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Abstract

Damage to the articular cartilages of the patellofemoral joint is frequently observed in
humans and is one sign associated with osteoarthritis.

Loading of articular cartilage

influences the biological responses and thus the health of this tissue in both an amplitude
and frequency sensitive manner. Furthermore, chondrocyte and nuclear deformation that
occurs with cartilage deformation has been proposed as a transduction mechanism which
enables the cells to detect and biologically respond to changes in their local environment.
The majority of these data have been derived from experiments using expiants of
articular cartilage removed from healthy joints. Therefore the chondrocyte response insitu and in-vivo and the effects of anterior cruciate ligament transection on this response
still require investigation.
In this research we firstly quantified the contact areas and pressures in the feline
patellofemoral joint in-situ. Secondly, we developed methods to apply a static load to
articular cartilage still fully intact and attached to its native bone and systematically
evaluated cartilage and chondrocyte deformation throughout tissue depth. Thirdly, we
used this technique to apply a physiological magnitude of load to healthy, short- and
long-term anterior cruciate ligament transected feline patellofemoral articular cartilage.
Finally, we developed methods to apply a repeatable, measurable and muscle induced
cyclical load to an intact patellofemoral joint and measure the biological responses of the
articular cartilages at the mRNA level.
We found that significant chondrocyte deformation did occur when a physiological
magnitude of compression was applied to the fully intact articular cartilages of the
iii

patellofemoral joint. This observation was consistent in healthy, short- and long-term
anterior cruciate ligament deficient feline knees.

This result supports the notion that

significant chondrocyte deformation occurs in cartilage during in-vivo loading and could
therefore be one way in which chondrocytes can detect and respond to changes in their
environment. Secondly, we found that the articular cartilages of the patellofemoral joint
were heterogeneous mechanically, histologically, biologically and in their response to
anterior cruciate ligament deficiency and an applied load. This heterogeneity was evident
when comparing different surfaces of the joint as well as different areas and/or depths of
the same surface.
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Preface

Each of the following five chapters are based on scientific papers;

Chapter Three: Clark, A . L . , Herzog, W. and Leonard, T.R. Contact area and pressure
distribution in the feline patellofemoral joint under physiologically meaningful loading
conditions. JBiomechanics 35:53-60, 2002.
Chapter Four: Clark, A . L . , Barclay, L . D . , Matyas, J.R. and Herzog, W. In-situ
chondrocyte deformation with physiological compression of the feline patellofemoral
joint. JBiomechanics 36:553-568, 2003.
Chapter Five: Clark, A . L . , Barclay, L.D., Leonard, T.R., Matyas, J.R. and Herzog, W.
(in preparation) Site- and depth-dependant heterogeneity in patellofemoral cartilage
adaptation to short-term anterior cruciate ligament transection; chondrocyte shape, size
and deformation with compression.
Chapter Six: Clark, A . L . , Barclay, L.D., Leonard, T.R., Matyas, J.R. and Herzog, W.
(submitted) Opposing cartilages in the patellofemoral joint adapt differently to long-term
cruciate deficiency: chondrocyte deformation and reorientation with compression.
Osteoarthritis and Cartilage
Chapter Seven: Clark, A.L., Mills, L., Hart, D.A. and Herzog, W. Muscle-induced
patellofemoral joint loading rapidly affects cartilage mRNA levels in a site specific
manner. JMusculoskeletal Res 8:1 ; 1 -12, 2004.
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represent one standard error from the mean of n=4 values. Statistically
significant (p<0.05) differences between groups are indicated by horizontal
bars, p<0.01 is indicated by a star
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Chapter One Introduction
Articular cartilage is a thin layer of smooth, deformatile soft tissue lining the ends of
bones in synovial joints. It has excellent friction, lubrication and wear characteristics that
enable it to fulfill its essentially biomechanical function over the lifetime of a joint
(Shrive and Frank, 1994). The three major functions of articular cartilage are transferring
forces between articulating bones, distributing forces in joints and allowing joint
movement to occur with minimal friction.
Damage to the articular cartilage of the patellofemoral joint is frequently observed in
humans at surgery and autopsy (Meachim and Emery, 1974, Hjelle et a l , 2002,
Outerbridge, 1961, Bentley, 1985). Additionally, these defects occur at an earlier age,
are more severe and cover a larger portion of the cartilage surface on the patella
compared to the femoral groove (Meachim and Emery, 1974, Hjelle et al., 2002,
Outerbridge, 1961, Seedhom et al., 1979, Emery and Meachim, 1973).

Furthermore,

patients with lesions frequently have an associated meniscal and/or ligament injury
(Hjelle et al., 2002). Articular cartilage damage is one of a number of signs associated
with Osteoarthritis (OA) disease. In 2001, the estimated prevalence of arthritis and/or
chronic joint symptoms among U.S. adults was 33% representing approximately 69.9
million adults (Bolen et al., 2002).
It is well established that loading of articular cartilage influences the biological responses
of the tissue on both the protein and gene expression levels (Grodzinsky et al., 2003).
Studies have applied static and/or dynamic compression or hydrostatic pressure to invitto explants of cartilage and bone.

These studies have identified amplitude and

23
frequency

dependent

'thresholds'

of articular cartilage

biological

responses.

Furthermore, cartilage cells and their nuclei have been shown to deform with
compression of cartilage explants (Guilak, 1995, Guilak et al., 1995, Buschmann et al.,
1996) and correlate to altered biological responses of the tissue (Wong et al., 1997,
Buschmann et al., 1996). These studies suggest that chondrocyte deformation may be a
transduction mechanism that enables the chondrocyte to detect and biologically respond
to changes in its local environment.
The vast majority of research in this area has been carried out using cylindrical cores of
cartilage isolated from their native environment within a joint. It is currently unknown i f
machining, isolating and culturing these expiants affects the biological and/or mechanical
responses of the tissue. The expiants have mostly been harvested from healthy joints and
consequently the affects of diseases such as O A on the mechanical and biological
responses of articular cartilage are unknown. Furthermore, the physiological relevance of
the applied loads is not clear.

Many plugs are isolated from joints whose load

magnitudes and distributions have not been characterised in-vivo or in-situ.
A few studies have quantified the biological responses of articular cartilage in-vivo using
surgical intervention models (Brandt, 2002) or by altering physical activity (Palmoski and
Brandt, 1981, Behrens et al., 1989, Jurvelin et al., 1989). This work demonstrated that
altered joint loading induces mechanical and metabolic changes in articular cartilage invivo.

Conclusions are limited however, by an inability to precisely determine the

magnitude and distributions of the cartilage loading in-vivo and/or to replicate the exact
load changes experienced by one animal in another.
Therefore, the specific aims of this research were to;
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i) quantify the contact areas and pressures in the feline patellofemoral joint insitu.
ii) develop methods to apply a load to articular cartilage still fully intact and
attached to its native bone and systematically evaluate cartilage and chondrocyte
deformation throughout tissue depth.
iii) use the technique in (ii) to apply a physiological magnitude of load (from (i))
to healthy, early O A (16 weeks post anterior cruciate ligament (ACL) transection)
and end-stage O A (67 months post ACL-transection) feline patellofemoral
articular cartilage.
iv) develop methods to apply a repeatable, measurable and muscle induced
cyclical load to an intact patellofemoral joint and measure the biological
responses of the articular cartilages.
Furthermore, we hypothesised that;
i) static load applied to healthy feline patellofemoral articular cartilage would
result in cartilage compression and changes to chondrocyte shapes throughout
tissue depth. The magnitude of these effects being dependent upon the magnitude
of the applied load.
ii) histology of the patellar cartilage would be different, but the femoral groove
cartilage would be similar, in ACL-transected compared to normal tissue.
iii) patellar cartilage and chondrocyte deformation with static compression would
be larger in magnitude in ACL-transected compared to normal tissue.
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iv) a single bout of muscle induced cyclical load to an intact patellofemoral
joint would influence the biological responses of the articular cartilages.

The

nature of these responses being different in patellar compared to femoral groove
tissues.
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Chapter Two Review of Selected Literature
2.1

Healthy articular cartilage

Articular cartilage is a thin layer of smooth, deformable, load bearing material lining the
bony ends of all diarthrodial joints.

It has excellent friction, lubrication and wear

characteristics. These properties enable cartilage to fulfill its primary functions of force
transfer between joint limb segments, force distribution between joint surfaces and
efficient, low friction movement of articulating joint surfaces (Shrive and Frank, 1994).
Articular cartilage is avascular, aneural and alymphatic.

Deformation and the

corresponding diffusion and convection flows are therefore required by the cartilage to
exude waste products and receive nutrition from the synovial fluid (Hasler et al., 1999).
Articular cartilage is heterogeneous.

Mechanical and biological differences exist

between cartilages taken from different joints (Cole and Kuettner, 2002, Kerin et al.,
2002) different surfaces of the same joint (McDevitt et al., 1977, Adams, 1989, Herzog et
al., 2003, Hellio Le Graverand et al., 2002) and different areas of the same surface of a
given joint (Clark et al., 2004). Furthermore, the histoarchitectural, compositional and
functional properties of articular cartilage are heterogeneous throughout the depth of the
tissue. This heterogeneity will be discussed in more detail below.

2.1.1 Histoarchitecture
Traditionally, healthy adult articular cartilage is subdivided into three layers; superficial,
middle and deep. Within the three layers the chondrocytes, their cell matrix relations and
the orientation of the collagen fibers change (Figure 2.1, Buckwalter and Mankin, 1997).
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Figure 2.1: The superficial, middle and deep layers of adult feline patellar articular
cartilage. Section 0.5pm thick, stained with toluidine blue and photographed at
IOOx magnification.

In adult humans, the superficial or tangential layer contains single chondrocytes that are
relatively small and oblate, oriented with the long axis parallel to the surface. The middle
or transitional layer includes larger and more spherical single cells. Within the deep or
radial layer, the chondrocytes increase further in size and become arranged in columns of
two or three cells, oriented perpendicular to the surface (Figure 2.1, Buckwalter and
Mankin, 1997).
Photographs taken through an electron microscope reveal changes in the ultrastructure of
the chondrocytes that also follow these zonal patterns (Schenk et al., 1986). The upper
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aspect (facing the articulating surface) of the oblate chondrocytes in the superficial
layer has a smooth and regular contour.

The lower aspect has some cytoplasmic

processes emerging from it and running parallel to the lacuna wall.

The cytoplasm

includes mitochondria, rough endoplasmic reticulum and Golgi apparatus (organelles
involved in matrix production).

In the middle layer, chondrocytes and their nuclei

become more spherical in shape, and the perinuclear array of filaments is more
prominent. There is little change in the cytoplasmic composition. In the deep layer, a
significant change occurs in the chondrocytes.

In the upper part of the deep layer,

intermediate filaments and glycogen dominate the cytoplasm and occupy most of the total
cross sectional area.

Closer to the calcified cartilage, the cytoplasmic composition

changes back to what was observed in the superficial and middle layers. The relative
extent of these sub-zones varies with overall thickness of the articular cartilage; the
'upper' deep layer gets larger in thicker tissue, whereas the 'lower' deep layer stays
relatively constant (Schenk et al., 1986).
The histoarchitecture

of the collagen fibrils has a long historical background.

BenninghofF s diagrammatic representation showing a superficial tangential orientation, a
deep radial orientation and crossing arcs in the middle layer has survived for over seven
decades (Benninghoff, 1925).

For many years this relationship was inferred from

polarized light microscopy and the india ink splitline technique (Dunham et al., 1988).
Using scanning electron microscopy and cryofracture techniques, however, Clark (1990)
was able to observe the collagen fibres and their orientation directly. These observations
were compatible with most aspects of Benninghoffs model; the fibrous tangential layer
of the articular surface being continuous with the fibres in the deep layer. However,
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some differences were evident. For example, the fibres in the middle zone overlapped
as thin layers rather than interlocking, and the fibre layers on the surface were not secured
in the periosteum.

2.1.2

Composition

Healthy adult articular cartilage is made up of three main components; chondrocytes,
fluid and matrix. The chondrocytes, that have already been discussed in some detail,
contribute approximately 15% or less to the total volume of the tissue (Figure 2.2,
Stockwell, 1978). By far the largest volume contribution to articular cartilage comes
from the tissue fluid (Figure 2.2, Buckwalter et al., 1990). This fluid consists of water
with dissolved gasses, small proteins and metabolites (Jaffe et al., 1974, Linn and
Sokoloff, 1965, Maroudas and Schneiderman, 1987, Muir, 1979). Since the tissue fluid
is not contained within the cell membranes, its volume concentration, organization and
behaviour depend on its interaction with the structural macromolecules.
The structural macromolecules include collagens, proteoglycans and noncollagenous
proteins or glycoproteins (Figure 2.2, Muir, 1979, Muir et al., 1970).

The principle

collagen of articular cartilage, type II, accounts for 90-95% of total cartilage collagen.
Cartilage also contains at least three quantitatively minor collagen types V I , I X and X I
(Buckwalter and Mankin, 1997).

Types II, IX and X I form cross-banded fibrils

extending throughout the tissue.

Type V I collagen appears to form immediately

surrounding the chondrocytes, helping them attach to the matrix (Buckwalter and
Mankin, 1997).
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• Fluid
• Collagen
• Proteoglycans
El Other Proteins
• Chondrocytes

Figure 2.2: Percentage wet weight contributions of articular cartilage components.

Proteoglycans form the major macromolecule of cartilage after collagen. They have
multiple forms including large proteoglycans called aggrecans, and small proteoglycans
including decorin, biglycan and fibromodulin (Poole et al., 1996). Aggrecans consist of a
protein filament with multiple oligosaccharides and chondroitin and keratan sulphate
chains (Figure 2.3, Buckwalter et al., 1990).
In the matrix, most of the aggregating proteoglycan monomers associate with hyaluronic
acid filaments and link proteins to form aggregates (Figure 2.3, Kimura et al., 1980,
Hardingham and Muir, 1973).

The superficial regions of articular cartilage contain

primarily the smaller aggregates with a low chondroitin sulphate to hyaluronate ratio and
few monomers per aggregate.

The deeper regions contain both the small and large

aggregates with a high chondroitin sulphate to hyaluronate ratio and more monomers per
aggregate (Buckwalter et al., 1994, Muller et al., 1989).
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Figure 2.3: Schematic drawing of a proteoglycan aggregate

The small proteoglycans have shorter protein cores and bind to the macromolecules.
Decorin and fibromodulin for example, bind with type II collagen and may have a role in
organizing and stabilizing the type II collagen meshwork (Hedbom and Heinegard, 1989,
Hedbom and Heinegard, 1993). The non-collagenous proteins and glycoproteins are not
as well understood.

There is a wide variety of these molecules within normal adult

articular cartilage but only a few have been studied; anchorin CII, oligomeric protein,
fibronectin and tenascin (Buckwalter and Mankin, 1997).

2.1.3

Chondrocyte-matrix adhesion

High concentrations of type VI collagen have been observed surrounding isolated canine
tibial chondrons by light, confocal and electron microscopy (Poole et al., 1992). At an
ultrastructural level, many type VI collagen microfibrils impinge directly onto the cell
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membrane. These pericellular concentrations clearly suggest that this collagen plays
an important role in regulating cell-matrix interactions in articular cartilage.
It has been suggested that type VI collagen plays a dual role in the maintenance of
chondron integrity (Poole et al., 1992). First, it could bind to the collagen network and
stabilise the pericellular microenvironment. Secondly, several cell surface receptors exist
which could mediate the interaction between the chondrocyte and type VI collagen.
These receptors could provide anchorage

and signalling potentials between

the

pericellular matrix and the cell nucleus. Both integrin receptors (Section 2.2.2) and nonintegrin receptors such as anchorin CII, the hyaluronan receptor CD-44 and the
developmental receptor NG2 have all been identified on the chondrocyte surface and
could be involved in attaching type VI collagen to the cell membrane.
The binding of extracellular type II collagen to chondrocytes is mediated by a membrane
bound glycoprotein called anchorin CII (Mollenhauer et al., 1984).

The binding of

radioactively labelled type II collagen to chondrocytes as well as the attachment of
chondrocytes to type II collagen substrates is reduced, but not completely inhibited, by
antibodies to anchorin CII (van der Mark et al., 1986).

The same antibodies label

anchorin CII at the surface of chondrocytes in-situ and in cell culture. It is possible that
anchorin CII serves to anchor the cell in the extracellular matrix without further
consequences to cell function (van der Mark et a l , 1986).
The fact that chondrocyte attachment to collagen substrates cannot be completely
inhibited by antibodies to anchorin CII indicates that alternative mechanisms of
chondrocyte-collagen interaction may exist.

Chondronectin, for example, mediates

adhesion of chondrocytes to type II collagen but only in the presence of chondroitin
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sulphate (van der Mark et al., 1986).

Chondronectin has also been observed with

immunohistochemical localisation in the pericellular matrix of chondrocytes in canine
articular cartilage (Burton-Wurster et al., 1988).
Fibronectin is also found in the pericellular matrix and can bind to itself and to a variety
of matrix components including hyaluronic acid and glycosaminoglycans (BurtonWurster et al., 1988, Burton-Wurster et al., 1997).

At the chondrocyte membrane,

fibronectin binds with the a5pi integrin receptor (specific for fibronectin) as well as nonintegrin receptors including cell surface proteoglycans and gangliosides (Burton-Wurster
et al., 1997). Increased accumulation of fibronectin in osteoarthritic cartilage has also
been reported, however the mechanism behind this phenomenon is not currently
understood (Burton-Wurster et al., 1988).

2.1.4

Functional properties

The heterogeneous histoarchitectural and compositional properties of articular cartilage
with depth are closely related to the functional properties of the tissue. Kempson et al.
(1973) found a statistically significant correlation between failure stress and collagen
content for articular cartilage samples taken near the articular surface, but no significant
correlation was found between failure stress and proteoglycan content.

Furthermore,

several researchers have found tensile properties of articular cartilage to be dependent
upon sample depth from the articular surface and sample orientation relative to the split
lines. Roth and Mow (1980) for example, found larger failure stresses in bovine articular
cartilage samples taken from the surface relative to the deep part of the tissue, and larger
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stresses in surface samples tested parallel to the split lines.

The collagen fibres,

therefore, appear to be primarily responsible for the tensile properties of articular
cartilage.
Removal of -65% of the total proteoglycan content using the enzyme trypsin led to a
tenfold decrease in the compressive modulus of articular cartilage samples (Armstrong
and Mow, 1982, Armstrong et al., 1981).

Schinagl et al., 1997 demonstrated that

compressive modulus increases significantly with depth from the articulating surface of
bovine cartilage. Values ranged from 0.079MPa in the superficial layer to 2. IOMPa in
the deep zone.

Additionally, average permeability shows a non-linear positive

relationship with water content (Armstrong et al., 1981) and an inverse relationship with
fixed-charge density; an indicator of glycosaminoglycan content (Muir et al., 1970).
Finally, equilibrium modulus correlates negatively with water content (Armstrong and
Mow, 1982) and positively with uronic acid content (Armstrong et al., 1981) in human
articular cartilage. Therefore, proteoglycans and the tissue fluid retained by them appear
to be primarily responsible for the compressive properties of articular cartilage.

2.2

2.2.1

Articular cartilage loading

Biological response

The heterogeneity of articular cartilage described above makes it difficult to precisely
characterize the micro-mechanical environment surrounding individual chondrocytes.
Furthermore, the charged, hydrated nature of the extracellular matrix leads to a host of
mechanical, physiochemical and electrical effects that may result from mechanical load
and therefore might be sensed and responded to by the chondrocytes. These phenomena
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include stress, strain, hydrodynamic/osmotic pressure, fluid flow, ion flow and
electrical potential/current (Mow et al., 1999). Associated with the deformation of the
extracellular matrix are other effects such as deformation of the chondrocytes, an increase
in the pericellular concentrations of proteoglycan and fixed charge density, as well as
changes in the interstitial ion concentrations and pH (Mow et al., 1994). Currently, there
is some evidence that any (or all) of these phenomena are involved in the signal
transduction mechanisms of the chondrocyte.
The extracellular matrix plays a critical role in mechanotransduction pathways and
isolated cells may respond very differently when compared to cells within the matrix.
Parkkinen et al. (1994), for example, showed that short term hydrostatic pressurization
(5MPa, 0.5Hz for 90min) stimulated proteoglycan synthesis in explants but inhibited it in
chondrocyte monolayers. Consequently, only experimental studies using intact joints or
expiants of articular cartilage loaded in-vivo or in-situ will be used in the following
discussion. It must be kept in mind however, that although an expiant preserves the
heterogeneity of the tissue and keeps the cells within the matrix, the effects of machining
and culturing the explant on cell response is currently unknown.

2.2.1.1 Cartilage expiant loading
Cartilage expiants are usually cylindrical osteochondral cores three to five millimetres in
diameter depending on the size of the joint surface.

Biological responses have been

measured on both the protein and mRNA levels.

Glycosaminoglycan and protein
3
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synthesis are typically measured using radiolabeled

S-sulphate and

H-proline

incorporation (Sah et al., 1989) and mRNA levels measured using quantitative or semi-
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quantitative reverse transcriptase polymerase chain reaction (RT-PCR) techniques
(Valhmu et al., 1998).

2.2.1.1.1 Confined and unconfined compression
The vast majority of expiant loading protocols have used confined or unconfined
compression tests.

Confined compression encloses the cartilage in an impermeable

chamber, laterally restricting the tissue, while unconfined compression offers no lateral
constraints. These protocols have been utilised to investigate articular cartilage response
to monotonie quasi-static and cyclic loading.
Bachrach et al. (1995) investigated the time dependency of the mechanotransduction
tissue response to static load. This study involved a static confined load of 0.1 M P a
applied for 10 minutes or 20 hours to bovine cartilage. Compression applied for 10
minutes was found to stimulate proteoglycan synthesis by 60%, though when applied for
20 hours synthesis was suppressed by 48%.

Furthermore, when the load was applied for

just 10 minutes, synthesis remained stimulated for up to 20 hours. Boustany et al. (1995)
studied the role of interstitial pH in the biosynthetic response of bovine cartilage tissue to
static compression.

Acidification was induced by compression of the expiant, or by

increasing glycosaminoglycan content.

Compression resulted in a decrease in

proteoglycan and protein biosynthesis, whereas increasing the glycosaminoglycan
content increased biosynthesis. When the duration of these two changes was increased
from 14 to 60 hours, the relationship between biosynthesis rate and pH was reversed for
compression, and remained the same for increased glycosaminoglycan content.
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Studies by Ragan et al. (1999) and Valhmu et al. (1998) demonstrated an up-regulation
of Coll II and/or aggrecan mRNA expression after 30 minutes and one hour of static
compression, respectively. Ragan et al. (1999) found no effect relative to controls at four
hours post load and a significant down regulation of both genes 24 hours after load
application. Valhmu et al. (1998) reported no effect of load on aggrecan gene expression
at 4, 12 or 24 hours post loading.
Palmoski and Brandt (1984) applied static or dynamic stress to articular cartilage taken
from normal adult dogs. Glycosaminoglycan synthesis was suppressed to 30-60% of that
in controls and protein synthesis also decreased with static stress. In contrast, when the
load was cycled, glycosaminoglycan synthesis was increased by 34% and there was no
effect on protein synthesis.
Sah et al. (1989) examined the biosynthetic response of calf articular cartilage to dynamic
unconfined compression.

The dynamic loading covered a wide range of amplitudes,

waveforms, and frequencies.
3

At high frequencies (0.01-1 Hz), strains of only 1.5%
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increased H-proline and S-Sulphate incorporation by 20-40%.
frequencies

(0.0001-0.001 Hz), strains of <5% had no effect.

In contrast at low
This study also
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demonstrated that at low frequencies, strains greater than 5% stimulated S-Sulphate
incorporation by 20-40%. In order to better understand the mechanisms behind cartilage
metabolic response to dynamic load, K i m et al. (1994) subjected bovine articular
cartilage to small amplitude dynamic unconfined compression over a wide range of
frequencies.

The frequency dependence and the spatial (radial) distribution of the

biosynthetic response within 3mm diameter expiant discs was investigated. Compression
of frequencies between 0.002 and 0.01Hz caused a stimulation of biosynthesis that was
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distributed throughout the disc, compression at 0.1 Hz caused a stimulation that was
largely confined to the outer radial periphery.
Fehrenbacher et al. 2003 reported a down-regulation of Coll IA and II mRNA levels, but
no effect on M M P s or TIMPs, in cartilage expiants after 50 minutes of cyclical loading.
In comparing the diverse responses of articular cartilage to static and dynamic
compression, the complexity of potential signals being sensed by chondrocytes is clear.
Furthermore, the difficulty in comparing experimental studies has made the task of
understanding mechanotransduction more complex. This is clearly demonstrated by the
results of stimulated synthesis over 20 hours of confined static compression obtained by
Bachrach et al. (1995) and suppressed synthesis after 14 hours of unconfined static
compression by Boustany et al. (1995). The confìned/unconfìned nature of the loading,
magnitude and duration of load, the species assessed and the harvest site of the expiants
are some factors that could contribute to the contrast in results. Nevertheless, it would
appear that articular cartilage expiants have both strain amplitude and frequency
thresholds that trigger biological responses.

Furthermore, it appears that the cartilage

mRNA response to loading is rapid, occurring as early as 30 minutes to 1 hour post-load
application, and occurs for only a specific sub-set of genes.

2.2.1.1.2 Hydrostatic pressure
The major advantage of experiments using a hydrostatic pressure system is that loading
of this nature almost completely excludes the other physical phenomena involved in
normal cartilage loading. There is little, i f any, flow of water around chondrocytes in a
hydrostatic pressure chamber, neither is there any cell shape change.
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Interestingly, amplitude and frequency dependent "thresholds" have also been
demonstrated in expiants under hydrostatic pressure. Hall et al. (1991) studied bovine
expiants exposed to different static pressure magnitudes.

They found that protein

synthesis was stimulated for pressures varying from 5-15MPa, applied for 20 seconds or
5 minutes but higher pressures (20-50MPa) had no effect. Parkkinen et al. (1994) applied
cyclic hydrostatic pressure to cartilage expiants at varying frequencies.

Cyclic
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hydrostatic pressure of 5MPa stimulated S-Sulphate incorporation when a 0.5Hz cycle
was applied.

2.2.1.2 In-vivo loading
Two main approaches have been utilised in an attempt to quantify the biological
responses of articular cartilage in-vivo.

Surgical intervention models, such as A C L

(anterior cruciate ligament) transection and meniscectomy, have been developed to alter
the normal loading magnitudes and distributions within the joints of a variety of animal
species (Brandt, 2002). The canine and feline A C L transection model will be discussed
in detail in Section 2.3.1.2.
The second approach has been to alter physical activity ranging from immobilisation by
cast (Palmoski and Brandt, 1981, Behrens et al., 1989, Jurvelin et al., 1989) or external
fixator (Behrens et al., 1989) to strenuous physical exercise (Palmoski and Brandt, 1981).
These studies have shown that decreased loading increases water content (Palmoski and
Brandt, 1981, Behrens et al., 1989), decreases cartilage thickness (Palmoski and Brandt,
1981) and decreases proteoglycan synthesis (Palmoski and Brandt, 1981, Behrens et al.,
1989). Allowing ten degrees of knee motion in a casted joint caused a reduction in the
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decrease in proteoglycan synthesis and a faster recovery period for 'immobilised'
canine knee joints (Behrens et al., 1989). Complete recovery was observed in animals
allowed three weeks of free movement after immobilisation, however vigorous exercise
during recovery led to a continuous degradation in cartilage thickness and an increase in
proteoglycan synthesis relative to controls (Palmoski and Brandt, 1981). These studies
demonstrate that mechanical factors induce changes in the composition, morphology,
metabolic activity and mechanical properties of articular cartilage.
In-vivo studies have enabled physiologically relevant alterations in joint load to be
applied to cartilage that remains in its natural environment.

These experiments give

strong evidence that altered joint loading induces mechanical and metabolic changes in
cartilage. Conclusions are limited however, by an inability to precisely determine the
magnitude and distributions of the cartilage loading in-vivo and/or to replicate the exact
load changes experienced by one animal in another. Consequently, determination of the
relevant mechanical signals to the chondrocyte is also limited.

2.2.2

Chondrocyte shape and volume

Chondrocyte shape and volume changes and possible related signal transduction
pathways have been investigated in compressed expiants of articular cartilage using
confocal microscopy (Guilak, 1995, Guilak et al., 1995).

Volumetric images of

chondrocytes were recorded in three different zones of an osteochondral expiant
following

a

15% surface-to-surface

compressive

displacement

(Guilak,

1995).

Significant decreases in cell height of 26%, 19%, and 20%, and decreases in cell volume
of 22%, 16%, and 17% of control values were observed in the surface, middle and deep
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zones, respectively. These findings indicate that chondrocyte shape and volume are
integrally linked to extracellular matrix deformation, supporting the hypothesis that
chondrocytes undergo significant deformation during in vivo loading of the joint.
A direct physical connection between the extracellular matrix and the cell nucleus which
may serve to convert mechanical signals into intracellular messages, has also been
proposed (Guilak, 1995, Glanz, 1997). Guilak, 1995 used confocal microscopy to
quantify the deformation behavior of the chondrocyte nucleus with compression of the
cartilage matrix. Unconfined compression of osteochondral expiants to a 15% surface-tosurface strain resulted in a significant decrease of chondrocyte height and volume by 14%
and 11%, respectively, and of nuclear height and volume by approximately 9% and 10%,
respectively.

Disruption of the actin cytoskeleton using cytochalasin D altered the

relationship between matrix deformation and the decrease in nuclear height and shape,
but did not affect the corresponding volume changes. These results suggest that the actin
cytoskeleton plays an important role in the link between compression of the extracellular
matrix and deformation of the chondrocyte nuclei, and imply that chondrocytes and their
nuclei undergo significant changes in shape and volume in vivo.
The findings of these confocal microscopy experiments are supported by studies that
have compressed and then histologically fixed cartilage expiants.

Cell and nucleus

volume and radii in the direction of compression decreased in approximate proportion to
the reduction in cartilage thickness (Buschmann et al., 1996, Wong et al., 1997).
Compression also resulted in an increase in the mean cell density within the tissue. Cell
and nucleus dimensions perpendicular to the direction of compression however, did not
change significantly. Furthermore, Quinn et al. (1998) found that proteoglycan matrix
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deposition around individual chondrocytes became directionally dependent under static
compression, with the most rapid rates of deposition occurring perpendicular to that of
the applied compression. They hypothesized that this may suggest a rearrangement of the
nucleus to the 'centre' of the cell and the Golgi and secretary apparatus to the cell
periphery. Secretion may then be biased to occur in directions perpendicular to that of
the applied compression.
Membrane anchored structures such as integrins would be a key component to a system
where the direct physical connection between the extracellular matrix and the cell nucleus
exists to convert cell shape changes into intracellular messages. Integrins span the cell
membrane, binding to matrix macromolecules such as collagen bundles extracellularly,
and to a-actinin or talin on the P subunit in the cytoplasm (Banes et al., 1995).
Mechanical perturbation of the matrix molecule would be passed directly through the
integrin and cytoskeleton to the nucleus.
A further, indirect mechanism whereby integrins can transmit cell shape changes to
activate a biological response in the cell is through the release of chemical second
irc

messengers (Ingber, 1991). Chemical signalling molecules, such as pp60 , have been
located with integrins within focal contacts in fibroblasts and within adhesion sites in
nerve growth cones.

The integrin potentially initiates a cascade of rapid enzymatic

responses such as phosphorylation or dephosphorylation (Banes et al., 1995).
In addition to integrins, some ion channels located in the cell membrane can also respond
to changes in the shape of a cell. Mechanically activated ion channels are connected to
the cytoskeleton and can be activated by phosphorylation of their cytoplasmic tails
5

(Banes et a l , 1995). Once opened, these channels can pass ions at a rate of IO to IO

6
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ions/s. It is believed that ion channels may play a key role in some or all initial
responses to mechanical load (Banes et al., 1995).

2.2.3 Collagen fibre reorientation and crimp
In addition to chondrocyte deformation, evidence is growing to support deformation of
the collagen fibre network with cartilage loading. Rapid freezing and freeze-substitution
techniques have enabled the collagen fibres of loaded articular cartilage to be examined
by scanning electron microscopy (Notzli and Clark, 1997, Glaser and Putz, 2002). These
studies describe a periodic crimp or buckling effect occurring in the fibres of the middle
and deep layers directly under the loading site. Additionally, radial fibres are seen to
bend outwards away from the load site, effectively creating a tangential zone where none
had existed before (Notzli and Clark, 1997, Glaser and Putz, 2002). Glaser and Putz
(2002) hypothesised that this bending distributed the locally applied load sideways, away
from the loading site, recruiting a larger volume of cartilage for load transmission.
Furthermore, the tangential superficial fibre layers play a key role in this mechanism,
with removal of the tangential zone impairing load transmission (Glaser and Putz, 2002).

2.3

Articular cartilage damage

Focal chondral or osteochondral defects such as softening, swelling, fibrillation or
Assuring are frequently observed in the human patellofemoral joint at surgery or autopsy
(Meachim and Emery, 1974, Hjelle et al., 2002, Outerbridge, 1961, Bentley, 1985).
Additionally, these defects occur at an earlier age, are more severe and cover a larger
portion of the cartilage surface on the patella compared to the femoral groove (Meachim
and Emery, 1974, Hjelle et al., 2002, Outerbridge, 1961, Seedhom et al., 1979, Emery
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and Meachim, 1973). For example, in one autopsy series, 92 of 98 individuals (aged
four to 94 years) demonstrated either overt cartilage fibrillation or full thickness cartilage
loss covering 5 - 100% of the patellofemoral surfaces (Meachim and Emery, 1974). Of
1,000 consecutive knee arthroscopies, 14% demonstrated softening and swelling defects
and 3% demonstrated focal lesions in the patellofemoral cartilage (Hjelle et al., 2002).
Furthermore, patients with lesions frequently had an associated meniscal and/or ligament
injury (Hjelle et al., 2002).
Articular cartilage damage, erosion and/or remodelling is one of a number of signs
associated with Osteoarthritis (OA) disease. The initial stages of OA are characterized by
hypertrophy of the joint and associated tissues. Alterations in the cartilage matrix involve
a decreased proteoglycan concentration, increase in water content, disruption of the
collagen network and potential death of chondrocytes. As O A progresses, degenerative
changes become visible to the naked eye and are characterized by fibrillation, fissuring,
and chondral flaps. Finally, O A involves full thickness loss of cartilage with exposure of
subchondral bone (Mankin et al., 1986, Buckwalter and Mow, 1992).
Two common clinical conditions associated with the development of O A in the
patellofemoral joint are rupture of the anterior cruciate ligament (ACL) and softening of
the patellar cartilage.
deficiency.

For the purpose of this discussion we will focus on A C L
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2.3.1

Anterior cruciate ligament (ACL) deficiency

2.3.1.1 Human
Rupture of the A C L has been called 'the beginning of the end of the knee' (Conteducca et
al., 1991). If left untreated, the natural course of the A C L deficient knee involves the
progressive degeneration of its function, increased rotational instability, meniscal tears,
cartilage degeneration and posttraumatic OA. For example, two thirds of patients (n=40)
demonstrated mild degenerative changes 4 to 10 years after their A C L tears had been
treated non-operatively (Pattee et al., 1989). Furthermore, a long term retrospective study
reported 44% of patients (n=37) with A C L injuries treated conservatively showing
significant roentgenographic changes indicative of arthritis approximately 11 years postinjury (Noyes et al., 1983). Surgical reconstruction of the A C L is often performed in
patients to help restore stability and function to the knee. While patient satisfaction and
functional results are generally good, clinical studies suggest that reconstruction may not
provide substantial improvements to long-term degenerative changes (Meyers et al.,
1986). Half of the patients (n=187) who had undergone reconstruction 3-89 months
previously, demonstrated defects in the patellofemoral cartilage particularly around the
central ridge of the patella (Shino et al., 1993).
As well as leading to degenerative changes in the knee, ACL-deficiency also alters
normal knee joint kinematics. The anterior/posterior translation in ACL-deficient knees
is significantly increased compared to normal healthy subjects (Marans et al., 1989,
Jonsson et al., 1989). Andriacchi (1990) found that during low stress activities such as
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level walking, ACL-deficient patients adapted their gait to avoid quadriceps
contraction, and the resulting anterior force on the tibia, near full extension.
In summary, ACL-deficiency in humans results in alterations to knee joint kinetics and
kinematics and degenerative changes occur in the articular cartilage regardless of A C L
injury treatment strategy. Detailed studies of ACL-deficient human articular cartilage are
made difficult by the lack of available tissue, especially at the early stages when
treatment involves minimal invasion of the joint and little or no removal of cartilage.
Animal

models

of

ACL-deficiency

have

provided

a

means

of

obtaining

damaged/degenerated articular cartilage for study.

2.3.1.2 Animal models
Animal models of A C L section are reasonably consistent in reproducibility, have an
exact time of joint derangement and simulate naturally occurring clinical sequences
found in man (Moskowitz, 1984).

Detailed, long term studies of the pathologic,

biochemical and kinematic alterations associated with this model have been reported,
particularly in the dog and more recently in the cat. These studies will be discussed
below.

2.3.1.2.1 Canine anterior cruciate ligament (ACL) transection
Transection of the A C L in the dog produces morphological, biochemical and metabolic
changes in the cartilage that closely resemble those in human O A (Pond and Nuki, 1973,
Mc Deviti et al., 1977). The early response of the cartilage in the unstable knee is
hypertrophy (Adams and Brandt, 1991). Cartilage thickness is increased in the A C L deficient knee for up to 36 months post ACL-transection (Brandt et al., 1991a, Adams,
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1989). Adams (1989) observed a smaller increase in cartilage tissue mass in the more
constantly loaded surfaces of the knee (tibial plateaus and patellae) compared to the
intermittently loaded femoral surfaces.

The amount of proteoglycan and the rate of

proteoglycan synthesis were also increased in these animals three days to 63 weeks post
surgery. At 45 months post surgery, focal loss of articular cartilage in the central area of
the medial femoral condyle was seen in three dogs involved in a long-term study (Brandt
et al., 1991b). Bleeding associated with the surgical sectioning of the A C L also appeared
to affect the severity of the changes observed with ACL-transection (Myers et al., 1990).
When bleeding was controlled with electrocautery and irrigation morphological changes
ten weeks after A C L transection were less severe compared to those when these
techniques were not utilised. Biochemical changes, however, were similar regardless of
the surgical technique (Myers et al., 1990). In summary, A C L transection in the dog has
been shown to be a valid model of human OA; it progresses over the time course of four
to five years and has an initial hypertrophic response.
Changes to joint loading patterns after ACL-transection have been postulated to influence
joint degeneration. Quantification of these changes in the canine ACL-transection model
has involved measurement of vertical ground reaction forces and joint kinematics.
Vertical ground reaction forces during locomotion were reduced by over 50% in A C L deficient limbs two, six, and twelve weeks following A C L transection compared to
preoperative values (O'Connor et al., 1989).

Dogs two and a half years post A C L

transection showed signs of recovering the vertical ground reaction force towards a
normal baseline value. Interestingly, vertical ground reaction forces in the contralateral
hindlimb and in the forelimbs were not altered. Furthermore, sham operated dogs, were
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not changed in any of the limbs two and six weeks following surgery (O'Connor et al.,
1989).
External and internal kinematic analyses of the hindlimbs of ACL-deficient dogs have
also been performed.

Vilensky et al. (1994) measured hindlimb kinematics using

external skin markers in ACL-deficient dogs prior and up to 26 weeks following A C L
transection. Following A C L transection, knee angle during the yield-propulsion phases
of touchdown, often associated with weight acceptance, were reduced by about 10°. The
duration of stance was also decreased compared to preoperative values, but returned to
preoperative values within six weeks of A C L transection. Knee angles were not altered
following sham surgery. Tashman and Anderst (2003) measured the tibiofemoral joint
kinematics before and two months after ACL-transection using a combination of high
speed biplane radiography and static computed tomography. Tibiofemoral translations
and rotations were larger after ACL-transection.

In particular, anterior translation

increased by ~5mm and flexion angle was increased by 10-20°.
In summary, changes in joint loading and kinematics have been observed in the A C L deficient knees of dogs (O'Connor et al., 1989, Vilensky et al., 1994, Tashman and
Anderst, 2003).

These changes have been suggested to be a compromise between

attempting to use the unstable limbs while avoiding sensations of pain and instability
(Vilensky et al., 1994).

2.3.1.2.2 Feline anterior cruciate ligament (ACL) transection
More recently, A C L transection in the cat has been introduced as a model of OA (Herzog
et al., 1993). Twelve weeks following A C L transection in the cat, the medial joint
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capsule of the experimental hindlimb was thickened and osteophytes were observed
especially in the medial femoral condyle and the A C L insertion sites. Also the medial
menisci appeared ragged and was torn in one animal.

Cell density was increased,

chondrocytes appeared in clusters, and water content and the amount of hexuronic acid
were increased in the cartilage of the ACL-deficient knees (Herzog et al., 1993). Sixteen
weeks following intervention, articular cartilage thickness and stiffness were significantly
increased and decreased respectively in the experimental femurs and patellae. Articular
cartilage material properties (effective Young's modulus and permeability), however,
were the same in the ACL-transected and intact joints (Herzog et al., 1998).

X-ray

images of the patellofemoral joint at three and six months following A C L transection
showed osteophytes and an increase in the patellofemoral joint space (Suter et al., 1998).
Degeneration in the experimental knee continued through to twelve months when there
was osteophyte formation at the joint margins and an increase in cartilage thickness
throughout the joint (Suter at al., 1998). In six animals sacrificed >57 months post A C L
transection, the experimental knees were wider than the contralateral controls and
experimental medial collateral ligaments and medial menisci were double the mass of
those in the contralateral joint (Clark et al., 2002). Full thickness cartilage erosion was
observed on the posterior portion of all medial tibial plateaus and partial erosion on the
lateral plateaus of experimental limbs.

There was extensive osteophytic growth

throughout the experimental knees; surrounding the tibial plateaus, medial femoral
condyles and along the femoral groove ridges.

Contralateral knees demonstrated

morphological changes similar in nature, though less severe and extensive, than in the
experimental joints (Clark et al., 2002).
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In summary, the feline ACL-transection model demonstrates an initial hypertrophic
response and long-term full thickness articular cartilage erosion, extensive osteophytic
growth and menisci and ligament changes similar to those observed in human OA. This
evidence suggests that the cat is an appropriate model to study the onset and development
of this disease and/or specific morphological aspects of OA.
Attempts to quantify the changes in joint loading, which presumably lead to joint
degeneration in the cat, have benefited greatly from the extensive data base of
neuromuscular control, muscle mechanics and locomotor kinematics that already exist for
this animal. Static, peak vertical ground reaction forces were decreased immediately
after A C L transection compared to the intact contralateral hindlimb and remained
decreased for about seventeen weeks post A C L transection (Herzog et al., 1993). After
about eighteen weeks, vertical ground reaction forces seemed to recover to preoperative
values. The external unloading was accompanied by a decrease in mass of the triceps
surae group in the ACL-deficient limbs compared to the contralateral intact limbs. This
difference in muscle mass between limbs was largest four weeks following A C L
transection and decreased at 12 and 35 weeks following A C L transection (Herzog et al.,
1993).

Muscle forces were decreased up to nine days following surgery with knee

extensor activity also decreasing (Hasler et al., 1998).

The burst of semitendinosus

activity preceding touchdown was prolonged in the ACL-deficient limbs and was
speculated to represent a stiffening of the knee at touchdown (Hasler et al., 1998). While
the ACL-deficient limb was clearly unloaded following A C L transection as measured by
ground reaction forces and muscular forces, the contralateral hindlimb appeared to be
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overloaded compared to values observed prior to A C L transection (Hasler et al., 1998,
Herzogetal., 1993).
Kinematic analysis of the hindlimbs of the ACL-deficient cats has identified significant
changes from normal locomotion. Knee angles were reduced by about 15° throughout the
entire gait cycle one week following A C L transection, while ankle and hip angles were
reduced at paw off in the experimental compared to the contralateral hindlimbs (Suter et
al., 1998). Knee extension at the end of the stance phase was reduced up to nine days
following surgery. Also, the ACL-deficient knees were carried in about 10° to 20° greater
flexion than the intact knees (Hasler et al., 1998). Hindlimb kinematics recovered to near
pre-surgical patterns over a one year period.
Patellofemoral contact forces, area, and pressure and tibial motion relative to the femur
have also been quantified for the A C L transection model of OA in the cat. Up to nine
days following A C L transection, resultant patellofemoral contact forces were decreased
by approximately 30% in the ACL-deficient hindlimbs (Hasler and Herzog, 1998).
Sixteen weeks after intervention total joint contact area and peak pressure were
significantly increased and decreased respectively in the experimental compared to the
contralateral joint (Herzog et al., 1998).

Passive anterior-posterior displacement and

medial-lateral rotation of the tibia on the femur in the feline knee were assessed before,
immediately after and two and four months after ACL-transection (Maitland et al.,
1998a&b). Displacement at 15N of anterior force and 30° of knee flexion increased by
6mm following transection and stiffness decreased by 6N/mm. At two and four months
following transection, there were statistically significant reductions in this abnormal
displacement and increased stiffness.
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In summary, changes in joint loading and kinematics have been observed in the A C L deficient knees of cats (Hasler et al., 1998, Herzog et al., 1993, Suter et al., 1998). These
changes have been speculated to be an initial protective strategy for the prevention of
rapid joint breakdown with a recovery to normal values over time corresponding to
improved knee stability (Suter et al., 1998).

Finally, decreased loading of the

patellofemoral joint immediately after ACL-transection has been postulated to initiate the
early degenerative changes observed in the articular cartilage of experimental animals
(Hasler and Herzog, 1998, Herzog et al., 1998).
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Chapter Three

Contact Area and Pressure Distribution in

the Feline Patellofemoral Joint under Physiologically
Meaningful Loading Conditions
3.1

Introduction

Articular cartilage fulfills its essentially biomechanical function over the lifetime of a
joint under normal physiological conditions.

Loading conditions outside the physical

norm however, can alter the composition, structure and material properties of articular
cartilage.

Cartilage degeneration has been initiated experimentally in animals by

excessive loading (Moskowitz, 1984), joint immobilization (Section 2.2.1.2, Jurvelin et
al., 1986) and joint disruption by anterior cruciate ligament transection (Section 2.3.1.2).
Thus, the mechanical environment of articular cartilage is an important factor affecting
its health, and consequently, the function of the joint and the progression of joint
degeneration.
The importance of joint loading to the health of articular cartilage has led to
investigations into contact area and stress distribution within various joints. The contact
area within the tibiofemoral joint was initially investigated using roentgenographic
methods (Kettelkamp and Jacobs, 1972) and casting techniques (Walker and Hajek,
1972). These studies helped identify the meniscii as load distributing structures of the
knee.

Fukubayashi and Kurosawa (1980) combined the casting method with Fuji

pressure sensitive film to measure both contact area and pressure distribution in the
tibiofemoral joints of degenerated and healthy knees with and without meniscii.
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Degenerated knees were found to have a larger contact area when compared to healthy
joints, and the pressures experienced by the cartilage increased significantly when the
meniscii were removed. Ahmed et al. (1983) measured static pressure distribution in the
tibio- and patello-femoral joints using a micro-indentation transducer.

The stress

distribution within the patellofemoral joint was found to be dependent upon the degree of
action of the various components of the quadriceps muscle group.
When using any technique to measure contact area and pressure distribution in an
articulating joint, its disruption of the natural contact mechanics of the surfaces must be
considered. Instrumented pipes inserted part-way into the articular cartilage from the
underlying subchondral bone were used by Inaba and Arai (1989) to evaluate
instantaneous contact pressures in the tibio-femoral joint. The severe disruption of the
joint and cartilage by this method limits its application to in-vivo work.

Inserting

pressure sensitive film or a transducer between two articulating surfaces will alter the
congruency and compliance of the joint and may result in unrealistic stress values. A
single packet of Fuji pressensor film, for example, can change the maximum true contact
pressures by 10-20% (Wu et al., 1998).
Contact area and pressure distribution have been measured in the cat patellofemoral joint
in-vivo (Ronsky et al., 1995, Herzog et al., 1998). In these studies, Fuji film was inserted
through bilateral rectinacular incisions directly between the articulating surfaces of the
joint by retracting the patella. Knee extensor forces were produced by stimulation of the
femoral nerve while the tibia was held in position by a restraining bar. The resulting
patellofemoral joint contact pattern was recorded directly onto the Fuji

film.

This
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technique has enabled comparison of anterior cruciate ligament intact and transected
joints as well as early stage osteoarthritic and contralateral joints (Section 2.3.1.2.2).
Despite the increased relevance given by these in-vivo measurements, the methods were
limited in two ways. Firstly, as pressure sensitive film records all pressures applied
during measurement, relative patella sliding during isometric contraction may have
resulted in an overestimation of the contact areas and pressures corresponding to the final
contraction position. Secondly, because the film was introduced into the patellofemoral
joint in a medio-lateral direction, it was constrained to negotiate both of the curvatures
found in the 'saddle' of the femoral groove, leading to multiple pressure artifacts on the
film.
The purpose of this study, therefore, was to determine contact area and mean and peak
pressures in the healthy feline patellofemoral joint over the complete range of possible
applied force. It was hypothesized that as the force applied to the joint increased, contact
area would increase proportionally, resulting in constant mean and peak pressures.
Furthermore, we wanted to improve upon the repeatability of previous measurements
while maximizing the physiological relevance of the results obtained.

3.2

3.2.1

Methods

Specimens and preparation

Five fresh frozen feline hindlimbs with all muscles, skin and soft tissues fully intact were
used for this study. The limbs were defrosted slowly at room temperature in an extended
position and then flexed to a knee angle of 100° against the tension of rigor that was
present in the muscles. This knee angle corresponds to the midstance angle at which

56
peak patellofemoral contact forces occur (Hasler and Herzog, 1998).

The force

through the patellar tendon aided in orientating the patella in a physiologically
meaningful way within the femoral groove. The patella and femur were then secured in a
specifically designed loading frame (Figure 3.1) in such a way as to approximate an in-

for patellar cement
and screws

@<s>
Femoral screws
Figure 3.1: The patellofemoral loading frame. Accuracy of positioning patella
relative to femur; ±40um, ±0.5°. The direction of force application along the
cylinder being approximately perpendicular to the patellofemoral contact force.

situ loading configuration. Two to three small screws were attached though the skin and
tendon to the retropatellar surface, care being taken not to penetrate the cartilage. Four
additional screws were then used to secure the guide part of the loading frame to the
distal end of the femur so that the patellar screws could be viewed through the hollow
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cylinder of the guide. The knee joint and the attached guide were then turned upsidedown and freshly mixed dental cement was poured into the top of the patellar cylinder.
The cylinder was locked rotationally in place after being pushed up through the guide
until the patellar screws were covered by the cement.

Once the dental cement had

hardened, the knee joint was dissected leaving just the femur bone and cartilage with the
guide attached to it, and the patella bone and cartilage with the cylinder attached to it.
The proximal end of the femur was then potted in a 6 degree of freedom loading jig and
positioned under an Instron (1122) materials testing machine so that the load was applied
centrally to the top of the cylinder.

3.2.2

Fujifilm

Low- and medium-grade pressure sensitive film (Fuji) was used to assess patellofemoral
contact area and pressure distribution respectively. The low- and medium-grade films
were prepared separately and not as a multiple film packet due to the increased thickness,
stiffness and crinkling potential associated with these packets (Atkinson et al., 1998).
The microcapsule and color developing layers of the film were sandwiched between thin
polyethylene adhesive layers to seal them (Liggins, 1997). Strips of sealed film were
prepared lem x IOcm to allow multiple measurements per strip. The strips were inserted
into the patellofemoral joint in an anterior/posterior direction, so that the film had to
negotiate only one curvature and thus, crinkle artifacts could be avoided.

3.2.3

Loading protocol

A constant force was applied to the patellofemoral joint and held for two seconds (short
duration trials) or five minutes (long duration trials).

Short duration trials were

58
performed at twelve force values and long duration trials were carried out at four
values. Additionally, pre- and post-load short duration tests were carried out 5-10 seconds
before and after the long duration trials respectively. The loading conditions covered the
entire range of possible contact forces (50-500N) and contained two mean values
observed in walking and running cats (Hasler and Herzog, 1998). Time was allowed
between loads for the cartilage to relax back to a steady state. Each test was repeated
with low- and medium-grade Fuji film and nine trials were duplicated to assess
repeatability. Following experimentation, the Fuji film strips were subjected to a series
of known pressures at the same speed for calibration. A 4mm diameter cylindrical
indentor attached to the Instron machine was used for this.

3.2.4

Fujifilm analysis

Fuji pressure sensitive film has an estimated accuracy of ±10% (Singerman et al., 1987),
and introducing the film into the patellofemoral joint causes errors in the actual joint
contact mechanics of approximately ±10% (Wu et al., 1998).

Furthermore, contact

measurements are difficult because of sensitivity at the boundaries.

With these

limitations in mind, we decided to quantify mean and peak pressures and contact area.
Digital images were obtained at a resolution of 600 pixels/inch from each Fuji film stain
using a digital scanner. M A T L A B Image Processing software was then used to modify
the digital images to account for the granular nature of the Fuji film (Liggins et al., 1995).
Specifically, the image was divided into sample areas 4 x 4 pixels large. The intensity of
the pixels in these samples was averaged and this mean applied across the entire 4 x 4
pixel sample area. This modification was made to maximize pressure resolution while
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maintaining satisfactory spatial resolution of the images.

Once modified, the mean ±

sd intensity of each medium-grade calibration stain was obtained and used to establish
meaningful ranges of pressure and their respective stain intensity thresholds (Table 3.1,

Table 3.1: Pressure ranges and stain intensity thresholds for the medium-grade Fuji
film.
Pressure Range (MPa)
<3.5
3.5-5.5
5.5-8
8-10
10-12
12-15
15-20
>20

Stain Intensity Thresholds
(0=white, l=black)
0-0.2413
0.2413-0.3125
0.3125-0.4054
0.4054-0.4885
0.4885-0.5683
0.5683-0.6505
0.6505-0.6795
0.6795-1

Liggins et al., 1995). The overall range of measurable pressures obtained in this way was
noticeably less than 10-50 MPa; the range calculated from the Fuji Prescale instruction
manual (1991). This discrepancy could be accounted for by the different experimental
conditions (temperature, load speed, humidity etc.) and/or the age of the film.
The medium-grade patellofemoral digital images were adjusted for the granular nature of
the film (using the method outlined above) before the pressure ranges were applied to
them to produce pressure distribution maps (Figure 3.2).

From these maps, mean and

peak pressure values were obtained. Peak pressure being defined as the largest contact
2

pressure measured in the film over an area of at least Imm .

The low-grade

patellofemoral images were used to obtain contact area measurements. A n intensity
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Figure 3.2: Analysis of the medium-grade patellofemoral stain for Cat 5 at 200N.
Digital images of a) the raw stain scanned at 600 pixels/inch, b) the adjusted stain
with mean intensities calculated over sample areas 4 x 4 pixels large to account for
the granular nature of the Fuji film and c) the pressure distribution map obtained
by applying the stain intensity thresholds. Increasing pressures are associated with
increasing stain darkness.

threshold was set by visual inspection for each series of stains to define the edges of
contact.

3.3

Results

The Fuji film stains achieved using our modified technique contained no crinkling or
folding artifacts (Figure 3.3). There was a large variability in stain shape between
animals, though within the stains for each animal, the shapes were consistent. The stains
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b)

Lateral
CATl

CAT 2

CAT 3

—1mm
CAT4

CAT5

Figure 3.3: Patellofemoral Fuji stains for all five cats at 300N of applied force on a)
low- and b) medium-grade film. Increasing pressures are associated with increasing
stain darkness.

from the low-grade film reached saturation at low loads enabling the edges of the contact
areas to be clearly defined (Figure 3.3a).

The medium-grade film stains enabled the

pressure distribution patterns to be observed and the mean and peak pressures to be
calculated.

3.3.1

Short duration trials

Contact area in the patellofemoral joint was shown to increase logarithmically with the
force applied (Figure 3.4). Increasing the applied force from 50-100N, for example, gave
2

a mean increase of IOmm in contact area, though increasing force from 400-450N, only
2

produced a 3mm increase in area. The variability in contact area between animals
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Figure 3.4: Contact area as a function of applied force for five subjects under short
duration load. Values calculated from low-grade film.

increased noticeably around 200N of applied force (Figure 3.4). This is close to the value
of peak patellofemoral contact force that has been observed experimentally in walking
cats (Hasler and Herzog, 1998). The repeatability of the contact area stains and their
measurements was demonstrated by the five repeated trials (Figure 3.5) with all
measurements falling within the 95% confidence interval about the predicted regression
line y=x. Furthermore, the intra-class correlation coefficient of these values is 99.1%.
2

The maximum variability was 4mm which occurred with cat 1 at 200N of applied force
(Figure 3.5).
In contrast to contact area, mean and peak pressures increased linearly with force (Figure
3.6 and Figure 3.7). Furthermore, the rate of increase of peak pressure with force was
approximately three times greater than that of mean pressure.

As the applied force

increased by a factor of five, mean pressure increased by a factor of two and peak

63

Figure 3.5: Trial 2 contact area as a function of trial 1 contact area for the 5
repeated short duration tests. The 95% confidence interval of the residuals about
the regression line y=x is also indicated.

25
0.0128X + 6 . 4 9 8 8
20

R

2

= 0.4881

o Cat 1

to

Q-

S

• Cat 2

15

10

Q)

100

a a

a

!...El- •
a %

EJ

•

O

8J X

200

a
a
«

a

a

ffi

H

>a

O

300

a
B

B

a

Cat 3

X Cat 4

+ Cat 5

400

500

A p p l i e d Force (N)

Figure 3.6: Mean pressure as a function of applied force for five subjects under short
duration load. Values calculated from medium-grade film and plotted as the median
value of the pressure range that included the mean pressure (Table 3.1).
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Figure 3.7: Peak pressure as a function of applied force for five subjects under short
duration load. Values calculated from medium-grade film and plotted as the median
value of the pressure range that included the peak pressure (Table 3.1). Values of
peak pressure associated with saturation of the Fuji film (22.5MPa) are only shown at
the two smallest values of applied force at which they occurred for each animal.

pressure by a factor of three.

Four trials were duplicated in order to asses the

repeatability of the mean and peak pressure measurements (Table 3.2). On all repeated
trials, both the mean and peak pressures remained the same. This would suggest that the

Table 3.2: Repeated short duration trials for the medium grade Fuji film and the
corresponding mean and peak pressure values obtained.
Cat Number

Force (N)

1
4
5
3

300
300
300
500

Mean Pressure (MPa)
Trial 2
Trial 1
9
9
9
9
13.5
13.5
13.5
13.5

Peak Pressure (MPa)
Trial 1
Trial 2
13.5
13.5
11
11
22.5
22.5
22.5
22.5
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resolution of these measurements was primarily limited by the accuracy of the Fuji
film that was defined by the pressure ranges that were established to interpret the stains.
There was greater variability in peak pressure than in mean pressure between animals
(Figure 3.6 and Figure 3.7). This is likely, again, a factor of the pressure ranges; their
magnitude increasing as the pressure increases (Table 3.1).
Comparison of the contact area (Figure 3.4) and pressure graphs (Figure 3.6 and Figure
3.7) reveals that cats with greater contact area for a given applied force (cats 1 and 4) had
smaller pressures for that force and cats with smaller area (cats 5 and 2) had greater
pressures, as would be expected. There does not appear to be any relationship, however,
between the shape of the Fuji stains (Figure 3.3) and those animals with greater/smaller
contact areas and/or pressures.
Applied force was back calculated by multiplying the mean pressure by the contact area
obtained from the short duration trials to enable a comparison of the calculated force and
the applied force (Figure 3.8). This comparison demonstrates that the calculated force
consistently underestimates the applied force by approximately 20%. This discrepancy
can be accounted for by considering the sensitivity of the Fuji films at the boundaries of
contact. On the one hand, the edges of the contact area where the pressures are below the
low

film

threshold are not observed on the stains, therefore

underestimated.

contact area is

On the other hand, the mean pressures from the medium film are

overestimation of the actual pressures, and so should offset, at least in part, the
underestimation of the contact force associated with the contact area. Our results would
suggest that the underestimation of contact area due to these boundary effects has a more
significant effect on our back calculation of applied force than the overestimation of
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Figure 3.8: Calculated force as a function of applied force for five subjects under
short duration load. Calculated force was determined from multiplication of the
mean pressure obtained from the medium-grade Fuji film by the contact area
obtained from the low-grade Fuji film for each subject and for each trial.

mean pressure. It also suggests that had we only used one of the films (either the medium
or low sensitivity films), contact force would have been underestimated to a greater
extent than here, probably by about 30-35%.

3.3.2

Long duration trials

For the long duration experiments, contact area increased up to 33% as the force applied
to the joint was held constant for five minutes (Figure 3.9). This effect was seen across
animals and for a variety of force values, though was no longer present after an unloading
period of five to ten seconds. The contact area values from the pre- and post-load short
duration tests compare well with one another and also with the values from the other
short duration trials (Figure 3.4).
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Figure 3.9: Contact area for the long duration tests carried out at four values of
applied force. Pre- and post-load short duration measurements were taken 5-10
seconds before and after the long duration loading respectively.

3.4

Discussion

Increasing contact area is one possible mechanism which the feline patellofemoral joint
may use to regulate the pressures experienced by the cartilage as the force applied to the
joint increases. In our in-situ loading configuration, this mechanism appears to be more
effective at influencing mean pressure as opposed to peak pressure; mean pressure
increasing by a factor of two and peak pressure by a factor of three as the applied force
increases by a factor of five. As the change in external in-situ loading conditions is
mirrored to a certain extent by the change in peak pressure, it is perceivable that large
external loading may lead to localized damage of the cartilage tissue in the areas of the
joint where peak pressures occur. Mean pressures, on the other hand, may provide a
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consistent 'background' pressure to the articular cartilage. It is pressures of this nature
that are more likely to be responsible for maintaining the general health of the tissue by
providing the appropriate mechanical stimuli for tissue adaptation and enabling fluid flow
to flush out waste products and be replaced by nutrients that are essential for the
maintenance and regeneration of articular cartilage. The results of this study, together
with earlier findings that demonstrate larger patellofemoral contact areas at joint angles
of increased muscle force potential (Ahmed et al., 1983), suggest that one of the design
criteria for articular surface shapes and articular cartilage properties may be the
maintenance of relatively similar joint contact pressures for a large range of loading
conditions and joint configurations.
The logarithmic nature of the relationship between applied force and contact area
suggests that this mechanism could be particularly effective at regulating pressures when
the forces applied to the patellofemoral joint are equal to or lower than the peak forces
experienced during normal walking in the cat. If this result is also apparent in-vivo, it is
during activities such as running and jumping, where the forces are larger (Walmsley et
al., 1978) and therefore the pressures are regulated to a lesser extent by increased contact
area, that damage to the articular cartilage is more likely to occur. Furthermore, the
increased variability in contact area between animals for a given applied force at these
larger forces suggests that it is during these higher impact activities that individual
differences in the response of the articular cartilage to load are more likely to be
observed.
The results from the long duration loads demonstrate that both load duration and load
magnitude are factors affecting the possible use of contact area to regulate pressures in
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the feline patellofemoral joint. The increase of contact area with time for a constant
external load reflects the effect of fluid flow and the consequent transfer of load from the
fluid phase to the matrix phase and cells of the articular cartilage. Similarly, the recovery
of contact area demonstrates the influx of fluid back into the tissue after a short period of
unloading.
The viscous behavior of loaded articular cartilage is a phenomenon that will require
continuous recording of precise contact area and pressure distribution patterns within a
joint for more detailed understanding. Such measurement is beyond the abilities of the
present methodology - Fuji film only records the total contact area and the maximal
pressures that have occurred throughout a given loading period.

Ideally, the

measurements should be made in a continuous manner and with a sensor of minimal
thickness and stiffness in order to preserve the natural contact mechanics (Wu et al.,
1998).
Despite the limitations of current methodologies, the use of the specifically designed
loading frame has enabled the clarity and repeatability of the Fuji film stains to be greatly
enhanced; eradicating complications due to patella sliding and folding/crinkling artifacts.
The absolute values obtained in this study also compare well with in-vivo values reported
earlier (Ronsky et al., 1995), and unpublished measurements made during a separate
experiment carried out in our laboratory.
The relationship between external loads applied to the feline patellofemoral joint and the
resulting mechanical environment of the articular cartilage is complex. Understanding
this relationship is an important step towards understanding the properties of articular
cartilage and the possible mechanisms that can cause the initiation and progression of
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joint degeneration. Knowledge in this area would benefit greatly from studies tackling
the viscous behavior of articular cartilage under load and also the changes in articular
cartilage

behavior

under

load

resulting

from

endstage

Osteoarthritis

disease.

Furthermore, combining the techniques reported in this study with those of biologically
fixing and/or marking the articular cartilage will enable the effects of external load at a
microstructural level to be investigated.
Summarizing, the results of this study suggest that changes in external forces are
attenuated to a certain extent inside a joint, specifically on and within the articular
cartilage.

This attenuation is achieved by the specific geometry of the articulating

surfaces and the viscoelastic properties of the cartilage. It likely represents a natural
protection of joints to high external load magnitudes. Although tested in a specific joint
in-situ, it is likely that a similar behavior would also be observed in-vivo and in other
synovial joints of the human and animal musculoskeletal systems.
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Chapter Four In-Situ Chondrocyte Deformation and
Reorientation with Physiological Compression of the Healthy
Feline Patellofemoral Joint
4.1

Introduction

Human and animal studies demonstrate that abnormal joint loading can alter the
composition, structure and material properties of articular cartilage (Section 2.2.1.2,
Section 2.3.1, Setton et al., 1994, Sah et al., 1997). These and other studies suggest that
the mechanical environment is an important factor governing the maintenance and
adaptation of articular cartilage, and thus the function of the joint and the progression of
joint degeneration.
Knee degeneration has been demonstrated clinically in humans when joint instability
follows cruciate ligament rupture (Section 2.3.1.1).

Based on these observations,

experimental models of osteoarthritis induced by surgical section of the cruciate ligament
have been studied in various species of animals including the dog (Section 2.3.1.2.1), cat
(Section 2.3.1.2.2), rabbit (Bray et al., 1992) and rat (Williams et a l , 1982). Changes in
joint loading and kinematics have been observed in the A C L deficient knees of dogs and
cats (Section 2.3.1.2). Of particular interest for this study is the decreased loading of the
feline patellofemoral joint immediately after anterior cruciate ligament transection
(Hasler and Herzog, 1998). This has been postulated to initiate the early degenerative
changes observed in the patellofemoral articular cartilage of these experimental animals
(Herzog et al., 1993, Herzog et al., 1998).
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Recent evidence suggests that cartilage deformation caused by mechanical loading is
directly associated with deformation and volume changes of chondrocytes (Section 2.2.2)
and stress and pressure concentrations around the chondrocytes (Guilak et al., 1995, K i m
et al., 1994, Wong et al., 1997). Furthermore, in-vitro experiments have shown that these
changes in the mechanical stress states of chondrocytes correlate with a change in the
biosynthetic activity of cartilage cells (Section 2.2.1.1).

These results support the

generally accepted hypothesis that chondrocytes can detect their mechanical environment
and adjust their synthesis accordingly.
Although expiants preserve the heterogeneity of articular cartilage and keep the
chondrocytes within the natural matrix, the effects of preparing explants on chondrocyte
response is currently unknown. Specifically, one might expect the boundary conditions
of cartilage to be significantly affected by machining an intact piece of cartilage into a
smaller cartilage plug.

Furthermore, the extent to which the loads applied to these

expiants relate to those experienced by these tissues in-vivo is not known.

The

magnitude of chondrocyte deformation in-situ under physiological loads remains to be
evaluated.
In developing the A C L transected feline hindlimb as an experimental model of
osteoarthritis, we have quantified the in-vivo patellofemoral contact forces and pressures
(Section 2.3.1.2.2).

Furthermore, patellofemoral contact pressures in healthy feline

hindlimbs have also been evaluated in-situ (Chapter Three). Based on these in-vivo and
in-situ studies, the magnitudes and distributions of the loads experienced by the feline
patellofemoral joint in-vivo are better characterised than those in any other experimental
model of osteoarthritis.
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The purpose of this study was to apply our knowledge of contact forces within the
feline patellofemoral joint to quantify chondrocyte deformation in-situ under loads of
physiological magnitude.

The specific aim was to apply a uniform, static load of

physiological magnitude to articular cartilage in-situ and to measure cartilage strain,
chondrocyte deformation, and chondrocyte volumetric fraction. It was hypothesized that
static load would result in cartilage compression and changes to chondrocyte shape and
volume. Furthermore, we expected the magnitude of these effects to be dose-dependent.
This study would also provide necessary reference data in healthy articular cartilage for
future work comparing the responses of osteoarthritic and healthy articular cartilage to
load.

4.2

4.2.1

Methods

Specimens and preparation

The left and right hind limbs were obtained from seven skeletally mature male cats (mean
mass = 4.5±0.4kg) immediately after sacrifice. A l l experiments were approved by the
Animal Ethics Committee of the University of Calgary and were completed within 12
hours of sacrifice to ensure that all cartilage specimens were fresh.

The patella and

femoral groove from both hind limbs of each animal were assigned in a balanced random
design to either the control group or one of the experimental groups (9 or 15MPa loads)
(Table 4.1). The values of 9 and 15MPa were chosen as the mean and peak
patellofemoral contact pressures respectively (Figure 3.6, Figure 3.7) corresponding to a
peak patellofemoral contact force of 170N which occurs during normal cat gait (Hasler
and Herzog, 1998). Throughout the experiment, control tissue was treated in the same
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Table 4.1: Table containing the number of cartilage samples in the control and two
experimental groups. Our balanced design ensured an equal distribution of left and right
hindlimbs to each group and that no more than three (out of four) samples from each
animal were loaded so that all experiments were conducted within 12 hours of sacrifice.
Legs
Left
Right
Total

Patella
2
2
4

Control
Femoral Groove
2
2
4

Patella
2
2
4

9MPa
Femoral Groove
3
3
6

Patella
2
2
4

15MPa
Femoral Groove
2
2
4

way as experimental tissue but without load.
The knee joint was opened and inspected for any signs of pathology to ensure that only
healthy knees were used. The femur and patella were dissected free and cleaned of
muscle and tendon tissue. The femur was cut approximately 2cm proximal to the femoral
groove. A l l cartilage surfaces were kept moist with frequent spraying of physiological
saline solution (0.15M NaCl).

4.2.2

Cartilage loading andfixation

A glass funnel was then fixed inside a cylindrical stainless steel grip and either the
patellar bone or femoral shaft was lowered into the dental cement inside the funnel
(Figure 4.1). The stainless steel grip, funnel and cartilage/bone specimen were placed in
a six-degree-of-freedom loading jig and positioned in an Instron (1122) materials testing
machine for compression. Attached to the Instron machine was a sensitive proving ring
strain gauge and stainless steel indentor (Figure 4.1). The strain gauge output linked to a
pc computer with C O D A S software (Dataq intstruments Inc. O H . USA) enabled the
continuous load between the indentor and the cartilage surface to be monitored.

Figure 4.1: Experimental setup. The cartilage specimen was cemented inside a glass
funnel inside a stainless steel grip. The metal indentor was aligned parallel to, and
in the centre of, the cartilage surface using the 6-degree-of-freedom loading jig.

A cylindrical, 1 mm-diameter, flat-ended, non-porous indentor was aligned in the centre
of the femoral groove or patella cartilage with its flat end parallel to the cartilage surface.
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A stress-relaxation test was then performed (Figure 4.2). The indentor was lowered at
a constant velocity of 4pms"' perpendicular to the cartilage surface until an average load

20 minutes
stress relaxation
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Figure 4.2: Typical stress-relaxation graph from a static 15MPa loaded patella.
Maximum force = 11.8N, maximum average pressure = 15 MPa. In all samples the
cartilage approached mechanical equilibrium in the saline solution after 20 minutes.
Removal of the saline and addition of the fixative however resulted in further stress
relaxation of < 22% over the 2 hours fixation time.

of either 7. I N or 11.8N was reached. These values were chosen to correspond to average
2

surface pressures of 9 or 15MPa respectively across the flat Imm end of the indentor. At
this point, the indentor movement was stopped and the cartilage was allowed to stressrelax for 20 minutes (Figure 4.2). While under load, ruthenium hexammine trichloride
fixative solution (1% glutaraldehyde (v/v) and 0.7% ruthenium hexammine trichloride in

77
0.1M cacodylate buffer, pH 7.4) similar to that described by Hunziker et al. (1982) was
poured into the funnel to flood the cartilage (Figure 4.2). After two hours of fixation, the
indentor was removed from the cartilage and the specimen was immersed in a 10%
neutral buffered formalin solution until being processed for histomorphology.

4.2.3

Cartilage processing

The femoral groove was excised using a band saw. Excess bone was then cut away and
full-thickness osteochondral blocks (3 mm x 1mm) were harvested by hand using a
scalpel. These blocks were taken from the same anatomical sites in experimental and
control specimens, and each experimental block had the indentation at its centre and one
millimeter of cartilage/bone on either side in the anterior/posterior direction.

These

samples were then post-fixed in Karnovsky's (Karnovsky, 1965) overnight and immersed
in osmium tetroxide for one hour.

After dehydration, the blocks were embedded in

Spurr's resin (EMS Cedarlane Laboratories Ltd, Ontario) with care taken to ensure the
same orientation for each specimen. Once embedded, thick sections (0.5pm) were cut
from the centre of each block with a diamond knife (Diatome-US Ultra, 45°, 3mm). The
orientation of all histological sections was fixed perpendicular to the split line direction
of the cartilage.

Sections were floated onto pre-cleaned glass slides and heated dry

before being stained with toluidine blue (Bancroft and Stevens, 1996).

4.2.4

Data analysis

One section from the centre of each block was photographed under 20x, 40x and 63x (oil
immersion) objectives attached to a light microscope (Axioplan 2, Zeiss). Photographs
were also taken of a stage micrometer at each magnification to enable the cartilage
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images to be scaled. The resulting slides were scanned into a p.c. computer (scanning
resolution = 1012 dpi) ready for analysis using image processing software.

The final

image resolutions were 6.4, 4.0 and 2.0 pixels/um for the 63x, 40x and 20x photographs
respectively.
Each chondrocyte was manually traced using a computer mouse and the cartilage pictures
reduced to black (matrix) and white (chondrocytes) images (Figure 4.3). Scion Image

(a)

(b)

(c)

Figure 4.3: A single middle layer chondrocyte from a 9MPa loaded femoral groove
a) the original picture b) after manual tracing using a computer mouse and c) after
reduction of the picture to a black (matrix) and white (chondrocyte) image. Picture
taken at 63x magnification, resolution 6.4 pixels/um. The scale bar in each image
represents 5pm.

software was then used to approximate the chondrocytes as ellipses. The x and y axes
were defined parallel and perpendicular to the cartilage/bone interface, respectively, for
each section. The centroid y position, the lengths of the major and minor axes, the angle
of the major axis with the x axis, and the cross sectional area of each cell were measured
for each ellipse.
Chondrocyte aspect ratio (height/width of a cell) was chosen as a two dimensional
measure of cell 'shape' rather than the one dimensional values of cell height or width
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alone. Furthermore, the vertical axis of symmetry required for chondrocyte height or
width data to be reasonable indicators of cell shape (Cruz-Orive and Hunziker, 1986) was
not apparent in many of the deep layer cells of our loaded samples (Figure 4.4; Figure
4.5b). Chondrocyte aspect ratio (a) was defined as follows:
if 45 < e <135

a=j / i

else

a =i/j

„ ~

where 0 is the angle of the major axis to the x axis, j is the major axis length and i the
minor axis length. Serial sections qualitatively revealed that chondrocyte aspect ratio
was consistent for both patella and femoral groove cartilage in the third dimension.
Using this definition of aspect ratio, discontinuities exist at 45° and 135°. For example, a
cell orientated at 44.9° to the x axis could have an aspect ratio of 0.2 while the same cell
oriented at 45.1° would have an aspect ratio of 5. This apparent discontinuity can be
solved mathematically by defining an equivalence class (Finney and Thomas, 1994) of
cells as follows: when 45-5 < 9 > 45+6 or 135-6 < 9 > 135+8 then a cell of aspect ratio ai
is equivalent to a cell of aspect ratio a or U a where 9 is the angle of the major axis to
2

2

the x axis and 8=0.1. In words, a cell with an aspect ratio of size 'a' falling within 45±8
or 135±8 is equivalent to a cell with aspect ratio 1/a falling at this same angle.
Within the context of our data however, i f 8=5°, then less than 5% of chondrocytes fall
within this equivalence class (Figure 4.6).

Furthermore, due to the distinct layered

structure of articular cartilage, chondrocytes within this class have aspect ratios close to 1
for control samples (Figure 4.6a), with a maximal discontinuity of 0.3 - 3.3 occurring in
the indented patella samples (Figure 4.6b).

Patella

IOOpm

Femoral
Groove

Figure 4.4: Representative sections of patella and femoral groove cartilage in the unloaded control and 15MPa
loaded groups. Contrast the vertical orientation of the long axes of chondrocytes in the deep layer of both control
sections and the 45° and 135° orientation in the 15MPa loaded sections. Photographs taken at 25x, cut at 0.5pm and
stained with toluidine blue.
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Figure 4.5: Comparison of a) unloaded control and b) 15MPa loaded chondrocyte
orientation as a function of normalised cartilage depth (0=cartilage surface;
l=carti!age/bone interface) for typical patella samples. Cartilage depth has been
further divided into the superficial, middle and deep layers. Each point represents
an individual chondrocyte (n=407 unloaded, n=181 loaded). Shaded bands represent
45±5° and 135±5°. Note the redistribution of points with load in the middle and deep
layers indicating a reorientation of the long axes of cells.
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Figure 4.6: Comparison of a) unloaded control and b) 15MPa loaded chondrocyte
orientation as a function of chondrocyte aspect ratio for typical patella samples.
Each point represents an individual chondrocyte (n=407 unloaded, n=181 loaded).
Shaded bands represent 45±5° and 135±5°. Representative ellipses placed at their
corresponding values of aspect ratio are shown pictorially along the x axis. Note the
decrease with load from 43% to 5% of cells with aspect ratios larger than one.
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When plotted as a function of cartilage depth, the values of chondrocyte aspect ratio
had unequal variance across the depth of the tissue (Figure 4.7a). Furthermore, two cells
with the same shape, but with their long axes orientated at 90° to each other, were not
equidistant from the 'neutral' circular cell. For example, a cell with an aspect ratio of 2.0
(i.e. height twice as long as width) is further away from a circular cell (aspect ratio 1.0)
than another cell with aspect ratio 0.5 (i.e. width twice as long as height) (Figure 4.7a).
To correct for this, the aspect ratio values were transformed (t) using a logarithmic
function:
t = 3xln(a)+10

(

4

2

)

where a is the aspect ratio of a cell. This function is of the form:
t = cln(a)+d

( 4

3 )

where c and d are constants such that i f aj/aj = U Zet ^ then t(ai) - t(a2) = t(a3) - t(a4).
3

4

The effect of this transformation can be seen in Figure 4.7. In words, the transformation
reduces the differences in the variance of the data across the cartilage depth and ensures
that an equivalent change in shape in the horizontal and vertical directions is represented
by an equal spacing from the neutral (circle= 10) geometry.

Thus, the representative

ellipses are equally spaced on the y axis after transformation (Figure 4.7b). The values
for c and d were arbitrarily chosen to set the value for an aspect ratio of 1 (a circle) equal
to 10 and to ensure that the transformed aspect ratios for our data were always greater
than zero. Transformed chondrocyte aspect ratio will be referred to as chondrocyte shape
throughout this thesis.
To enable comparison between specimens of different thickness, cartilage depth was
normalised so that 0=cartilage surface and l=cartilage/bone interface. The depth of each
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Figure 4.7: Graphs of a) raw and b) transformed [y=3xln(aspect ratio)+10)]
chondrocyte aspect ratio as a function of normalised cartilage depth (0=cartilage
surface; l=cartilage/bone interface) for a typical control patella sample. Each point
represents an individual chondrocyte (n=407). Representative ellipses placed at their
corresponding values of raw or transformed aspect ratio are shown pictorially on the
right. Dashed lines indicate 5 or 10% bins of cartilage depth in b. Note equal spacing
of the representative ellipses on the y axis after transformation.
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specimen was divided into a total of 12 bins (Figure 4.7b) and an average value of
chondrocyte shape was calculated for each bin. Each bin was either 5 or 10% of the total
cartilage depth so that n>10 chondrocytes for each bin.
Furthermore, normalised change in chondrocyte aspect ratio (a) was defined as follows:
a = (a - a,) I a
n

n

where a is the control aspect ratio and ai the loaded aspect ratio.
n

This was calculated for each bin of the patella and femur at both 9 and 15MPa loads and
plotted as a function of normalised cartilage depth. To enable comparison with other
studies, normalised change in chondrocyte aspect ratio was calculated from chondrocyte
height and width data reported by Guilak et al. (1995) and Buschmann et al. (1996).
Visual inspection of all control cartilage samples was carried out, and the three cartilage
layers were marked according to histological observations. The superficial layer included
flat, elliptical chondrocytes, the middle layer more rounded single cells, and the deep
layer vertical columns of multiple chondrocytes (Figure 4.8). The centroid y-position
data for each chondrocyte was used to plot a graph of chondrocyte cumulative frequency
as a function of depth for each sample (data not shown).

Using these curves, the

percentage of chondrocytes found within each morphologically defined layer was
obtained for all control specimens. A n average percentage of chondrocytes in each layer
was then calculated across control samples to define superficial (patella=34.3%;
femur=55.3%), middle (patella= 17.2%; femur=16.9%) and deep layers (patella=48.5%;
femur=27.8%) (after Wong et al., 1997). This numerical definition was then also applied
to the loaded samples where it was difficult to distinguish the different layers
morphologically.

Patella

Femoral Groove

Figure 4.8: Representative sections of patella and femoral groove cartilage in the unloaded control, 9MPa and
15MPa loaded groups. The superficial, middle and deep layers of the control tissues are also indicated.
Photographs taken at 90x, cut at 0.5um and stained with toluidine blue.
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Adobe PhotoShop software was used to measure cartilage thickness and the thickness
of each layer for each specimen. Compressive strain (s) was defined as follows:
s

=

(t - ti) I t
n

n

where t is the control thickness and ti the loaded thickness, and calculated for the entire
n

tissue and for the individual layers. This software also enabled a randomly rotated grid to
be overlaid on each cartilage picture. Grid sizes were chosen to allow for at least 200
points to fall within the smallest layer of each sample. Chondrocyte volumetric fraction
(v) (Cruz-Orive and Hunziker, 1986) was then defined as follows:
V = Pc/Pt

(

4

6

)

where p is the number of points falling on chondrocytes and p the total number of
c

t

points falling in each layer. To enable comparison with other studies, normalised change
in volumetric fraction (v) was defined as:
v = (v„ -

V, ) / V

11

where v is the control chondrocyte volumetric fraction and V| the loaded chondrocyte
n

volumetric fraction. Normalised change in volumetric fraction was then calculated from
data reported by Guilak et al. (1995), Buschmann et al. (1996) and the present study.

4.2.5

Statistical analysis

A three-factor

simultaneous A N O V A was conducted on the average values of

chondrocyte shape with cartilage depth (bins 1-12), bone (femur, patella) and applied
pressure (unloaded, 9MPa or 15MPa) as main effects.
No statistically significant differences were found between the 9 and 15MPa loaded
groups for the volumetric fraction data, and so these data were pooled to form a single
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loaded group. A three-factor simultaneous A N O V A was conducted on these data with
cartilage depth (superficial, middle and deep layers), bone (femur, patella) and applied
pressure (control, loaded) as main effects.
Fisher LSD and Tukey post hoc tests were also carried out where appropriate.

4.3

Results

The articular cartilage of the feline patella and femoral groove appear different upon
visual inspection. At the macroscopic level, patellar cartilage is white/pink in colour with
a smooth and shiny surface. The femoral groove is also smooth and glistening, though
has a deeper purple/pink colouring. Microscopically, patellar cartilage is approximately
twice as thick as femoral groove tissue (Figure 4.8 and Figure 4.9). This extra thickness
appears to be largely due to additional depth to the deep layer of patellar articular
cartilage (Figure 4.8 and Figure 4.9). Furthermore the chondrocytes near the surface of
the patellar tissue are more rounded in shape, and the deep zone columns of cells are
more numerous than those seen in the femoral groove (Figure 4.8).
4.3.1

Cartilage strain

The 9 and 15MPa loads gave similar magnitudes of compression in both the patellar and
femoral groove cartilage (Figure 4.8 and Figure 4.9).

For a given load, the femoral

groove articular cartilage experienced less strain than the patellar tissue (Figure 4.9).
Furthermore, total tissue strain appeared to be distributed more evenly throughout the
layers of the femoral groove compared to the patellar cartilage. In the femoral groove
cartilage, the strain tended to be greatest in the superficial layers and smallest in the deep
zone, with these local strains being greater and smaller than the total tissue strain,
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Figure 4.9: Cartilage thickness and compressive strain for femoral and patellar
tissues in unloaded control and 9MPa and 15MPa loaded states. Each bar
represents an average depth across n>4 specimens and the error bars represent one
standard deviation from that mean. The superficial, middle and deep layers are
also indicated for each loading situation. Numbers represent the cartilage
compressive strain for the entire tissue and the individual layers.

respectively. The patellar articular cartilage, however, seemed to experience the greatest
strains in the middle zone and the smallest strains in the deep zone.

4.3.2 Chon drocyte shape
Figure 4.8 and Figure 4.10 reveal differences in chondrocyte shape and their distribution
within patellar and femoral groove cartilage. In control samples, the chondrocytes in the
superficial zone are flatter and are found within a greater relative depth of tissue in the
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Figure 4.10: Comparison of control patella and femoral groove chondrocyte shape
as a function of normalised cartilage depth (0=cartilage surface; l=cartilage/bone
interface). Each point on the graph represents an average value of chondrocyte
shape across n=4 specimens for a 5 or 10% bin of cartilage depth. Error bars
represent one standard deviation from the mean. Representative ellipses placed at
their corresponding values of transformed aspect ratio are shown pictorially on the
right.

femur compared to the patella (pO.001) (Figure 4.8 and Figure 4.10). In both tissues,
the cells at the surface are elliptical in shape and horizontally orientated, the cells in the
middle layer are more rounded in shape and in the deep layer the cells are elliptical in
shape, vertically oriented and often arranged in columns (p<0.001). When load is applied
to the cartilage, chondrocytes flatten throughout the depth of both femoral and patellar
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tissues (p<0.001) (Figure 4.8 and Figure 4.11). The magnitude of this effect is similar
for both the 9 and 15MPa loads.
A comparison of the normalised change in chondrocyte aspect ratio in the patellar and
femoral groove cartilage can be made using Figure 4.12. In the femoral groove cartilage,
chondrocytes are compressed more uniformly throughout the cartilage depth compared to
the patella. Patellar chondrocytes appear to be compressed more in the top 40% of the
cartilage depth than the femoral chondrocytes. In the bottom 40% of the tissue however,
the patellar chondrocytes seem to experience similar or less change in aspect ratio than
those of the femoral groove.

4.3.3

Chondrocyte orientation

Figure 4.4, Figure 4.5 and Figure 4.6 demonstrate changes to the orientation of the major
axes of chondrocytes with compression. As load is applied to both femoral groove and
patellar cartilage, the major axes of the deep layer chondrocytes change from a vertical to
a more 45° or 135° orientation (Figure 4.4). This effect seems to be more dramatic in the
deep layer of patella compared to femoral groove cartilage, and at the edge compared to
the centre of the indentation (Figure 4.4).

This phenomenon is also demonstrated

graphically for two representative patellar samples in Figure 4.5 and Figure 4.6. In the
unloaded control state, 43% of chondrocytes have an aspect ratio larger than one (a
circle) and are clustered around the 90° major axis orientation angle (Figure 4.6a). In the
loaded state, however, only 5% of cells have aspect ratios larger than one and they cluster
closer to the 45° and 135° orientation angles (Figure 4.6b). Furthermore, in the middle
and deep layers of control cartilage, chondrocytes have a large range of orientation angles
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Figure 4.11: Comparison of a) patella and b) femoral groove chondrocyte shape as a
function of normalised cartilage depth (0=cartilage surface; l=cartilage/bone
interface) for control, 9MPa and 15MPa groups. Cartilage depth has been further
divided into the superficial, middle and deep layers. Each point on the graph
represents an average value of chondrocyte shape across n>4 specimens for a 5 or
10% bin of cartilage depth. Error bars represent one standard deviation from the
mean. Representative ellipses placed at their corresponding values of shape are
shown pictorially on the right.
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Figure 4.12: Normalised change in chondrocyte aspect ratio as a function of
normalised cartilage depth (0=cartilage surface; l=cartilage/bone interface) for
femoral groove and patellar tissues at 9MPa and 15MPa. Each point represents an
average value of aspect ratio change across n>4 specimens for a 5 or 10% bin of
cartilage depth.

with a tendency for the cells to cluster around the 90° major axis angle in the deep zone
(Figure 4.5a). In the loaded tissue however, cells in the middle and top half of the deep
layer orientate more at 0° and 180°, and in the bottom half of the deep layer cluster near
the 45°and 135° angles (Figure 4.5b).

4.3.4

Chondrocyte volumetric fraction

The volumetric fraction of chondrocytes is greater in patellar compared to femoral groove
articular cartilage (p<0.05) and decreases from the superficial to the middle to the deep
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layers in both tissues (p<0.05) (Figure 4.13). The difference between patellar and
femoral cartilage is particularly noticeable in the middle layer where the femur value

" f e m u r control f e m u r loaded • patella control p a t e l l a loaded
s
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0.161
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deep

Cartilage Layer

Figure 4.13: Chondrocyte volumetric fraction as a function of cartilage layer for the
femoral groove and patellar tissues in control and loaded (pooled 9MPa and 15MPa
data) state. Each bar represents an average value of volumetric fraction across n>4
specimens. Error bars represent one standard deviation from the mean.

dropped more significantly than the patellar value. Semi-quantitative analysis involving
measurements of chondrocyte cross-sectional area and visual inspection of morphological
sections suggest that this contrast in volumetric fraction is due to both larger and more
numerous chondrocytes in patellar compared to femoral groove cartilage. Chondrocyte
volumetric fraction decreased with load in all layers of both tissues (p<0.05).

The
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magnitude of this change was greater in all layers of the patellar compared to femoral
cartilage (p<0.05) (Figure 4.13).

4.4

Discussion

The ability of chondrocytes to detect and respond to changes in their physical
environment is an important factor in the survival and function of the cells themselves
and ultimately the cartilage and joint which they occupy (Guilak, 2000, Urban, 1994). In
the present study, we demonstrate for the first time that physiological compression of a
fully intact, healthy piece of articular cartilage attached to its native bone results in
significant changes to chondrocyte shape and volumetric fraction. These changes could
then potentially be detected by and responded to by the cells.
Changes to chondrocyte shape and volumetric fraction have been observed previously
within expiants of articular cartilage subjected to load and measured using confocal
microscopy (Guilak et al., 1995), or after chemical fixation of the cartilage (Buschmann
et al., 1996). With confocal microscopy, individual cells can be imaged and measured in
three dimensions. Furthermore, these morphometric measurements can be evaluated for
the same cell, or cells, before and after compression and following recovery (Guilak et
al., 1995). Photobleaching of the fluorescent dyes used for these experiments and the
limited field of view of the microscope limit the number of cells that can be measured in
a given sample. Guilak et al. (1995), for example, collected data for 18 cells from eight
specimens. Chemical fixation of the cartilage enables much larger populations of cells to
be measured.

A typical 1,000 x 400 x 0.5um full thickness section of feline patellar

articular cartilage, for example, contains >400 chondrocytes (Figure 4.7).

This
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methodology however, requires long (hours) fixation times to ensure proper
penetration of the tissue by the fixative (Hunziker et al., 1982), restricting the loading
protocols that can be applied in these experiments, and incorporating the long term
viscous properties of articular cartilage into the interpretation of the data. Furthermore,
morphometric measurements made on different populations of cells must be compared to
demonstrate changes with compression of the articular cartilage.
In this study we had expected to see a dose-dependent response of articular cartilage to
load, however, we found no significant differences between the 9 and 15MPa loaded
groups. This may have been a result of the variation between samples masking small
differences between these populations. Alternatively, partial recovery of the articular
cartilage after removal of the load may have occurred, the magnitude of which could
have been larger for the 15MPa compared with the 9MPa loaded group, thus obscuring
differences between these groups.

The smooth and repeatable unloading portions of

stress-relaxation curves, full thickness fixation of all cartilage samples and the
preservation of the cylindrical indentations after removal of the load, however, suggest
that any recovery of the applied deformation upon immediate unloading was minimal.
Although care must be taken when comparing studies with varying methodologies,
compression levels, and cartilage types, the magnitude of chondrocyte aspect ratio and
volumetric fraction change from the studies by Guilak et al. (1995) and Buschmann et al.
(1996) are similar to the present results (Table 4.2).

The magnitude of the values

reported by Buschmann et al. (1996) agree well with our results. The chondrocyte aspect
ratio and volumetric fraction changes of Guilak et al. (1995) are of the same order of
magnitude, though generally smaller than our results. This discrepancy could be
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Table 4.2: Comparison of cartilage compressive strain, normalised chondrocyte aspect
ratio, and normalised volumetric fraction changes reported in three studies. Values shown
for the superficial (S), middle (M) and deep (D) layers where applicable.
Author

Tissue

Present
study

feline adult
patella

Guilak
et al., 1995
Buschmann
et al., 1996

feline adult
femoral
groove
canine adult
femoral
groove
bovine calf
femoral
groove

Cartilage
Compressive
Strain
(%)

Layer

Normalised
Volumetric
Fraction Decrease
(%)

S
M
D
S
M
D
S
M
D

Normalised
Chondrocyte
Aspect Ratio
Decrease
(%)
38
49
43
52
60
43
26
24
24

33

N/A

45

12

50

N/A

60

12

44

34

15

12
10
33
2
12
12
4
6
0

explained by the smaller cartilage strain and different methodologies utilised by Guilak et
al. (1995). In the study by Buschmann et al. (1996), a decrease in aggrecan synthesis was
observed in calf articular cartilage with 33% tissue compression. Protein synthesis was
also depleted in adult bovine humeral cartilage with compression of 36% (Wong et al.,
1997). The present study provides direct evidence that compression of such a magnitude
occurs in the in-situ situation and therefore has the potential of altering the biosynthetic
response of the cartilage in-vivo. Specifically, the cells may respond to changes in their
shape and volume which occur with this cartilage compression.
Although this study confirms that physiological magnitudes of load applied to intact
articular cartilage in-situ produce significant changes to chondrocyte aspect ratio and
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volumetrie fraction, there is still much work to be carried out before such a result can
be confirmed in-vivo. Cartilage needs to be loaded onto cartilage in an intact joint using
a physiologically meaningful loading protocol (both in magnitude, frequency and
duration). During normal cat locomotion for example, the patellofemoral contact forces
are cyclical in nature (Hasler and Herzog, 1998) with the fluid phase of articular cartilage
presumably supporting the majority of the load. Furthermore, these forces are distributed
across a constantly changing patellofemoral contact area as the patella slides up and
down the femoral groove in response to the changes in hindlimb knee angle (Hasler and
Herzog, 1998). One might expect some areas of patella cartilage to be constantly loaded
throughout a range of knee angles in contrast to the femoral groove. Such physiological
loading of articular cartilage is likely to produce smaller changes to chondrocyte
volumetric fraction than those reported under the static loads (where the solid phase of
articular cartilage supports the majority of the load) applied in the present study. As we
move towards simulating a more in-vivo loading situation, the definition of site-specific
loading within a joint, fixation of the cartilage, and measurement of the corresponding
site specific biosynthetic activity becomes an even greater challenge.
Our results demonstrate variation in chondrocyte volumetric fraction and shape with
tissue depth; the changes to chondrocyte shape being quantified systematically for the
first time in this study.

The heterogeneous nature of articular cartilage was also

demonstrated by the uneven distribution of the surface to surface strain applied to the
tissue. Comparing our results with other studies applying static compression to articular
cartilage (Table 4.3), similar strain distribution patterns are observed. In all studies using
femoral groove cartilage, the local strain is greatest in the superficial layer, whereas those
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Table 4.3: Comparison of the distribution of compressive strain within articular cartilage
reported by four studies. Values of total tissue strain, as well as strain in each cartilage layer, is
indicated where available.
Author

Animal

Cartilage Site

Present study

feline adult

Guilak et al., 1995
Wong et al., 1997

canine adult
bovine adult

Schinagl et al., 1997

bovine adult

patellar
femoral groove
femoral groove
humeral head
humeral head
femoral groove

Cartilage Compressive Strain (%)
Total Superficial
Middle Deep
44
51
66
37
34
33
38
31
19
15
15
16
36
46
52
42-20
52
61
69
59-35
32
58
--17

using patellar and humeral head tissue demonstrate maximum strain in the middle layer
(Table 4.3).

In all of the studies compared in Table 4.3, cartilage strain is

inhomogeneous. The heterogeneity of articular cartilage in architecture, composition and
material properties with depth and, consequently, its response to mechanical loading, are
important factors to be considered when selecting input parameters for mechanical
models of articular cartilage or joint contact.
The systematic and symmetric reorientation, as well as the change in shape and volume,
of chondrocytes with compression is of particular interest. As the chondrocytes are very
soft inclusions in a strong matrix structure (Jones et al., 1999), the orientation and shape
changes of cells may correspond to the reorientation of matrix components. A schematic
diagram demonstrating one possible reorganisation with load is shown in Figure 4.14.
Bundles of collagen fibres bending or 'bulging' away laterally from the centre of an
applied static load has been observed in the deep layer of healthy bovine femoral head
cartilage (Glaser and Putz, 2002). In the middle layer the bulging fibres turn back and
converge while approaching the cartilage surface. Glaser and Putz (2002) approximated
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b)

Figure 4.14: A schematic diagram demonstrating the organisation and structure of
articular cartilage in a) unloaded control and b) loaded states under the specific insitu indentation testing conditions described in the current study. Ellipses represent
chondrocytes and straight lines represent predominant collagen fibre orientation.
The results of the current study suggest that a systematic bucking or bending of the
collagen fibres in the deep layer of the tissue may partially account for the 45° and
135° symmetric orientation of the chondrocytes on the right and left (respectively)
of the loaded area.
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in-situ conditions by making the contact area of the indentor small in relation to the
cross-section of the cartilage-on-bone expiants, thus allowing lateral displacement within
the cartilage matrix.
Our results also demonstrate structural differences between the patella and femoral
groove cartilages; two contacting articular surfaces within the knee. Differences exist
between patella and femoral groove articular cartilage under control conditions in
parameters such as cartilage thickness, chondrocyte shape, and chondrocyte volumetric
fraction in both magnitude and depth distribution. Furthermore, under identical applied
loads, changes to all of these parameters differ in magnitude and depth distribution
between patellar and femoral groove articular cartilage. This differential response of the
patellar and femoral groove cartilages to load may indicate the function of these two
surfaces within the patellofemoral joint. The greater deformation of the patellar, as
opposed to the femoral groove, articular cartilage with a given load may suggest that the
patellar cartilage plays the dominant role in maximising patellofemoral joint congruence
by cartilage deformation during in-vivo loading.

Furthermore, these differential

responses of the patellar and femoral groove cartilages may result in predisposing one of
the surfaces to altered biosynthetic activity and/or structural damage compared to the
other.
In parallel to these results, it is interesting to observe that in the endstages of
osteoarthritis disease in the feline anterior cruciate ligament model, the patellar articular
cartilage invariably demonstrates dramatic pathology whereas the femoral groove
articular cartilage shows little change (Chapter Six).

Briefly, the patellar articular

cartilage doubles in thickness, contains rounded and clustered surface chondrocytes and
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shows a decreased proteoglycan concentration compared to contralateral control and
healthy control tissues (Figure 6.1). We speculate that the site-specific progression of
osteoarthritis disease in the feline patellofemoral joint may be explained, in part, by the
morphological contrasts between healthy patellar and femoral groove cartilages and their
differential response to a given load.
A differential in-vivo biological response of articular cartilage from different anatomical
areas of a joint has also been shown in the canine anterior cruciate ligament transected
knee (Adams, 1989) and in the equine middle carpal joint exposed to high intensity
training (Murray et al., 2001). Adams (1989) further speculated that this response was
modulated by differences in the biomechanics of the joint, and cautioned the comparison
of results of osteoarthritic cartilage studies i f different areas of a joint had been used.
The results from this study provide important reference data in healthy articular cartilage
to enable systematic comparisons between healthy and osteoarthritic cartilage to be made.
Based on preliminary observations outlined above we hypothesize that the contrasts
between healthy patellar and femoral groove articular cartilages observed in this study
will be amplified in endstage diseased tissues. Furthermore, these differences will be
particularly exacerbated in the superficial layer of the patellar cartilage where tissue and
chondrocyte strains will be increased due to the loss in proteoglycans and the clustering
and circular aspect ratio of the chondrocytes.
In conclusion, we demonstrated that physiological magnitudes of load applied to
chondrocytes in a fully intact healthy piece of articular cartilage attached to its native
bone result in significant changes to chondrocyte shape and volumetric fraction
throughout the depth of the tissue. This evidence supports the concept that significant
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chondrocyte deformation likely occurs during in-vivo joint loading, and may
influence chondrocyte biosynthetic activity, and thus, the maintenance and adaptation of
articular cartilage.

Our results also indicate significant differences in structural

parameters and their response to load between the two articulating cartilage surfaces of
the patellofemoral joint. It is hypothesized that this contrast may explain, in part, the sitespecific progression of osteoarthritis in the patellofemoral joint of the feline anterior
cruciate ligament transected feline knee.
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Chapter Five Site- and Depth-Dependent Heterogeneity in
Patellofemoral Cartilage Adaptation to Short-Term Anterior
Cruciate Ligament Transection; Chondrocyte Shape, Size and
Deformation with Compression
5.1

Introduction

Articular cartilage is a thin layer of smooth, deformable, load bearing material lining the
bony ends of all diarthrodial joints. Damage to this soft tissue on one surface can result
in

compromised joint motion, pain and/or

structures/surfaces and other joints.

secondary

damage

to

other joint

Softening, swelling, fibrillation or Assuring of

cartilage is often observed in the human patellofemoral joint (Section 2.3).
Although the prevalence and characteristics of articular cartilage damage in humans is
well documented, little is known about the temporal progression of degeneration
particularly at the earliest stages. Patients seek treatment for a defect when it begins to
compromise their ability to function or causes them pain, which can be months or years
after the initial insult.

Consequently, studies of experimentally induced cartilage

degeneration in animal models have been pursued to provide a means to track the
sequence of early events occurring during cartilage degeneration.
Perhaps the most thoroughly characterized animal model of cartilage degeneration is the
ACL-transection model (Section 2.3.1.2). ACL-transection studies involving the dog and
cat have enabled some of the more clinical manifestations of degeneration, such as
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changes to gait patterns, joint instability and load redistribution within and between
joints to be evaluated in parallel to the histological, biochemical and metabolic pathology
(Section 2.3.1.2).

In particular, the magnitude and distribution of forces and surface

pressures experienced by the healthy and ACL-transected feline patellofemoral joint invivo and in-situ have been well characterized (Section 2.3.1.2.2, Chapter Three).
Furthermore, patellofemoral histology has been systematically quantified throughout the
depth of feline articular cartilage in normal and 67 months post ACL-transection tissue
under control and loaded conditions (Chapter Four, Chapter Six). The early stages of the
degeneration process in these cartilages, however, still requires investigation.
When a load is applied to articular cartilage, chondrocytes and their nuclei deform
(Section 2.2.2, Chapter Four). Furthermore, chondrocyte deformation influences, either
directly or indirectly, the metabolic activity of the cells and thus the health of articular
cartilage (Section 2.2.1, Section 2.2.2). Data in this area however, have been almost
exclusively derived from experiments using healthy articular cartilage. It is currently
unknown i f the magnitude of chondrocyte deformation is altered under ACL-transection
conditions and i f this correlates in any way to the extent and location of cartilage
degeneration.
The purpose of this study was to quantify feline patellofemoral cartilage thickness and
chondrocyte shape, orientation and volumetric fraction at 16 weeks post A C L transection. Furthermore, cartilage and chondrocyte deformation resulting from in-situ
static compression of physiological magnitude was evaluated. It was hypothesized that
the histology of the patellar cartilage would be different, but the femoral groove cartilage
would be similar, in ACL-transected compared to normal tissue.

Furthermore, we
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expected that cartilage and chondrocyte deformation with static compression would
be different in the ACL-transected compared to normal patellar tissue.

5.2

5.2.1

Methods

Specimens and preparation

This study was approved by the committee on Animal Ethics at the University of
Calgary. Unilateral ACL-transection was carried out (Herzog et al., 1993, Suter et al.,
1998) on six skeletally mature male cats (mean mass=5.0±1.4kg).

The contralateral

hindlimbs served as internal controls. A l l animals were allowed regular free movement
inside and outside of their cages (86x113x83cm) until 16 weeks post surgery when they
were euthanised. Experiments were completed within 14 hours of sacrifice with cartilage
surfaces being hydrated throughout by frequent spraying with physiological saline
solution (0.15MNaCl). After sacrifice, the hindlimbs were disarticulated and the gross
morphology of the knees noted on a two dimensional drawing. The second knee capsule
was not opened until experiments were completed on the first. The patella and femoral
groove were excised from each knee, the femur being cut approximately lem proximal
along its shaft, and cleaned of all muscle and ligament tissues.

5.2.2

Cartilage loading and fixation

This part of the protocol was identical to that described in Section 4.2.2 except that only
the 9MPa load was used, and was applied to all contralateral and experimental samples.
The patellar and femoral groove samples were fixed with ruthenium hexammine
trichloride

fixative

solution (0.7%

ruthenium

hexammine

trichloride and

2%
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glutaraldehyde (v/v) in 0.05M cacodylate buffer, pH 7.4 (Clark et a l , 2003a,
Hunziker et al., 1982)) in the loaded state for 3 or 2 hours respectively. These lengthened
fixation times were based on predicted cartilage thickness and penetration characteristics
established during pilot testing.

5.2.3

Cartilage processing

This part of the protocol was identical to that described in Section 4.2.3 except that indent
and control sections were cut from the same 3mm x Imm osteochondral block. Indent
sections were cut from the centre of each indent and control sections were cut from Imm
away from this in the proximal-distal direction.

5.2.4

Data analysis

This part of the protocol is outlined in Section 4.2.4 except for the following.
Adobe Photoshop software (v5.0.2 Adobe Systems Inc.) was used to measure the
thickness and width of all cartilage samples.

Average values of chondrocyte cross

sectional area were calculated for 5 or 10% bins of cartilage depth such that n>10 cells
per bin. Normalised difference in chondrocyte cross sectional area (A) was defined as
A = (a -a )/a
e

c

_

c

1

where ae is the chondrocyte cross sectional area in the experimental cartilage and a the
c

area in the contralateral cartilage.

Normalised difference in chondrocyte area was

calculated for each bin of the femoral groove and patella and plotted as a function of
cartilage depth. Chondrocyte count (y) was defined as
y = nx25000/(wxt)

-
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where n is the number of chondrocytes, w the width and t the thickness of the 5 or
10% bin of cartilage depth and 25000 the rounded average area of a patella or femoral
groove bin. Normalised difference in chondrocyte count (C) was defined as
C= (Ye-YcVYe

(

5

3

where y is the chondrocyte count in experimental cartilage and y the count in
e

c

contralateral cartilage.
Layer pictures were visually inspected and the number of two, three or four cell clusters
(defined as touching cells) in each layer were counted. This number was then normalised
2

to the cross sectional area of each layer and multiplied by 100,000um (the rounded
average cross sectional area of a layer of patella or femoral groove cartilage) to enable
comparison between specimens.

5.2.5

Statistical analysis

A three-factor simultaneous A N O V A was conducted on the two, three and four cell
cluster data with site (femur, patella), layer (superficial, middle, deep) and surgery
(contralateral and experimental) as main effects.

A three-factor simultaneous A N O V A

was conducted on the chondrocyte area and count data with site (femur, patella),
normalised depth (0-0.15, >0.15-0.4, >0.4-0.7, >0.7-l) and surgery (contralateral and
experimental) as main effects.
Cartilage thickness and chondrocyte shape and volumetric fraction data from a similar
experiment carried out on normal feline cartilage (Chapter Four) was then added to the
data from the present study and statistical analyses performed.
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A four-factor simultaneous A N O V A was conducted on the chondrocyte shape data
with cartilage depth (0-0.05, >0.05-0.10, >0.10-0.15, >0.15-0.20, >0.2-0.3, >0.3-0.4,
>0.4-0.5, >0.5-0.6, >0.6-0.7, >0.7-0.8, >0.8-0.9, >0.9-1.0), site (femur, patella), load
(control, indent) and surgery (normal, contralateral and experimental) as main effects. A
four-factor simultaneous A N O V A was also conducted on the chondrocyte volumetric
fraction data with cartilage layer (superficial, middle, deep), site (femur, patella), load
(control, indent) and surgery (normal, contralateral and experimental) as main effects. A
three-factor simultaneous A N O V A was conducted on the cartilage thickness data with
site (femur, patella), load (control, indent) and surgery (normal, contralateral and
experimental) as main effects.
Where applicable, the Bonferroni Dunn and Student-Neuman-Keuls post hoc tests were
also performed.

5.3

Results

Macroscopically, all of the contralateral patellae and femoral grooves appeared normal
upon dissection. In contrast, two experimental patellae and all experimental femoral
grooves had small osteophyte formations.

These were located at both poles of the

patellae and around the ridges of the femoral grooves. Two animals had a small cartilage
erosion on the experimental patellae.

In one animal, the experimental patella had

displaced to the medial side where a large osteophyte had formed. This patella also had a
full thickness cartilage erosion.

5.3.1

Cartilage thickness and chondrocyte clustering

Patellar cartilage is thicker than femoral groove cartilage (pO.Ol, Table 5.1, Figure 5.1).
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Table 5.1: Comparison of cartilage thickness and compressive strain for patellar and
femoral groove cartilages from normal, contralateral and experimental hindlimbs.
Thickness values are mean ± standard deviation of n=6 samples. Strain values are
calculated using the mean thickness values.

Patella

Femoral
Groove

Thickness
Control
(pm)
Indented
Compressive Strain (%)
Thickness
Control
(pm)
Indented
Compressive Strain (%)

Normal

Contralateral

Experimental

432±87
242±73
44
217±31
140±27
36

385±43
292±39
24
188±24
134±14
29

481±78
310±35
36
194±29
135±16
30

Femoral groove cartilage has a similar thickness under normal, contralateral and
experimental conditions, however the patellar cartilage is thicker in experimental
compared to normal and contralateral tissue (p<0.05, Table 5.1, Figure 5.1). There are
more clusters of two or three cells in patellar compared to femoral groove cartilage
(pO.Ol, Figure 5.1, Table 5.2), with the majority of two cell clusters being in the middle
layer of patellar cartilage (pO.Ol, Figure 5.1, Table 5.2). There are more two and three
cell clusters in experimental compared to contralateral patellar cartilage (p<0.05, Figure
5.1, Table 5.2) however femoral groove cartilage shows no significant differences.

5.3.2 Cartilage compression and chondrocyte reorientation
Static compression significantly compresses the cartilages of both the patella and femoral
groove (p<0.01, Figure 5.2, Table 5.1) with this effect being greatest in the patella tissue
(p<0.01, Table 5.1). Compression of patellar cartilage appears to cause a reorientation of
the deep zone chondrocytes in contralateral and experimental cartilage (Figure 5.2, data
not shown) as previously reported in normal tissue (Section 4.3.3). This reorientation is

IOOMm

Femoral
Groove

IOOum

Normal

Contralateral

Experimental

Figure 5.1: Typical sections of control patellar and femoral groove articular cartilage taken from normal, contralateral
and experimental hindlimbs. All contralateral and experimental sections are taken from the same animal. The superficial
(S), middle (M) and deep (D) layers are marked to the left of each section. All sections are 0.5 um thick, stained with
toluidine blue and photographed at 50x magnification. Note the increased tissue thickness and the larger and more
frequently clustered chondrocytes in the middle layer of experimental compared to normal patellar cartilage.
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Table 5.2: Frequency of cell clusters in 100,000um of superficial, middle and deep layers
of femoral groove and patella articular cartilage from contralateral and experimental
hindlimbs. Values are mean ± standard deviation of n=6 samples.
Site

Leg

Patella

Contralateral

Experimental

Femoral
Groove

Contralateral

Experimental

Layer
Superficial
Middle
Deep
Superficial
Middle
Deep
Superficial
Middle
Deep
Superficial
Middle
Deep

Frequenc y of clusters ccmtaining
2 cells
3 cells
4 cells
3.4±2.0
O.OiO.O
O.OiO.O
9.5±8.3
0.2±0.4
O.OiO.O
1.0±0.9
O.OiO.O
O.OiO.O
7.0±6.8
0.9±1.3
0.1i0.3
20.1±9.0
1.7±0.6
0.4i0.7
2.2±1.4
0.2±0.3
O.OiO.O
O.OiO.O
O.OiO.O
2.0+-1.8
1.7±2.1
O.OiO.O
O.OiO.O
1.7±1.7
O.OiO.O
O.OiO.O
3.7±3.1
O.OiO.O
O.OiO.O
0.3±0.8
O.OiO.O
O.OiO.O
1.2±0.9
0.Ü0.3
O.OiO.O

from the vertical alignment of cell columns in control cartilage to a more 45° angle
relative to the cartilage/bone interface in indented cartilage, particularly towards the
outside edges of the indentation (Figure 5.2, data not shown).

5.3.3

Chondrocyte shape

Chondrocytes are more prolate deeper in the cartilage (pO.01, Figure 5.1 and Figure 5.3)
and in the patellar compared to the femoral groove cartilage (p<0.01, Figure 5.1 and
Figure 5.3).

This contrast between patellar and femoral groove chondrocytes is

accentuated in the superficial and middle layers of the tissues (p<0.01, Figure 5.1 and
Figure 5.3).
Under compression, chondrocytes become more oblate (pO.01, Figure 5.1 and Figure
5.3) throughout cartilage depth, and especially in the middle layer and upper portion of
the deep layer (p<0.01, Figure 5.3). Interestingly, the distribution of cell shapes through

Normal

Contralateral

Experimental

100um

Control

Indented

Figure 5.2: Typical sections of normal, contralateral and experimental patellar articular cartilage in the control and indented
states. All contralateral and experimental sections are from the same animal. All sections are 0.5 pm thick, stained with
toluidine blue and photographed at 25x magnification. Note the tendency of deep layer chondrocytes to be vertically aligned in
control tissue and at a more 457135° angle to the cartilage-bone interface in indented tissues.
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b)
Figure 5.3: Graphs of chondrocyte shape as a function of normalised cartilage depth
(0=surface, l=cartilage-bone interface) for control and indented a) patellar and b)
femoral groove cartilages from normal, contralateral (contra) and experimental
(exp) hindlimbs. Cartilage depth is further divided into the superficial, middle and
deep layers. Each point on the graph represents a mean value (n=6) of chondrocyte
shape across a 5 or 10% bin of cartilage depth. Error bars represent one standard
deviation from the mean. Representative ellipses with their centroids positioned at
the corresponding values of chondrocyte shape are shown on the right hand side.
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cartilage depth become more alike in patella and femoral groove cartilage when under
compression (p<0.01, Figure 5.3).
Chondrocyte shape is not significantly different in normal, contralateral or experimental
samples.

5.3.4

Chondrocyte volumetric fraction

Chondrocyte volumetric fraction is inhomogeneous with cartilage depth (p<0.01, Figure
5.4) being largest in the superficial layer (pO.01) and smallest in the deep layer
(p<0.01). Volumetric fraction is also larger in patellar compared to femoral groove tissue
(pO.01, Figure 5.4) with this contrast being accentuated in the middle layer (p<0.01).
Anterior cruciate deficiency also significantly influences chondrocyte volumetric fraction
(p<0.05, Figure 5.4), with volumetric fraction being larger, on average, in experimental
compared to contralateral tissues (p<0.05).

Static compression of the cartilage

significantly reduces chondrocyte volumetric fraction relative to unindented controls
(p<0.01, Figure 5.4), the chondrocytes losing volume relative to the surrounding matrix.
This influence of load is most apparent in the superficial and middle layers of the tissue
(p<0.05).

5.3.5

Chondrocyte cross-sectional area and count

Patellar chondrocytes

have

a larger

cross-sectional area than

femoral

groove

chondrocytes (p<0.01, Figure 5.5). Chondrocytes from experimental cartilage are larger
in cross-section than those from contralateral tissue (p<0.01, Figure 5.5). This disease
effect is more pronounced in the patella compared to the femoral groove (pO.01, Figure
5.5) . Chondrocytes are more abundant in femoral groove compared to patellar articular
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Figure 5.4: Graphs of chondrocyte volumetric fraction as a function of cartilage layer
for control and indented a) patellar and b) femoral groove cartilages from normal,
contralateral (contra) and experimental (exp) hindlimbs. Each bar represents a mean
value (n=6) of chondrocyte volumetric fraction for a given layer. Error bars represent
one standard deviation from the mean.
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Figure 5.5: Graph of chondrocyte cross-sectional area as a function of normalised
cartilage depth (0=surface, l=cartilage-bone interface) for patellar (pat) and femoral
groove (fem) cartilages from experimental (exp) and contralateral (contra)
hindlimbs. Each point represents a mean value (n=6) of chondrocyte area across a 5
or 10% bin of cartilage depth. Error bars represent one standard deviation from the
mean.

cartilage (p<0.01, Figure 5.6).

The number of chondrocytes decreases throughout

cartilage depth (p<0.01, Figure 5.6) being largest in the superficial layer and smallest in
the deep layer (pO.Ol). Chondrocytes are more evenly distributed however, in patellar
compared to femoral groove cartilage (p<0.01, Figure 5.6). There are fewer cells in
experimental compared to contralateral tissues (p<0.01, Figure 5.6).
These results, in combination with those of chondrocyte volumetric fraction (Section
5.3.4), suggest that a complex interaction between cell number and size is responsible for

118

• exp pat
• contra pat
• exp fern
contra fern

* i ; i i i
0.4

0.6

0.8

1

Normalised Cartilage Depth

Figure 5.6: Graph of chondrocyte count as a function of normalised cartilage depth
(0=surface, l=cartilage-bone interface) for patellar (pat) and femoral groove (fern)
cartilages from experimental (exp) and contralateral (contra) hindlimbs. Each point
represents a mean value (n=6) of chondrocyte count across a 5 or 10% bin of
cartilage depth. Error bars represent one standard deviation from the mean.

chondrocyte volumetric fraction. For example, volumetric fraction is significantly larger
in experimental compared to contralateral cartilage.

With the total volumes of the

cartilage layers either remaining constant or increasing in experimental compared to
contralateral tissue, we can conclude that it is the actual volume of cells in experimental
cartilage which increases to give the increased volumetric fraction. The chondrocytes in
experimental cartilage are larger than those of contralateral tissue which would help to
explain the larger volumetric fraction, however the number of cells is smaller affecting
volumetric fraction in the opposite way.

The complexity of this interaction is
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demonstrated in Figure 5.7. The hand drawn regression lines show consistently larger
(-20%) but fewer (-15%) cells in experimental compared to contralateral femoral groove
cartilage. These results combined would give a consistently larger (-5%) cell volume
throughout the depth of experimental compared to contralateral cartilage (Figure 5.4b).
In complete contrast however, the patella values vary throughout cartilage depth. Smaller
cell numbers perhaps off setting the larger cell sizes in the superficial layer and lower
deep layer to maintain a steady cell volume (Figure 5.7, Figure 5.4a).

Larger cell

numbers and sizes combining to give a larger cell volume in the middle layer and upper
deep layer of experimental compared to contralateral cartilage (Figure 5.7 and Figure
5.4a).

Discussion
In this study, we quantified systematically the histology of feline patellofemoral joint
cartilage 16 weeks post ACL-transection.

Specifically we found that experimental

patellar articular cartilage is thicker, contains larger chondrocytes more frequently
arranged in clusters and has, on average, a larger chondrocyte volumetric fraction
compared to contralateral controls.

In complete contrast however, the experimental

femoral groove cartilage only demonstrated increased chondrocyte size and volumetric
fraction compared to contralateral controls, with these increases being considerably
smaller in magnitude than those of the patellar tissue.
This site specific histological disparity between patellar and femoral groove cartilages
has also been observed 67 months post ACL-transection in the cat (Chapter Six).
Thickened cartilage, rounded and clustered superficial layer chondrocytes, a fibrillated
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b)
Figure 5.7: Graphs of a) normalised difference in chondrocyte cross-sectional area
(0=no difference, 1=100% bigger cells in experimental compared to contralateral
samples) and b) normalised difference in chondrocyte count (0=no difference,
1=100%> more cells in experimental compared to contralateral samples) as a function
of normalised cartilage depth (0=surface, l=cartilage-bone interface) for patellar
(pat) and femoral groove (fem) cartilages. The superficial, middle and deep layers of
patellar cartilage are also indicated. Each point represents a single value calculated
using the mean values in Figure 5.5 and Figure 5.6. Approximate regression lines
through patellar and femoral groove points have been added by hand.
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and fissured articulating surface and uneven proteoglycan staining throughout
cartilage depth was observed in both contralateral and experimental patellar cartilages
relative to normal controls (Chapter Six). In contrast, no differences were apparent in 10
of the twelve femoral groove samples compared to controls (Chapter Six). Interestingly,
differences in human cartilage including fibrillation, fissuring, softening and swelling is
more severe, covers a larger portion of the cartilage surface, and occurs at an earlier age
in the patella compared to the femoral groove for subjects from autopsy and surgery
(Section 2.3).
It is intriguing that two juxtaposed cartilage surfaces experiencing the same load
magnitudes

within the patellofemoral joint should demonstrate such contrasting

adaptations to ACL-transection. Although similar in magnitude, the time duration of the
loads on the two surfaces can be quite different; areas of the patella being consistently
loaded and the femoral groove intermittently loaded as the patella slides up and down the
femoral groove.

This intermittent versus consistent loading of cartilage was also

proposed by Adams (1989) to explain contrasting adaptations of the tibial plateau and
femoral condyles as well as the patellofemoral joint surfaces to ACL-transection between
3 days and 63 weeks post surgery in the dog.
It is also evident that feline patellar and femoral groove cartilages differ in a number of
histological parameters which might suggest that these tissues have a different
mechanical and/or metabolic capacity to respond to ACL-transection. Differences exist
in cartilage thickness, chondrocyte shape and chondrocyte volumetric fraction in both
magnitude and depth distribution in healthy tissue (Chapter Four). Furthermore, the
contralateral control joints from the present study demonstrated

differences in
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chondrocyte number and size in both magnitude and depth distribution. Femoral
groove cartilage is thinner and has smaller chondrocyte volumetric fraction than patellar
tissue making it harder and less strained under a given load (Chapter Four). Furthermore,
femoral groove chondrocytes are smaller in size and more oblate than the cells of the
patella, and so might be less metabolically active and/or sensitive to changes in their
environment compared to the larger, more rounded patellar chondrocytes (Lee et al.,
1998, Aydelotte and Kuettner, 1988, Aydelotte et al., 1988, Cole and Kuettner, 2002).
These are just two examples of properties that might contribute to stabilizing the femoral
groove cartilage more than the patellar cartilage under ACL-transection conditions.
As well as being heterogeneous within the patellofemoral joint, the histological
differences observed at 16 weeks post ACL-transection are also heterogeneous within the
affected (patellar) cartilage. Specifically, the increase in chondrocyte size, clustering and
volumetric fraction seen in experimental compared to contralateral cartilage are most
apparent in the middle layer. Differences in the middle layer of dog, cat and rabbit
articular cartilages are also evident at 12-16 weeks post ACL-transection before major
loss of integrity to the articular surface. M c Deviti et al. (1977) reported occasional cell
'doublets' in the superficial and middle layers of dog patellae 16 weeks post A C L transection. A larger cell density and frequency of 3 or 4 cell clusters was observed in
the middle layer of feline medial femoral condyle cartilage at 12 weeks post A C L transection compared with contralateral controls (Herzog et al., 1993). Rabbit cartilage
from the femoral condyles demonstrated increased cell count and decreased matrix
staining in the middle and deep layers compared with contralateral controls 12 weeks
post ACL-transection (Vignon et al., 1987).
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In healthy feline patellar articular cartilage, the middle layer is affected the most by
static compression; the largest tissue strains and changes to chondrocyte shape and
volume relative to the surrounding matrix occurring in this layer (Chapter Four). Any
changes to cartilage loading as a consequence of ACL-transection might therefore be
experienced to a greater extent by the middle compared to the other layers of the tissue.
The middle layer of feline cartilage also contains the largest and most spherical
chondrocytes throughout tissue depth in 16 week contralateral tissue. These middle layer
chondrocytes might therefore be the most metabolically active and therefore be the most
sensitive to, and most capable at, giving a biological response to any changes in their
environment as a consequence of ACL-transection (Lee et al., 1998, Aydelotte and
Kuettner, 1988, Aydelotte et al., 1988, Cole and Kuettner, 2002). Regardless of the
mechanism(s) involved, however, it would seem that adaptations to ACL-transection in
the feline patellofemoral joint are most evident in the patellar cartilage and start in the
middle layer of the tissue, only then working outwards towards the articular surface.
It is clear from the present study, and the literature, that articular cartilage is
heterogeneous.

Differences exist between cartilage taken from different joints, different

surfaces of the same joint and different areas of the same surface of a given joint from
both a mechanical and biological perspective (Section 2.1, Section 2.2.1). Furthermore,
articular cartilage is heterogeneous throughout its depth in terms of the structure and
biological capacity of both matrix (Section 2.1.2, Bayliss et al., 1983, Hwang et al., 1992,
Clark, 1990) and chondrocytes (Section 2.1.1, Lee et al., 1998, Aydelotte and Kuettner,
1988, Aydelotte et al., 1988, Bush and Hall, 2003, Hunziker at al., 2002).

This

heterogeneity provides a great challenge for many aspects of both experimental and
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theoretical investigations into cartilage structure and function. In experimental work
for example, cartilage and/or its matrix/chondrocyte components must be harvested from
the same joint, the same area of the joint and/or the same tissue layer to ensure a
homogeneous population. Furthermore, tissue engineers will need to consider where the
final cartilage implant will be situated within a given joint or joint surface when trying to
reproduce the functional properties of the natural tissue.
In light of the abundance of heterogeneity in the cartilages of the feline patellofemoral
joint, it should be noted that chondrocyte shape as a function of normalised cartilage
depth is very similar for compressed patellar cartilage under a 9MPa load in healthy, 16
weeks post and 67 months post ACL-transection tissue (Figure 5.3 and Figure 6.5). It
would seem, therefore, that the adaptations of the patellar matrix to ACL-transection do
not significantly influence the steady state compressed chondrocyte shapes throughout
tissue depth.
The majority of the data presented in this paper is unique and therefore difficult to
validate directly using published data in the literature. Cartilage thickness measurements
have been published for experimental and contralateral feline patellar and femoral groove
articular cartilages 16 weeks post ACL-transection (Herzog et al., 1998).

The

experimental patellae

and

and contralateral

femoral groove values (470±26um

181±16um respectively) agree very well with those in the present study (Table 5.1),
however values of the contralateral patellae and experimental femoral grooves
(233±30um and 318±21um respectively) are smaller and larger respectively than our
results by - l l O u m .

This discrepancy might be explained by some differences in

methodology; the use of the needle probe technique to measure cartilage thickness,
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arthroscopic ACL-transection surgery and/or the freeze/thaw cycle experienced by
the cartilage in the study by Herzog et al., 1998. In general however, the major results
from this study discussed above agree well with the wider literature. The methods we
have used are similar to previously published work using healthy feline articular cartilage
which agreed well with the corresponding literature (Chapter Four). Changes made to
that protocol for use in the present study include increasing the cartilage fixation time
from 2 to 3 hours for experimental patellar cartilage and taking control and indented
sections from the same osteochondral block rather than from different hindlimbs (Section
5.2.2, Section 5.2.3). Both of these alterations are likely to have had a detrimental effect,
if any, on the present results; the longer fixation times possibly shrinking the articular
cartilage (Hunziker et al., 1982) and/or the control section being close enough to the
indentation site to be affected by the applied load.
In conclusion, we have presented unique, systematic quantification of the histological
adaptations of the feline patellofemoral cartilages to ACL-transection 16 weeks post
surgery.

These changes are heterogeneous both within the patellofemoral joint and

throughout cartilage depth. It will be interesting in the future to investigate these tissues
from a biological perspective, looking to see i f a biological chondrocyte and/or matrix
heterogeneity parallels the histological heterogeneity reported here.
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Chapter Six Opposing Cartilages in the Patellofemoral Joint
Adapt Differently to Long-Term Cruciate Deficiency:
Chondrocyte Deformation and Reorientation with
Compression
6.1

Introduction

Focal chondral or osteochondral defects such as softening, swelling, fibrillation or
fissuring are frequently observed in the human patellofemoral joint at surgery or autopsy
(Section 2.3). Furthermore, patients with lesions frequently have an associated meniscal
and/or ligament injury (Hjelle et a l , 2002). The majority of research investigating the
etiology of patellofemoral cartilage defects has focused on joint biomechanics correlating defective areas to contact areas and pressures throughout the range of motion
of the knee (Outerbridge, 1961, Seedhom et al., 1979, Emery and Meachim, 1973,
Goodfellow et al., 1976a, Maquet, 1979). Less attention has been given to other possible
factors

such as the different

material properties, biochemical composition and

histological architecture of the cartilages (Bentley, 1985, Froimson et al., 1997,
Goodfellowetal., 1976b).
Surgical section of the A C L is perhaps the most thoroughly characterized animal model
of OA (Section 2.3.1.2). This model has been studied in a wide variety of animal species
including the dog (Section 2.3.1.2.1), cat (Section 2.3.1.2.2), rat (Williams et al., 1982)
and rabbit (Bray et al., 1992). Work involving the dog and cat has enabled some of the
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more clinical manifestations of OA, such as changes to gait patterns, joint instability
and load redistribution within and between joints, to be evaluated in parallel to the
histological, biochemical and metabolic pathology (Section 2.3.1.2).

To date, these

models have been used extensively to study the early changes after ACL-transection,
however only rarely have the animals been maintained long-term to study the later
adaptations to this joint injury.
It is well accepted that chondrocytes and their nuclei deform when a load is applied to
articular cartilage (Section 2.2.2).

Furthermore, chondrocyte deformation has been

shown to influence, either directly or indirectly, the biosynthetic activity and thus the
health of articular cartilage (Section 2.2.1, Section 2.2.2). Data in this area, however,
have been almost exclusively derived from experiments using healthy articular cartilage
and in-vitro expiant loading conditions which have not been thoroughly validated in-vivo.
Validation is lacking both in terms of the magnitude and frequency of the external loads
applied to the cartilage, as well as to the effects of the dramatically altered boundary
conditions resulting from extracting and testing isolated plugs of articular cartilage and
bone.
The magnitude and distribution of forces and surface pressures experienced by the
healthy and ACL-transected feline patellofemoral joint in-vivo and in-situ have been well
characterized (Section 2.3.1.2.2, Chapter Three). Additionally, an experimental protocol
has been developed recently which enables articular cartilage to be statically loaded while
still fully intact and attached to its native bone (Chapter Four). This methodology has
already been harnessed to compress normal feline patellofemoral joint cartilage and to
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evaluate

the

resulting cartilage and chondrocyte

deformation

systematically

throughout the depth of the tissues.
The purpose of this study was, firstly, to quantify patellofemoral cartilage thickness and
chondrocyte shape, orientation and volumetric fraction in the feline knee 67 months post
ACL-transection. Secondly, we wanted to apply an in-situ static load of physiological
magnitude to the articular cartilages and to systematically evaluate the resulting cartilage
and chondrocyte deformation.

We hypothesized that experimental patellar cartilage

would be different from contralateral and normal cartilage in the parameters outlined
above.

Femoral groove cartilage, however, would be the same under normal,

contralateral and experimental conditions.

Furthermore, we expected cartilage and

chondrocyte deformation to be larger in magnitude in experimental compared to
contralateral and normal patellar cartilage.

6.2

6.2.1

Methods

Specimens and preparation

Six skeletally mature male cats were studied. The study was approved by the Animal
Care Committee at The University of Calgary in accordance with the guidelines of the
Canadian Council on Animal Care. ACL-transection was carried out on the left hindlimb
of all cats using open surgery (Herzog et al., 1993, Herzog et al., 1998) with the
contralateral stifle serving as an internal control. The animals had a mean mass of
6.7±1.7 kg upon euthanasia at 67±6 months post surgery.
At necropsy, both hindlimbs were disarticulated and inspected for signs of degeneration.
The order of knee dissection (left or right) was chosen at random, keeping the second
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joint intact until completion of the experiments on the first leg. A l l experiments were
completed within 19 hours of sacrifice and, once exposed, cartilage surfaces were
moistened with physiological saline (0.15MNaCl) to maintain hydration.

6.2.2

Cartilage loading and fixation

This part of the protocol was identical to that described in Section 4.2.2 except that the
9MPa load was applied to cartilages from four animals and the 15MPa load applied to
two animals. Load was applied to all contralateral and experimental samples and fixed
with a solution of 0.7% ruthenium hexammine trichloride and 1-2% glutaraldehyde (v/v)
(in 0.05 M cacodylate buffer, pH 7.4) (Clark et a l , 2003a, Hunziker et al., 1982). The
cartilage from the femoral grooves, contralateral patellae and experimental patellae were
fixed for two, four or five hours respectively based on the predicted thickness and
penetration characteristics of the tissue determined in pilot testing.

6.2.3

Cartilage processing

This part of the protocol was identical to that described in Section 5.2.3.

6.2.4

Data analysis

This part of the protocol was identical to that described in Section 4.2.4.

6.2.5

Statistical analysis

Statistical analyses carried out on the chondrocyte shape, chondrocyte volumetric fraction
and cartilage thickness data revealed no significant differences between the 9 and 15MPa
loaded groups in any of these variables. Consequently, these groups were pooled to form
a single 'indent' group. Data from a similar experiment carried out on normal feline
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cartilage (Chapter Four) was then added to the data from the present study and
statistical analyses performed.
A four-factor simultaneous A N O V A was conducted on the chondrocyte shape data with
cartilage depth (bins 1-12), site (femur, patella), load (control, indent) and surgery
(normal, contralateral and experimental) as main effects.

A four-factor simultaneous

A N O V A was also conducted on the chondrocyte volumetric fraction data with cartilage
layer (superficial, middle, deep), site (femur, patella), load (control, indent) and surgery
(normal, contralateral and experimental) as main effects.

Finally, a three-factor

simultaneous A N O V A was conducted on the cartilage thickness data with site (femur,
patella), load (control, indent) and surgery (normal, contralateral and experimental) as
main effects.
Student Newman Keuls and Scheffe post hoc tests were also performed where
appropriate.

6.3

Results

6.3.1 Cartilagemorphology
In the experimental patellae, macroscopic differences were evident mainly at the distal
pole where osteophytic growth and/or full- or partial-thickness cartilage erosions were
observed in four of the six animals. The ridges of five of the experimental femoral
grooves demonstrated considerable osteophytic growth on both medial and lateral sides.
In one animal the patella had displaced medially where a 'new groove' had begun to form
with the bone being covered by a thin layer of cartilage like soft tissue. The contralateral
knees demonstrated disparities of a similar nature to that observed in the experimental
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limbs though considerably less severe and less frequently observed across the six
animals. Specifically, only two animals showed minor differences compared to normal at
the distal pole of the patella and three femoral grooves had osteophyte formation on the
medial ridges.
Microscopically,

all experimental

patellae

demonstrated

significant histological

differences compared to normal. The experimental patellae were thicker (Figure 6.1,
Table 6.1), had an uneven contact surface, and contained rounded chondrocytes in
columns and clusters throughout the depth of the cartilage (Figure 6.1).

The

proteoglycan staining was unevenly distributed throughout tissue depth, being greatly
depleted in the top third of the cartilage. Five of six contralateral patellae demonstrated
similar disparities as described for the experimental patellae, though to a lesser extent
(Figure 6.1).

Due to individual differences between animals being exacerbated with

disease, some of these disparities (such as increased cartilage thickness) were Tost' in the
averaging process (Table 6.1).
In complete contrast, all contralateral and four of the six experimental femoral grooves
appeared normal histologically.

The surfaces were flat, cartilage and chondrocyte

architecture normal and proteoglycan staining evenly distributed throughout (Figure 6.1,
Table 6.1). The two experimental femoral grooves that were different, however, showed
similar histological disparities to the patellae (Figure 6.1).
The effect of surgery on cartilage thickness was greater, on average, in the patellae than
the femoral grooves (p<0.001).

Patella

Femoral
Groove

Experimental

Figure 6.1: Comparison of normal, contralateral and experimental patellar and femoral groove cartilage. All contralateral
and experimental sections are from the same animal except the disparate experimental femoral groove. Note all animals
demonstrated histological differences in the experimental patella however only two of six showed these changes in the
femoral groove. All sections 0.5u.m thick, stained with toluidine blue and photographed at 50x magnification.
to
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Table 6.1: Comparison of cartilage thickness and compressive strain for patellar and
femoral groove cartilage at various states of disease. The data from the disparate
experimental femoral grooves (n=2) have been isolated from the normal looking
experimental femoral samples (n=4) for clarity.

Patella

Femoral
Groove

6.3.2

Thickness
Control
(pm ±sd)
Indented
Compressive Strain (%)
Thickness
Control
(pm ±sd)
Indented
Compressive Strain (%)

Normal

Contralateral

432±87
242±73
44
217±31
140±27
36

337±73
253±63
25
188±32
131±18
30

Exper imental
Normal
Disparate
645±151
420±71
35
420±25
211±76
148±38
241 ±2
30
43

Cartilage compressive strain

When indented, both patellae and femoral groove cartilages experienced compressive
strain (Figure 6.2, Table 6.1). Patellar cartilage was compressed more (in absolute terms)
by the applied load compared to femoral groove cartilage (p<0.05). A l l indentations of
experimental patellae were deeper and had steeper sides compared to indentations of
normal patellae cartilage (Figure 6.2). Furthermore chondrocytes in the deep layer of
cartilage which reorientate to have the angle of their major axes to the horizontal at
approximately 45° or 135° in normal indented patellae cartilage, remained randomly
orientated in experimental patellae cartilage (Figure 6.2, Figure 6.3b and d (note the
clustering of cells about 45° and 135° angles at depths >50% of tissue depth in normal but
not experimental indented cartilage) and Figure 6.4b and d (note the prolate cells
clustering about 45° and 135° angles in normal but not experimental indented cartilage)).
This reorientation phenomenon is less dramatic in normal femoral groove compared to
patellar cartilage, therefore any differences that might occur with the two disparate

Normal

100|jm

Figure 6.2: Comparison of normal and experimental patellar cartilage in the control and indented states. Experimental
control and indented sections are from the same animal. All sections 0.5um thick, stained with toluidine blue and
photographed at 25x magnification.
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experimental femoral grooves were not apparent.

The deeper and steeper

indentation shape was, however, demonstrated in these two samples.

6.3.3

Chondrocyte shape

In the superficial layer of control patellar cartilage, chondrocytes appear more rounded
in shape in experimental compared to contralateral and normal samples (Figure 6.1 and
Figure 6.5a).

This can also be seen in Figure 6.4 where the oblate cells with shape

values between 2 and 8 in normal cartilage (Figure 6.4a) are absent in experimental
cartilage (Figure 6.4c). Furthermore, the clustering of cells about the horizontal axis
0

(180° and O angles of the major axis to the horizontal) seen in the superficial 10% of
cartilage in normal patellae (Figure 6.3a) is absent in experimental cartilage (Figure
6.3c). In contrast, the chondrocytes in the normal looking femoral grooves (four of the
six experimental joints) resembled those in the corresponding layers of contralateral and
normal samples (Figure 6.1 and Figure 6.5b). The two experimental femoral groove
samples with microscopic differences, however, also showed the tendency towards more
rounded chondrocytes in the superficial layer (Figure 6.1 and Figure 6.5b).
Statistical analysis of the chondrocyte shape data revealed a significant load by site by
depth interaction effect (p<0.01). Careful inspection of these data showed that indenting
the cartilage led to a decrease in chondrocyte shape throughout the depth of all cartilage
samples with this effect, on average, being greater in patellar compared to femoral
groove cartilage (Figure 6.2 and Figure 6.5). Furthermore, this decrease in shape was
largest, on average, in the superficial layer of patellar cartilage but in the middle layer of
femoral groove tissue (Figure 6.5). These effects are seen most clearly in Figure 6.6.
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Figure 6.5: Chondrocyte shape as a function of normalised cartilage depth
(0=surface, l=cartilage-bone interface) for a) patellar and b) femoral groove
cartilage.
Each graph shows values for normal, contralateral (contra) and
experimental (exp) cartilage in the control and indented states. The data from the
disparate experimental (dis exp) femoral grooves (n=2) have been isolated from the
normal looking experimental femoral samples (n=4) in (b) for clarity. Each point
represents an average value of chondrocyte shape across a 5 or 10% bin of cartilage
depth. Error bars represent one standard deviation from the mean. Representative
ellipses placed at their corresponding values of chondrocyte shape are shown
pictorially on the right.
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Figure 6.6: Normalised change in chondrocyte aspect ratio as a function of
normalised cartilage depth (0=surface, l=cartilage-bone interface). Values are
shown for femoral groove (fem) and patellar (pat) samples in the normal,
contralateral (contra) and experimental (exp) states. Each point represents an
average value of aspect ratio change across a 10% bin of cartilage depth.

The normalised change in chondrocyte aspect ratio was positive (cells becoming flattened
with compression) for all samples and larger, on average, for patellar compared to
femoral groove samples.

Furthermore, the patella values are largest between 0% and

25% of tissue depth and the femoral groove values largest between 25% and 55% of
depth.

6.3.4

Chondrocyte volumetric fraction

On average, volumetric fraction was not affected by surgery in the middle or deep layers,
however the experimental samples showed decreased chondrocyte volumetric fraction in
the superficial layer compared to either contralateral or normal samples (p<0.001, Figure
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6.7). Secondly, volumetric fraction was, on average, the same in the superficial and
deep layers of femoral groove and patellar samples (p<0.001).

In the middle layer,

however, patellar chondrocyte volumetric fraction was larger than that of the femoral
groove.

6.4

Discussion

In this study, we systematically quantified the histology of feline patellofemoral joint
cartilage 67±6 months post ACL-transection.

Specifically, we found significant

differences in 11 of the 12 patellar samples compared to normal controls including
thicker cartilage, rounded and clustered superficial layer chondrocytes, a fibrillated and
fissured cartilage surface and uneven proteoglycan staining throughout the cartilage
depth. These differences were more significant in experimental compared to contralateral
tissue.

In complete contrast however, no differences were apparent in 10 of the 12

femoral groove samples compared to normal controls.
Data taken from the feline patellofemoral joint at 16-weeks following ACL-transection
demonstrates a similar site specific histological disparity with significant differences
evident in the experimental patellae but none in the femoral grooves (Chapter Five).
Brandt et al. (1991b) described fibrillation or ulceration of the articular cartilage in two of
the three experimental patellae with contralateral patellae appearing grossly normal in the
dog 54 months post ACL-transection. Unfortunately they did not report on the femoral
groove articular cartilage. Additionally, differences in human patellar cartilage including
fibrillation, Assuring, softening and swelling occurs at an earlier age, is more severe and
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Figure 6.7: Chondrocyte volumetric fraction as a function of cartilage layer for a)
patellar and b) femoral groove cartilage. Each graph shows values for normal,
contralateral (contra) and experimental (exp) cartilage in the control and indented
states. The data from the disparate experimental (dis exp) femoral grooves (n=2)
have been isolated from the normal looking experimental femoral samples (n=4) in
(b) for clarity. Error bars represent one standard deviation from the mean.
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covers a larger portion of the cartilage surface on the patella compared to the femoral
groove (Section 2.3).
It is interesting that two directly articulating cartilage surfaces of a joint experiencing the
same load magnitudes could have such contrasting adaptations to ACL-transection. We
speculate that this could be a result of the different nature of the loads; areas of the
patellar articular cartilage being more consistently loaded throughout the range of motion
of the knee compared to the intermittent loading of the femoral groove as the patella
slides along its length. It is interesting to note that in the animals used for this study a
similar phenomenon occurred in the experimental tibiofemoral joint.

The more

consistently loaded tibial plateaus all showing more severe differences to the cartilage
(full/partial thickness erosions) compared to the intermittently loaded femoral condyles
(texture changes and only one partial thickness erosion). In a similar vein, Adams (1989)
observed a smaller increase in cartilage tissue mass in the more constantly loaded surface
of a given joint (the tibial plateaus compared with the femoral condyles and the patellae
compared to the femoral grooves) in dogs three days to 63 weeks post ACL-transection.
In addition to the contrasting nature of the loads experienced by the patellae and femoral
grooves, these opposing cartilages differ in their histology and material properties in
healthy tissue (Chapter Four, Froimson et al., 1997). Differences exist in parameters
such as cartilage thickness, chondrocyte shape and chondrocyte volumetric fraction in
both magnitude, depth distribution and their response to a given load (Chapter Four).
The patella surface is convex compared to the concave femoral groove. Furthermore,
patellar cartilage has a lower compressive aggregate modulus and proteoglycan content,
and a higher permeability and water content compared to femoral groove cartilage
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(Froimson et al., 1997). One of these differences, or a combination of them, may act
to predispose one of the articulating surfaces to pathology.
We would also speculate that the patellar and femoral groove cartilages have inherent
differences in their biological response capabilities to a given loading scenario. Relative
differences in the strength of response to stimulation of chondrocytes from the knee and
ankle have been identified (Cole and Kuettner, 2002). The stronger response of the knee
chondrocytes includes factors that increase damage to the cartilage matrix, such as
depression of matrix synthesis and increased enzyme activity which these cells may not
be able to repair. The weaker response of the ankle chondrocytes however, may allow
the cells to repair matrix damage. Furthermore, preliminary results show that cyclically
loading the rabbit patellofemoral joint for one hour using quadriceps stimulation showed
a distinct and statistically significant increase in mRNA levels of MMP-3 compared to
unloaded controls and unloaded contralateral knee articular cartilage (Herzog et al.,
2003).

Furthermore, the MMP-3 response was significantly greater in the articular

cartilage of the femoral groove compared to that obtained from the patella.
Also of interest in the present study was the effect of long-term ACL-transection on the
articular cartilage response to a given load.

In particular, we described a deeper

indentation shape with steeper sides in the experimental compared to normal patellar
cartilage, and an absence of the realignment of deep zone cells at angles of 45° and 135°
which was evident in normal cartilage. Interestingly, Glaser and Putz (2002) reported
similar differences between intact cartilage and cartilage with the superficial or the
superficial and middle layers removed when comparing collagen fibre deformation and
organization with static load.

They applied a static load of 0.42 or 0.98MPa to
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osteochondral plugs of bovine femoral head cartilage using a flat ended rectangular
indentor.

They describe a steeper angle of inclination of the lateral walls of the

indentor's impression after removal of the superficial layer, and a rectangular indentor
impression with both superficial and middle layers removed. Furthermore, the area of
collagen fibre 'bulging' observed underneath and around the indentations in intact
cartilage was reduced with removal of the superficial layer. This bulging effect caused
collagen fibres to bend outwards to align at angles closer to 45° and 135° in intact
cartilage. The fibres remaining closer to 90° in defective tissues. Additionally, the lack
of bulging in defective cartilage was accompanied by a more intense matrix deformation
deeper in the cartilage tissue. If local matrix deformation is assumed to be indicative of
local chondrocyte deformation, and vice-versa, one might expect to observe larger
chondrocyte deformation in the bottom 50% of experimental patellar cartilage compared
to normal tissue in the present study. This was not the case. In the experimental cartilage
however, the 'loss' of superficial and middle layers demonstrated

by rounded

chondrocytes throughout tissue depth is accompanied by thicker cartilage and a graded
proteoglycan staining density being smallest at the tissue surface. These differences in
the material properties of the matrix in experimental cartilage compared to normal tissue
are not incorporated into the superficial layer removal model used by Glaser and Putz
(2002).

A schematic representation comparing the differences between control and

experimental cartilage histology and the structural reorganization that occurs with load is
shown in Figure 6.8.
A further notable result in the present study were the differences to cartilage histology in
the contralateral patellae.

The disparities of these tissues were similar in nature,

Experimental

Normal

• • • •
M

• ••

Control

• •

I

• ••

Figure 6.8: A schematic representation comparing normal and experimental cartilage in the control and indented states
under the specific in-situ indentation testing conditions described in the current study. Lines represent predominant
collagen fibre orientation and ellipses represent chondrocytes. Changes to cartilage histology in the superficial and middle
layers with ACL-transection alter the structural reorganisation that occurs throughout the cartilage depth with
indentation.
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though less pronounced than those seen in the experimental patellae and were
consistently observed in five of the six animals. Furthermore, the histological differences
in the contralateral patellae compared to normal controls observed in this study appear to
be similar to those observed in preliminary data taken from the experimental patellae of
16 week post ACL-transected cats (Clark et al., 2003b). This evidence supports the
notion of a delayed secondary effect in the non operated hindlimbs of ACL-transected
animals. This could result from the altered loading of the hindlimbs that occurs during
the first 6 months post surgery (Suter et al., 1998).

The contralateral hindlimb

experiencing increased ground reaction forces in both the vertical and anterior-posterior
directions compensating for the decrease in these forces in the experimental limb.
Alternatively, though less likely due to the isolation of articular cartilage from the neural
and vascular systems, there could be a systemic effect which would enable the biological
and biochemical differences in the experimental knee to directly affect the contralateral
knee. One might also expect a systemic effect to influence both the hip and ankle joints
of the experimental and contralateral limbs as well as the contralateral knees. This was
not the case with our subjects as all hip and ankle joints appeared grossly normal with the
exception of the hips from one subject. The precise age of the animals used in this study
is not known, therefore any differences in age between the normal and ACL-transected
subjects could also be a factor influencing this normal versus contralateral disparity. In
contrast to the dog however, O A does not spontaneously occur in the cat with old age,
making age an unlikely factor affecting this disparity.
The two out of four experimental femoral grooves that demonstrated histological
disparity also require discussion. Neither of these grooves belonged to the subject with
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the dislocated patella, and there do not appear to be any other 'global' factors such as
subject mass, time post transection, or knee width or laxity which might isolate these two
subjects from the others. We would speculate, therefore, that the histological differences
observed in the feline patellofemoral joint after long-term ACL-transection progress over
a time course of years and manifest initially in the patella and later in the femoral groove.
In a similar fashion, cartilage fibrillation and lesion in the human patellofemoral joint is
initially evident in the patellar cartilage and progresses later to the femoral groove
(Meachim and Emery, 1974, Seedhom et al., 1979). It will be of interest to see i f the
three remaining ACL-transected cats, now >94 months post surgery, will demonstrate
histological disparity in the femoral groove.
As mentioned earlier, the data described here are unique, and therefore the majority of
our measurements cannot be specifically compared with other studies.

In general,

however, the main results discussed above agree well with the literature. The methods
used in the present study are almost identical to those of an earlier investigation using
healthy feline articular cartilage (Chapter Four). This methodology was validated by, and
agreed well with, data from the wider literature. The major changes made to the protocol
for use with ACL-transected cartilage involved increasing the cartilage fixation time from
two hours to four or five hours for the patellae, and taking both control and indented
samples from the same 3mm x Imm osteochondral block (Section 6.2.2, Section 6.2.3).
Any adverse effects from these alterations would result in diminishing the major findings
reported in this study. The longer fixation times possibly causing the cartilage to shrink
(Hunziker et al., 1982), and the control section being close enough to the indentation to
be influenced in part by the load.
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The methodology used in this study has enabled cartilage loading and fixation to be
carried out in-situ in preference to an in-vitro osteochondral plug. Furthermore, the
detailed characterization of in-vivo and in-situ patellofemoral forces and contact areas
and pressures have enabled our applied pressures to be set at a physiologically
meaningful magnitude.

Static compression with a cylindrical, Imm diameter, metal

indentor however is still a long way from mimicking the dynamic, cyclical, cartilage on
cartilage loading that typically occurs in the in-vivo joint.

As discussed above, the

intermittent versus consistent loading, and the shear versus compressive components of
the forces experienced by different areas of a given joint, may have a profound effect on
the site specific histological changes, and therefore presumably on the biomechanical,
biochemical and biological response of that joint to in-vivo loading. It is important
therefore, when investigating the effects of load on articular cartilage, that we ensure that
the loading experienced by the cartilage in our experiments is similar in nature to what it
experiences in-vivo i f our results are to be applicable to the in-vivo setting.
In summary, this study provides unique systematic data describing the histological
differences of the cartilage of the feline patellofemoral joint after long-term A C L transection compared to normal controls. The patella demonstrating significantly more
pronounced adaptation than the femoral groove.

Furthermore, the influence of this

disparity on the response of the articular cartilage to load has been described and
quantified.
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Chapter Seven Muscle-Induced Patellofemoral Joint
Loading Rapidly Affects Cartilage mRNA Levels in a Site
Specific Manner
7.1

Introduction

It is well established that mechanical loading of articular cartilage affects the synthesis
and degradation of a wide range of matrix macromolecules (Section 2.2.1).

This

metabolic stimulus appears to be influenced, in part, by the nature of the applied load
(magnitude, frequency and duration) and by the joint and/or the site within a particular
joint from which the cartilage is harvested (Adams, 1989, Cole and Kuettner, 2002,
Hellio Le Graverand et al., 2002).
The vast majority of investigation into the biological responses of articular cartilage to
load has been carried out using expiants of cartilage or two- and three-dimensional cell
culture systems. One might expect that removing an osteochondral plug from its native
environment within a joint and, as in some studies, removing the bone or cartilage surface
from that plug, would dramatically alter the boundary conditions of the tissue.

In a

carefully architectured material such as articular cartilage, these altered boundary
conditions may significantly affect the functional and/or biological responses of the tissue
to an applied load.
Two main approaches have been utilised in an attempt to quantify the biological
responses of articular cartilage or intervertebral discs in-vivo.

Surgical intervention

models, such as ACL-transection and meniscectomy, have been developed to alter the
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normal loading magnitudes and distributions within the joints of a variety of animal
species (Section 2.3.1.2). While keeping the tissues in their native environments and
ensuring that the applied loads are physiological, it is currently impossible to evaluate the
precise nature of the responses to load caused by these interventions, or to replicate the
exact load changes experienced by one animal in another. The second approach has been
to instrument a mouse or rat tail with pins or an Ilizarov-type device to apply a load to
tissues in their in-vivo environment (Hsieh and Lotz, 2003, MacLean et al., 2003). This
approach enables the load to be more precisely determined compared to surgical
intervention techniques. The mechanism of load application is artificial however, and
cannot be reproduced using the animals' physiological capacity alone. Therefore, there is
a need for a technique to load joints in-situ in a physiological, but controlled manner.
In addition to focusing on explants as opposed to in-vivo loading studies, much research
in this area has evaluated cartilage biological responses on the gross protein level. Many
3

studies have used H-proline and
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S-Sulfate incorporation techniques to evaluate

synthesis and degradation of matrix macromolecules (Section 2.2.1). In contrast,
relatively few studies have looked at the biological responses of articular cartilage at the
gene expression level (Section 2.2.1). It is necessary to understand the degradative and
synthetic responses of cartilage to mechanical loading on both the gene and protein levels
if the mechanisms regulating these responses are to be more fully understood.
The purpose of this study was therefore, to develop a method to apply a repeatable,
measurable and muscle-induced cyclical load to an intact patellofemoral joint and assess
the biological responses of the chondrocytes.

Articular cartilage was harvested from

different sites within the loaded joint and then processed to evaluate the biological
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responses at the mRNA level.

We hypothesized that the loading protocol would

influence the biological responses of the patellofemoral cartilages and that this effect
would plateau in magnitude after three hours. Furthermore, we expected to observe a
different biological response for the patellar compared to the femoral groove tissue.

7.2

Methods

7.2.1 Specimens and experimental set up
This study was approved by the Committee on Animal Ethics at the University of
Calgary. Twelve skeletally mature female New Zealand White rabbits (mass 5.7±0.7kg)
were randomly assigned to either experimental (n=8) or control (n=4) groups (Figure
7.1). Once under anesthetic, hindlimbs were shaved with electric clippers, and

experimental (n=8)

sacrifice (n=4)

sacrifice (n=4)

recovery
no loading
control (n=4)

sacrifice (n=2)

recovery
sacrifice (n=2)

1 hour
Figure 7.1: Experimental timeline and subject numbers.

glycopyrrolate (Sabex 2002 Inc. Quebec) was administered subcutaneously to aid
breathing throughout the experiment.

152
Rabbits were placed supine in a sling with the pelvis fixed between two blunt pins
(Figure 7.2) so that the experimental leg could not move during experimentation. Knee

Figure 7.2: Experimental set up. The rabbit was placed supine in a sling with its
knees at an angle of approximately 100°. The hips were held in position by blunt
pins, and an instrumented restraining bar was positioned as distal as possible to the
patellofemoral joint along the tibia. Surface electrodes were positioned on the
frontal aspect of the thigh for stimulation of the quadriceps muscle group.

joints were fixed at an angle of approximately 100°. A tibial restraining bar instrumented
with a strain gauge was positioned on the experimental (right) limb as far distal along the
tibia as possible and at an angle perpendicular to the force produced by the knee
extensors (Figure 7.2). The strain gauge output was recorded throughout experimentation
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by a computer with C O D A S software (v6.02 Dataq Instruments Inc. Akron, O H .
USA), and was calibrated by hanging a set of known weights from the tibial restraining
bar.
Surface electrodes were placed on the experimental limb to produce quadriceps
stimulation (Figure 7.2). To ensure good contact between electrodes and muscles, these
areas were shaved carefully by hand and cleaned with alcohol. The electrodes were
connected to a stimulator (Grass S88, Astro-med, Longueuil, Quebec) which controlled
the magnitude, frequency and duration of the electrical stimulation.

7.2.2 Loading protocol and recovery
Maximal tetanic force was determined for the quadriceps muscles of each experimental
limb by increasing the frequency and magnitude of a one second muscle stimulation until
the force at the tibial restraining bar was at a maximum. The frequency and magnitude
were then decreased to bring the force down to approximately 30% of maximum. The
muscles were then stimulated for two seconds every 30 seconds for one hour (Figure 7.3).
Throughout this loading period, the magnitude and frequency of the two second
stimulation was increased in order to maintain the approximate output force while the
muscles were fatiguing. Stimulation magnitudes ranged from 25V to 150V and
frequencies from 60Hz to 167Hz.
At the end of loading, the perpendicular distances of the tibial bar to the patellofemoral
joint space, and the joint space to the femoral condyles were measured using calipers.
Fluoroscopy videos were taken of two of the control hindlimbs in the saggital plane.
These videos were digitized to give the knee joint and hindlimb geometry. This
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Figure 7.3: Force as a function of time throughout the one hour loading period for
one subject. The experimental quadriceps muscles were stimulated for two seconds
every 30 seconds for one hour. Fluctuations in the force demonstrate fatigue of the
quadriceps muscles (decreasing force), and increases to the magnitude and
frequency of the two second stimulations (increasing force). The drifting zero value
was caused by a small external force applied by a hand holding the electrodes in
place to ensure good contact throughout loading.

geometry, together with the perpendicular distances measured on each experimental
animal, enabled the patella tendon force and the patellofemoral contact force to be
estimated from the known tibial force for each animal (Hasler et al., 1996).
The animals were either sacrificed immediately after loading (n=4) or after a 3 hour
recovery period (n=4) (Figure 7.1) by intravenous administration of an overdose of
Euthanyl (NaPentobarbital, M T C Pharmaceuticals; Cambridge, Ontario). Control rabbits
(n=4) were treated in the same way as experimental rabbits, but without load.
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7.2.3

Cartilage extraction and processing

Immediately after sacrifice, the knees were opened and cartilage harvested from the
peripheral and central regions of the patella and femoral groove (Figure 7.4). The central
region was chosen as a more consistently loaded area of articular cartilage at a knee angle
of 100° as estimated from the digitized fluoroscopy videos and our knowledge of
patellofemoral contact area and pressure distributions in the lapine (Craig, 2003) and

Femoral Groove

^
Patella

Figure 7.4: Photographs indicating the central and peripheral sites of the patella
and femoral groove cartilages harvested for analysis.

feline (Chapter Three, Herzog et al., 1998) joints. The peripheral region may have been
only partly loaded during patellofemoral contact.

Samples were snap frozen in liquid

nitrogen and then stored at -80°C until R N A extraction.
Cartilage samples were thawed and weighed before total R N A was isolated using the
TRIspin method described previously (Hellio Le Graverand et al., 1999, Hellio Le
Graverand et al., 1998, Reno et al., 1997). Total R N A was quantified using the SyBr
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green reagent (BioWhittaker Molecular Applications, Rockland, ME) and a Perkin
Elmer fluorometer. Reverse Transcription (RT) was carried out with 0.3 ug total R N A
using the Omniscript™ RT kit (Qiagen, Mississauga, ON). Using established rabbit
specific primer sets (Hellio Le Graverand et a l , 2002, Hellio Le Graverand et al., 1998),
aliquots of cDNA were amplified by Polymerase Chain Reaction (PCR) as previously
described (Hellio Le Graverand et al., 1999, Hellio Le Graverand et al., 1998, Reno et al.,
1997). A l l of the samples from each experimental group (immediate sacrifice or 3 hour
recovery) and the corresponding controls (Figure 7.1) were subjected to RT and PCR
amplification at the same time.
Each RT sample was initially assessed for P-Actin (housekeeping gene; 314 bp) using the
following primers; forward:TGC TTC T A G G C G G A C TGT T A , reverse:CGT C A C
A T G G C A TCT C A C G A . Quantities of cDNA and the RT volumes were then equalised
to approximate equivalent amplicon densities. Once the P-Actin values were equalised,
and in the linear range of detection, the same volumes of each sample were used to assess
the cDNA levels for the remaining genes of interest; aggrecan, biglycan, collagen II
(Coll-II),

decorin,

tissue

inhibitor

of

metalloprotease-1

(TIMP-1),

matrix

metalloprotease-3 (MMP-3), basic fibroblast growth factor (bFGF) and transforming
growth factor-P (TGF-P). For each primer set, the optimal cycle number was determined
and the resulting amplified bands analysed by densitometry. Re-evaluation of the RTPCR for selected samples confirmed the reported findings. Integrated density values for
the genes of interest were normalised to the P-Actin values for a semi-quantitative
assessment.
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It is not possible to assess using current methodology i f the mRNA levels for the
house keeping gene, P-Actin, were affected by load, harvest site or location in this
experiment and in so doing may have influenced the results of the other genes assessed.
Our observation that the mRNA levels of the other genes tested were not all influenced in
the same 'direction' (for example, all experimental values being larger than contralateral
values, or all patellar values being larger than femoral groove values) suggests that a
systematic shift in P-Actin could not account for all of the results outlined below.

7.2.4 Statistical analysis
A four-factor A N O V A was conducted on the tissue wet weight, total R N A and R N A
concentration data with load (experimental, contralateral, control), location (femoral
groove, patella), site (central, peripheral) and harvest time (immediate, 3 hours recovery)
as main effects.
A three-factor A N O V A was conducted on the normalised mRNA data with load
(experimental, contralateral, control), location (femoral groove, patella) and site (central,
peripheral) as main effects.

7.3

Results

The mean (±SD) loading characteristics obtained across the one hour loading period for
the eight experimental animals were; quadriceps force (% of maximum): 24±6%, patellar
tendon force: 91±34N and patellofemoral contact force: 75±28N. The average contact
area, measured using Fuji Film in six rabbit patellofemoral joints loaded with 20%
2

maximum quadriceps force at a knee angle of 100°, was 16.2±8.0 mm (Craig, 2003).
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This contact area combined with our patellofemoral contact force above would give
an average contact pressure of ~4.6MPa for our experimental animals.
The mean (±SD) cartilage sample wet weight was 9.5±4.3mg. Significantly more tissue
(p<0.05) was harvested from femoral groove (10.5±4.8mg) compared to patellar
(8.6±3.5mg) sites.

The mean (±SD) total R N A across samples was 0.68±0.50ug.

Significantly more R N A (p<0.001) was harvested from the femoral groove samples
(0.92±0.56pg) compared to the patellar samples (0.44±0.27pg), reflecting the larger
sample wet weights.

R N A concentration (pg RNA/mg tissue wet weight) was not

significantly influenced by load, location, site or harvest time.
RT-PCR analysis of R N A from the control and experimental animals revealed that
mRNA levels for TIMP-1, MMP-3 and bFGF from the immediate sacrifice group were
all significantly affected by the loading protocol (Figure 7.5). On the average, mRNA
levels for TIMP-I and MMP-3 were increased, while those for bFGF decreased after
loading. These genes also demonstrated a significant dependency on location (patella or
femoral groove) (Figure 7.5).
For the immediate sacrifice group, location was a significant factor for the expression of
aggrecan and biglycan, with aggrecan mRNA levels being greater in the cartilage from
the femoral groove compared to the patella, and vice-versa for biglycan expression
(Table 7.1).

Furthermore, tissue from the peripheral harvest sites had significantly

greater mRNA levels for decorin compared to the central site (Table 7.1). Thus, although
the mRNA levels for these three genes were not significantly affected by the loading
protocol, they were heterogeneous throughout the patellofemoral joint.
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Figure 7.5: Graphs of normalised mRNA level as a function
of location (patella or femoral groove) and site (peripheral
or central or) for a) tissue inhibitor of metalloprotease-1
(TIMP-I) b) matrix metalloprotease-3 (MMP-3) and c) basic
fibroblast growth factor (bFGF) from the immediate
sacrifice group.
All values are normalised to the
housekeeping gene p-Actin.
Error bars represent one
standard error from the mean of n=4 values. Statistically
significant (p<0.05) differences between groups are indicated
by horizontal bars, p<0.01 is indicated by a star.

Table 7.1: Summary table of the statistical results from the RT-PCR analysis, t (p<0.05) or ^ ^ (p<0.01) represent
a statistically significant effect of load (experimental vs. contralateral), location (patella vs. femoral groove) or site
(peripheral vs. central) on gene expression. X represents a statistically significant (p<0.05) interaction between two main
effects.
represents no available data. TIMP-l=tissue inhibitor of metalloprotease-1, MMP-3=matrix metalloprotease3, bFGF=basicfibroblastgrowth factor, TGF-p=transforming growth factor-p.
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In complete contrast, after a 3 hour recovery period, neither load nor location had a
significant effect on mRNA levels for any of the genes assessed, while harvest site
influenced bFGF mRNA levels.

Therefore, the rapid changes in mRNA levels

immediately after load appeared to be transient.

7.4

Discussion

In this study we have developed a method to cyclically load intact rabbit patellofemoral
joints using surface muscle stimulation in order to assess cartilage biological responses at
the m R N A level.

This technique has the advantages over existing ACL-transection

models of being both measurable in terms of load characteristics and reproducible.
Patellar tendon forces and patellofemoral contact forces were evaluated in detail. The
patellar tendon forces achieved in this experiment are comparable to those measured
using implantable force transducers in rabbits during level (70N) or inclined (82N)
hopping (Juncosa et al., 2003). Furthermore, quadriceps force was measured for each
animal and normalised to their individual maximal efforts to enable comparison across
subjects.
Our loading protocol is physiological in that the force is produced by the muscles of the
rabbit and not an external loading device (e.g. Ilizarov; MacLean et al., 2003).
Contracting muscles at 20% of maximum force for two seconds every 30 seconds for one
hour however, is not a natural experience for a rabbit whose physiology is presumably
designed for short spurts of maximal effort to escape predators.

The current protocol

could be readily modified in the future to give 80% maximal effort for ten cycles of
300ms on and 200ms off to simulate more closely these short sprint hopping movements.
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By cyclically loading intact patellofemoral joints we have negated any possible
effects on the mechanical or biological responses of the cartilage resulting from the
altered boundary conditions of osteochondral expiants. Indeed, our results demonstrate
that even undisturbed cartilage in an intact joint exhibits heterogeneity in mRNA levels
for a subset of genes. We found significant differences in mRNA levels independent of
the loading protocol in the patellar compared to the femoral groove cartilage for four of
the genes assessed in the present study.

Furthermore, two of the genes showed

significant differences between central and peripheral regions of the same cartilage
surface.

Site specificity of cartilage mRNA levels in the rabbit knee has also been

reported at three and eight weeks post ACL-transection (Hellio Le Graverand et al.,
2002). Differences were observed between the femoral condyles and tibial plateaus of
the transected limbs compared to non-operated controls. For example, aggrecan was only
up-regulated in the medial femoral condyle eight weeks post surgery, and biglycan in the
medial tibial plateau.

MMP-3 however was up-regulated in both the lateral femoral

condyle and tibial plateau, but not on the medial side at three weeks post surgery (Hellio
Le Graverand et al., 2002).
It is important to note from these results, as well as the present findings, that expiants
taken from different cartilage surfaces, or even from different regions of a single surface,
are heterogeneous at the cell metabolism level. Furthermore, subtle differences between
one or more cartilage samples taken from different areas of an intact joint may be
obscured if they are pooled for mRNA analysis.
We presented preliminary findings regarding the biological responses to load of the
patellofemoral cartilages at the mRNA level. Our results are in contrast to Fehrenbacher

163
et al. (2003) who reported a down-regulation of Coll IA and II, but no effect on
M M P s or TIMPs, in cartilage expiants after 50 minutes of cyclical loading. Ragan et al.
(1999) and Valhmu et al. (1998) however report a similar transient up-regulation of
mRNA expression less than 1 hour post loading similar to our results, though in a
different sub-set of genes.
It is difficult to draw specific conclusions from these studies due to variations in design,
including the loading protocol (in-vivo vs. expiant, static vs. dynamic), species assessed
(calf,

porcine,

lapine),

and

cartilage

harvest

sites

(femoral

groove,

patella,

carpometacarpal). However, from the present results and the literature it appears that the
cartilage mRNA response to loading is rapid, occurring as early as 30 minutes to 1 hour
post-load application, and the response is evident for only a specific sub-set of genes. As
the changes in mRNA levels for these subsets are very rapid and then appear to decline
quickly, the tissues can readily react to alterations in loading. As the time frame for these
changes is short, mechanisms other than transcriptional regulation may be operative since
induction of gene expression would likely take longer than 1 hour and resulting mRNA
levels would be elevated for more than 3 hours. A n alternative mechanism may involve
load-dependent changes in mRNA stability (Guhaniyogi and Brewer, 2001, Inoue et al.,
2002, Wilcusz et al., 2001). mRNA stability can exhibit gene-specific effects due to
sequences in the mRNA molecules (Guhaniyogi and Brewer, 2001, Inoue et al., 2002,
Wilcusz et al., 2001). Thus, if the molecular pathways that influence mRNA stability are
linked to load-responsive (shear, compression, tensile, etc) signal transduction pathways,
this may provide a cellular mechanism to initiate a rapid and reversible molecular
adaptation to alterations in the mechanical environment.
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In the future, it will be interesting to test time points earlier than one hour post
loading to clarify when the mechanical stimulus first impacts the biology of the cells, and
when it might peak. Furthermore, evaluation of the changes in gene expression at the
protein level will add to our understanding of the nature of the biological response.
Techniques such as in-situ hybridisation or immunolocalisation could be utilised to
evaluate the biological activity in a zone specific manner throughout the depth of the
articular cartilage.
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Chapter Eight

Summary, Conclusions and Future
Directions

8.1

Summary

Articular cartilage is a thin layer of deformable tissue lining the bony ends of all
diarthrodial joints.

Damage to the articular cartilages of the patellofemoral joint is

frequently observed in humans and is one of a number of signs associated with O A
(Section 2.3). Loading of articular cartilage influences the biological responses and thus
the health of this tissue in both an amplitude and frequency sensitive manner (Section
2.2).

Furthermore, chondrocyte and nuclear deformation that occurs with cartilage

deformation has been proposed as a transduction mechanism which enables the cells to
detect and biologically respond to changes in their local environment (Section 2.2.2).
The majority of these data have been derived from experiments using expiants of
articular cartilage removed from healthy joints. Therefore the chondrocyte response insitu and in-vivo and the effects of ACL-transection on this response still requires
investigation. The specific aims of this research were to;
i) quantify the contact areas and pressures in the feline patellofemoral joint insitu.
ii) develop methods to apply a load to articular cartilage still fully intact and
attached to its native bone and systematically evaluate cartilage and chondrocyte
deformation throughout tissue depth.
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iii) use the technique in (ii) to apply a physiological magnitude of load (from
(i)) to healthy, early O A (16 weeks post ACL-transection) and end-stage O A (67
months post ACL-transection) feline patellofemoral articular cartilage.
iv) develop methods to apply a repeatable, measurable and muscle induced
cyclical load to an intact patellofemoral joint and measure the biological
responses of the articular cartilages.
In Chapter Three the contact areas and pressure distributions within the feline
patellofemoral joint under physiologically meaningful loading conditions were evaluated
in-situ. Under an applied force of 170N (the peak patellofemoral contact force observed
in-vivo in walking cats (Hasler and Herzog, 1998)) the mean and peak pressures in the
patellofemoral joint were 9MPa and 15MPa respectively.
Chapter Four includes a detailed description of the methods developed in order to
statically load and fix articular cartilage still fully intact and attached to its native bone
(Section 4.2).

This protocol enabled cartilage and chondrocyte deformation to be

evaluated throughout tissue depth.

In Chapter Four, Chapter Five, and Chapter Six,

pressures of 9MPa and/or 15MPa were applied to patellofemoral articular cartilages from
healthy, short- and long-term ACL-deficient feline knees.
In Chapter Four we demonstrated that physiological compression of a fully intact, healthy
piece of articular cartilage results in significant changes to chondrocyte shape.

The

changes were similar in magnitude to those previously reported in the literature (Guilak
et al., 1995 and Buschmann et al., 1998). Thus the results from these expiant studies
were validated by our in-situ measurements, adding further strength to the notion that
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chondrocyte shape change may be a mechanism by which the cell can detect and
respond to changes in its in-vivo environment.
Contrary to our initial hypothesis (Chapter One) the magnitude of chondrocyte
deformation was not dependent upon the magnitude of our applied loads (Chapter Four).
This may have resulted from the histological variation between samples being larger than
the differences between the 9 and 15MPa groups, and thus masking any small disparities.
Perhaps load magnitudes on the extreme ends of the physiological range (5MPa and
25MPa, see Figure 3.6 and Figure 3.7) may have resulted in a dose-dependent
chondrocyte shape change.
Also contrary to our initial hypothesis (Chapter One) the magnitude of chondrocyte
deformation was the same in healthy and short-term ACL-deficient knees. It would seem
that at this time point, the integrity of the cartilage matrix was still largely intact; the
articulating surfaces

were smooth, proteoglycan content

was evenly distributed

throughout depth and the reorientation of the deep collagen fibre network with load was
still apparent (Chapter Five). The magnitude of chondrocyte deformation was larger,
however, in the superficial layer of the patellar cartilage after long-term ACL-deficiency
compared to healthy tissue. At this time point, the matrix had begun to lose its integrity;
the articulating surface was fibrillated and fissured, proteoglycan content was much lower
in the top 50% compared to the bottom 50% of tissue depth and the reorientation of the
deep collagen fibre network with load was no longer apparent (Chapter Six).
In Chapter Five and Chapter Six we systematically quantified the patellofemoral
histology of the short- and long-term ACL-deficient knees. At 16 weeks post surgery we
found that experimental patellar articular cartilage was thicker, contained larger
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chondrocytes more frequently arranged in clusters and had, on average, a larger
chondrocyte volumetric fraction compared to contralateral controls. In complete contrast
however, the experimental femoral groove cartilage only demonstrated

increased

chondrocyte size and volumetric fraction compared to contralateral controls, with these
increases being considerably smaller in magnitude than those of the patellar tissue. At 67
months post surgery we described significant differences in 11 of the 12 patellar samples
compared to normal controls including thicker cartilage, rounded and clustered
superficial layer chondrocytes, a fibrillated and fissured cartilage surface and uneven
proteoglycan staining throughout cartilage depth.

These differences were more

significant in experimental compared to contralateral tissue.

In complete contrast

however, no differences were apparent in 10 of the 12 femoral groove samples compared
to normal controls.
As we had hypothesised (Chapter One), the histology of the patellar cartilage was
different, but the femoral groove cartilage was similar in ACL-deficient compared to
healthy tissue. It is intriguing that two juxtaposed cartilage surfaces experiencing the
same load magnitudes within the patellofemoral joint should demonstrate such
contrasting adaptations to ACL-transection.

We speculated that this could be due to

mechanical and/or histological differences in the articulating surface of the feline
patellofemoral joint. Although similar in magnitude, the time duration of the loads on the
two surfaces can be quite different; areas of the patella being consistently loaded and the
femoral groove intermittently loaded as the patella slides up and down the femoral
groove during knee motion (flexion/extension). Interestingly, at 67 months post A C L transection the more consistently loaded tibial plateaus also showed more severe
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differences to the cartilage compared to the intermittently loaded femoral condyles.
This intermittent versus consistent loading of cartilage was also proposed by Adams
(1989) to cause differential adaptation to short-term ACL-transection.
We also reported that feline patellar and femoral groove cartilages differ in a number of
histological parameters and speculated that these tissues may therefore have a different
mechanical and/or metabolic capacity to respond to ACL-transection.

The patellar

surface is convex compared to the concave femoral groove. Differences exist in cartilage
thickness, chondrocyte shape and chondrocyte volumetric fraction in both magnitude and
depth distribution in healthy tissue (Chapter Four). Furthermore, under identical applied
loads, changes to all of these parameters differed in magnitude and depth distribution
between patellar and femoral groove articular cartilage. Additionally, the contralateral
control joints at 16 weeks post ACL-transection demonstrated differences in chondrocyte
number and size in both magnitude and depth distribution (Chapter Five).

These

differential histological parameters of the patellar and femoral groove cartilages may
result in predisposing one of the surfaces to altered biosynthetic activity and/or structural
damage compared to the other.
In addition to being heterogeneous across the articulating surfaces of the patellofemoral
joint, the histological pathology of short- and long-term ACL-deficient knees was also
heterogeneous throughout the depth of the patellar cartilage. Specifically, at 16 weeks
post surgery the pathology was most apparent in the middle layer (Chapter Five). The
pathology would then seem to work outwards towards the articular surface where it was
evident at 67 months post surgery (Chapter Six). We reported that the largest tissue
strains and changes to chondrocyte volume and shape occur in the middle layer of healthy
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patellar tissue under static load (Chapter Four). Furthermore, the middle layer of
patellar cartilage also contains the largest and most spherical chondrocytes throughout
tissue depth in 16 week contralateral tissue (Chapter Five).

We speculate that these

properties of middle layer patellar tissue may act to make it more sensitive mechanically
and/or biologically to changes that occur in the patellofemoral joint with A C L transection.
Regardless of the mechanism(s) involved, however, it would seem that adaptations to
ACL-transection in the feline patellofemoral joint are most evident in the patellar as
opposed to the femoral groove cartilage, and start in the middle layer of the tissue, only
then working outwards towards the articular surface.
Finally, in Chapter Seven we developed a method to apply a repeatable, measurable and
muscle induced cyclical load to an intact patellofemoral joint. This technique had the
advantages over existing ACL-transection models of being both measurable in terms of
load characteristics and reproducible in a series of animals. The loading protocol was
also physiological in that the force was produced by the muscles of the rabbit and not an
external loading device. Furthermore, by cyclically loading intact patellofemoral joints
we negated any possible effects on the mechanical or biological responses of the cartilage
resulting from the altered boundary conditions of osteochondral expiants.
In agreement with our initial hypothesis (Chapter One), we reported preliminary
biological response data demonstrating that a single bout of loading influenced the
biological response of the patellofemoral articular cartilages at the mRNA level for a subset of genes tested (Chapter Seven). In addition, we found significant differences in
mRNA levels independent of the loading protocol in the patellar compared to the femoral
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groove cartilage for four of the genes assessed.

Two of the genes also showed

significant differences between central and peripheral regions of the same cartilage
surface.

8.2

Conclusions

In conclusion, significant chondrocyte deformation occurs when a physiological
magnitude of compression is applied to the fully intact articular cartilages of the
patellofemoral joint.

This observation is consistent in healthy, short- and long-term

ACL-deficient feline knees. This result supports the notion that significant chondrocyte
deformation occurs in cartilage during in-vivo loading and could therefore be one way in
which chondrocytes can detect and respond to changes in their environment.
Secondly, the articular cartilages of the patellofemoral joint are heterogeneous
mechanically, histologically, biologically and in their response to ACL-deficiency and an
applied load. This heterogeneity is evident when comparing different surfaces of the
joint as well as different areas and/or depths of the same surface. This provides a great
challenge for many aspects of both experimental and theoretical investigations into
cartilage structure and function. In experimental work for example, cartilage and/or its
matrix/chondrocyte components must be harvested from the same joint, the same area of
the joint and/or the same tissue layer to ensure a homogeneous population. Furthermore,
tissue engineers will need to consider where the final cartilage implant will be situated
within a given joint or joint surface when trying to reproduce the functional properties of
the natural tissue.
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8.3

Future Directions

Although this study confirms that physiological magnitudes of load applied to intact
articular cartilage in-situ produce significant changes to chondrocyte shape, there is still
much work to be carried out before such a result can be confirmed in-vivo. Cartilage
needs to be loaded onto cartilage in an intact joint using a physiologically meaningful
loading protocol (both in magnitude, frequency and duration).

During normal cat

locomotion for example, the patellofemoral contact forces are cyclical in nature (Hasler
and Herzog, 1998) with the fluid phase of articular cartilage presumably supporting the
majority of the load.

Furthermore, these forces are distributed across a constantly

changing patellofemoral contact area as the patella slides up and down the femoral
groove in response to the changes in hindlimb knee angle (Hasler and Herzog, 1998).
One might expect some areas of patella cartilage to be constantly loaded throughout a
range of knee angles in contrast to the femoral groove. Such physiological loading of
articular cartilage is likely to produce smaller changes to chondrocyte shape than those
reported under the static loads (where the solid phase of articular cartilage supports the
majority of the load) applied in the present study. Methods have not yet been developed
to enable chondrocyte deformation to be evaluated after a more physiological loading
protocol.
It would also be interesting to investigate the patellofemoral cartilage heterogeneity from
a more biological perspective. Specifically, one might investigate i f a chondrocyte and/or
matrix biological heterogeneity parallels the histological heterogeneity reported in this
study. Evaluation of collagen and proteoglycan content and structure in the cartilages
would help describe more clearly the interaction between chondrocyte deformation and
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metabolism and matrix deformation and integrity.

Furthermore, cell specific

biological responses at the protein level could be evaluated, using techniques such as insitu hybridisation, to expand our understanding of how cell metabolism affects cartilage
responses throughout the joint.
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