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ABSTRACT
RESPONSE OF ARTICULAR CARTILAGE TO A BLUNT ACUTE OVERLOAD

CAN BE AFFECTED BY INTERMITTENT CYCLIC PRELOAD AND ALTERATION
OF PROTEOGLYCAN CONTENTS

By
Feng Wei
Mechanical loading of articular cartilage can influence chondrocyte metabolism and lead
to alterations in cartilage matrix composition. Most previous studies have focused on the
effect of cyclic loading on cartilage mechanical properties and proteoglycan (PG)
synthesis. However, the role of PGs synthesized from cyclic loaded cartilage in response
to an acute overloading has not been elucidated. We have therefore conducted studies
where low intensity, intermittent cyclic loading was applied to chondral explants prior to
an acute unconfined compression on the tissue. Chapter One documented a study by our
laboratory showing that 14 days of intermittent cyclic loading on chondral explants has a
positive effect on the tissue, by causing mechanical stiffening prior to a blunt force
overloading, to limit acute tissue damage. And yet, longer term loading to 21 days results
in tissue degradation prior to the acute traumatic event. In Chapter Two a supplement of
glucosamine-chondroitin sulfate was used in an experimental setting to alter PG synthesis
during cyclic loading of explants and its effect on the response of cartilage to an acute
overload was documented. The results showed that experimentally increased tissue PGs
during cyclic loading of cartilage help strengthen the cartilage, making them inhibit the
degradation of the tissue after long-term cyclic compression and reduce the susceptibility
of cartilage to a severe level of mechanical injury. In the long term these types of studies
may help understand the role of biologic-based pre-conditioning of articular cartilage for

in vitro, or even in vivo studies of blunt force trauma to a joint.
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INTRODUCTION

Articular cartilage is a tough, elastic connective tissue covering the ends of joints. Its
purpose is to distribute load and provide a near frictionless surface for the movement of
joint surfaces against one another. Cartilage is composed of chondrocytes (cells)
surrounded by a matrix of water, collagen (fibrous proteins), and proteoglycans (PG’s)
(Figure 1). PG’s are protein aggregates having polysaccharide side-chain units known as
glycosaminoglycans (GAGs). As the joint is subjected to load, the cartilage will deform
in order to distribute the load, causing compressive, tensile, and shear stresses throughout

the cartilage (Mow and
Collagen Setton, 1998). The function
of the collagen is to provide
Proteoglycan the cartilage with tensile

strength, whereas the PG’s

3 Interstitial Water

:' iv
are associated more with the
Figure 1. The extracellular matrix of articular X X
cartilage is composed mainly of collagen fibers, stiffness properties of the
proteoglycans, and water. : . .
cartilage in compression
(Helminen et al., 1992). The content and structure of PG’s and collagen fibers varies
throughout the depth of the cartilage. The matrix can be divided into three regions: a

superficial tangential zone, a middle zone, and a deep zone (Figure 2).
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Figure 2. A sketch showing the cross section of cartilage,
illustrating the collagen network and the three distinct regions
of this tissue.

Osteoarthritis (OA) is a degenerative joint disease associated with multiple factors,
genetic, metabolic, biochemical and biomechanical, that act to disturb the equilibrium of
anabolic and catabolic events in articular cartilage and adjacent bone (Derfoul et al.
2007). While the mechanisms responsible for this disease are unknown, the risk of OA is
increased significantly in joints suffering a major injury (Felson 2000 and 2004).
Hereditary defects may predispose to OA, yet other risk factors such as age, excessive
joint loading, and joint injury increase the risk for development of this disease
(Buckwalter et al., 2004; Helminen et al., 1992; Gelber et al., 2000; Marsh et al., 2002).
OA is thought to be initiated by fibrillation (the unbinding of collagen fibrils and surface
fraying) and swelling of the cartilage matrix due to the influx of fluid. This increased
hydration leads to a softening of the articular cartilage, which increases the pressure on
the underlying subchondral bone (Radin et al., 1996). These early stages of OA may

initiate an increase in the subchondral bone thickness, and lead to changes such as



P formations (bony outgrowths) and erosion of the articular cartilage, eventually

causing complete loss of this soft tissue (Figure 3).

v
Figure 3. The progressive stages of OA. A) Normal articular
cartilage and bone. B) Cartilage surface becomes fibrillated and
the subchondral bone thickens. C) Total loss of cartilage with
bone cyst formation.

Mechanically injurious loads can generate articular cartilage extracellular matrix damage
and chondrocyte death, which have been suggested to facilitate development of OA. We
developed a model of post-traumatic OA using the Flemish Giant rabbit (Haut et al.
1995). In a previous in vivo animal study in our lab, a rigid impact mass was dropped
with 6 J of energy onto the flexed patello-femoral rabbit joint, resulting in acute surface
fissures, progressive degradation of retro-patellar surface cartilage, and thickening of

underlying subchondral bone after 3 years (Ewers et al. 2002). In another study, this

q

impact was found to p patello-femoral contact p. of approximately 25 MPa

(Newberry et al. 1998). A more recent study showed that this level of blunt impact load

applied to the patello-femoral joint induces acute chondrocyte is th h the

gh



retro-patellar cartilage (Rundell et al. 2005). In vitro studies also show that a single blunt
impact load can result in surface fissures and cell death in chondral and osteochondral
explants. Necrotic cell death was also found in situ using the bovine patella subjected to a
single impact of 53 MPa in 250 ms. Cell death occurred largely in the superficial zone
adjacent to fissures, but not in impacted areas away from these cracks (Lewis et al. 2003).
Studies involving explants removed from bone indicated that the extent of matrix damage
would be higher in high versus low rate of loading experiments, while cell death would
be greater in low versus high rate experiments (Ewers et al. 2001). A critical threshold
stress of 15-20 MPa was found for cell death and collagen matrix damage in unconfined
compression using bovine chondral explants (Torzilli et al. 1999). Significant matrix
fluid pressurization and surface cracking were observed from unconfined compression of
bovine osteochondral explants (Morel and Quinn 2004). Other studies have also
associated articular cartilage physiopathology in OA with chondrocyte death (Hashimoto

et al. 1998).

The variations in cartilage morphology, mechanical properties (Murray et al. 1998;
Murray et al. 1999), and chondrocyte matrix synthesis (Ackermann and Steinmeyer 2005;
Buschmann et al. 1999) have been reported and may result from the variations in load.
Therefore, exercise would be expected to alter the composition and mechanical behavior
of cartilage. Although mechanical stimulation is necessary for cartilage development and
homeostasis (Buschmann et al. 1995), abnormal loading has also been shown to initiate
cartilage degradation (Farquhar et al. 1996; Jeffrey et al. 1995; Thibault et al. 2002).

Mechanical loading conditions ranging from very high strain rate impact loading



conditions, such as traumatic accidents, to very low strain rate loading, such as obesity or
joint misalignment, may all contribute to cartilage injury and degenerative joint disease
(Morel et al. 2005). In vitro studies of impact loading (Atkinson et al. 1998; Borrelli et al.
1997; Milentijevic and Torzilli 2005; Milentijevic et al. 2003) and high strain rate
injurious compression (Quinn et al. 1998b; Ewers et al. 2001; Kurz et al. 2001; Quinn et
al. 2001) of cartilage have shown that cell death and matrix damage resulting from fluid
pressurization and collagen network tensile failure (Morel and Quinn 2004) could
represent initiating events for degenerative processes. Cyclic loading can also lead to
chondrocyte death (Levin et al. 2001; Clements et al. 2001; Chen et al. 2003), mechanical
weakening of collagen (Thibault et al. 2002), and decrease of collagen synthesis rate

(Ackermann and Steinmeyer 2005) in cartilage.

Since prestrain of cartilage explants prior to injurious loading reduced the occurrence of
superficial cracks and associated cell death (Morel et al. 2005), the short-term loading
history of cartilage can influence its subsequent response to injurious compression due to
modifications in tissue structural organization and mechanical properties. The
extracellular matrix (ECM) consists mainly of PG’s and type II collagen. Based on
experimental evidence, PG’s are primarily responsible for the compressive stiffness of
the cartilage matrix (Mow et al. 1990 and Korhonen et al. 2003). Biosynthesis of PG can
be stimulated by intermittently applied cyclic loading (Sah et al. 1989). Investigators
have provided many frameworks for identifying both the physical and biological
mechanisms by which dynamic compression can modulate chondrocyte biosynthesis. In

one study, cultured bovine articular cartilage was subjected to 50 ms, 0.5-1.0 MPa



compressions repeated at intervals of 2-60 s for 1.5 h and simultaneously labeled with
35S04. It was found that explants under a 0.5 MPa load showed significantly increased
35804 incorporation by compression repeated at 2- and 4-s intervals. Therefore, the
stimulation of PG synthesis, as indicated by [>°S] sulfate incorporation, is limited to
certain loading frequencies and pressures (Parkkinen et al. 1992). In another study, a
compressive pressure was introduced for 1, 3 or 6 days using a sinusoidal waveform of
0.5 Hz frequency with a peak stress of 0.1, 0.5 or 1.0 MPa. A maximum PG synthesis
was observed at day 3 with 0.5 Hz frequency and 0.5 MPa peak stress (Steinmeyer et al.
1999). However, the role of PG synthesized from intermittently loaded cartilage in

response to injurious trauma of articular cartilage has not been fully elucidated.

In Chapter One of the study we hypothesized that physiologically intermittent cyclic
loading would stimulate PG synthesis in cartilage explants, resulting in an increased
matrix stiffness of the tissue, and therefore reduce its susceptibility to matrix damage and
cell death following a single blunt impact loading to approximate 25 MPa. This
hypothesis was tested in the present study by systematically applying different durations

of intermittent loading to cartilage explants before injurious blunt impact loading.

Understanding the changes in collagen and PG content of cartilage due to mechanical
forces is necessary for progress in treating join disorders, such as OA. The use of
potentially chondro-protective agents such as glucosamine (glcN) and chondroitin sulfate
(CS) has been explored to medicate OA. Previous studies by others have shown that

bathing cartilage explants in a supplement of glcN and CS can up-regulate the synthesis



of tissue PG’s, and particularly in stressed tissue (Lippiello 2003). However, the role of
PG’s synthesized from intermittently loaded cartilage in response to an acute
compressive overloading of articular cartilage has not been elucidated. Recent studies
have also shown that this supplement limits tissue degradation in the presence of

inflammatory enzymes in an in vitro setting (Derfoul et al. 2007).

Since previous data showed that PG content directly paralleled with stiffness of cartilage
(Chapter 1), we wanted to experimentally increase tissue PG content to stiffen the
cartilage, making them inhibit the degradation of the tissue after long term of cyclic
compression and reduce the susceptibility of cartilage to a severe level of mechanical
injury, such as an acute overload. The objective of Chapter Two of this thesis was to use
this supplement in an experimental setting to alter PG synthesis during cyclic loading of
chondral explants and document its effect on the response of explants to an acute
overload. The hypothesis was that increased levels of tissue PG will significantly limit

blunt force trauma to the tissue.
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CHAPTER ONE

EFFECT OF INTERMITTENT CYCLIC PRELOADS ON THE RESPONSE OF
ARTICULAR CARTILAGE EXPLANTS UNDER AN EXCESSIVE LEVEL OF
UNCONFINED COMPRESSION

ABSTRACT

Mechanical loading of articular cartilage can influence chondrocyte metabolism and lead
to alterations in cartilage matrix composition. Most previous studies have focused on the
effect of cyclic loading on cartilage mechanical properties and proteoglycan synthesis.
However, the role of proteoglycans synthesized from cyclic loaded cartilage in response
to an acute overloading has not been elucidated. We have therefore conducted studies
where low intensity, intermittent cyclic loading was applied to chondral explants prior to
an acute unconfined compression on the tissue. The results of the study showed cyclic
preloading increased the production of proteoglycans and mechanically stiffened the
explants, making them more resistant to matrix damage and cell death under 25 MPa of
acute, unconfined compression up to 14 days. After 21 days of cyclic loading, however,
the explants lost compressive stiffness and suffered more extensive damage in the acute,
unconfined compression test than controls. This study investigated the role of in vitro
cyclic loading on the response of chondral explants to a potentially damaging, acute
overload. In the long term these types of studies may help understand the role of biologic-
based pre-conditioning of articular cartilage for in vitro, or even in vivo studies of blunt

force trauma to a joint.
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INTRODUCTION

Joints suffering a major acute injury, such as an osteochondral fracture or ligament
rupture, are at risk of developing chronic osteoarthritis (OA) (Felson et al. 2000). In cases
of injury to a knee ligament, early detection of bone bruises is seen in over 80% of cases
(Vellet et al. 1991; Johnson et al. 1998). These bone lesions have also been observed in
clinical cases without acute ligament or osteochondral damage (Snearly et al. 1996).
Associated with these bone lesions recent investigators have documented early
degeneration of overlying articular cartilage and death of chondrocytes (Fang et al. 2001;
Johnson et al. 1998). Damage to articular cartilage overlying MRI detected bone bruises
may be due to excessive compressive forces generated in the joint during acute injury, i.e.
rupture of the anterior cruciate ligament (ACL) (Fang et al. 2001). These bone lesions
and acute cartilage damage may help explain the basis for a post-traumatic OA in the
joints of ACL-injured patients, independent of whether they are surgically reconstructed
(Daniel et al. 1994; Myklebust & Bahr 2005). Research on animal models has shown that
acute trauma to articular cartilage causing matrix damage and cell death can lead to
chronic disease in joints (Ewers et al. 2002). A more recent study has also shown that
during these acute trauma experiments contact pressure in the rabbit patello-femoral joint
averages approximately 25 MPa (Rundell et al. 2005), and it induces acute chondrocyte

necrosis throughout the retro-patellar cartilage.

The development of cell death and matrix damage in cartilage is known to vary with the
levels of compressive loading and strains (deformations) applied to the tissue (Torzilli et

al. 1999; Quinn et al. 2001). In particular, direct relationships have been established
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between the levels of tissue deformation and cellular damage (Torzilli et al. 2006). In
order to limit or even help mitigate the process that may lead to OA in joints suffering
blunt force trauma, it would seem reasonable to examine factors that might affect the
mechanical properties of cartilage before the acute traumatic event. For example,
increasing the structural stiffness and strength of articular cartilage may alter the long-
term consequences of blunt force to the joint. Recently, Quinn et al. have shown that pre-
strain of the tissue by a short-term history of compressive loading helps limit the extent
of damage in chondral explants to an acute blunt force loading (Morel et al. 2005). The
basis for this action may be that these pre-strains cause matrix consolidation and an
increase in structural stiffness of the tissue prior to the blunt impact force. Another
mechanism that could potentially help limit the extent of joint injury during a traumatic
event is to increase the matrix stiffness of articular cartilage in a material sense prior to
impact. In vitro and in vivo studies have shown that physiologically intermittent cyclic
loading of articular cartilage can up-regulate the synthesis of tissue proteoglycans (PGs)
(Sah et al. 1989; Parkkinen et al. 1992; Saadat et al. 2006). However, the role of PG
synthesized from intermittently loaded cartilage in response to an acute compressive

overloading of articular cartilage has not been elucidated.

The hypothesis of the current study was that low intensity, intermittent cyclic loading of
chondral explants will up-regulate the production of tissue PGs, resulting in an increase
of the explant mechanical stiffness that will help limit the extent of matrix damage and
associated chondrocyte death following a single, severe level of blunt force loading.

These data may have a direct bearing on the issue of pre-impact conditioning of chondral
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explants in laboratory experiments dealing with the short-term consequences of impact
trauma. Additionally, these data may also relate to the role of regular exercise o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>