group 2 (PMM, left stifle). A small piece of the cranial por-
tion of the medial meniscus was observed, and the excised portion
was replaced partially by fibrous connective tissue. Fibrillations
accompanied by a few tears were observed in the caudal portion.

Lesions were significant (P ≤ 0.05) in the distal portion of the
femur, compared with those in controls, and they were signifi-
cantly (P ≤ 0.05) more severe in regions 1-3 (Fig. 3A; Table 2). A
layer of fibrocartilage covered articular cartilage of region 1 and
adjacent portions of region 2 (Fig. 3A), and frequently contained
chondrocytic clones. Loose connective tissue often rich in cells
and capillaries was located just beneath the fibrocartilage and
in several regions of the subchondral bone (Fig. 3A). Although
the laminar architecture of articular cartilage was discernable,
chondrocytes and matrical metachromasia were absent in re-
gions 1, 2, and 3 of the medial femoral condyle (Fig. 3A and 4A).
Fibrillation and fissuring of articular cartilage in region 2 pro-
gressed to erosion of non-calcified cartilage in region 3. Matrical
eosinophilia, which corresponded to loss of metachromasia, and
hypocellularity also were apparent in region 4 (Fig. 3A and 4A).
Articular cartilage of region 5 was hypercellular, but chondrocytes
were randomly arranged rather than aligned in columns as ob-
served in control tissue. Large and small chondrocytic clones
with increased territorial basophilia were observed. The ab-
sence of metachromasia in regions 1-3 was replaced by a
gradual increase in staining intensity in region 4 until it was
greatest around clones in region 5 (Fig. 4A). Blood vessels pen-
etrated articular cartilage in regions 1 and 2 and the adjacent
portion of region 3. Multiple tidemarks were frequent in all re-
gions including 4 and 5, with no significant (P > 0.05) difference
among any regions. Chondrophytes were observed at the mar-
gin of region 5 in the articular cartilage-synovial membrane
junction. (Fig. 3F).

Lesions of the articular cartilage of the proximal portion of
the tibia were significant (P ≤ 0.05), compared with those of
groups 1 and 3 and were more severe than those of the distal
portion of the femur (Fig. 3A). A pannus-like fibrous membrane
was attached to the articular surface in region 1 (Fig. 3C). Com-
plete erosion of articular cartilage to subchondral bone was evi-
dent in region 3 (Fig. 3A). Gradual loss of metachromasia in the
joint surface extended from joint margins to region 3. Concomi-
tant fibrillation of the articular surface changed to fissuring
with hypocellularity (Fig. 3A and 4B). Articular cartilage caudal
to region 3 had a gradual increase in metachromasia and chon-

Table 1. Scoring scale for lesions of the rat stifle

Articular cartilage (0-20)

Structure
0 = Normal
1 = Slight surface erosion or flaking of superficial zone
2 = Erosion no deeper than superficial zone
3 = Erosion into middle zone with or without fissuring
4 = Erosion into deep zone with or without fissuring
5 = Erosion into calcified zone
6 = Erosion into the subchondral bone (eburnation)
7 = Fibrous tissue on eburnated areas

Tidemark
0 = Normal
1 = Touched by blood vessels
2 = Crossed by blood vessels

Doubling of tidemark
0 = Normal (a basophilic line)
1 = Doubled

Metachromatic staining
0 = Normal
1 = Increased in all layers of articular cartilage
2 = Significantly decreased or no deeper than superficial zone
3 = Significantly decreased or absent, no deeper than middle zone
4 = Significantly decreased or absent no deeper than tidemark
5 = No staining at all

Chondrocyte morphology
0 = Normal
1 = Enlarged cells close to the surface of articular cartilage
2 = Hypercellular with or without small clones
3 = Noticeable hypocellularity with or without clones
4 = Significant hypocellularity with or without clones
5 = Severe hypocellularity

Osteophyte formation (0–2)
0 = None
1 = Extensive mix tissue formation and remodeling at joint margin
2 = Osteophyte

Synovitis (0–4)
0 = Norma1 (1- to 3-cell-thick synovium and few mononuclear cells in

subintima)
1 = Slight increase in number of synoviocytes and mononuclear cells
2 = Mononuclear cell infiltration and hyperemic blood vessels
3 = Hyperplastic synovium
4 = Extensive hyperplasia with pannus formation
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drocytic clone formation (Fig. 4B and 4D). Vascular invasion
through the tidemark was prominent in regions 1 and 3 (Fig.
4C). Multiple tidemarks were common in every regions except
region 3, where complete erosion was observed. Osteophyte
numbers were significant (P ≤ 0.05), compared with those of
controls, and they were more frequent at the caudal margin.

Mononuclear inflammatory cells and congested blood vessels
represented an inflammatory response in the synovium that
was significant (P ≤ 0.05), compared with that of groups 1 and 3
(Table 4). The inflammatory response was significantly (P ≤ 0.05)
higher in the cranial part of the synovium where synovial hyper-

plasia with increased synovial villi and folds, as well as pannus for-
mation, was observed (Fig. 3C).

Group 3 (CCL, left stifle). Lesions of the distal portion of the
femur resulting from transection of the CCL also were significant
(P ≤ 0.05), compared with those of controls, were similar to those
described for group 2, and were concentrated in articular cartilage
of regions 1, 2, and 3 (Fig. 3B; Table 2). However, lesions did not
extend as far into large areas of region 4 as they did in group 2.
Articular cartilage in regions 4 and 5 was thick with clones and
extensive metachromasia; however, fibrillations, pitting, and small
fissures at the surface also were observed (Fig. 3B). Deep fissures

Figure 2. Photomicrographs illustrating the normal microscopic features of sections of articular cartilage of the distal portion of the femur and
proximal portion of the tibia of the adult rat. (A) Articular cartilage of the distal portion of the femur (f) and proximal portion of the tibia (t) is
separated into non-calcified and calcified portions by a basophilic tidemark (arrowheads). On the femur, thickness of non-calcified and calcified
cartilages was similar or the calcified cartilage was slightly thicker. However, in regions 4 and 5 the non-calcified cartilage is thicker than the
calcified cartilage. On the tibia, non-calcified articular cartilage is thicker except near joint margins where it approximated the thickness of
calcified cartilage. The cranial and caudal portions of the medial meniscus were triangular in shape. A center of ossification (arrow) surrounded
by large chondrocytes is present in the cranial portion, and the caudal portion is composed of fibrocartilage. (B) Metachromatic staining of
articular cartilage of the distal portion of the femur and proximal portion of the tibia is uniform; however, there is slight loss of metachromasia
at the surface of the tibia (arrow). (C) The lenticular chondrocytes at the surface of the distal portion of the femur become round and randomly
distributed in rest of the non-calcified cartilage. The most hypertrophic chondrocytes (arrow) are located in the calcified cartilage (c), near the
subchondral bone(s). Multiple tidemarks (arrow heads) can be observed in this photomicrograph taken from region 3. (D) Chondrocytes are oval
at the surface of the proximal portion of the tibia in region 3 and organized into columns in rest of the non-calcified cartilage. Except for the most
hypertrophic chondrocytes of the calcified cartilage (c), the largest chondrocytes (arrows) are located in the upper part of the middle layer of the
non-calcified cartilage. A dark basophilic territorial matrix (arrowheads) surrounds the chondrocytes of the deep and the middle layers. H&E (A,
C, and D) and toluidine blue (B) stains; bar = 400 µm in A and B and 100 µm in C and D.

Rat Model of Osteoarthritis
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with adjacent clones were rarely observed in the region 4 (Fig. 3B
and 4C). Blood vessels penetrated the tidemark in regions 1 and 2.
However, multiple tidemarks were significantly (P = 0.02) less fre-
quent in regions 1 and 2 where blood vessel invasion and cartilage
damage occurred. Osteophyte formation at the cranial margin of
the articular surface was significantly (P ≤ 0.05) higher than that
in groups 1 and 2 (Fig. 3E).

In the proximal portion of the tibia, lesions of the articular
cartilage were significantly (P ≤ 0.05) more severe than those of
controls, but were significantly (P ≤ 0.05) less severe than those
of group 2 (Fig 3B). Osteophyte formation at the cranial joint
margin was significant (P ≤ 0.05), compared with that of con-
trols; however, it was not significant (P > 0.05), compared with
that of group 2 (Fig 3D). Vascular invasion through the tide-
mark into articular cartilage was frequently observed at the
cranial joint margin (Fig 3D). The articular surface was fibril-
lated, with decreased metachromasia. Multiple tidemarks were
present throughout the cartilage; however, they were signifi-
cantly (P = 0.0001) less frequent in regions 2 and 3.

The medial meniscus had surface fibrillations with a few tears
that were more prominent in the cranial portion (Fig. 3B). Inflam-
mation in the synovial membrane was significant (P ≤ 0.05), com-
pared with that of controls and was less significant (P ≤ 0.05),
compared with that of group 2; its severity was greater in the cra-
nial region (Fig. 3D, Table 4).

Discussion
In general, the morphology and chemical composition of nor-

mal articular cartilage is similar among animal species (19).
However, differences exist within a species or an individual
joint (15). Such differences are exemplified by the thickness of
articular cartilage, which has a direct relationship to body
weight (16). Thus, articular cartilage of the rat is thin, com-
pared with that of larger species, but it has more cells per unit
volume due to an inverse relationship between the thickness of
articular cartilage and the number of resident chondrocytes
(16). Also, the non-calcified articular cartilage of the rat had re-
gional variations in thickness on the distal portion of the femur
and proximal portion of the tibia. Articular cartilage located on
the caudal distal portion of the femur and central portion of the
tibia was thick. Conversely, calcified cartilage in these regions
was thin. As reported by Thaxter and co-workers (20), regions of
thick non-calcified articular cartilage on the proximal portion of
the tibia and distal portion of the femur opposed each other
when the rat stifle was in a naturally flexed position. A tide-
mark was observed between the non-calcified and calcified por-
tion of articular cartilage of the distal portion of the femur and
proximal portion of the tibia, as described in larger species (15).

As observed in humans and domestic animals, articular carti-
lage of the rat was divisible into four layers: superficial tangen-
tial layer, intermediate layer, deep layer, and calcified cartilage
(5). Chondrocytes of the superficial layer are ellipsoidal in hu-
mans and lenticular or flat in laboratory animals, such as the
rabbit, but they are round and large near the tidemark (15).
Gyarmati and co-workers. (18) reported that chondrocytes in
articular cartilage of the proximal portion of the tibia of old rats
were hypertrophic in the intermediate layer, and their size was
uniform throughout the cartilage. In the study reported here,
chondrocytes were large in the intermediate layer and adjacent
portion of the superficial layer as described by Gyarmati and co-

workers. (18). However, chondrocytes in the deep layer were
small, which resulted in more interterritorial matrix between
chondrocytes of the deep layer. In this study, metachromatic
staining of glycosaminoglycans was most abundant in the ma-
trix of the intermediate layer and the territorial matrices of the
deep layers, which reflects greater metabolic and synthetic ac-
tivity of chondrocytes in these regions, compared with those of
the remainder of the cartilage (21).

The rat meniscus is composed of hyaline cartilage and fibro-
cartilage, and is ossified in old animals (17, 22). Kiss and Földes
(17) reported that hyaline cartilage was located in the medial
meniscus and fibrocartilage was located in the lateral meniscus
of the rat stifle. In this study, hyaline cartilage and fibrocarti-
lage were located in the cranial and caudal portions of the me-
dial meniscus, respectively. The difference between the observa-
tions in this study and those of Kiss and Földes (17) probably re-
sulted from differences in specimen orientation. In our study,
the intact rat stifle was serially sectioned in approximately a
mid-sagittal plane of the medial femoral condyle. Consequently,
only the cranial and caudal portions of the medial meniscus
were visible. In the Kiss and Földes study (17), the entire rat
stifle was “halved in a mid sagittal plane” and was prepared for
histologic sections. This orientation would not allow observation
of medial and lateral menisci within the same plane of section.
Thus, cranial and caudal portions of either the medial or lateral
meniscus were observed.

Osteoarthritis is not simply a “wear-tear disease” of articular
cartilage, but is a dynamic series of complex events leading to
the breakdown of the joint (23-25). Therefore, an experimental
model for study of OA should simulate more aspects of the dis-
ease than simply destruction of articular cartilage (13). In this
study, rat stifles treated by CCL transection or PMM developed
degeneration of articular cartilage similar to that found in natu-
rally acquired OA as well as lesions in the other joint tissues.
Lesions included fibrillation and fissuring of the articular sur-
face, loss of metachromasia, clones with increased metachroma-
sia, chondrocytic death, joint remodeling with marginal
osteophytes, joint capsule thickening, and synovial membrane
inflammation. Although OA lesions were consistent within each
model and were typical of OA lesions in other species, they dif-
fered in severity and anatomic location. Destabilization of the
stifle by PMM resulted in more severe lesions than did CCL
transection. Also, inflammation of the synovial membrane was
greater in rats treated by PMM and was most pronounced in
the cranial region of the joint. Although osteophytes were ob-
served at the cranial joint margins of stifles with PMM, chon-
drophyte and osteophyte numbers were more significant at the
caudal joint margin of the proximal portion of the tibia and dis-
tal portion of the femur, compared with those associated with
the stifles that were treated by CCL transection. However, os-
teophyte numbers at the cranial joint margin of the distal por-
tion of the femur and proximal portion of the tibia were greater
in the stifles that were treated by CCL transection.

The etiopathogenesis of osteophytes has not been definitely
clarified. In our study, chondrophytes at the caudal joint margin of
the femoral condyle may have originated by hyperplasia of chon-
drocytes of the superficial layer (26). Vascular invasion of the
chondrophytes suggested that they could progress to osteophytes,
as reported in other species (9). As an alternative, Okazaki and co-
workers (27) observed osteophyte formation from proliferation of
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Figure 3. Photomicrographs of sections of the lesions resulting from partial medial meniscectomy (PMM) and transection of the cranial crucial
ligament (CCL). (A) In PMM-treated stifles, severe lesions in regions 1, 2, and 3 of the distal portion of the femur (f) extended into region 4.
Fibrillation and fissuring of articular cartilage in region 2 progressed to erosion of non-calcified cartilage in region 3. Region 4 is hypocellular,
with loss of metachromasia. Loose connective tissue (arrowhead) was located in several regions of the subchondral bone. In the proximal portion
of the tibia (t), lesions were more severe and concentrated in regions 2, 3, and 4. Complete erosion of articular cartilage to subchondral bone
(arrow) was observed in region 3. (B) Lesions resulting from transection of the CCL were concentrated in articular cartilage of regions 1, 2, and
3 of the distal portion of the femur. Articular surface of regions 1 and 2 was occupied by a layer of fibrocartilage (arrowhead). Beneath the
fibrocartilage, loose connective tissue rich in capillaries (white arrow) was often present. In regions 4 and 5, articular cartilage was thick with
fibrillations, pitting, and fissures (arrows) at the surface. Lesions in the proximal portion of the tibia were considerably less severe. (C) Vascular
invasion through the tidemark (arrow) is exemplified in this photomicrograph of regions 1 of the proximal tibia of the PMM-treated rat stifle. In
PMM-treated stifles, synovial membrane at cranial joint margin was hyperplastic, with pannus formation (arrowheads). (D) Synovitis (arrowheads)
with hyperemic blood vessels was also present in CCL-transected stifles, but it was not as severe as that of PMM-treated stifles. Osteophyte formation
(arrow) at the cranial joint margin of the proximal portion of the tibia was associated with both treatments (E) A well developed osteophyte (arrow) from
the cranial joint margin of the distal portion of the femur in stifles with transected CCL. (F) In PMM-treated stifles, chondrophytes (arrow) were
observed at the caudal joint margin of the distal portion of the femur. H&E stain; bar = 400 µm in A and B, and 165 µm in C, D, E, and F.

Rat Model of Osteoarthritis
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synovial membrane and periarticular tissue followed by cartilage
formation as a precursor to endochondral ossification. We also ob-
served that a synovial membrane-like tissue covered osteophytes,
especially at the cranial region of the femoral and tibial condyles.
Vascular penetration from subchondral bone through the tidemark
frequently was observed at sites where osteophytes developed, and
in other regions where severe cartilage erosion was apparent. Re-
gardless of their origin, formation of osteophytes is variable among

joints and may be dependent on factors such as distribution of
blood vessels in subchondral bone (11, 28).

Transection of the CCL in rats was studied by Williams and
co-workers (5) for four weeks, with and without exercise. It in-
duced surface disruptions that extended deep into articular car-
tilage in the exercised group, loss of resident complex sugars
and chondrocytes, and formation of a few clones. However, os-
teophyte formation did not occur. In this study, degeneration of

Table 2. Comparison of articular cartilage scores among regions of the left joint within each group
Group 1 Group 2 Group 3

D Femur P Tibia D Femur P Tibia D Femur P Tibia

Region 1 1 (0, 2) 1b (1, 3) 6a (13, 18) 15a (13, 18) 15a (11, 16) 6 (2, 10)
Region 2 1 (0, 2) 1b (0, 3) 13b (7, 15) 11b (7, 13) 11b (9, 16) 5 (3, 8)
Region 3 2 (1, 2) 3a (2, 5) 12b (10, 15) 17a (12, 18) 11b (7, 16) 6 (5, 11)
Region 4 1 (1, 2) 3a (1, 4) 11b (9, 16) 11b (8, 17) 7c (2, 13) 5 (2, 12)
Region 5 1 (0, 3) 1b (0, 3) 7c (4, 8) 6c (5, 7) 5c (2, 7) 5 ( 2, 9)

Scores are expressed as median (minimal, maximal values). Medians with different superscripts are significantly different at P ≤ 0.05 (analysis of variance
[ANOVA] on ranked data with least significant difference [LSD] multiple comparisons).
D = distal portion; P = proximal portion.

Figure 4. Photomicrographs of sections of the articular cartilage response illustrating metachromatic staining of the tissue. (A) Loss of metach-
romasia associated with chondrocytic death (arrows) was apparent in severe lesions. Metachromasia was great around chondrocytic clones
(arrowheads) in cartilage adjacent to severely affected regions. This typical response is exemplified by this photomicrograph of region 4 of the
distal portion of the femur treated by PMM. (B) In the proximal portion of the tibia treated by PMM, erosion of cartilage in region 3 was adjacent
to fibrillation and fissuring (arrowheads) in region 4, which were usually contained clones (arrow) (C) Clones (arrows) were also associated with
random deep fissures (arrowheads). (D) A giant clone (arrow) in region 4 of the proximal portion of the tibia treated by PMM exemplifies the
chondrocytic effort to maintain matrix. Toluidine blue stain; bar = 40 µm in A, C, and D, and 165 µm in B.
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articular cartilage was characterized by chondrocytic death, loss
of metachromasia, and formation of large chondrocytic clones
with increased territorial metachromasia at twelve weeks after
CCL transection. Moreover, osteophytes formation occurred at
the cranial joint margins.

Partial medial meniscectomy of the rabbit stifle joint resulted in
lesions in articular cartilage of the femoral condyle as well as the
tibial plateau (9). Osteophytes developed on the entire rim of the
medial tibial plateau of the proximal portion of the tibia and on the
medial femoral condyle. In this study, lesions in articular cartilage
of the medial femoral condyle extended from the cranial to caudal
regions of the articular surface and tibial lesions occupied a large
area of the central region of the tibial plateau. Mid-sagittal histo-
logic orientation used in this study allowed visualization of only
the cranial and caudal margins of the articular surface. Thus, it
was not possible to determine whether osteophytes formed along
the medial surface of the tibial plateau. In the PMM rabbit model,
inflammation of the synovium was mild or absent (9, 13). However,
synovial membrane of the stifle of rats subjected to PMM had a
prominent inflammatory response.

Iatrogenic models of OA commonly rely on the contralateral
joint as a control (29, 30). The credibility of using such controls
has been questioned on the basis of altered biomechanics be-
tween treated and untreated limbs (31). In the study reported
here, the histologic morphology of right stifles of rats of groups
2 and 3 were similar to both stifles of the rats in group 1. How-
ever, minor histologic changes were apparent, compared with
those of the right stifles of the control group (Table 3). In group-
2 rats, articular cartilage of the proximal portion of the tibia
had more hypertrophic cells and loss of metachromasia from the
superficial layer of the region 3.

The pathogenesis of OA is biphasic, with compensatory and
decompensatory components to the disease process (25). Lesions in
both experimental groups of this study contained articular carti-
lage that manifested a panoramic view of the pathogenesis of OA.
The morphology and histochemical nature of articular cartilage
progressed from normal cartilage at the periphery of the joint sur-
face through compensatory changes of thickening, clone forma-
tion and increased metachromasia, to the terminal events of
decompensation in the area of the joint surface where chondro-
cytic death and matrix destruction predisposed development of
an erosive OA lesion.

Duplication of the tidemark is observed in OA as well as nor-
mal articular cartilage (32). In this study, normal articular car-
tilage of the femoral condyle and tibial condyle had multiple
tidemarks except in areas where non-calcified articular carti-
lage was thick. This probably represents a normal ongoing re-
modeling process in the rat stifle (32). The reliability of including
duplication of the tidemark in scoring systems to diagnose OA is
currently under discussion (33, 34). In this study, thick articular
cartilage at the caudal region of the distomedial femoral condyle
had multiple tidemark in rats of both treatment groups, which
was not a feature of the control group. This was probably due to

increased joint remodeling following the treatments. In all
groups, delineation of multiple tidemarks of the articular carti-
lage covering the center of the proximal portion of the tibia was
difficult due to the discrete calcified layer. Either multiplication
of the tidemark never happened at this site, or if it did, it was
replaced by subchondral bone during the ossification process.

Articular cartilage has a limited capability of regeneration
and repair (35, 36). Repair tissue can be observed on articular
surfaces in later phases of degenerative joint diseases such as
OA. This tissue may originate from synovium (37) or undifferen-
tiated progenitor cells from the vasculatures in the subchondral
bone (38). In this study, fibrocartilage was observed at the cra-
nial margin of the femoral condyles of stifles of rats treated by
PMM and CCL transection. A connective tissue rich in capillar-
ies was located just beneath this fibrocartilage. The cranial end
of this fibrocartilage also was associated with the synovium. We
did not investigate the origin of this fibrocartilage; however, its
presence may be a component of an early repair attempt to re-
establish the integrity of the articular surface of the femoral
condyle in conjunction with intrinsic regeneration suggested by
increased metachromasia and clone formation.

In conclusion, destabilization of the rat stifle by PMM or CCL
transection resulted in lesions that were typical of OA in other
species. Although lesions in both groups were generally uni-
form, those of the PMM model were more severe. Thus, both rat
models provide a useful adjunct to study etiopathogenesis and
therapeutic efficacy of drugs for treatment of OA.
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