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Guinea Pig Osteoarthrosis—Morphological and Biochemical Studies

Lei Wei MD

Department of Surgery, Anaesthesiology, Radiology and Orthopaedics, Division of Orthopaedics; and Department of
Immunology, Microbiology, Pathology and Infectious Diseases, Division of Pathology, Karolinska Institutet,

Huddinge University Hospital, Stockholm, Sweden

Abstract
Hartley guinea pigs spontaneously and reproducibly develop an arthropathy mimicking human primary
osteoarthrosis. The morphological lesions first appear between 6 and 12 months of age, when it is confined
to the non-meniscus-covered central compartment of the medial tibial plateau without initially involving the
lateral side. The knees of these animals are constitutionally in varus position, so the load is mainly carried
by the medial compartment and by its non-meniscus-covered parts in particular. An early change, while the
cartilage surface is still intact, was a reduction in volume density of chondrocytes in the superficial zones.
Cell clustering, hypertrophy and intensive staining of the extracellaular matrix were found adjacent to areas
of cartilage destruction, probably indicating reparative processes.

The concentration of proteoglycans in the articular cartilage was higher in areas presumably subjected to a
higher load, and in healthy cartilage the concentration increased with age and body weight. The highest
concentrations were found just before osteoarthrosis became morphologically evident, and the
concentrations then decreased. Simultaneously, there was a reduction in collagen concentration and an
increased content of tissue water.

Surgical redistribution of load by femur valgus osteotomy or unilateral tibia amputation altered the natural
history of the arthropathy: osteotomy induced osteoarthrosis on the lateral condyle, while it reduced the
changes on the medial side. Amputation did not completely prevent the development of fibrillation. After
intervention, the extent of fibrillation was correlated to the proteoglycan concentration in the tissue.

Thus the chondrocytes seem to modify the composition of the extracellular matrix to balance variations in
load within a certain range. Hypothetically, with higher load, the rate of proteoglycan synthesis rise, thus
increasing the swelling pressure of the tissue. After continued excessive load, the chondrocytes lost this
ability. As a result of reduced proteoglycan concentration the cartilage became less resistant to mechanical
stress.
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Sammanfattning

Marsvinsartros—morfologiska och biokemiska studier
Lei Wei MD

Institutionen för kirurgi, anestesiologi, radiologi och ortopedi, enheten för ortopedi; samt institutionen för
immunologi, mikrobiologi, patologi och infektionssjukdomar; enheten för patologi. Karolinska Institutet, Huddinge

sjukhus, Stockholm, Sverige

Artros (“ledförslitning”) är en av de vanligaste kroniska sjukdomarna som har en enorm betydelse i termer
av lidande och kostnader för den enskilde såväl som för samhället. Eftersom man inte känner till de
bakomliggande sjukdomsmekanismerna finns det inte någon effektiv behandling. Emedan ledbrosk läker
dåligt, ibland inte alls, kan man inte ta broskprover från patienter med tidig artros. För att studera de tidiga
sjukdomsstadierna måste man använda djurexperimentella modeller.

Marsvin utvecklar spontant en ledåkomma påminnande om den primära humana artrosen. Förändringarna
uppträder i ett karakteristiskt mönster mellan 6 och 12 månaders ålder. I knälederna kommer
förändringarna först på knäts insida (medialt) och där framförallt i de delar av ledbrosket som inte är
menisk-täckta. En tidig förändring—medan ledbrosket fortfarande är intakt—är att cellerna i de översta
lagren av brosket dör. Sedan sker en uppfransning av ledytan, som så småningom blir allt djupare, och
slutligen förstörs brosket. Samtidigt sker det en förtjockning av det underliggande benet, och det sker även
en brosk-benbildning vid ledens periferi. Djuren är konstitutionellt något hjulbenta, varför belastningen till
stor del tas upp på medialsidan. Det ligger nära tillhands att anta att belastningen i sig är en viktig faktor i
sjukdomsmekanismen. Den hypotesen styrktes när det visade sig att en kirurgisk förändring av
belastningen över knäleden påverkade sjukdomens naturalhistoria. När man flyttade en del av belastningen
till ledens utsida (lateralt) genom en vinkeloperation på lårbenet, minskade artrosförändringarna medialt
och ökade lateralt. En avlastning av leden, åstadkommen genom underbensamputation, minskade men
kunde inte helt förhindra artrosutvecklingen, trots att det skedde en förtunning av det underliggande benet.
Benförtjockning således inte en nödvändig faktor vid artrosutveckling.

Parallellt studerade vi de två viktigaste makromolekylerna i broskets intercellulärsubstans, matrix:
Proteoglykaner, som är stora kraftigt negativt laddade molekyler som är inneslutna av ett finmaskigt
kollagen-nätverk. Det förelåg en korrelation mellan proteoglykankoncentrationen och broskförändringarna.
Vid artros minskade proteoglykan- och kollagenhalterna samtidigt som vävnadskoncentrationen av vatten
ökade. Genom inmärkning med radioaktivt sulfat visade vi att de metaboliska förändringarna föreföll vara
tämligen moderata jämfört med andra experimentella artrosmodeller där ledsjukdomen induceras genom en
direkt kirurgisk skada. En annan slående skillnad mellan spontan och inducerad artros var att
proteoglykanminskningen mer berodde på en minskad syntes än på en ökad nedbrytning. Om det mönstret
gäller även för tidig primär human artros, kan man kanske inte vänta sig några dramatiska effekter av de
hämmare av brosknedbrytande enzymer som nu är under utveckling.

Genom att använda elektronmikroskopisk immunlokalisering kunde vi erhålla en högre grad avupplösning
än med de biokemiska metoderna och uppskatta proteoglykankoncentrationerna i olika delar av brosket.
Vid tidig artros är proteoglykganminskningen lokaliserad till brosket översta skikt—där cellerna till stor
del försvunnit. Notabelt är också att sänkningen är mest uttalad nära cellerna, vilket stärker hypotesen att
syntesminskning är en betydelsefull mekanism vid primär artros. Tidigt i förloppet kan cellerna kompensera
genom ökad syntes, men den ökade belastningen kan leda till en ond cirkel som förefaller orsaka en svikt
av cellerna och sedan även av matrix.
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ABBREVIATIONS

BSA Bovine serum albumin

CS Chondroitin sulfate

ECM Extracellular matrix

GAG Glycosaminoglycan

HA Hyaluronan

KS Keratan sulfate

MMP Matrix metalloproteinase

OA Osteoarthrosis

PBS Phosphate-buffered saline

PG Proteoglycan

SDS Sodium dodecyl sulfate

SDS-PAGE SDS-polyacrylamide gel
electrophoresis

Sv Surface density

Vv Volume density
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The joint
oints can be regarded as organs that allow
motion and provide stability at the same time.
They also transfer load between the different
segments of the skeleton. These functions, of
course, also depend on the integrity of the
ligaments and tendons, as well as

neuromuscular reflexes. Most joints are diarthrotic,
which means that the joining bone surfaces are separated
by a joint space. Also, the articulating surfaces are most
often covered by hyaline cartilage (see below), and a
joint capsule encloses the articular cavity (Figure 1).
The capsule consists of several layers. The outer fibrous
layer of the capsule is a continuation of the periosteum,
which it resembles. It has an abundant supply of nerves,
blood and lymph vessels. Its inner surface, the synovial
membrane, is looser; it contains specialised synovial
cells that can be divided into type A, macrophages, and
type B, synoviocytes, that produce the synovial fluid,
synovia which is a transparent, viscous fluid, rich in
hyaluronan (HA). The synovial membrane serves as a
filter for diffusion of compounds between plasma and
the synovia. Physiologically, the articular “cavity” is not
really a cavity; it is obliterated by the surrounding soft
tissues containing only minute amounts of synovia.

Figure 1. Schematic illustration of a knee joint

1 Tendon, 2 fibrous capsule, 3 synovial membrane, 4
articular cartilage, 5 meniscus, 6 joint cavity, 7 muscle.
(Lindgren & Svensson, Liber, Stockholm 1996).

The articulating surfaces are, as previously mentioned,
covered by cartilage, a specialised connective tissue.
Cartilage can undergo elastic deformation under load.
When the load rises, the joint surfaces come closer
together, thereby spreading the load over a wider area. In
addition, the deformation of the joint space under load
and the movement of the joint increase the circulation
and mixing of the synovia, essential for nutrition of the
chondrocytes (Bullough1992).

Cartilage is particularly suited to carrying and
distributing a load as well as to transmitting the load to
the underlying bone (Weightman& Kempson 1979).
Three kinds of cartilage can be distinguished, based on
the amount of matrix and the relative abundance and
type of fibers embedded in it: hyaline, elastic and fibrous
cartilage. Hyaline cartilage is commonest at joint
surfaces, the name indicating a glassy appearance which
is due to the abundance of the non-fibril ground
substance.

In the embryo, the first tubular bones consist of rods of
cartilage. At sites of such chondrogenesis, the
mesenchymal cells first aggregate to form centers of
chondrification. As the cells enlarge and differentiate,
they secrete a matrix which contains large amounts of
proteoglycan (PG). These cells also secrete another
protein, tropocollagen, which subsequently aggregates to
form collagen fibrils. In the light microscope, however,
these fibrils tend to be masked by the abundant ground
substance in which they are embedded. As the amount of
matrix increases, the cells become isolated into separate
compartments (lacunae) and gradually take on the
characteristics of mature chondrocytes (Bloom&
Fawcett 1968). During further development of the
embryo, the cartilage mineralizes and becomes replaced
by bone. In this way, most cartilage is eventually
replaced, leaving only the growth plates and the articular
cartilages at the ends of a typical growing tubular bone.

The thickness of articular cartilage depends on the
species and its anatomical location. In general it ranges
from 0.5 to 5 mm (Meachim& Stockwell 1979). Mature
articular cartilage can be divided into 4 zones (Figure 2),
based on structural differences seen with the light
microscope (Meachim& Stockwell 1979):

The superficial zone facing the joint cavity typically
makes up 5–10% of the tissue volume. It is
characterized by flattened and relatively small cells with
their long axes parallel to the joint surface. The cells are
surrounded by densely packed fine collagen fibrils,
which also are mainly oriented tangential to the surface.
The matrix has a relatively low PG content.

J
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The next layer, corresponding to30–35% of the tissue
volume, called the intermediate zone, contains larger
oval or round cells. The volume fraction of cells is
somewhat smaller than in the superficial layer. The
collagen fibrils are thicker and pursue an oblique course.
This zone has a higher PG content than the superficial
zone.

The radial zone occupies 45–50% of the tissue volume.
Here, the cells become more spherical and increase
further in size. They tend to be arranged in columns,
with their axes more or less perpendicular to the surface.
The highest PG content is found in this zone and the
collagen fibrils, mainly arranged vertically, are thicker
than in the overlying zones.

The calcified zone, finally, is adjacent to the subchondral
bone and occupies the deepest 5–10% of the tissue
volume. With the light microscope, the zone appears
sharply demarcated from the radial zone by a narrow
border, the tidemark. Most of the matrix is mineralized
and the PG content is low.

Polarized light microscopy shows that the collagen
fibrils run perpendicularly from the subchondral bone
through the radial and intermediate zones. Before
reaching the superficial zone, the fibrils form arcades
and run parallel to the articular surface. This
architecture is well suited to distribute tensile,
compressive and shearing stresses acting on the tissue.

Figure 2. Structural organization of articular cartilage of tibia plateau from a 6-month-old guinea pig. The
four zones of articular cartilage (from above to below): the superficial, intermediate, radial and calcified zones
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Figure 3. A: The three compartments of articular cartilage: PM pericellular matrix, TM territorial matrix, IM
interterritorial matrix, and C chondrocyte. B: The intensely stained area seen in the light microscope roughly
corresponds to the territorial matrix seen in the electron microscope.

A

B
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Both in the light and electron microscope (EM) the
cartilage extracellular matrix (ECM) appear
inhomogenous and several tissue compartments can be
discerned in addition to the zonal subdivision. Close to
the cell membrane there is a narrow zone of matrix
called pericellular halo, because it has a low electron
density in the EM and contains extremely fine collagen
fibrils (only 4–10 nm in diameter) (Figure 3 A). Outside
this compartment there is a territorial matrix with a
basket-like network of cross-linked collagen fibrils
arranged circumferentially arround the lacuna. This
corresponds to the more intensely stained territorial
matrix seen in the light microscope (Figure 3 B). The
remaining matrix, the interterritorial matrix, is the
largest domain between the zones of territorial matrix.
Here the collagen fibrils are thicker (30–200 nm in
diameter) and run in an ordered, parallel fashion
(Cormack 1987, Poole 1993, Mayne 1989), almost like
the structure of a tendon or a fascia.

Compared with most other tissues, cartilage contains
relatively few cells. Another characteristic is that the
cells normally occur singly in separate lacunae. The
chondrocytes produce and maintain the matrix, and are
also responsible for its degradation and turnover. This
function does not cease entirely after completion of
growth during skeletal development, but persists to a
certain limited extent throughout adult life (Stockwell&
Meachim 1979). The chondrocytes monitor their
extracellular milieu and respond to changes in matrix
composition (Hascall& al 1983) and load (Palmoski&
Brandt 1984). They can also respond to growth factors
and cytokines (Sandy 1992). As previously mentioned,
chondrocytes have no cell-to-cell contact and
communication therefore takes places via diffusion
through the ECM.

Articular cartilage is functionally inseparable from bone.
The subchondral bone provides structural support and,
probably to a larger extent than cartilage, it absorbs and
distributes the mechanical load. It is therefore of major
importance to joint function (Radin& al 1991, Suh&
al 1995). The interdigitating border between the
calcified cartilage and the subchondral bone at the
chondro-osseous junction serves to lock the two layers
together (Cormack 1987). The stiffness of the calcified
cartilage is intermediate to that of the subchondral bone
and this gradient reduces the difference in stiffness
between uncalcified cartilage and bone (Mente& Lewis
1994).

Bone cells are mainly derived from two stem cell lines.
The osteoblasts, the synthetically and proliferatively
active cells in bone tissue, originate from mesenchymal
stem cells. Osteoblasts may remain on the surface of
bone tissue as bone-lining cells or become entrapped in

the matrix as osteocytes where they become less
metabolically active.

Osteoclasts, on the other hand, are derived from
hematopoietic stem cells. They are multinucleated cells
formed by the fusion of monocytes. The osteoclasts are
the effector cells in bone resorption. They are in close
contact with the bone surface, where they resolve the
bone matrix, sometimes forming a resorptive lacuna
(Howship’s lacuna). Bone remodelling is determined by
the rate of bone destruction by osteoclasts and the
deposition of new matrix by osteoblasts.

The vessels in the subchondral bone mainly supply the
bone through a network of osteons although some
nutrients may reach the calcified cartilage (Clark 1990).

Cartilage biochemistry

Water makes up three-quarters or more of the cartilage
matrix. In the remaining dry substance, some 70% is
collagen (mainly type II) and 20% PGs, while the
remaining 10% represents other less-abundant matrix
constituents (van der Rest& Garrone 1991).

Figure 4. Articular cartilage constituents showing wet
(upper) and dry weights (lower)
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Proteoglycans
PGs are ubiquitous in higher animals. By definition, they
contain a protein core to which at least one
glycosaminoglycan (GAG) chain is covalently attached.
These side-chains are linear repeating disaccharide units,
of which one sugar is glucosamine or galactosamine and
the other is hexuronic acid or, in the case of keratan
sulfate (KS), galactose. Apart from HA, all are more or
less sulfated. There are four main types of GAGs:
chondroitin/dermatan sulfate (CS/DS), KS,
heparin/heparan sulfate (heparin/HS) and HA. A
simplified outline of the PG classification is shown in
Table 1.

In cartilage ECM, most PGs belong to the aggregating
PG family, with smaller amounts of leucin-rich PGs
added. The aggregating PG, aggrecan, is a large PG
representing about 80% of the PG of hyaline cartilage
and some 5–10% of the tissue wet weight (Heinegård&
Oldberg 1989). In cartilage, very large aggregates (Mr≈
108 or larger) are formed when several aggrecan
molecules bind to a HA molecule (Figure 5), the binding

being stabilized by a link protein (Heinegård& Oldberg
1993). The PG aggregate thus formed is anon-covalent
but very stable complex between aggrecan, link protein
and HA.

Table 1. Proteoglycan classification
Source PG family Core

protein
size (kDa)

Matrix
proteoglycans

Aggregating PGs 220–265

Leucin-rich PGs 36–41

Basement membrane PGs 466

Cell surface
proteoglycans

Integral membrane PGs 31–110

Phospholipid-bound PGs 64

Intracellular
proteoglycans

Serglycin 17–19

Figure 5. Schematic illustration of aggrecan (Heinegård & Oldberg 1993)
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The aggrecan core is a large protein with a Mr of about
2x105 (Doege 1991). It carries different types of
carbohydrate side-chains, the distribution of which is
determined by the structure of the core protein (Figure
5). At the N-terminus, a globular domain (G1) can bind
to HA, this binding being stabilized by a separate link
protein (Hascall& Heinegård 1974). It is connected by a
short extended peptide stretch to the second globular
domain (G2) with no affinity to HA (Mörgelin 1988).
This is then followed by the GAG-carrying domains of
the core, and the remaining C-terminal domain forms a
third globular structure (G3) with homologies to hepatic
lectin, giving possibilities for further ligand reactions
(Poole 1993).

Many of the functional properties of aggrecan depend on
its extensive and variable GAGs. The carbohydrates
make up about 90% of aggrecan. The core protein
carries two types of GAG chain: CS and KS, the former
more commonly present in a KS-rich segment
subsequent to the G2 globule and before the major
GAG-carrying domain of the core. There are about 100
CS chains in the average monomer, each chain carrying
approximately 100 negative charges. The CS chain is an
unbranched polymer of 30–50 repeating disaccharides.
These disaccharides are formed by one N-
acetylgalactosamine and one glucuronic acid. Most of
the hexosamines carry a sulfate group in the 4 or 6
position although any free hydroxyl group may be
sulfated. The sulfates and carboxyl groups of glucuronic
acid provide the bulk of the 104 negative charge of each
aggrecan monomer—an exceptionally high change
density. The second GAG in aggrecan, KS, is less
abundantly present, this GAG representing only a few
per cent of the GAG content in cartilage. The KS chain
consists of a linear disaccharide repeat of N-
acetylglucosamine and galactose, often carrying one or
more sulfate groups per disaccharide. In addition, the
aggrecan also carries 7–8 N-glycosidically and about 40
O-glycosidically linked oligosaccharides.

The second protein component in the PG aggregate is the
link protein which stabilizes the binding of the G1
globule to HA (Hardingham1979). HA represents about
1–2% of cartilage GAGs. It is a linear unsulfated
polysaccharide with a Mr of several millions, where the
repeating disacharide is glucuronic acid and N-
acetylglucosamine. It also differs from other GAGs in
that it is synthesized in the plasma membrane. HA is a
ubiquititous GAG with a wide variety of assumed
biological functions (Laurent& Fraser 1992). HA is
also present in the synovia, contributing to the unique
rheological properties of this fluid.

The aggregated PGs thus forms a huge concentration of
fixed negative charges, which creates a high osmotic
pressure by drawing water into the tissue and thereby

expanding the collagen network. In free solution, the
PGs occupy about five times their volume in the tissue
(Heinegård& Oldberg 1989), and they may trap as
much as 50 times their weight in water (Wolfe 1993). In
fact, the water in cartilage is not sufficient to hydrate all
negative charges present. The resulting swelling pressure
of the tissue is counteracted by the collagen fibril
network. The GAG chains exist in partly extended form
and can be compressed, thereby further contributing to
the elastic properties so essential to articular cartilage.
Together, PG and collagen enable cartilage to distribute
compressive loads, to resist deformation and to regain its
shape (Wolfe 1993). On loading, cartilage distributes the
load thus minimizing point load on the underlying bone.

The small leucin-rich PGs are widely distributed in the
body and do not form aggregates with HA. Biglycan and
decorin are present in cartilage and they represent a few
percents of the total mass of PGs (Heinegård& Oldberg
1989). Their core proteins have an Mr of about 40,000,
and contain 10 homologous repeats of about 25 amino
acids, of which leucin is an important constituent
(Oldberg & al 1989). These PGs carry only one
(decorin) or two (biglycan) galactosaminoglycan side-
chains, which are either CS or dermatan sulfate (DS)
(Heinegård& Oldberg 1989). The latter GAG has the
same basic chain structure, however, with at least one
uronic moiety epimerized to iduronic acid.

Decorin is known to bind to the surfaces of collagens
and to inhibit fibrillogenesis in vitro (Hedbom &
Heinegård 1989). The structure of collagen fibrils
becomes disordered when the formation of decorin is
hampered (Danielson& al 1997). The function of
biglycan is incompletely understood. Interestingly, it
does not show the same binding to collagenin vitro
(Brown & Vogel 1989).

Collagens
In higher animals, collagens are a major constituent of
connective tissue and they comprise about one fourth of
the organism’s total protein content. All collagen
molecules contain 3 polypeptide chains,α-chains, that
fold into a specific thread-like monomer with a diameter
of 1.5 nm and a length of 300 nm. Each chain consists of
about 1,000 amino acid residues and is twisted in the
form of a left-handed triple helix with about 3.3 residues
per turn. This tight structure is due to a characteristic
amino acid sequence with glycine in every third position.
The hydroxylation of proline residues is characteristic to
collagen, and the determination of hydroxyproline is
often used for identification and quantification of
collagens.

Collagens may be divided roughly into two types,
fibrillar (types I–II, V & XI) and non-fibrillar (types IV,
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VI–X & XII–XIX). Collagen I, the most abundant type,
forms about 90% of the body’s collagen. It is found in
most connective tissue, like tendon, skin and bone. It is
composed of twoα1 (I) chains and oneα2 (I) chain. In
hyaline cartilage, collagen II is the principal component,
accounting for about 15–25% of the wet weight and 60–
70% of the dry weight (Muir 1979). Type II collagen is
structurally characterized by 3 identicalα1(II) chains
and has a high hydroxylysine content which may
contribute to the small diameter of their fibrils. There are
also some other minor collagens found in cartilage
matrix, which join to form the “endoskeleton” and
endow cartilage with its tensile strength (Table 2).

Table 2. Minor collagens in hyaline cartilage matrix
Type Characteristics Distribution Proposed

Function

IX Covalently
bound by
hydroxypyri-
dinium; cross-
linked with type
II

Throughout
cartilage

Maintains
integrity of
collagen
network (Wu&
al 92)

X Associated with
type II fibrils

Hypertrophic
cartilage only

Prevents
mineralizaton
of type II
fibrils? (Nerlich
& al 92)

XI Present in the
same fibrils as
type II collagen

Throughout
cartilage

Regulate the
thickness of
type II fibrils?
(Mayne 89)

Matrix proteins
Cartilage and bone also contain a number of other
proteins, collectively known as matrix proteins. Little is
known about their functions, but they may play roles in
cell-matrix interactions, in regulation of matrix
assembly, and in facilitating interactions between
various matrix components (Heinegård& Oldberg
1993). If so, they probably affect many of the functions
and physical properties of cartilage. Some of them show
a restricted distribution, others are more widespread
(Table 3).

Metabolism

The rates of PG turnover differ between tissues and
species. In human adult femoral head cartilage, PG
turnover rates range between 600 and 1,000 daysin
vitro and the half-life time in adult dog is about 300
days in vitro and in vivo (Maroudas 1979). The
synthesis is lowest in superficial zone and it increases
with cartilage depth (Parkkinen& al 1990). Moreover,
the turnover seems to occur in at lest two pools. In the

pericellular area, newly synthesized PGs degrade with a
half-life of about 24 hours. The remaining PGs reach the
interterritorial matrix, where elimination is slower
(Sandy 1992).In vitro experiments have shown that
many factors can influence the metabolism of PGs
(Table 4).

Table 3. Proteins isolated from cartilage matrix
Protein Molecular

weight
(kDa)

Properties and function

Cartilage matrix
protein (CMP,
matrilin)

148 Interacts with PG?
May form fibrils?

Cartilage
oligomeric
matrix protein
(COMP)

100
(subunits)

No known function

36-kDa protein 36 Promotes attachment
of chondrocytes

Anchorin 34 Binds collagen II.
Anchors collagen to
chondrocytes

Ch21 21 No known function.
Produced by
hypertrophic
chondrocytes

Cartilage
intermediate
layer protein
(CILP)

91.5 No known function

Modified after Heinegård & Oldberg 1993.

Table 4. Effects of some factors that influence PG
synthesis / degradation
Factors Influence Reference

Insulin-like
growth factor

Stimulates PG
synthesis, inhibits
degradation

Luyten& al 88

Transforming
growth factor
β

Stimulates PG
synthesis, inhibits
degradation

Morales 91

Tumor
necrosis
factorα

Increases aggrecan
breakdown by
metalloproteinase
activity

Sandy 92

Interleukin 1
α & β

Suppress PG synthesis Tyler& al 92

The collagen framework of normal cartilage changes
little in the adult (Bank& al 1998) with an estimated
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half-life time considerably exceeding the life time of
human (Maroudas 1979). The collagen fibrils are
stabilized by cross-links reaching a maximum at pre-
adolescence, then remaining constant throughout life
(Eyre& al 1980).

Osteoarthrosis

Osteoarthrosis (OA) is a collective term for a number of
chronic non-inflammatory joint disorders. It is thus not a
single entity but rather a common end-stage with many
different causes. Clinically, OA is often defined as
symptomatic loss of articular cartilage in the load-
bearing area of a joint, associated with subchondral bone
sclerosis and osteophyte formation (Radin 1995). In
analogy with heart failure, OA may be regarded as joint
failure, resulting from an imbalance between the harmful
effects of noxious stimuli and reparative processes
(Mankin & al 1992, Little& al 1996).

OA can be divided into primary (idiopathic) and
secondary varieties. Primary OA develops without any
known previous disease, injury or mechanical
abnormality, and its etiology is thus by definition
unknown. Secondary OA, on the other hand, develops
after a defined disorder, trauma, mechanical or
metabolic abnormalities,eg arthritis and malunited joint
fractures.

The clinical appearance of joint disorders like OA and
their structural changes resemble to a certain extent that
seen with normal ageing (see below). Although it is
macroscopically difficult to discriminate between ageing
and the early stages of OA, these two entities represent
different processes. However, the cartilage—just like
most other tissues—changes its composition with age.
Thus, OA lesions must always be considered in relation
to ageing.

OA is the most common cause of joint pain and
disability in the elderly, and it exerts an enormous
impact in terms of suffering and costs (Badley&
Tennant 1993). Initially, OA associated lesions are
probably asymptomatic, and occur long before the
patient seeks medical care. The lack of definite clinical
criteria has hampered epidemiological studies. Instead,
population studies often use radiological criteria, but
radiological changes occur in most people by the age of
65 and are present in almost all over 75 (Felson 1988).
Many patients with radiographic changes indicating OA,
have no symptoms of joint disorders (McAlindon& al
1992). The prevalence of OA also differs between joints.
The most common localizations of primary OA are
spine, knee, hip and interphalangeal joints of the hands
(Dieppe& al 1992). The incidence of OA is also related
to age and sex. Under 45, knee OA is more common in

men but in older age groups it becomes up to 3 times
more common in women.

Most of the risk factors given in table 5 are directly or
indirectly associated with load. However, data from
epidemiological studies are often difficult to interpret,
and the odds ratios representing the increased risk for
OA are usually not high and they generally have wide
confidence intervals, and confounding factors are legion.

Table 5. Risk factors for OA
Reference

Age and sex Felson 90

Obesity Dieppe& al 92

Occupation Vingård& al 91

Sports and injury Felson 98, Roos& al 94

Clinically, the diagnosis of OA is currently based on a
combination of symptoms, clinical signs and radiological
findings, and in the early stages the diagnosis is almost
always uncertain. Pain, related to load and motion, is the
dominating clinical problem. The most common clinical
signs are joint swelling, instability and restricted range
of motion. Typical radiographic changes are loss of joint
space, osteophytes, sclerosis, cysts and deformity.

The diagnostic sensitivity has been increased with the
use of new diagnostic tools. Arthroscopy can reveal the
abnormal articular cartilage also in patients with a
normal knee radiographs (Fife& al 1991). Magnetic
resonance imaging (MRI) is even more sensitive for
detecting early lesions in cartilage and changes in
subchondral bone (Kaye1993). However, the clinical
relevance of some arthroscopy and MRI findings—like
fibrillation and other superficial cartilage changes—is
often uncertain and there is a risk for overinterpretation.
In addition, molecular markers in synovial fluid and
serum may have a potential to monitor the early cartilage
lesions (Dahlberg& al 1992, Belcher& al 1997,
Neidhart& al 1997), although this has not yet reached
general application in clinical routine.

Therapeutic approaches include physiotherapy, phar-
macotherapy and surgery. In the elderly person with
severe pain, joint replacement can often relief pain and
increase the quality of life. In middle aged subjects with
manifest knee OA, proximal tibia osteotomy often gives
pain relief, not seldom lasting for years. But for many
middle aged patients there is as yet no good therapy.

Nonsteroidal antiinflammatory drugs are of some
therapeutic value in treating OA with an inflammatory
component (Brune 1992). However, apart from their
side effects (Griffin 1998), these drugs have also been
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associated with a risk for deteriorating the joint disorder
(Dougados & al 1992). HA have been injected
intraarticularly in order to relive symptoms but there are
so far no consistent data supporting significant clinical
effects (Dahlberg& al 1994). Thus, there is no effective
pharmacological therapy, aiming at the mechanism of
the disease, largely because the etiology and
pathogenesis of most forms of OA still remain unknown.

Animal models

Clinically OA is thus defined from symptoms and
clinical findings, supported by radiography. To elucidate
the biology behind this condition the studies must be
focused on the affected tissues and that can only be
achieved through more or less invasive techniques. For
ethical reasons, it is impossible to perform invasive
studies of early human OA. Therefore, experimental
animal models have been designed, most of them
involving a graded injury, mimicking clinical situations
known to induce OA,eg joint instability after transection
of the anterior cruciate ligament or meniscectomy (Table
6). Most experimental models involve the knee joint, an
easily accessible major weight bearing joint.

Running exercise affects the articular cartilage. In a dog
model with running exercise of 20 km/day for up to 15
weeks, the concentration of GAG and collagen decreases
in the femoral condyle articular cartilage (Arokoski& al
1993, Kiviranta & al 1992) while the water content
simultaneously increases (Säämänen& al 1994). Load
can also induce OA experimentally (Wu& al 1990,
Johnson& Poole 1988).

Repetitive impact loading results in thickening and
stiffening of the subchondral bone, which has been
suggested as the cause of articular cartilage destruction
at the stiffened areas (Radin& al 1982 1991). Cartilage
subjected to high levels of stress shows a higher cell
volume (Eggli & al 1988) and stiffness (Swann&
Seedhom1993) than cartilage exposed to low levels of
stress. Although high joint loading may damage the joint,
it is however difficult to transform experimental animals
findings to the clinical situation.

Animal models thus provide an opportunity to study the
early stages of the OA process. They also offer
advantages over clinical materials that often are difficult
to evaluate in terms of pathology and disease duration.
However, no animal model can encompass all the
characteristics of human OA—not least because the
most important clinical aspect of human OA is pain and
this is even more difficult to evaluate in animals.

Table 6. Animal OA models
Model Species Analysis Reference

ACLT Dog PG
biochemistry

Matyas& al 95
Guilak & al 94
Adams& al
91

Morphology
and PG
biochemistry

Dedrick& al
93

Morphology Adams 89

ACLT/
meniscectomy
/ medial
collateral
ligament
resection

Rabbit Morphology Hulth& al 70

Meniscectomy Rabbit Morphology
and PG
biochemistry

Moskowitz 92

Guinea
pig

Morphology Bendele& al
87

Meniscectomy
/exercise

Sheep Morphology Ghosh& al 90

Myectomy/ten
dotomy

Guinea
pig

Morphology Arsever& al
86

Tibia valgus
osteotomy

Dog Morphology
and PG
biochemistry

Johnson& al
88

Morphology Wu& al 90

Spontaneous Guinea
pig

Morphology Bendele& al
88
de Bri & al 95

Mouse Morphology Walton 77

Monkey Morphology Carlson& al
94

Repetitive
impulsive
loading

Rabbit Morphology Radin& al 78

ATCL anterior cruciate ligament transection.

Moreover, the arthropathy that develops secondary to an
experimentally induced surgical trauma, usually has a
more rapid course than human primary OA (Moskowitz
1992). Furthermore, the arthrotomy causes synovitis
which may per se induce joint changes. Another
disadvantage of surgical models is that they often only
mimic parts of the OA process, without a full
progression with total loss of cartilage and eburnation of
underlying bone (Adams& al 1991). In such
experimental models, there seems to be a reparative
activity that is sufficient to prevent cartilage destruction
and progression to end stage OA, or alternatively that
the injury does not trigger the mechanisms necessary for
OA development. It can therefore be discussed to what
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extent secondary animal models induced by acute trauma
are relevant elucidating the mechanisms behind primary
human OA.

In other animal models, arthropathy is induced with
more indirect means such as repetitive loading,
myectomy or tendotomy (Table 6), but these conditions
are not fully comparable to human OA. Like in the more
directly traumatic models mentioned previously there
seems to be a rather narrow window—in terms of the
injury afflicted—that induces a rapidly progressive
arthropathy or, alternatively, a stationary lesion. Results
obtained with animal models must therefore be viewed
with caution.

Silverstein and Sokoloff (1958) first described a
spontaneous arthropathy in the guinea pig, a condition
morphologically similar to human primary OA. This
arthropathy has a high incidence and a progressive
course. Bendele and Hulman (1988 1991) further
extended the observations and found that the high
incidence of spontaneous OA is mainly seen in the
medial tibial plateau while the lateral condyle becomes
affected later and also to a lesser extent. Gross histologic
changes appear between 6 and 12 months of age and
include loss of articular cartilage, subchondral bone
sclerosis and chondro-osteophyte formation. The model
has also been characterized with quantitative histology
(de Bri & al 1995 1996).

Ageing and Osteoarthrosis
With age the thickness and cell content of healthy
articular cartilage do not change much (Meachim&
Stockwell 1979), but from being smooth shiny and
bluish grey in the young it gradually turns yellowish and
its surface becomes more or less rugged or velvety. This
is called fibrillation. There are two patterns: the age-
related fibrillation is usually limited, non-progressive,
affecting mainly low weight-bearing areas and it
probably does not give symptoms. OA-related
fibrillation, on the other hand, is progressive, involving
high weight-bearing sites and it is more prone to give
symptoms (Byers& al 1976). It is impossible to
distinguish the two types of fibrillation microscopically.
Some differences between the manifestations of normal
ageing and OA are listed in table 7.

In general, the cartilage matrix composition is stable and
there are only minor changes with age (Table 8). The
size of PG aggregates decreases slightly (Bayliss 1990),
while the capacity of the PGs to form aggregates with
HA remains constant (Roughley& al 1981). Increasing
glucosamine and protein contents and decreasing
galactosamine content reflect changes with regard to KS
and CS in the PGs (Säämänen& al 1989). Minor
changes of the GAG chain length have been
demonstrated; CS chains become slightly shorter and KS

chains somewhat longer with age (Hardingham& al
1990).

Table 7. Differences between age- and OA-related
joint changes
Item Ageing OA Reference

Cartilage
fibrillation

less
extensive,
seen in low
weight
bearing
areas, non-
progressiv
e

can be
extensive, seen
in high weight
bearing areas,
progressive

Byers& al
76

Cartilage
clefts

superficial,
less pro-
nounced

deeper,
pronounced

Freeman&
al 79

Cartilage
thickness

± eventually a
total loss of
cartilage

Freeman&
al 79

Cartilage
clones

– greater tendency
to form clones

Bullough
92

Cartilage
metabolism

± initially
increased
synthesis of
matrix

Thompson
& al 79

Chondrocyt
e mitosis

± present Bullough
92

Bone
sclerosis

± regular finding
in late stages

Bullough
92

Proteolytic
activity in
cartilage
matrix

± increased Pelletier
83

In vivo, incorporation of35S-sulfate in rabbit articular
cartilage is highest at 2 month and diminishes to reach a
level at 6 months that remains constant throughout
adulthood (Mankin& Baron 1965). In human articular
cartilage, the rate of incorporation of newly synthesized
PG is stable after skeletal maturity has been reached
(Bayliss 1990, Freeman& Meachim 1979).
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Table 8. Changes of cartilage matrix constituents with
age

Changes with age Reference

Water Constant throughout
most of adulthood

Mankin & al
92, Maroudas&
al 77

Collagen II Stable Maroudas 79

CS and KS Relative proportions of
KS increase while CS
decrease

Hardingham&
al 90

HA Content increases and
size decreases

Holmes& al 88

In early OA the content of water increases in the
articular cartilage, perhaps due to collagen network
disruption and removal of some the PGs, which allows
those remaining to expand and take up more water
(Maroudas & Venn 1977). In human cartilage with
advanced OA lesions the total concentration of PG
decreases and the PG monomers seem to be slighly
reduced in size. It has also been indicated that these PG
monomers may have reduced ability to interact with HA
(Cs-Szabo& al 1995).

The change of PG in the development of OA has also
been studied in different animal models (Table 9). The
results, however, differ considerably, presumably not
only because of species and sampling differences but
also because different pathomechanisms may be
operative.

Table 9. PG concentration changes in different
animal OA models
Model Animal Result Reference

ACLT Dog PG concentration↓ Brandt & al 91

ACLT Rabbit PG concentration↓ Moskowitz & al
79

ACLT Dog PG concentration±
aggregates±

Manicourt & al
88

ACLT Dog PG concentration↑ Dedrick & al
93

Spont. Guinea
pig

PG concentration↓ Jimenez & al
97

ACLT: anterior cruciate ligament transection. Spont:
spontaneous

The size distribution of the PG as well as the size of the
CS chains do not appear to change in the early stages
(Manicourt & Pita 1988, Schwartz 1982, McDevitt&
Muir 1976). After transection of the anterior cruciate

ligament in dogs, the HA concentration increases in
serum and synovial fluid while it decreases in the
cartilage (Guilak 1995, Manicourt& Pita 1988),
perhaps as an indication of tissue destruction.

In explants from human hip and knee OA cartilage, the
synthesis of both PGs and HA is increased (Thompson
& Oegema 1979, Mankin& al 1971). This may indicate
a reparative response to the load on the tissue. Others,
however, have found that the35S-sulfate incorporation in
OA human femoral head cartilage was similar to
controls (McKenzie& al 1977). Similarly, various
experimental OA models have shown divergent results
regarding the turnover of PGs (Table 10).

Table 10. PG synthesis in animal OA models
Model Animal Syn-

thesis
Degra-
dation

Reference

Menisc.
ACLT

Guinea
pig

+ ++ Schwartz 82

ACLT Dog ++ + Adams & al
91

ACLT Dog + Venn & al
95

Menisc Rabbit + ++ Moskowitz
& al 81

Menisec Sheep ± ++ Little & al
96

Menisc: menisscetomy. ACLT: anterior cruciate
ligament transection.

The collagen concentration in OA cartilage is decreased
(Säämämen& al 1994, Guilak& al 1994, Jimenez& al
1997). Collagen I is found in OA cartilage (Mankin&
Brandt 1992). The swelling of the OA cartilage due to
influx of water indicates, as previously mentioned, a
dearranged collagen network or of impaired tensile
properties of the collagen fibrils (Mankin& Thrasher
1975).

Some experimental secondary OA models in dogs and
rabbits have shown increased synthesis of collagen in
articular cartilage (Eyre& al 1980, Floman& al
1980), but others report a decreased synthesis of
collagen,eg in dog OA articular cartilage (Miller& Lust
1979). The possible reason for these divergent have been
discussed above.

A large number of enzymes have been associated with
cartilage degradation. In particular, the matrix metallo-
proteinases,egcollagenase and stromelysin, are of major
importance for the turnover of cartilage (Wu& al
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1991). Release of enzymatic activity from the
chondrocytes is triggered by various cytokines,eg tumor
necrosis factors and interleukins (Campbel& al 1990,
Gowen& al 1984). An increase collagenase activity has
been demonstrated in both human and dog OA cartilage
(Pelletier & al 1983a 1983b, Huebner& al 1998).
Furthermore, neutral PGase has shown increased
activity in OA cartilage and has therefore also been
associated with the development of OA (Mankin&
Brandt 1992).

Aims
To improve our understanding of the pathogenesis of
primary OA, we studied knee joints of Hartley guinea
pigs, with the aim to answer the following questions:

• How are the structure and distribution of cartilage
macromolecular components affected during the
development of OA?

• What is the metabolic background to this?

• Will surgical intervention, aiming at the redistribution of
load, change the natural history of OA?

• How are the structural changes correlated to the contents
of PGs and collagen in extracellular matrix?

Material and methods
Animals. Outbred male Hartley guinea pigs (Møllegård,
Copenhagen, Denmark) were used in the study (table
11). The animals were kept under standard laboratory
conditions with free access to water and food. The
animals were randomly allocated to groups.

Table 11. Number, age and body weight at death of
guinea pigs studied. Mean (SD) (kg)

Paper 6
months

9
months

12
months

I 1.11
(0.09) n=7

1.31
(0.09) n=24

II 0.92
(0.02) n=17

1.10
(0.01) n=17

1.21
(0.08) n=17

III 0.97
(0.11) n=8

1.13
(0.01) n=8

1.33
(0.07) n=8

IV 1.28
(0.08) n=24

V 0.93
(0.05) n=11

1.25
(0.06) n=11

Surgery (I, IV). One group of 9-months-old guinea
pigs had a mid-femoral valgus osteotomy, internally

fixed with a 30° prebent stainless steel plate (AO, Davos
Switzerland). Controls had a soft tissue sham operation.
Another group had a unilateral tibia amputation through
the proximal third of the diaphysis. They were allowed
to move freely, and kept in separate cages. A force
distribution sensor (I-scan, Tehscan Inc., Boston MA,
USA) was used to estimate the load pattern on the
extremities, comparing the situation before and after the
respective surgical interventions. They were killed at 12
months.

Light microscopy (I, III, V). The proximal tibiae
were freed from soft tissue, fixed in 4% formalin for 72
h, decalcified for 5–7 days in 40% formic acid and then
embedded in paraffin. With random start, excluding the
cruciate ligament area, 11–13 histological 5 µm-sections
were cut through each condyle with a constant interval
of 250 µm, and stained with hematoxylin and eosin (de
Bri & al 1995). A projection light microscopy was used
to study morphological changes at a final magnification
of x50 or x125.

Stereology (I, II, III, V). In the analysis of each
histological section, the medial and lateral condyles, and
the central and peripheral compartment were measured
separately. Volume fractions of epiphyseal bone,
articular cartilage, cysts and osteophytes were measured
by point and intersection counting on a projection light
microscope, using a multipurpose test system and a
stratified random sampling technique. Since the section
interval was constant (250 µm), the absolute volumes
could be calculated using Cavallieri’s principle
(Gundersen& al 1988). Cysts were operationally
defined as cavities larger than 100µm, devoid of hem-
atopoetic tissue; osteophytes as osteocartilaginous tissue
extending beyond the original cortex; fibrillation was
quantitated as the ratio between the actual surface of the
joint cartilage and its hypothetical smooth delineation.
Horizontal splitting at the tidemark—ie separation at the
border between calcified and uncalcified cartilage—was
measured by intersection counting, using a cycloid grid
for vertical sections (Baddeley& al 1986) and
expressed as percentages of the entire joint surface.
Thickness of the uncalcified/calcified articular cartilage
and subchondral bone was measured at right angles to
the joint surface using a stratified random sampling
technique. The thickness of subchondral bone was
measured from the osteocartilaginous border to the first
distal occurrence of non-osseous tissue. The appropriate
numbers of sections and measurements were determined
by cumulative mean plots in a pilot experiment.

Biochemistry (II, III, IV). The proximal tibiae were
dissected under a dissection microscope separating the
cartilage from the four compartments,ie the central
(non-meniscus covered) cartilage on the medial and
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lateral plateau and the corresponding peripheral
(meniscus covered) compartments. After collecting the
unmineralized cartilage down to the tidemark, the
corresponding four fractions were collected from the
underlying mineralized cartilage. The material obtained
from the different animals was pooled into these 8
fractions for subsequent biochemical analysis (Figures in
paper II).

GAG and PG (paper II, III, IV). The tissue
specimens were immediately frozen at -20º C, cut into
thin slices, lyophilized, and then PGs were extracted
with 4 M guanidine hydrochloride with protease
inhibitors (Franzén & Heinegård 1984). High-
performance liquid chromatography (HPLC) was used
to quantify the contents of CS and HA and to
characterize the sulfation pattern. Aliquots were
incubated with chondroitinases. The sulfation pattern
was then monitored by separating the obtained delta-
disaccharides by HPLC, using external standards
(Hjerpe& al 1979). The total amounts of CS and HA in
these digests were determined by a separation
chromatography following a further digestion with
chondroitinase- 4- and -6-sulfatases. The non-sulfated
delta-disaccharides obtained from the respective GAGs
were separated by ion suppression HPLC (Hjerpe& al
1982). Large and small PGs were separated
electrophoretically (Björnsson 1993). Ethanol
precipitates of the extracts were dissolved in a SDS-
containing electrophoresis buffer and run in agarose
gels. The gels were stained with toluidine blue and
quantitated with a digitized scanner. The aggregability of
the PG monomers was monitored by comparing reduced
with nonreduced HA binding regions mobility with
electrophoresis (Björnsson 1993).

PG turnover (III). The turnover of PGs was studied
using labeling with radioactive sulfate, which was
injected intraperitoneally. The animals were killed 1 or 7
days later. The proximal tibiae were dissected as
described above. PG incorporation rate was monitored
as the amount of incorporated isotope obtained after one
day, while rates of degradation were calculated from the
decay between days 1 and 7. The electrophoresis gels
were stained with toluidine blue and evaluated by
autoradiography and densitometry (Axelsson& al
1994).

Hydroxyproline (II, III, IV). The residues after PG
extraction were digested with papain, hydrolyzed in HCl
and analyzed for their contents of hydroxyproline
(Stegeman& Stalder 1967).

Immunohistochemistry (V). Tissues were fixed by
vascular perfusion, using isotonic glutaraldehyde and
paraformaldehyde (Svensson& al 1987). The
specimens were dehydrated, embedded in a polar resin

(Hultenby & al 1991), and processed for ultrathin
sectioning. The sections were placed on formvar-coated
nickel grids and subjected to limited digestion with
chondroitinase. After washings they were then incubated
over night with a mouse monoclonal 2/B/6 antibody in
order to localize 4-sulfated unsaturated chondroitin
residues in the section surface (Bertolotto& al 1987,
Caterson& al 1985, Couchman& al 1984). The bound
antibodies were then detected by a secondary goat-anti-
mouse antibody, conjugated with 10 nm gold particles.
The sections were contrasted with 4% uranyl acetate and
lead citrate (Hultenby& al 1991). Electron microscopy
was performed with a Philips400T at 80 kV.

Electron micrographs, final magnification x 66,000,
were used to detect the labelling in the superficial,
intermediate, radial and calcified zones. Two matrix
compartments—the pericellular and the interterritorial—
were defined on printed copies except for the calcified
zone where the pericellular compartment could not be
adequately defined (Poole 1993). In the other zones the
pericellular compartment was defined as the area within
1 µm from the cell membrane, while for measurements
of the interterritorial compartment the samples were
selected as far away from the nearest cells as possible.
From the medial and lateral condyle 3 micrographs were
taken from each of the 2 compartments from the 4 zones,
giving 21 micrographs per section, 840 micrographs in
total. The labeling density was calculated on the printed
copies as gold particles /µm2.

Statistics. Analysis of variance was performed with
Dunnet test and Tukey’s test (papers I, II, III) and
Student’s t-test (V) at a rejection level of 5%.

Results
Paper I. Force measurements showed that the
osteotomized animals bore fairly equal loads on their
hind legs, whereas the amputated animals increased the
load on their remaining leg. Osteotomy reduced the OA
lesions medially, but increased the lesions laterally, as
reflected morphometrically by cartilage fibrillation; the
thickness of the subchondral bone decreased in the
medial condyle as well.

Amputation had no major effect on the subsequent
development of fibrillation, as compared with the control
group, and fibrillation occurred despite atrophy of the
subchondral bone. The contralateral side showed more
pronounced OA lesions, regarding not only fibrillation
but also the height of the subchondral bone, chondro-
osteophytes and exposure of calcified cartilage (Table
12). Generally, the changes on the tibial condyle had
corresponding “kissing lesions” on the adjacent femoral
condyle. The thickness of calcified cartilage was not
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affected by the onset of OA, and it was constantly higher
on the lateral side.

Table 12 a-b. Effects of amputation. Mean (SD), n=8
Side Height subchondral

bone (mm)
Fibrillation

Med Lat Med Lat
Amputation 0.19

(0.04)a
0.18
(0.03)a

1.53
(0.10)a

1.10
(0.04)

Contralateral 0.53
(0.01)

0.33
(0.05)

1.96
(0.17)

1.29
(0.26)

Side Osteophytes
(mm3)

Exposed calcified
cartilage (%)

Amputation 0.07
(0.11)a

1.22
(1.48)

Contralateral 0.35
(0.09)

4.89
(3.19)

a denotes p<0.05, compared with contralateral side of
amputation.

Paper II. The concentration of PGs varied between
different areas. The highest levels were found in the
central portion of the medial condyle, the area
presumably subject to the highest load. When OA
became histologically manifest, there was a 25% fall in
the concentration of PGs. This decrease in PG content
was somewhat greater for the large PGs than for the
small ones. The HA concentration remained constant
during the observation period. The PG content in
calcified cartilage was less than 10% of that in the un-
mineralized counterparts and most of the PGs appeared
to be degraded. In healthy cartilage, the water content in
the central tissue compartment was about 70%, but with
the onset of OA it increased to 80%. The concentrations
of PGs and collagen increased with age and body
weight; they both decreased with onset of OA.

Paper III. PG synthesis was most active in the
unmineralized cartilage of 6-month-old animals,
particularly in the medial central compartment. Thus,
areas subjected to a presumably higher load had a higher
synthesis. The onset of OA was associated with a
decreased synthesis of both large and small PGs, while
the rate of elimination remained largely unchanged
between 9 and 12 months.

Paper IV. The surgical redistribution of load changed
the progression of OA resulting in lesions of varying
severity, which could be graded stereologically (cf paper
I). The morphological and biochemical changes
corresponded in a consistent pattern, probably largely
depending on load. Thus, the severity of the histological
lesions measured as fibrillation was closely correlated
with the extent of altered chemical composition of the

cartilage matrix; more advanced changes showing
decreased concentrations of PGs and collagen as well as
increased hydration.

Paper V. The PGs were heterogeneously distributed in
the zones and compartments of the articular cartilage.
The previously mentioned decreased PG concentration
with onset of OA was mainly associated with decreased
labelling of the CS epitope in the superficial and
intermediate zones. This decreased labelling was
accompanied by a decreased volume density of
chondrocytes. A smaller decrease in cell density was also
found in the superficial parts of the lateral, still
structurally intact cartilage, although the immuno-
labelling of matrix PG remained high in this
compartment.

The highest labelling was found in the deep zone and the
lowest in the calcified zone. The labelling varied also
between the pericellular and interterritorial matrix
compartments. In the cartilage with gross OA lesions,
the superficial and intermediate zones were almost
devoid of pericellular labeling, while in the radial zone it
was kept at a higher level.

Discussion
Hartley guinea pigs reproducibly develop OA-like
changes in the proximal tibia, lesions morphologically
similar to the findings in human OA. Guinea pig OA
develops spontaneously and can be considered an
equivalent of human primary OA, although it appears in
almost all guinea pigs and also at a time in life that
appears to be earlier than in man. Another difference is
that in the guinea pig, the physes are never completely
obliterated, but this does not seem to have any major
mechanical consequences for the joint cartilage.

Most experimental OA models involve a surgical trauma
which results in rapidly progressive changes that may
differ somewhat from those in more slowly developing
primary OA in humans. The most commonly used OA
model is induced by instability produced by anterior
cruciate ligament transection (ACLT) in the dog.
However, at follow-up after 64 weeks the changes
appear to be self-limiting and do not lead to loss of full
thickness of the cartilage, but rather to a cell response
with an increased matrix synthesis (Adams& Brandt
1991). It has been claimed that the lack of progression of
cartilaginous lesions in this model is due to stabilization
of the joint by osteophytes (Adams& Brandt 1991) and
to capsular fibrosis (Brandt& al 1991), but this does
not seem very likely from a clinical point of view.

Advantages of the guinea pig model include the high
incidence and the characteristic anatomic pattern, which
is similar to that of the human condition. The



24

reproducibility makes it possible to obtain reliable
quantitative information from relatively small groups of
animals, and also makes it suitable for studies on the
early stages of OA. Since the first OA changes are
always confined to the medial condyle, the lateral
condyle may, to some extent, serve as an internal control
where the sequential temporal progression of the
disorder can be followed.

The characteristic changes of guinea pig OA include
cartilage fibrillation, sclerosis and osteophyte formation.
As previously mentioned, the first gross lesions always
develop in the central part of the medial condyle between
6 and 12 months of age. Cell death, however, seems to
develop early in the process, perhaps even before
obvious OA-related changes can be identified in the
matrix.

In normal cartilage, the number of chondrocytes appears
to be associated with load. At high levels of stress, both
cell number and cell volume increase (Eggli& al 1988).
This may be the morphological correlate to an increased
production of PG in response to the level of stress. In
human OA joints, Mitrovic& al (1983) found that the
cell number density is lower also in articular cartilage
with remaining intact surface compared to that of age-
matched normal controls. A certain number of
chondrocytes is probably necessary for keeping the
concentration of PGs in the cartilage at a normal level.

A decreased volume density of superficial chondrocytes
is an early sign of guinea pig OA (Bendele& Hulman
1988), seen already when the cartilage is intact, as in the
lateral condyle in this model (paper V). Histologically it
was apparent that this correlated to a major decrease in
number of cell profiles, and that the cells remaining in
the superficial zone seem to be less active in the
synthesis of matrix, as judged by the concentration of
PGs in the pericellular pool (papers III and V). The loss
of matrix production shown by metabolic labeling (paper
III) thus mainly seems to correlate with events in the
superficial and intermediate zones. The resulting
decrease in PG concentration would further increase the
demand on chondrocytes with a remaining active matrix
production, perhaps thereby initiating a vicious circle.
Apoptosis has been suggested as a major cause of cell
death in human OA (Blanco& al 1998), but the
mechanism underlying this earliest loss of chondrocytes
in guinea pig OA remains to be elucidated.

Chondrocytes were often seen in clusters adjacent to
degraded and fibrillated matrix. These clustered cells
were hypertrophic, and their surrounding pericellular
matrix was intensely basophilic. The calculated
concentration of 4-sulfated chondroitin epitopes at these
clusters was at about the same level as around the
hypertrophic cells in the unaffected lateral condyle,

indicating a well preserved ability of the cells to
synthesize PGs even close to the OA lesion. This activity
may partly compensate for the loss of PGs in nearby
OA-lesions.

The thickness of the calcified cartilage was remarkably
constant during OA development and it was constantly
thicker on the lateral side. Furthermore, the low
concentration of PGs and the low metabolic activity in
this zone (papers II, III, V) suggest that calcified
cartilage is rather indolent and therefore probably not so
important for the pathogenesis of guinea pig OA.

Mechanical load on articular cartilage is an important
pathogenic factor for primary OA (Helminen& al
1987, Moskowitz 1992). In the case of human femoral
condyles, the highest contact stress is on the summit of
the medial condyle (Bruns& al 1994). Similarly, in the
tibial portion of the joint, the highest pressure is on the
uncovered cartilage in the medial condyle (Fukubayashi
& Kurosawa 1980). Our results suggest that the
biomechanical conditions are similar also in guinea pigs.

Athletic activities that require repetitive overuse of
particular joints over long periods of time appear to be a
risk fator for OA (Felson 1998). However, in this case
one must consider not only the effects of load due to
locomotion but also the effects of trauma—not solely
major trauma, but also repetitive minor traumas that
may act as further causative factors (Roos& al 1994).
Load occurs, of course, not only during strenuous
exercise, but also during ordinary during activities of
daily life (Table 5), and especially when combined with
factors such as increased body weight or malalignment,
it may over time add up to considerable cumulative
effects.

In humans, prolonged physical exercise has a positive
effect on bone mineral density (Hatori& al 1993). It
also increases the mechanical strength of the bone (Raab
& al 1990, Nordsletten& al 1993). According to some
authors, the thickening and stiffening of subchondral
bone caused by microfractures will reduce the ability of
the subchondral bone to absorb mechanical stress on the
overlying articular cartilage and, thereby contribute to
the development of OA (Radin& al 1982 1991,
Thompson & al 1991). Such microfractures were,
however not seen in the present guinea pig model.
Although subchondral sclerosis is an obligate finding,
microfractures do not appear to play a major role in the
development of guinea pig OA.

Surgically altered load affects the natural history of
guinea pig OA. After osteotomy, the earlier appearance
of lesions in the lateral condyle with simultaneously less
severe findings on the medial side, were all in
accordance with the transfer of load to the lateral side by
the valgus malalignment (paper I). This is in line with a
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report in dogs (Wu& al 1990), where an experimental
varus or valgus angulation caused both subchondral
bone thickening and cartilage destruction. A similar
association between load and OA has been reported in
man, where an increased local load is reflected in
increased destruction of the articular cartilage
(Bergenudd& al 1992, Odenbring& al 1992).

The health of the weight-bearing joints depends largely
on motion and load. The removal of axial longitudinal
load in an immobilized limb may induce cartilage
destruction (Säämänen& al 1990). It remains to be
shown, however, whether this is due to factors related to
the inactivity per seor to unphysiological compression
due to immobilization. In our amputated animals—with
a much reduced load but with free joint motion—the OA
progression was slowed down but not completely
arrested. This may indicate the existence of an
irreversible “pre-OA” stage already at 9 months, not
detected in the light microscope. In addition, it is notable
that the further development into gross OA lesions in the
amputated limbs occurred without thickening of the
subchondral bone—indeed, the subchondral bone
actually became thinner. Thus, subchondral bone
thickening is not a prerequisite for the development of
primary OA (Dedrick& al 1993), which conflicts with
previous reports (Radin& al 1991). The decrease in
subchondral bone thickness was also greater on the
medial than on the lateral side, which indicates that a
certain ongoing mechanical stimulus is necessary to
sustain the volume of the subchondral bone.

The importance of load also became evident after
amputation, as OA increased on the contralateral side. A
similarly increased incidence of OA in the contralateral
leg has also been reported in human amputees (Lemaire
& Fisher 1994). Another way to demonstrate
experimentally the importance of moderate but
prolonged mechanical stress is to apply a controlled
impact load on the intact knee joint of dogs, which may
lead to progressive OA-like changes (Thompson& al
1991). There is plenty of evidence of the importance of
load in animal OA models (Table 6), and although
comparisons must be performed with care, such findings
accord with known risk factors for human OA,eg
occupation (Vingård& al 1991).

The development and progression of guinea pig OA are
affected by body weigh,ie an increase in load due to
obesity results in more severe OA andvice versa
(Bendele & Hulman 1991). This accords with our
findings: the caged guinea pigs developed an ample
embonpointbetween 6 and 12 months of age, when OA
became manifest. The effects of overweight versus
physical activity on the development of guinea pig OA is
an interesting subject for further studies.

Thus, load redistribution influences the development of
OA lesions in both bone and cartilage, apparently
occurring more or less simultaneously. However, the
well vascularized subchondral bone is able to respond
more rapidly than cartilage. The resulting increase in
thickness of the subchondral bone has been ascribed a
role in the pathogenesis of OA (Radin& al 1991). But
guinea pig OA may, as previously mentioned, also
develop without simultaneous bone thickening.

Prior to the development of guinea pig OA, increased
load will thus increase the concentrations of PGs and
collagen in the weight-bearing articular cartilage (papers
II & IV), and this has been seen in dogs as well
(Slowman & Brandt 1986, Kiviranta& al 1987).
Increased amounts of PGs can be expected to enhance
the elastic properties of the tissue by their osmotic
effects. The increased fixed charge density will augment
the swelling pressure and can therefore be regarded as a
mechanism to compensate for the load increment.

The varying concentrations of PGs and collagen in
different areas (paper II) were in line with the presumed
distribution of load. When guinea pig OA later became
histologically manifest, this biochemical pattern was
interrupted, since the onset of OA was associated with a
decrease in PG and collagen concentrations and an
increase in tissue water. It may thus be speculated that,
within physiological load limits, the chondrocytes can
respond to a higher load by increasing the PG
concentration in the surrounding matrix. But beyond a
certain limit, the tissue cannot compensate further,
resulting in loss of PGs and ultimately cartilage
destruction. The correlation between the morphological
and biochemical changes suggests that these biochemical
changes were early events during the development of
guinea pig OA, and that changes in PG concentration
may even precede the earliest lesions detected by the
light microscope, as previously shown in other models
(Arokoski & al 1993, Hardingham & Bayliss 1990,
McDevitt & Muir 1976).

Animal OA development has been associated with a
changed structure of aggrecan (Cox& al 1985, Carney
& al 1985). The 4/6-sulfation ratio, however, appears
to remain constant in the guinea pig model (paper II).
Divergent results have been obtained in studies on
human OA (Plaas& al 1998, Cs-Szabo& al 1995).
Particularly, changed structures have been observed in
the non-reducing terminus of the CS chains. CS from
human OA cartilage show a shift from terminal 4,6-
disulfation towards higher proportions of 4-
monosulfation (Plaas& al 1998)—a pattern resembling
that of cartilages of younger subjects (Plaas& al 1997).
Also, in human OA the patterns of collagen and matrix
proteins such as matrilin becomes more like those in the
growth plate (Bai& al 1998). These findings suggest
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that during OA development the chondrocyte may
recapitulate the functions of an earlier stage in the
differentiation program.

In guinea pig OA, the losses in matrix components were
mainly confined to the most weight-bearing parts of the
joint, especially the superficial zone. In the light
microscope, this may initially be seen as a minute shift
in the staining qualities of the matrix while the articular
surface is still smooth and intact (paper V, Arokoski&
al 1993). Since the superficial zone is the first to
receive and distribute load, impaired elastic properties of
the matrix may have deleterious effects on the superficial
chondrocytes.

The biochemical matrix changes were correlated to
fibrillation, possibly with biochemical alterations present
when only a minute degree of fibrillation could be
detected (paper IV). These changes in matrix
composition may even precede the morphological
lesions, as in dogs (Arokoski& al 1993). However, it
cannot be concluded that these biochemical changes are
the first in the chain of events leading to cartilage
destruction and the development of primary OA. Indeed,
the possibility of a preceding irreversible “pre-OA”
stage indirectly suggests that other events are still
earlier.

The PG turnover was highest in the younger animals and
decreased with age. The peripheral portions of the tibial
condyle, however, seemed to have a positive metabolic
balance and net gain in tissue volume, perhaps partly
due to appositional growth and the development of
chondro-osteophytes. Onset of guinea pig OA was
accompanied by a reduction in the synthesis of PGs,
while the elimination rate was less affected, resulting in

an only slightly more negative metabolic balance in the
medial than in the lateral compartment. Thus, primary
guinea pig OA shows smaller metabolic changes than
some secondary OA models (Moskowitz& al 1981,
Little & al 1996). This accords with the slow and
insidious development of primary human OA. In the
more rapidly progressive secondary OA, the PG
synthesis is elevated (Adams& Brandt 1991, Venn& al
1995, Dourado 1996), but not sufficiently to compensate
for an even more increased degradation (Brandt& al
1991, Moskowitz 1979), due to the release of
degradative enzymes (Manicourt& al 1994). Now, if a
metabolic pattern similar to guinea pig OA is present
also in primary human OA, enzyme inhibitors—which
currently are in the pipeline of many drug companies—
may perhaps not be expected to be effective as
chondroprotective agents in primary OA.

If the calculated pericellular concentration of 4-sulfated
epitopes reflects the PGs available for incorporation into
the interterritorial matrix, a reduced rate of such a PG
deposition seems to have been confined to the cells of the
superficial and intermediate zones (paper V). This
change corresponds to the decreased PG synthesis
observed with onset of OA (paper III), the
immunolocalisation improving the resolution. The
earliest detected biochemical changes thus seem to be the
result of events in the superficial and intermediate zones.
It is, with the present results, not possible to say whether
the decreased synthesis of PGs is due to a primary
“fatigue” of the synthetic mechanisms and to what extent
this decrease is due to cell losses. Obviously, there is an
intricate cell-matrix interaction and one of the key
questions—how are these effects of load mediated on the
cellular level?—remains to be elucidated.

Conclusions
• Mechanical load affects both the articular cartilage and the subchondral bone. The vascularized subchondral bone

reacts early by changing its thickness. The thickness of calcified cartilage is not affected by load changes or by the
development of guinea pig OA.

• Redistribution of load influences the natural history of OA. The biochemical alterations are correlated to the
morphological findings, the biochemical changes being early events. A general reduction in load by amputation does
not completely prevent the development of fibrillation, in spite of a simultaneous decrease of subchondral bone
thickness.

• Uncalcified cartilage can respond to load by increasing the concentrations of PGs and collagen. Beyond a certain
limit, however, this is no longer possible, and a further load then results in cartilage destruction.

• The onset of primary guinea pig OA is associated with reduced concentrations of PGs and collagen, while the tissue
water increases. The loss of PGs is most apparent in the superficial and intermediate zones, particularly in their
pericellular compartments.

• Such losses of PGs are associated with an only slightly negative metabolic balance, where reduced synthesis is an
important component—this differs from findings in the more rapidly progressive animal models for secondary OA.
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• A still earlier event in guinea pig OA is a loss of superficial chondrocytes. The remaining cells have a reduced
capacity to produce PGs, these superficial losses explaining much of the decreased PGs concentration seen with the
subsequent fibrillation. Further down, in the radial zone, the chondrocytes are less affected in early OA.
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