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ABSTRACT

Investigations on the effects of cyclic loading and therapeutic treatments following
traumatic injury to articular cartilage

By
Nurit Golenberg

Osteoarthritis (OA) is a disabling disease of synovial joints, such as the hips and
knees, that results in loss of joint function and a reduced quality of life. Joint injuries
during sports related activities, specifically anterior cruciate ligament (ACL) tears,
greatly increase the risk of developing post-traumatic OA. Since most patients suffering
ACL tears develop OA with or without surgical reconstruction of the ligament, the
traumatic loads generated on articular cartilage during the acute injury have been
suggested to be a major cause of post-traumatic OA. This thesis describes the mechanical
and histological properties of the rabbit tibial plateau using the fibril-reinforced biphasic
model of cartilage. Additionally, investigation of the mechanical properties and
proteoglycan content of bovine chondral explants following two levels of unconfined
compressive loading and treatment with a nutraceutical, glucosamine-chondroitin sulfate,
has also been described in this thesis. The effect of cyclic loading was evaluated with and
without glucosamine chondroitin sulfate treatment following two levels of unconfined
compression using bovine chondral explants. The rabbit tibial plateau was again utilized
to investigate the long-term effects of P188, a triblock copolymer known to acutely repair
damaged cell membranes, following blunt impact to the rabbit tibio-femoral joint. The
data presented in this thesis may be used to investigate the progression of the chronic
joint disease and introduces possible intervention methods for the prevention of

developing OA in the more long term.
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Chapter 1

Background and Literature Review

Osteoarthritis (OA) is a disabling disease of joints, such as the hips and knees,
that results in loss of joint function and a reduced quality of life. OA affects almost 27
million Americans each year (Helmick et al. 2008) with a total annual cost per OA
patient set at nearly $5700 per year (Maetzel et al., 2004). Injuries during sports related
activities, specifically anterior cruciate ligament (ACL) tears, increase the risk of
developing OA (Gelber et al., 2000). ACL tears are associated with large compressive
forces passing through the joint (Fang et al., 2001). These forces are associated with a
significant frequency of occult bone lesions and changes to the overlying articular
cartilage homeostasis within 6 months of injury (Vellet et al., 1991; Johnson et al., 1998).
Since nearly all patients suffering ACL tears develop OA within 15 years of trauma with
or without ACL reconstruction (Myklebust and Bahr, 2005), the traumatic loads to the
articular cartilage during injury have been suggested to be the cause of post-traumatic
OA.

OA is characterized by increases in cartilage hydration, subchondral bone
changes, altered chondrocyte activity, and changes in the structure and composition of
proteoglycans and collagen (Mow and Setton, 1998). The process of joint OA involves
softening of articular cartilage followed by fibrillation and subsequently, a total loss of
the tissue. Bgcause articular cartilage is responsible for the distribution of loads applied to

a joint as well as providing a low friction surface for joint movement (Mow et al., 1980),



the loss of articular cartilage ultimately leads to failure of synovial joints (Badley, 2005;
Sangha, 2000).

The loss of articular cartilage function can be related to changes in the individual
constituents. Articular cartilage is comprised of water (60-80% of tissue’s wet weight)
and a matrix (20-40% of tissue’s wet weight) of cartilage cells or chondrocytes (less than
2%), proteoglycans (PG) (40%) and collagen fibers (60%) (Mow et al., 1980) (Figure

L1).

Interstitial Water

Figure 1.1. Cartilage is comprised of water and a matrix of collagen fibers, chondrocytes,
and a proteoglycan complex.

Chondrocytes are responsible for the production and mai of the cartilage

matrix. Changes in the cell 1t may be responsible for ch in the cellular

function. The cell membrane is comprised of a lipid bilayer and protein channels. The
membrane and protein channels, such as the Ca+ and Na+/K+ pumps, regulate the ionic
and osmotic environment inside the cell. Damage to the membrane or ion channels from
excessive compressive loads may cause the cell to lose its ionic and osmotic equilibrium.
This results in swelling and overall lysis, a defining feature of necrotic cell death.
Traumatic loading to articular cartilage results in apoptotic cell death. Apoptosis results

in the fragmentation of the nucleus and eventually cell death. An apoptotic cell contains



apoptotic enzymes that, when released, signal surrounding cells and initiate apoptosis in
these cells (Levin et al. 2001). Previous studies have documented cell loss due to
traumatic compressive loads and clinically, chondrocyte loss is documented in the
cartilage of OA patients; therefore, cell death has been a focus of OA research. Colwell et
al. (2001) suggest that it may be possible to limit degeneration and promote repair of the
cartilage if cell viability is maintained.

While traumatic loading results in cell death, low level forces can cause changes
in the ion channels resulting in increased cellular biosynthesis. Mechanical loads are
converted into signals through the matrix which can alter cellular behavior by changing
the ionic or osmotic environment of the chondrocyte (Wilkins et al., 2000). The increase
in biosynthesis increases the synthesis of matrix proteins, specifically proteoglycans, and
therefore increases the mechanical properties of cartilage and its resistance to traumatic
overloads (Wei and Haut, 2009).

The matrix, comprised of PGs and collagen, provides cartilage with its
compressive resistance to stress and strain overloads. The proteoglycans are comprised of
a core protein with glycosaminoglycan (GAG) side chains (Mow and Setton, 1998).
These GAG chains have a fixed negative charge that generates a repulsive force causing
tension in the cartilage. However, at equilibrium, the swelling pressure due to the PGs is
balanced by the forces generated by the collagen. Collagen is a triple helix of polypeptide
chains. The orientation of collagen fibers in cartilage is depth dependent. The cartilage is
comprised of three layers: the deep zone, middle zone, and superficial zone. The deep
zone is roughly the bottom 30% of its thickness. The fibers in this region are

perpendicular to the subchondral bone surface. The superficial zone is roughly comprised



of the top 20% of the cartilage thickness. The collagen fibers are tangential to the surface
of the cartilage and provide a majority of its tensile properties (Mow et al., 1980) (Figure
1.2). The fibers in the middle or transitional zone, about the middle 50% of the cartilage,
are randomly oriented since the fibers are in transition from the deep zone to the

superficial zone.

Articular Surface
Zones

Superficial tangential
(10-20%)

Middle (40-60%)

5 Tide mark
= Subchondral bone
Calcified Cartilage @W f‘gve'\ Cancellous bone

Figure 1.2. The collagen fiber orientation is depth dependent and can be divided into 3
zones. The superficial zone is roughly the top 20% of the cartilage and contains collagen
fibers that are tangential to the cartilage surface. The middle zone is roughly the middle
50% of the cartilage and the fibers are oriented randomly. The collagen fibers in the deep
zone, bottom 30% are perpendicular to the subchondral bone surface.

Morphological changes, such as fibrillation and tissue swelling, are associated
with the initiation of OA. Specifically, fibrillation is due to the unwinding of the collagen
fibers and surface fraying. In studies using cartilage explants collagen damage has been
observed by surface fissuring (Repo and Finlay, 1997) and the cartilage becomes
flattened and elliptical in shape (Jeffrey et al., 1995; Kaab et al., 2000). Additionally, the
collagen fibers deform under the compressive loads and, under traumatic loading

conditions, the fibers remain in their deformed shape (McCall, 1969). Damage to the



collagen fibers allows the tissue to swell. Swelling of the tissue has been associated with
the softening of the tissue. This tissue damage can also be associated with a decrease in
the PG content of the tissue (Patwari et al., 2000; Huser and Davies, 2006). This
softening, due to fibrillation and swelling, leads to increased pressure on the underlying
subchondral bone (Radin et al., 1986; Ewers et al., 2001).

In vivo animal models have been used to study the changes in articular cartilage
following both injury and exercise. Our laboratory has previously developed a small
animal model to study articular cartilage in vivo using Flemish Giant rabbits (Haut et al.
1995). In these previous studies, an impact to the rabbit knee joint results in cartilage
surface fissures and decreases in cell viability within 4 days of traumatic injury (Rundell
et al., 2005; Isaac et al., 2008) and thickening of the underlying subchondral bone and
thinning of the overlying articular cartilage compared to the unimpacted limb 3 years
post-trauma (Ewers et al., 2001). On the other hand, exercise increases matrix stiffness
and PG content in this tissue. Previous studies using a canine model document an
increase in the tissue PG content (Kiveranta et al., 2005), and an increase in its
compressive stiffness (Jurvelin et al., 1986) specifically in regions of high loading
following regular exercise. A study using a Flemish Giant rabbit model documents that
post-traumatic exercise can help prevent the loss of matrix PGs (Weaver and Haut, 2005),
but the mechanism of its action was not investigated.

Cartilage explants have also been used to document the changes in the cartilage
following compressive loads. A decrease in the cell viability and PG content was
documented following traumatic loading and was found to be dependent on load levels

and strain rates (Torzilli et al., 1999). Previous studies document that loading above a



critical threshold of 15-20 MPa (Torzilli et al., 1999) causes increased cell death (Phillips
and Haut, 2004; Baars et al., 2006; Natoli and Athanasiou, 2008) and permanent damage
to the collagen network (Torzilli et al., 1999). Thibault et al. (2002) documents that 40
cycles of 2-8 MPa causes decreased mechanical properties, denatured collagen and loss
of PG without producing fissures and cell loss. Cartilage explants have also been used to
document the effects of low level loading, below this critical threshold, on both the
mechanical and biological properties of the tissue.

Low level mechanical forces applied to cartilage may also cause changes in ion
channels of cell membranes. Deformation of the membrane channels may open pathways
allowing for changes in the ionic or osmotic environment of the cell, causing changes in
cellular metabolism (Wilkins et al., 2000). Single (Torzilli et al., 1999) and cyclic (Wei et
al., 2008) low level compression increase PG synthesis in some previous studies. This
increase in tissue PG correlates with an increase in tissue stiffness and its resistance to
traumatic compression (Wei et al., 2008). Cyclic loading increases the incorporation of
nutraceuticals, such as glucosamine-chondroitin sulfate, in the cells (Wei and Haut, 2009,
Sharma et al., 2008). Since excessive unconfined compression decreases the PG content
of cartilage and decrease its mechanical stiffness pos-trauma, intervention strategies have
become a focus of post-traumatic osteoarthritis studies.

Glucosamine and chondroitin sulfate (glcN-CS) have been used in attempts to
maintain mechanical properties of injured cartilage in recent years (Wei and Haut, 2009;
Sharma et al., 2008, Tiraloche et al., 2005). Glucosamine is a basic building block of
proteoglycans (Dodge and Jimenez, 2003), and chondroitin sulfate (CS) increased the

synthesis of proteoglycans and hylauronic acid (Morreale et al., 1996). Previous studies,



by others, have shown that bathing cartilage explants in a supplement of glcN-CS can up-
regulate the synthesis of tissue PG’s (Lippiello, 2003). Therefore, the recovery or
prevention of PG loss after trauma with the treatment of glcN-CS has been suggested to
maintain the mechanical stiffness of the cartilage and prevent overall loss of this tissue in
the joint.

Other pharmaceutical treatments have been investigated to target cell damage and
repair. Treatment with poloxamer 188 (P188) has been investigated as a means of
repairing the damaged chondrocytes following traumatic injury in hopes of preventing
the degeneration of joint cartilage. P188 is an 8400-dalton triblock copolymer containing
both hydrophobic and hydrophilic regions, which inserts into only the damaged areas of
cell membranes (Marks et al., 2001). Because of its low toxicity, P188 has been used
clinically in recent studies following brain trauma. The studies suggest that P188 can help
‘save’ neurons from developing early necrotic death following severe mechanical loading
(Barbee et al., 1992; Marks et al., 2001). Acute studies have been conducted recently to
determine the efficacy of P188 in repairing damaged cell membranes following traumatic
injury to articular cartilage. Specifically, Rundell et al. (2005), using the patello-femoral
joint, and Isaac et al. (In Review), using the tibio-femoral joint, have documented
increases in the percentage of viable cells in impacted limbs treated with P188 up to 4
days following a traumatic overloading of the joint. Similarly, in vitro studies have
documented the ability of P188 to acutely repair damaged membranes in chondrocytes 7
days after a traumatic overload (Baars et al., 2006; Phillips and Haut, 2004; Natoli and

Athanasiou, 2008). These results suggest that P188 may provide a possible treatment for



the prevention of post-trauma induced OA of the joint. However, the long term efficacy
of P188 and the effect of saving these cells is yet unknown in the current literature.

To study the effects of the degenerative changes in joint cartilage, various
computational models, such as the linear elastic and linear biphasic models of cartilage,
have been developed to extract the mechanical properties from creep and indentation-
relaxation tests. These tests have been used to extract properties initially and at
equilibrium. Specifically, the linear elastic model has been used to determine the
instantaneous and equilibrium modulii after assuming Poisson’s ratio of the tissue
(Parsons and Black, 1977). More recently, Jin and Lewis (2004) have developed a two-
punch test to extract the effective Poisson’s ratio of the tissue. The linear elastic model,
however, is limited in evaluating the mechanical properties only under small loads and
small strains. The model also does not incorporate the fluid flow characteristics of the
tissue. On the other hand, the linear biphasic model has been used to study changes in the
linear elastic equilibrium modulus, Poisson’s ratio, and the tissue permeability of
cartilage (Mow et al. 1980). Yet, it is unable to evaluate the instantaneous response of the
cartilage to a compressive load. The limitations of these models have resulted in
numerous inconsistencies in the data. For example, using the linear biphasic model on the
rabbit tibial plateau, a previous study documents a lower aggregate modulus, extracted
from the equilibrium data, on the medial than lateral facet in areas covered by the
meniscus (Roemhildt et al. 2006). In contrast to these findings, a previous study using the
linear elastic model, suggested a higher creep modulus in medial compared to lateral
facet in regions partially covered by the meniscus in the rabbit tibial plateau (Rasanen

and Messner, 1996; Wei, Rasanen, and Messner, 1998). The instantaneous properties



correlate with the integrity of the collagen matrix while the equilibrium properties
correlate with the network of proteoglycans (Julkunen et al., 2009). The content of
proteoglycans is inversely proportional to tissue permeability (Maroudas, 1979). The
correlations between morphological and mechanical properties of cartilage have often
been confusing and contradictory possible because of limitations in the computational
models. For example, using the linear biphasic model the equilibrium modulus and
Poisson’s ratio were found to be lower in the medial versus lateral compartment of the
tibial plateau (Roemhildt et al., 2006). The equilibrium modulus is consistent with
previous findings that suggest the medial compartment to be more degraded with slightly
rougher surfaces and/or the presence of superficial or deep splits. These morphological
results suggest that the collagen network in cartilage from the medial compartment of the
rabbit tibial plateau may be more degraded than in the lateral compartment (Pelletier et
al., 1983; Bank et al., 2000) and that Poisson’s ratio should be larger in that compartment
(Kiviranta et al., 2006). Recent studies suggest that a more complex model of cartilage,
which incorporates a collagen fiber network within the matrix, may more accurately fit
the creep and relaxation response of cartilage under unconfined and confined
compression as well as indentation testing (Wilson et al. 2005), and therefore better
correlate with histological and morphological data. The fibril-reinforced biphasic model
incorporates both the instantaneous and equilibrium parameters as well as the tissue
permeability and can evaluate these parameters using a single indentation test. However,
little information using this model has currently been documented.

This thesis describes investigations on articular cartilage in both in vivo and in

vitro scenarios using a previously established rabbit model and bovine chondral explants,




respectively. Using the fibril-reinforced biphasic model of cartilage, Chapter 2 will
document the mechanical properties of the rabbit tibial plateau in the medial and lateral
facets in areas covered and uncovered by the meniscus. Histological and morphological
characteristics of the tibial plateau cartilage were documented and correlated with the
mechanical properties generated in the model. Chapter 3 will investigate the mechanical
properties of bovine chondral explants following 10 MPa and 25 MPa of unconfined
compression. Additionally, treatment of the explants with glcN-CS following unconfined
compression will be investigated. Using this model Chapter 4 will investigate the effect
of low level cyclic loading post-trauma on the chondral explants. GIcN-CS incorporation
will also be investigated following low level cyclic loading on the injured cartilage
explants. In Chapter 5, cell viability analysis is used to investigate the long term efficacy
of a single injection of P188 to ‘save’ cells in the rabbit TF joint following a single

traumatic impact to the joint.
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Chapter 2
Histomorphological and mechanical property correlations in rabbit tibial plateau
cartilage based on a fibril-reinforced biphasic model
Abstract
The rabbit knee joint has frequently been used to study the mechanical properties

of articular cartilage using various computational models. These models, however, vary
in their ability to extract comparable material properties of cartilage from experimental
data, resulting in inconsistencies in the data from various laboratories. A more complex,
fibril-reinforced biphasic model more accurately fits the response of the cartilage by
incorporating a collagen fiber network within the matrix. Indentation-relaxation tests
were conducted on the medial and lateral facets in areas covered and uncovered by the
meniscus on the rabbit tibial plateau. Gross and histological data were analyzed and
correlated with the mechanical properties. The fibril-reinforced biphasic model
accurately fit the entire experimental curve extracting both the instantaneous (fiber
modulus) and equilibrium (matrix modulus) responses, and tissue permeability. The data
was found significant at all sites. Significant correlations were also documented between

the mechanical and the histological and morphological data.
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Introduction

The rabbit knee joint has frequently been used as a model to study the
mechanical properties of articular cartilage (Wei et al., 1998; Roemhildt et al., 2006).
The model has also been used to better understand the development of joint disease, such
as osteoarthritis (OA), resulting from traumatic injury (Ewers et al., 2002), knee joint
instability (Sah et al., 1997; Vignon et al., 1987; Mansour et al., 1998), and
meniscectomy (Hoch et al., 1983).

To determine the changes that occur in the mechanical properties of articular
cartilage in the above studies, various computational models of cartilage have been
utilized to analyze the experimental data. In situ indentation tests have, for the most
part, been the experiment of choice to extract the material characteristics of cartilage,
largely because the method preserves the structural integrity of the tissue on the joint
surface (Sah et al. 1997; Mow et al. 1980). Various types of computational models may
vary, however, in their ability to extract comparable material properties of cartilage from
experimental data. Consequently, correlations between mechanical properties and the
histological or morphological characteristics of cartilage tissue from different
laboratories can be confusing or even contradictory.

The linear elastic model of articular cartilage was one of the first to be used in
order to reduce experimental indentation test data (Hayes et al., 1972). Theoretically,
this model is appropriate under small loads associated with small strain assumptions, but
various studies have utilized the model for 20% strain (Haut et al., 1995). The model
analysis has also been modified to account for non-linear geometric effects (Zhang et al.,
1997). Typically this model is used in relaxation and creep tests to extract the

compressive moduli of cartilage either instantly by assuming Poisson’s ratio to be 0.5, or
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at equilibrium where the ratio is assumed to be 0.4 (Parsons and Black, 1977). More
recently, a 2-punch test has been developed in an attempt to extract the effective
Poisson’s ratio from this elastic model (Jin and Lewis, 2004). The model has also been
used to estimate the relaxation and creep characteristics of cartilage by using an
associated linear viscoelastic solution (Jurvelin et al., 1990). Using the elastic model,
Hoch et al. (1983), for example, document that the equilibrium compressive modulus of
articular cartilage on the rabbit tibial plateau in central areas not covered by meniscus is
slightly higher on the medial than lateral facet. Similarly, using the same model,
Rasanen and Messner (1996) document a creep modulus after 15 sec. in the central
partially covered area of the rabbit plateau to be slightly higher on the medial than lateral
facet. In the same study a so called “ramp Young’s modulus” is also documented at the
200 millisecond time point to be higher on the medial than lateral facet. These
investigators hypothesize that the in vivo stresses on the medial facet are likely higher
than on the lateral facet, possibly due to higher loading pressures (Kempson, 1979;
Swann and Seedhom, 1986). This hypothesis, however, is in contrast to more recent
experimental data in which the investigators suggest that contact loads on the lateral
facet may often be greater than on the medial facet during hopping gait (Gushue et al.,
2005). Wei et al. (1998) also use the linear elastic model to determine the instantaneous
(at 200 ms) and 50-second creep modulus of cartilage centrally located on the rabbit
tibial plateau. A Poisson’s ratio of 0.3 is used for the calculation of 50 sec. creep
modulus, based on the literature, in this study. The investigators document a higher
instantaneous modulus on the lateral than medial facet, which is inconsistent with

previous findings by Rasanen and Messner (1996). On the other hand, the 50-sec
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modulus is slightly higher medial than lateral from the study, which is in support of
Rasanen and Messner’s findings. However, this notion is in contrast with the ideas
presented by Gushue et al., (2005).

The linear biphasic model of cartilage is able to determine the linearly elastic
equilibrium modulus and Poisson’s ratio of the matrix, as well as the tissue permeability
directly from experimental creep or relaxation data (Mow et al.1980). On the other hand,
the model does not include a parameter that directly relates to the instantaneous response
of the tissue. A recent study by Roembhildt et al. (2006) utilizes the linear biphasic model
to extract the material properties of rabbit articular cartilage across the tibial plateau
from creep indentation data. The investigators document that the aggregate modulus,
extracted from equilibrium data, is slightly lower medially than laterally in posterior
areas of the plateau covered by meniscus. This is in contrast with the findings that
suggest a higher creep modulus in areas partially covered by the meniscus documented
using the linear elastic model (Rasanen and Messner, 1996; Wei et al., 1998). No
significant differences, however, were noted medial to lateral in the uncovered areas of
the plateau. The study also determines that Poisson’s ratio is smaller on the medial than
lateral facets, and the permeability of cartilage on the medial facet is significantly greater
than on the lateral facet. The result is consistent with the observation that “the medial
compartments had slightly rougher surfaces and/or the presence of superficial or deep
splits.” These morphological results, on the other hand, suggest that the collagen
network in cartilage from the medial compartment of the rabbit tibial plateau may be
more degraded than in the lateral compartment (Pelletier et al., 1983; Bank et al., 2000).

Yet a more degraded collagen network in the medial than lateral compartment suggests
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that Poisson’s ratio in the medial compartment may be greater than in the lateral
compartment, per a recent study by Kiviranta et al., (2006), using a fibril-reinforced
biphasic model for cartilage. Recent studies in the literature suggest that this more
complex model of cartilage, which incorporates a collagen fiber network within the
matrix, may more accurately fit the creep and relaxation responses of cartilage under
both unconfined and confined compression, as well as indentation testing (Wilson et al.,
2005).

The objective of the current study was to document the mechanical properties of
articular cartilage in meniscal covered and uncovered areas of the rabbit tibial plateau
using the fibril-reinforced poroelastic model for the tissue. Both the histological and
morphological characteristics were also documented across the tibial plateau in an
attempt to show that the model could provide material properties across the plateau that
were consistent with histological and morphological data, as well as to compare data
from earlier studies that have utilized less complex models of articular cartilage for

extraction of the material properties from indentation test data.

Methods

A total of 10 Flemish Giant rabbits (4.5 +/- 0.7 kg, 6-8 months of age) were used
in the study. This study was approved by an All-University Committee on Animal Use
and Care. The rabbits were exercised 10 min. per day on a treadmill at a speed of 0.3
mph, 5 days a week for this 12 month study (Oyen-Tiesma et al., 1998). A single

licensed veterinary technician (J.A.) conducted all exercise sessions.
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After 12 months, the animals were sacrificed with Pentobarbital (85.9 mg/kg

body weight). The hind limbs were opened and ined for gross at lities, such

as advanced joint disease or inflammation in the joint. The meniscus was also examined,
and it was removed after marking its location on the tibial plateau. The surfaces were
stained with India ink and the length of surface fissures was measured from a digital
photograph (Polaroid DMC2, Polaroid Corp., Waltham, MA) taken under a dissecting
microscope (Wild TYP 374590, Heerbrugg, Switzerland), by a single observer (E.M.)
using image analysis software (SigmaScan, SPSS Inc., Chicago, IL). The mechanical
properties of articular cartilage were documented at four sites across the medial and
lateral facets of the tibial plateau using indentation relaxation tests (Haut et al., 1995).
The sites were near the edge of the meniscus on the medial (Site 1) and lateral (Site 3)
facets in uncovered areas (Figure 2.1). Sites 2 and 4 were slightly posterior and under the

medial and lateral meniscus, respectively.

Posterior

Figure 2.1. Indentation relaxation test sites located on the rabbit tibial plateau. Sites 1
and 3 correspond to the areas not covered by the meniscus on the medial and lateral
facets, respectively. Sites 2 (medial) and 4 (lateral) are the areas covered by the
meniscus.

21



The tibial plateau was cut from the tibia and was mounted in a clamp which was

bathed in room temperature phosphate buffered saline for mechanical tests. At each site

oo

the surface of the plateau was d to be perpendicular to the ind. probe with a
camera mount (model 3265, Bogen Manfrotto, Italy). After a preload of 0.03N was
applied, a 1 mm diameter, flat non-porous probe was then pressed into the cartilage 0.1
mm in 30 ms and maintained for 150 s using a custom-built stepper motor device
(Physic Instruments, Waldbronn, Germany, Model M-168.3) (Figure 2.2). The resistive
loads were measured (Data Instruments, Acton MA, Model JP-25), amplified, and
sampled at 1000 Hz for the first second and 20 Hz thereafter. After 5 minutes of rest, a

needle probe was pressed into the cartilage to measure thickness (Athanasiou et al.,

1991).

Indenter
Camera mount

X-Y mounting
plate

Figure 2.2. Photograph of the indentation test fixture. The X-Y mounting plate allows
for left/right or forward/backward placement, and the Z plate allows for up.down
placement. The camera mount allowed for rotation of the sample to set the surface
perpendicular to the indenter.

22



The mechanical tests were simulated with a fibril-reinforced biphasic cartilage
model (Li et al., 1999) and implemented in a finite element package (Abaqus v.6.3,

Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI, USA). A compressible neo-Hookean
material with Young’s modulus E;;, and an assumed Poisson’s ratio (vj;=0.3 ) were

assigned to the non-fibrillar part of the matrix.
The fiber network was modeled as non-linear springs with Young’s modulus

given by

E, =W(Z,h)E€8f, £,20,0<z<h

)

where Eg was an elastic modulus parameter for the fibers, £, was the strain in the fiber

direction, w(z) was a non-dimensional weight function, and 4 was the tissue thickness.

To account for the mainly horizontal collagen fiber distribution in the superficial zone, a

weight function was defined (Li et al., 2000):

2
_é(i) +ﬂ£, Z €10,0.8]
w(z,h)=< 16\ h 16 h h
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Permeability of the tissue (k) was assumed to be strain dependent (van der Voet, 1997):

M
1+e

k=k, e ) -
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Where kg was the initial permeability, M was a stiffening constant, and e and e were

the current and initial void ratios, respectively. Initial water content was assumed to be
linearly decreasing from 85% superficially to 70% at the cartilage-bone interface
(Lipshitz et al., 1975).

For simulation, the axisymmetric finite element mesh consisted of pore pressure
elements (model type CAX4P) for the matrix, and nonlinear spring elements (model type
SPRINGA) for the fibers. The specimen was modeled as a circular disc with radius of 4
mm. The bottom nodes where fixed to simulate attachment to underlying bone. The
indenter was modeled as rigid, frictionless and non-permeable. To specify unrestricted
fluid flow out of the tissue, zero pore pressure was prescribed at the top nodes outside
the indenter and at the outer boundary. The mesh consisted of 64 elements in the radial
direction and 18-26 elements in the vertical direction, depending on the specimen
thickness. In preliminary studies by this lab (not published), mesh sensitivity analyses
were conducted on the finite-element model in order to optimize its rate of convergence
for typical model parameters.

To optimize agreement between experimental data and the numerical
simulations, a custom-written Gauss-Newton constrained nonlinear least-squares

minimization procedure was used in an iterative fashion (Lindstrom and Wedin, 1993).

Sensitivity analysis was performed for the four unknown material parameters (Ey, Eg,

ko, and M) to ensure that the constants were uniquely identifiable from a single

indentation experiment. The dimensionless sensitivity coefficients were defined as
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where /; is the i-th parameter, ﬂio is its nominal value, f (ﬂ,,ﬂz,--.ﬂn) is a state

variable (reaction force), and J max is its maximum value (Beck et al., 1977). It was

assumed that the experimental data were sensitive to a particular parameter

when| Ar (ﬂ, )I >0.1. To ensure uniqueness of each parameter, the sensitivity plots

were checked for linear independence over time.

After mechanical tests, the specimen was placed in 10% buffered formalin and
decalcified in 20% formic acid. Coronal-oriented tissue blocks were cut from the
plateau. The blocks were processed in paraffin and six sequential sections, 8 microns
thick, were stained with Safranin O-Fast Green and examined under light microscopy.
The thicknesses of articular cartilage, the zone of calcified cartilage and subchondral
bone were determined by averaging across each facet with a calibrated eyepiece by 3
readers (EH, EM, JW). The readers also scored various histological parameters from the
articular cartilage and zone of calcified cartilage using an established scoring system

(Figure 2.3) (Weaver and Haut, 2005; Columbo et al., 1983; Mazieres et al., 1987).
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Articular Articular Cartilage
Cartilage Fissures None O Disruptions None 0
1-3 Compression
Surface 1 Ridges 2
1-2 Horizontal
Midzone 2 Splits 4
34 Vertical
Midzone 3 Splits 4
4+
Midzone 4
1+ Deep
Zone 4
Proteoglycan Calcified Cartilage
Stain Normal 0 Stain Normal 0
Slight
Loss 1 Slight 1
Moderate
Loss 2 Moderate 2
Focally 3 Dark 3
Total
Loss 4

Figure 2.3. Histomorphometric scoring system used to quantify the characteristics for
cartilage across the tibial plateau.

The mechanical testing and thickness data from the right and left limbs of each
animal were compared using t-tests. The limb-averaged data was subjected to a two
factor (medial/lateral location; covered/uncovered) repeated (both factors) measures
ANOVA with post hoc Student-Newman-Keuls (S-N-K) tests. Non-parametric statistical
tests were used for the ordinal histological data analyses. Friedman, repeated measures
ANOVA on ranks was used for the analysis of differences between readers. Kruskal-
Wallis single factor ANOVA on Ranks with S-N-K post hoc testing was used to test for
differences between the right and left limbs. Wilcoxon Signed Rank tests and S-N-K
post hoc tests were used to test for differences between medial and lateral facets.
Spearman correlations were conducted on the mechanical and histomorphological data.

A significant statistical effect was indicated for p < 0.05.
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Results

o

Gross ination of the joints i d no signs of joint disease. India ink

of the plateau indicated surface irregularities and fissures on both facets (Figure

2.4). There was no difference in the length of the surface fissures on right versus left
limbs. The length of the fissures on the medial facet (72.6 + 21.6 mm) was significantly

greater than on the lateral facet (54.8 + 10.0 mm).

Lateral

Figure 2.4. Gross photographs of the tibial surface, stained with India ink to highlight
fissures. Surface irregularities were analyzed, comparing the medial and lateral facets.
Indentation relaxation testing on the tibial plateau indicated a high frequency
load response immediately after the probe was stopped. This led to a difficulty in
determining the time at “peak load”. Therefore, this time point was determined by a
linear interpolation of the load data in the vicinity of this peak. The latter was used in the

1

finite element simulation of the i ion test in the

D ion process. In all cases

the theoretical curves, with optimized parameters, closely fit the experimental data

(Figure 2.5).

27



Reaction Force (N)

0.0001 0.001 0.01 0.1 1 10 100

Figure 2.5. Theoretical curves were calculated to closely fit the data collected during
experimental testing.

A sensitivity plot for typical values of the material parameters (Epy, Eg, ko, and
M) indicated that the response curves were highly sensitive to the matrix and fiber
modulus, as well as for k, and M (Figure 2.6a). All parameters were also linearly

independent from one another, as indicated by the very distinct shape of each sensitivity
curve. This plot demonstrated that the peak load response was very sensitive to the value

of fiber modulus near the time of peak load, which is the time when the instantaneous
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modulus would be determined using the linear elastic model. The experimental curves
also showed high sensitivity to the value of the matrix modulus throughout the entire
relaxation curve. Thus, the model parameter was determined to coincide closely with
values of the equilibrium modulus from the linear elastic theory. The response during the
transition from the peak load to equilibrium was sensitive to the value of permeability
and the stiffening parameter. Yet, during the curve fitting process the values of the
stiffening parameter and permeability at site 4 were hard to determine using the same

number of iterations as the other three test sites. Detailed sensitivity analyses were
therefore performed for the initial permeability value k,, and stiffening parameter M
(Figure 2.6b). In sites 1-3, both k, and M were linearly independent. However, analysis
at site 4 showed that the two parameters tended to be linearly dependent. Therefore, in

order to uniquely determine k, and M, the curve-fitting procedure required five

additional iterations at site 4 than the required 5 for sites 1-3.
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The analysis of indentation relaxation data from the left and right limbs at each
site indicated no significant differences in any mechanical parameter or cartilage
thickness. Therefore, these data were averaged for this study (Figure 2.7). The
indentation tests did indicate, however, some differences in mechanical parameters

between the medial and lateral facets, as well as between covered and uncovered areas of
each facet. While in covered areas E;;, was approximately 51% higher in the medial than
lateral compartments (p=0.05), no differences were noted between facets in the
uncovered areas (p=0.77). On the other hand, no significant difference in E;,, was
determined overall between the medial and lateral facets on the mature rabbit’s tibial
plateau (p=0.33). Overall across the plateau, E;;, was approximately 48% higher in the
uncovered areas than covered areas (p=0.005).

The fiber modulus, E¢, was significantly different medial to lateral, as well as in
covered versus uncovered areas of the plateau. This modulus was, on average, nearly 4
times less in the medial than lateral compartments (p<0.001). While no difference in E¢
existed between the uncovered lateral and medial compartments (p=0.65), there was

nearly 7-fold decrease in E¢ in the medial versus the lateral facets for meniscal covered

areas (p<0.001).
Differences in permeability were also noted between the medial and lateral

compartments, as well as between meniscal covered and uncovered areas. The initial

permeability kg and factor M were each increased by approximately 90% in the medial
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versus the lateral compartments (p=0.005). Both parameters were also higher by 95%
(p=0.003) and 71% (p<0.001), respectively, in uncovered than covered areas.

The histological scores from the left and right limbs, as well as from the 3
readers were not significantly different, so the data were averaged for each specimen. On
the other hand, some significant differences were evident between the medial and lateral
facets (Figure 2.8).

More intense staining of the calcified cartilage was noted for medial versus
lateral facets (Figure 2.9a,b). More disruptions of cartilage were also noted in the medial
than the lateral compartments (Figure 2.9c,d). A trend (p = 0.088) was also indicated.for
there to be more histological-based fissures in sections from the medial than lateral
compartments of the plateau (Figure 2.9¢,f). On the other hand, no significant
differences were recorded in the intensity of PG staining in the cartilage from the medial

versus lateral facet.
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Medial

Medial 7 Lateral

f
Figure 2.9 (a-f). Histological images of the articular cartilage and underlying bone show
significant differences between the medial and lateral facets. The zone of calcified
cartilage showed more intense staining for tissue proteoglycans medial (a) versus the
lateral (b) facet, using a Safranin O-Fast Green protocol. The cartilage on the medial
facet (c) showed more disruptions than the lateral facet (d). The tibial plateau showed
more surface disruptions, including fissuring, on the medial (e) versus the lateral facet

®.

Overall, there were no significant differences between the thicknesses of
calcified cartilage in medial (0.058 + 0.014 mm) versus lateral (0.061 + 0.012 mm)
compartments, as well as between the medial (0.78 + 0.07 mm) and lateral (0.80 + 0.11

mm) plates. In there was a difference in the histological-based
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measures of articular cartilage thickness between the medial (1.36 + 0.19 mm) and
lateral (0.93 £ 0.12 mm) compartments.
Statistically significant correlations were also documented between some of the

histomorphological and mechanical parameters. For example, the length of surface

fissures had a weak but significant negative correlation with fiber modulus (R2 =-0.223,

p = 0.035), and a weak but significant positive correlation with tissue permeability (R2 =
0.24, p = 0.028). The fiber modulus also had a weak but significant negative correlation
with articular cartilage thickness (R2 = -0.264, p = 0.02). Finally, there was no indication
of a statistical correlation between the intensity of cartilage PG stain and matrix modulus

(R%=0.00032, p = 0.9) or tissue permeability (R> = 0.043, p = 0.4) in the current study.

Discussion

The fibril reinforced biphasic model has previously been used to extract the
mechanical properties of cartilage from experimental response data (Wilson et al., 2004).
The model accurately fit the data from both the indentation and unconfined compression
tests utilized in this study. In the current study the fibril reinforced biphasic model was
used to closely fit the entire response curve from a single indentation relaxation
experiment. The properties extracted from this model showed variation across the tibial
plateau, as well as differences specifically in regions covered and uncovered by the
meniscus. Surface fissuring and histologically identified matrix damage in articular

cartilage documented in the medial compartment paralleled with reductions in fiber
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modulus, and increases in permeability and tissue thickness in the medial versus lateral
compartments of the plateau.

Numerous results from the current study could be compared with previous data
by others, using either linear elastic or linear biphasic models of cartilage. These studies
determined mechanical parameters from either the instantaneous or equilibrium
response, which paralleled with the fiber or matrix modulus, respectively, in the current
study using the fibril-reinforced biphasic model. Hoch et al. (1983), using the linear
elastic cartilage model, as well as Roemhildt et al. (2006) using the linear biphasic
model, both document no significant differences in the equilibrium modulus between
medial and lateral facets of the rabbit tibial plateau for the central, uncovered regions.
The current study also showed no significant differences in matrix modulus between the
medial and lateral facets for the uncovered regions. However, the modulus was found to
be greater on the medial versus lateral facet for regions covered by meniscus. These data
compare to those of Rasanen and Messner (1996) using creep indentation tests in regions
partially covered by the meniscus which document slightly stiffer cartilage in the medial
than lateral facets. The current study also documented an over 40% higher matrix
modulus in meniscal uncovered than covered regions of the plateau. Previous studies
suggest that articular cartilage is stiffer, based on the equilibrium modulus, with a higher
content of matrix proteoglycans in areas subjected to high versus low levels of stress
(Kempson, 1979; Swann and Seedhom, 1986). The results of the current study on
rabbits may then suggest larger joint pressures in uncovered than covered regions of the
plateau, and especially in the medial compartment as indicated by the larger Em in the

medial versus the lateral compartment. Studies on human specimens also show greater
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pressures in the uncovered regions of the medial compartment, while high pressures are
carried on both the uncovered and covered areas in the lateral compartment
(Fukubayashi and Kurosawa, 1980; Walker and Erkman, 1975).

The equilibrium modulus correlates with the content of cartilage matrix PGs
(Armstrong and Mow, 1982). More recently studies with the fibril reinforced biphasic
model correlate PG stainability of cartilage with matrix modulus (Julkunen et al., 2007)
However, in the current study, no statistical correlation was established between matrix
modulus and PG stain intensity in the cartilage. A previous study suggests that the
correlation between PG stain intensity and tissue stiffness may be related to the state of
cartilage health (Camplejohn and Allard, 1988). In normal cartilage a direct correlation
could be established between these tissue properties, but not in osteoarthritic cartilage.
This may be due to the reduction of anions in the matrix and therefore, a reduction of
possible binding sites for the safranin-O stain (Camplejohn and Allard, 1988). The lack
of a correlation in the current study may then suggest the tissue may be in a diseased
state of health.

The instantaneous response of the cartilage was also fit with the fibril-reinforced
biphasic model in this study. The sensitivity studies suggested that the peak load during
these experiments was most sensitive to fiber modulus, a mechanical parameter that
likely reflects the mechanical characteristics of the network of collagen (Korhonen et al.,
2003; Julkunen et al., 2007). In a previous study on central areas of the rabbit tibial
plateau a slightly lower instantaneous modulus using the linear elastic model was
documented in the medial than lateral facets (Wei et al., 1998). The result compares

well with the fiber modulus data of the current study. Additionally, the current study
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established a statistically significant negative correlation between fiber modulus and the
length of surface fissures. Surface fissures and tissue swelling are early characteristics of
osteoarthritis that have been related to the early degradation of the collagen network
(Bank et al., 2000; Pelletier et al., 1983; Verzijl et al., 2002). The correlation
documented between increases in tissue permeability with fissure length helps explain
differences documented in the medial versus lateral compartments and meniscal
uncovered versus covered areas of the plateau, and the results compare with early studies
on the development of osteoarthritis using the knee ligament transection model (Setton
et al., 1994).

We also documented an increase in the PG stain intensity in the zone of calcified
cartilage in the medial versus lateral facet. This histological feature may suggest that the
zone of calcified cartilage in the medial facet was in more of an active state of
remodeling than the lateral facet (Oegema and Thompson, 1992). This histological
feature also paralleled with more matrix disruptions and ‘surface fissuring of cartilage on
the medial than lateral facets in this animal model. It is currently unclear whether these
changes in tissue quality result from more or less load being carried by the medial versus
lateral facets. In human (Kemp et al., 2008) and animal studies (Rasanen and
Messner,1996) the excessive levels of tissue degradation noted in medial versus lateral
facets are suggested to be the result of more loading on the medial facet. On the other
hand, studies suggest the degenerative state of this tissue in medial versus lateral facets
may be due to a lower level of load in the medial compartment (Chang et al., 1997). This
suggestion may well support the observation made recently in rabbit gait studies that

show a slightly larger joint load being carried by the lateral compartment during a hop
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(Gushue et al., 2005). On the other hand, the current study indicates a larger matrix
modulus in the medial versus lateral compartments, suggestive of possibly greater levels
of loading medial than lateral. Thus, additional studies are needed to clarify these
apparent contradictory results.

In terms of tissue permeability and fibril modulus in covered areas of the plateau,
the current study showed larger medial to lateral differences than most literature. This
could be due to relatively more intense loading on the medial than lateral facets, or vice
versa, in the exercised model used in the current study. None of the previous studies
have used a regularly exercised model, nor have results been gathered on the larger,
Flemish Giant rabbit. Previous studies on other animal models have shown that while
moderate intensities of regular exercise have a positive effect on joint cartilage (Jurvelin
et al., 1990; Newton et al., 1997), more intense exercise or unloading can have a
negative effect on the joint cartilage (Helminen et al., 1992). While our laboratory has
not performed gait analysis on our model or quantified the intensity of the exercise
protocol, these rabbits did subjectively appear exhausted after each daily session of
treadmill activity, suggesting a rather intense level of exercise for the animal.

Future studies will be needed to better define potential relationships between
alterations in the joint loading and changes in tissue properties across the tibial plateau in
the human and various animal models. The current study helps support the notion that a
more complex fibril-reinforced, biphasic model of the cartilage in such studies may lead
to more consistent mechanical results that correlate with histomorphological changes

noted in articular cartilage.
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Chapter 3
High levels of glucosamine-chondroitin sulfate can alter articular cartilage stiffness
and up-regulate proteoglycan content of bovine chondral explants following
unconfined compression injury
Abstract
Traumatic injury to articular cartilage results in chondrocyte loss, collagen

damage and decreased PG content and has been found to be load level and strain
dependent. Therapeutic agents, such as glcN-CS, have been shown to increase the PG
content of cartilage pre-trauma and; therefore, increase the compressive stiffness. A
hypothesis of the current study was that significantly more damage will occur following a
higher level of trauma documented by lower mechanical properties and a decrease in PG
content of the tissue. A second hypothesis of the study was that treatment with glci*l-CS
in the post-trauma period will up regulate the PG content of the injured explants and
therefore, help maintain its pre-trauma mechanical stiffness. Bovine chondral explants
were loaded with 10 MPa or 25 MPa of unconfined compression with and without glcN-
CS treatment. Mechanical properties were extracted at 7, 14, and 21 days and following
21 days PG content was analyzed. A 25 MPa unconfined compression significantly
decreased the mechanical properties of the cartilage compared to tissues that were loaded
with 10 MPa of unconfined compression. Treatment with glcN-CS significantly increased
the PG content and matrix modulus compared to untreated samples following both 10 and
25 MPa of unconfined compression. The results of this study confirm the ability of glcN-
CS to increase the PG content in the tissue following traumatic injury, increasing the
matrix stiffness. Future studies should focus on the effects of glcN-CS treatment in the

long term as it may provide better outcomes for the ACL repaired patient.
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Introduction

Traumatic injury to articular cartilage during participation in sports, recreation
and exercise (SRE) frequently leads to the development of a chronic joint disease,
osteoarthritis (OA). Two specific types of injuries are associated with subsequent knee
OA: cruciate ligament damage and meniscal tears (Felson et al., 2004). Evidence in the
clinical literature suggests that 50-70% of patients with complete anterior cruciate
ligament (ACL) rupture and associated injuries develop radiological signs of OA within
15-20 years (Gillquist and Messner, 1999). And, surgical reconstruction of the torn ACL
is not effective in mitigating the incidence of joint OA, as a significant portion of these
patients develop clinical symptoms of OA 5-10 years post-injury (Daniel et al., 1994).
Arthroscopic surgeries have documented softening and fissuring of cartilage overlying so
call “geographic” bone bruises in the ACL injured patient, and biopsy specimens from
these patients reveal degeneration and death of chondrocytes in this area (Fang et al.,
2001; Johnson et al., 1998). This damage to articular cartilage is thought to be caused by
excessive compressive forces generated in the joint during the acute injury and has been
hypothesized to form the basis for the subsequent development of OA (Fang et al., 2001).

In vitro studies have documented significant changes in the articular cartilage
following traumatic loading, such as an increase in tissue wet weight (Loening et al.,
2000, Huser and Davies, 2006), damage to the collagen network (Torzilli et al., 1999)
and decreased chondrocyte viability (Huser and Davies, 2006; Loening et al., 2000; Kurz
et al., 2001) and proteoglycan (PG) content (Huser and Davies, 2006; Patwari et al.,
2000). The level of damage is dependent on compressive loading levels and strain rates

(Torzilli et al., 1999). Specifically, traumatic loading to the cartilage explants increases
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the percentage of dead cells with increasing loading levels (6-20 MPa), with significantly
more apoptotic cells documented above 10 MPa (Loening et al., 2000). Additionally, a
study by Kurz et al. (2001) documents an increase in cell death with increasing strain rate
(0.01-1s") of compression and the remaining viable cells have a significant decrease in
biosynthetic activity at 0.1 s and 1 s™'. Chondrocyte damage leaves the cartilage with
few metabolically active cells to repair the degraded matrix (Loening et al., 2000). One
specific function of chondrocytes is the synthesis of proteoglycans (PGs) and loss of
chondrocytes has been correlated with a loss of tissue PGs (Huser and Davies, 2006;
Simon et al., 1976). Previous studies have documented the loss of PG in cartilage
explants following compressive loading (Huser and Davies, 2006; Patwari et al., 2000)
and this loss of PG has been correlated with a decrease in compressive stiffness (Patwari
et al. 2000). These degenerative changes may be due to an increase in degenerative
enzymes (Lin et al., 2004). Cartilage softening has been documented in patients
following traumatic injury and has been associated with the development of OA. Since
proteoglycans are responsible for the resistance to stress and strain and loss of PG is
correlated with cartilage softening (Patwari et al., 2000), prevention of PG loss may help
in retaining the cartilage stiffness and resistance to compressive loading after injury.
Therapeutic agents, such as glucosamine (glcN) and chondroitin sulfate (CS), can
increase the PG content of cartilage and therefore increase matrix properties like
compressive stiffness. Clinical trials have shown that daily oral supplements of gicN for 3
years can slow the progression of joint disease, by mitigating joint space narrowing
(Richy et al. 2003), although no evaluation of the mechanical or biological properties

were conducted in this particular study. Tiraloche et al. (2005), in another study,
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document an increase in histological PG stain in ACL transected rabbits treated for 8
weeks with daily supplements of oral glcN compared to untreated animals. Additionally,
bathing chondral explants in a supplement of glcN and CS up-regulates the synthesis of
tissue PG’s (Lippiello, 2003). Treatment with glcN-CS has been documented to decrease
the effects of degradative enzymes (Dodge and Jimenez, 2003). The objective of the
current study was to document the mechanical properties and PG content of chondral
explants following unconfined compression, with and without glcN-CS treatment post-
trauma. Two levels of unconfined compression (10 MPa and 25 MPa) were used to
evaluate varying levels of trauma as previous studies have documented degeneration
effects to be load dependent. A hypothesis of the current study was that significantly
more damage will occur following a higher level of trauma documented by lower
mechanical properties and a decrease in PG content of the tissue. A second hypothesis of
the study was that treatment with glcN-CS in the post-trauma period will up regulate the
PG content of the injured explants and therefore, help maintain its pre-trauma mechanical
stiffness. This may help maintain post-trauma tissue homeostasis and help preserve the

functionality of traumatized joint cartilage.

Method
Dissection and tissue culture

Skeletally mature bovine forelegs (18-24 months of age) were obtained from a
local abattoir within 2 hours of slaughter. The legs were rinsed with water and skinned
prior to exposing the metacarpal joint. A 6 mm diameter biopsy punch (Miltex Instrument

Company, Bethpage, NY) was used to make chondral explants from the lower metacarpal
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surface of each limb under a laminar flow hood. Explants were separated from the
underlying bone with a scalpel. All specimens were washed three times in Dulbecco’s
Modified Eagle Media: F12 (DMEM: F12) (Gibco, USA, #12500-039) supplemented
with additional amino acids and antibiotics (penicillin 100 U/ml, streptomycin 1 pg/ml,
amphotericin B 0.25 pg/ml). The osmolarity of the media was 300mosM (Osmete 2,
Precision Systems), and the pH was 7.4 as this has previously been shown to result in
physiological and metabolic stability of the explants (Phillips and Haut 2004; Baars et al.
2006; Wei et al. 2008; Wei and Haut 2009). The explants were randomly assigned to two
impact groups: 10 MPa and 25 MPa. Each of these groups was further divided into two
sub groups, with and without glcN-CS: ‘10 MPa with glcN-CS’ (n=8), 10 MPa without
glcN-CS’ (n=12), °25 MPa with glcN-CS’ (n=8), and *25 MPa without glcN-CS’ (n=12).
The explants were then placed in a 24-well plate in media supplemented with 10% fetal
bovine serum (Gibco, USA, #16000). The treated samples were bathed in supplemented
media with glucosamine and chondroitin sulfate supplement (glcN-CS) (500 pg/mL glcN
(FCHG49®) and 250 pg/mL CS (TRH122®)). GlcN-CS concentrations were chosen
based on previous studies (Rundell et al., 2005; Wei et al., 2008) to maximize treatment

effects. The media was replaced every 2 days during the study.

Indentation testing of explants

All samples were allowed to equilibrate for 24 hours after harvesting inside of a
humidity-controlled incubator (37°C, 5% CO,, 95% humidity). Prior to impact, each
explant was subjected to mechanical testing using an indentation stress relaxation test to

extract the mechanical properties of the explants prior to compressive loading. These data
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served as baseline mechanical property data and were used to normalize the data
following compressive loading. Indentation tests on each explant were also performed 7,
14, and 21 days following impact. Prior to mechanical testing, the cartilage explant
thickness was measured twice at perpendicular orientations across the center of the
explant using a digital vernier caliper (Mitutoyo Corp.: Absolute Digimatic, Model No.
CD-6" CS) with a resolution of 0.01 mm (Steinmeyer et al., 1997 and 1999). The two
thickness values were then averaged. The explants were placed on a flat level surface so
that the face of the explant was perpendicular to the indenter tip (Figure 3.1B). A magnet
with a 4.3 mm diameter hole was placed on top of the explant to secure the edges from
curling (Figure 3.1C). The explant and fixture were then submerged into a room-
temperature phosphate buffered saline solution (PBS with pH 7.2) (Figure 3.1A). A 2.39
mm diameter spherical, non-porous probe was lowered into the cartilage until a preload
of 0.05 N was attained and held for 60 s (Figure 3.1D). The indenter was then pressed
into the cartilage 25% of the thickness in 2 s and maintained for 600 s while resistive
loads of relaxation were recorded (Data Instruments, Acton, MA: model JP-25, 25 Ib
capacity), amplified and sampled at 1,000 Hz for the first second, and 20 Hz thereafter.
The stress relaxation curves were fitted to a fibril-reinforced biphasic model (Soulhat et

al., 1999; Golenberg et al., 2009) with an assumed Poisson’s ratio of 0.25. The matrix
modulus (E,), fiber modulus (Ef) and tissue permeability (ko) were evaluated in the

computational model using a custom-written Gauss-Newton constrained nonlinear least

square minimization procedure.
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Figure 3.1. Explant indentation test system and fixture (A). The explants were placed in
a hole in the bottom magnet on a flat steel surface (B). A top magnet was lowered over
the top of the explant to hold down the edges (C). The spherical indentor tip was lowered
to a preload of 0.05 N (D).

Unconfined compression

Following a 5 N preload the explants were taken to either 282 N (~10 MPa) or

707 N (~25 MPa) in fined pression between two polished stainless steel plates
(Figure 3.2). A 0.5 Hz (1 s time to peak) haversine loading protocol was programmed in a
servo-controlled hydraulic testing machine (Instron, model 1331, retrofitted with 8500

plus electronics, Canton, MA). Immediately after compressive loading, all explants were

placed in the incubator for the duration of the study.
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Stainless Steel
Plates

Figure 3.2. Cartilage explants were loaded (10 MPa or 25 MPa) in unconfined
compression between two polished stainless steel plates.
Determination of Proteoglycan (PG) Content

After 21 days, the sample wet weights were recorded. Approximately, 4.5 mg
Chondroitin Sulfate A sodium salt from bovine trachea (Sigma-ALDRICH GmbH
Steinheim, Germany) was measured out and used to generate standard curves

(Steinmeyer et al. 1999). The les and the dards were di d overnight at 60 °C

in a papain solution: PBS, EDTA, cysteine and papain. Papain digested cartilage explants

and the dards were dimethyl-methylene blue (DMB) assayed for sulfated PGs by the

reaction with 1, 9-DMB dye solution in polystyrene 96 well plates and quantitated with
spectrophotometry at wavelength 530 nm using a Bio Tek microplate reader. PG content

was normalized to cartilage wet weights.

Statistical Analysis

Mechanical property data obtained from post-impact explants were normalized
using the pre-impact values to document change in each property. Statistical analysis was

used to evaluate differences in mechanical and biochemical properties. A two-factor (day,
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load group) ANOVA with a posthoc Student-Newman-Keuls (SNK) test was used to
determine differences in mechanical properties between the treatment groups. A two-
factor (day, glcN-CS treatment) ANOVA with a posthoc SNK test was used to determine
differences in mechanical properties with the treatment of glcN-CS. A one factor (load
group) ANOVA was used to document differences in PG content between the two levels
of unconfined compression. A one factor (glcN-CS treatment) ANOVA was used to
analyze PG content of the unconfined compression groups. Statistical significance was

indicated at p<0.05.

Results
Unconfined Compression

Both the 10 MPa and 25 MPa of unconfined compression resulted in surface
fissures seen following staining of the articular surface with India ink. Gross assessment

revealed more surface lesions in the samples loaded to 25 MPa. These samples also

appeared elliptical in shape.

]

I

¥ ~ : . ~
Figure 3.3. Gross analysis of the cartilage explants revealed surface lesions on both the
10 MPa (A) and 25 MPa (B) samples with more fissures on the 25 MPa samples. These
samples also appeared elliptical in shape.
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Indentation Testing

The E,, decreased approximately 20% and 40% at 10 MPa and 25 MPa of
unconfined compression, respectively. No decrease in E,, was noted over 21 days. A
significant decrease in E, was found in the 25 MPa samples compared to the 10 MPa
samples at 7 (p<0.001), 14 (p=0.004) and 21 (p=0.004) days following unconfined

compression (Figure 3.4).
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Figure 3.4. The matrix modulus was determined from the stress-relaxation curves
documented during each indentation test. The matrix modulus pmented here is given as
a percentage of the original property prior to fined

compared to the initial property, in the matrix modulus was documented following both
10 MPa and 25 MPa of unconfined compression. Significantly lower matrix modulus was
documented following 25 MPa of unconfined compression versus 10 MPa of unconfined
compression. ‘*’ represents statistical significance compared to 10 MPa samples.

The permeability increased by approximately 140% and 250% following 10 MPa
and 25 MPa of unconfined compression, respectively. No changes in permeability were

documented between 7, 14, and 21 days. A statistical increase in the permeability was
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noted in the 25 MPa versus 10 MPa samples at 7 (p=0.007), 14 (p=0.005), and 21
(p<0.001) days (Figure 3.5).
450 -
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T 14 21
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Figure 3.5. The permeability was determined from the stress-relaxation curves
documented during each indentation test. The permeability presented here is given as a
percentage of the original property prior to compression. A significant increase in
permeability was documented following 25 MPa unconfined compression compared to
10 MPa unconfined compression. ‘*’ represents statistical significance compared to 10
MPa samples.

A 150% increase in the E¢ was documented in the 25 MPa samples. No such
increase was noted in samples compressed to 10 MPa. This increase in E¢ was
significantly greater at 25 MPa compared to the 10 MPa at 7 (p=0.042) and 21 (p=0.016)
days with a statistical trend for an increase at 14 days (p=0.096) (Figure 3.6). No change

in Ef was documented between 7, 14, and 21 days.
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Figure 3.6. The fiber modulus was determined from the stress-relaxation curves
documented during each indentation test. The fiber presented here is given as a
R

percentage of the original property prior to p in the fiber modul
was documented following 25 MPa unconfined compression compared to original
property and this increase was significantly higher than samples following 10 MPa of
unconfined compression ‘*’ rep: istical significance compared to the 10 MPa
samples.

Biochemical assays revealed a decrease in matrix PG content in the 25 MPa
samples compared to the 10 MPa, however, this decrease did not rise to a level of

statistical significance (Figure 3.7).
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Figure 3.7. Proteoglycan content in samples was determined using DMB assay. Results
are shown here as ug PG per mg wet weight. No statistical difference was documented in
the PG content between 10 MPa and 25 MPa of unconfined compression.

Treatment with glcN-CS
An increase in E;;; was documented in the ‘10 MPa with gIlcN-CS’ versus ‘10MPa

without glcN-CS’ at day 7 (p=0.033) and 14 (p=0.048) days, with statistical trend for an
increase at day 21 (p=0.06) (Figure 3.8). Similarly, an increase in the matrix modulus was
documented between the samples treated with glcN-CS versus the untreated samples at 7,
14 (p=0.1), and 21 days following 25 MPa of unconfined compression, however, this
difference did not rise to a level of statistical significance (Figure 3.9). No significant
differences were documented between treated and untreated samples in the fiber modulus

or permeability in either unconfined compression group.
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Figure 3.8. The matrix modulus of the 10 MPa samples with and without glcN-CS was
determined from stress-relaxation curves. A significant increase in the matrix modulus
was di d following tr with glcN-CS compared to untreated samples. **

denotes statistical significance compared to samples treated with glcN-CS.
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Figure 3.9. The matrix modulus of the 25 MPa samples with and without glcN-CS was
determined from stress-relaxation curves. An increase in the matrix modulus was

d d following with glcN-CS pared to p
statistical significance was not reached.




A significant increase in PG content was documented in the treated samples

pared to the d ples for both 10 MPa (p<0.001) and 25 MPa (p=0.023) of

unconfined compression (Figure 3.10).
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Figure 3.10. Proteoglycan content in all samples was determined using DMB assay.
Results are shown here as pg PG per mg wet weight. A significant increase in PG content
was documented in samples treated with glcN-CS pared to untreated les. ‘*’
denotes statistical significance compared to glcN-CS treated samples.

Discussion

The current study d dad in the matrix modulus and PG content

with an increase in the tissue permeability and fiber modulus with an increasing level of
unconfined compression. These results correlate with previous studies that documented
decreased cartilage stiffness and increased fluid parameters following traumatic injury
with a loss of PG in the tissue (Kurz et al., 2001; Loening et al., 2000). Interestingly, an

in the fiber modulus was d d following a 25 MPa of unconfined

compression, with no change in modulus following 10 MPa of unconfined compression.
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Torzilli et al. (1999) documents that loading at or above a critical threshold of 15-20 MPa
causes permanent damage to the collagen network and an increase in the tissue water
content. In the current study, a change in the cartilage shape and an increase in surface
disruptions were documented following 25 MPa of unconfined compression. Previous
studies have documented that following an impact load, the cartilage becomes flattened
fissured and elliptical in shape and that the alignment of these distortions reflect the
orientation of the collagen fibers (Jeffrey et al., 1995). In the current study, a change in
shape and increased fissuring were found following 25 MPa of unconfined compression
and, therefore, reflect damage to the collagen network. Additionally, previous studies
have documented a correlation between damage to the collagen network and tissue
swelling (Bank et al., 2000; Khalsa and Eisenberg, 1997), as the collagen network is
known to resist the swelling of cartilage. Therefore I suggest that, following traumatic
injury to the collagen network, swelling pressures increase and therefore, the remaining
intact collagen fibers bear more tension. The increase in fiber modulus from the current
study may reflect this increase in tension in the intact collagen fibers and the increase in
swelling pressure following the 25 MPa of unconfined compression. However, cartilage
swelling and content of collagen were not measured in the current study.

The current study also showed an increase in tissue PG content with glcN-CS

treatment that was reflected by an increase in tissue Ep;,. These results compare with

previous findings by our laboratory documenting an increase in PG content and matrix
stiffness following treatment of bovine chondral explants with glcN-CS (Wei and Haut,

2008). Interestingly, Tiraloche et al. (2005) also document an increase in the PG content
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in the rabbit articular cartilage following ACL transection with an oral treatment of glcN-
CS.

Previous studies suggest a possible explanation for the decrease in mechanical
properties is the increase in degenerative enzymes. Injurious compression has been
shown to increase MMP-3 resulting in the degradation effects in the matrix parameters
(Lin et al., 2004). A previous study suggests that treatment with glcN-CS may inhibit the
effects of MMP-3s (Dodge and Jimenez, 2003). The current study did not documente
MMP-3 concentrations. Future studies should focus on the effects of these inhibiting
these enzymes following traumatic injury with glcN-CS treatment post-trauma.

The current study suggests that post-trauma treatment with gicN-CS effectively
increased matrix stiffness and PG content of the injured tissue. Pre-trauma cyclic loading
increases the PG content and stiffness of the cartilage explants (Wei et al., 2008), and
increases glcN-CS incorporation in the tissue (Wei and Haut, 2009). However, the effects
of post-traumatic cyclic loading have yet to be elicited. The following chapter will focus
on the effects of post-traumatic cyclic loading as a potential means of increasing PG
synthesis and helping to maintain homeostasis of the damaged cartilage by enhancing the

effect of glcN-CS.
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Chapter 4

Investigation of low level cyclic loading following high levels of unconfined

compression with and without glucosamine chondroitin sulfate treatment
Abstract

A defining feature of OA is softening of the articular cartilage and decreased

tissue proteoglycan (PG) content. Low level cyclic loading has been shown to increase
matrix stiffness and cell biosynthesis, specifically PG synthesis, and increase
incorporation of glcN-CS. The hypothesis of the current study was that the matrix
stiffness and tissue PG content would increase with cyclic loading post-trauma and that
the glcN-CS effect previously documented would be further enhanced with low level
cyclic loading post-trauma. Bovine chondral explants were subjected to 10 or 25 MPa of
unconfined compression followed by 0.5 MPa of cyclic loading. Treatment with glcN-CS
was also investigated. An increase in PG content was documented with glcN-CS
treatment and cyclic loading following both 10 MPa and 25 MPa of unconfined
compression compared to cyclic loading alone. No difference in the matrix modulus was
documented with glcN-CS treatment following either level of unconfined compression.
Previous studies have documented that the elastic properties of cartilage are influenced
by the aggregate structure of the proteoglycans, not only their tissue content.
Proteoglycans from degenerated tissue cartilage were found to be smaller and had lost
their ability to bind to hyaluronic acid and form aggregates. Therefore, future studies are
still needed to study the type and shape of the proteoglycans produced by injured cells
following unconfined compression with the additional stress associated with cyclic

loading.
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Introduction

Injuries during participation in sports, recreation, and exercise (SRE) have been
associated with long-term development of osteoarthritis (OA) (Lane, 1996). A defining
feature of OA is softening of the articular cartilage and decreased tissue proteoglycan
(PG) content. Matrix PGs are responsible for cartilage resistance to stress and strain and
the loss of mechanical stiffness in OA tissue is suggested to be caused by decreased PG
content (Patwari et al., 2000). The prevention of PG loss following traumatic injury has
also been suggested as a possible intervention aimed at the prevention of post-traumatic
OA. While treatments of OA are currently limited, mechanical stimulation and
nutraceutical treatments, such as glucosamine-chondroitin sulfate (glcN-CS), have been
investigated as possible means of repairing articular cartilage and increasing matrix PG
content following traumatic injury.

Low to moderate levels of exercise increase PG synthesis and increase the matrix
stiffness of articular cartilage. Clinically, following regular exercise, patients previously
diagnosed with high risk of developing knee OA saw an increase in PG content (Roos
and Dahlberg, 2005). Similarly, in vivo animal models have been used to document
increases in matrix PGs and tissue stiffness with exercise. A previous study using a
canine model documents an increase in the tissue PG content, specifically in regions of
high loading following regular exercise (Kiviranta et al., 2005). A study by Jurvelin et al.
(1986) also documents that regular exercise increases compressive stiffness in canine
articular cartilage. A post-traumatic study using a Flemish Giant rabbit model documents

that exercise prevents the loss of matrix PGs (Weaver and Haut, 2005).
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In vitro studies have also been used to investigate the effects of low level (0.5-5
MPa) mechanical loading on articular cartilage. Low level cyclic loading increases cell
biosynthesis, specifically PG synthesis (Torzilli et al., 1999; Sah et al. 1989; Millward-
Sadler and Salter, 2004). Wei et al. (2008), using bovine chondral explants, document
that 0.5 MPa of cyclic loading over 14 days results in an increase in tissue matrix
modulus and decreases the tissue permeability. This increase in mechanical stiffness is
correlated with an increase in matrix PGs and results in a decrease in the severity and
extent of surface fissures and cell death in the tissue. Moreover, low level cyclic loading
increases the incorporation of gicN-CS throughout the tissue and results in a further
increase in PG content and mechanical stiffness of cartilage (Wei and Haut, 2009,
Sharma et al., 2008).

The previous chapter documented the ability of glcN-CS to increase matrix PG
content and matrix stiffness following 10 MPa and 25 MPa of unconfined compression
and pre-trauma cyclic loading further increases glcN-CS incorporation. However, post-
traumatic cyclic loading of cartilage explants has not been documented. Therefore, the
purpose of the current study was to determine whether low level cyclic loading would
increase the mechanical stiffness of cartilage explants post-trauma and investigate if
cyclic loading will enhance the incorporation and effects of glcN-CS documented in the
previous chapter. The hypothesis of the current study was that the matrix stiffness and
tissue PG content would increase with exercise and that the glcN-CS effect previously

documented would be further enhanced with low level cyclic loading post trauma.
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Method
Dissection and tissue culture

Skeletally mature bovine forelegs were obtained from a local abattoir within 2
hours of slaughter. The legs were rinsed with water and skinned prior to exposing the
metacarpal joint under a laminar flow hood. A 6 mm diameter biopsy punch (Miltex
Instrument Company, Bethpage, NY) was used to make chondral explants from the lower
metacarpal surface of the limbs. Each explant was separated from the underlying bone
with a scalpel. The explants were randomly assigned to two impact load groups (10 MPa
and 25 MPa). Each of these groups was further divided into two sub groups, with and
without glcN-CS treatment: ‘10 MPa with glcN-CS’ (n=8), ‘10 MPa without gicN-CS’
(n=12), ‘25 MPa with glcN-CS’ (n=8), and ‘25 MPa without glcN-CS’ (n=12). All
specimens were washed three times in Dulbecco’s Modified Eagle Media: F12 (DMEM:
F12) (Gibco, USA, #12500-039) supplemented with additional amino acids and
antibiotics (penicillin 100 U/ml, streptomycin 1 pg/ml, amphotericin B 0.25 pg/ml). The
explants were then incubated in media supplemented with 10% fetal bovine serum in a
24-well plate. Glucosamine and chondroitin sulfate treated samples were placed in a 24-
well plate with media supplemented with glucosamine (500 pg/mL (FCHG49®)),
chondroitin sulfate (250 pug/mL CS (TRH122®)) (Rundell, 2005; Wei et al., 2008), and
10% fetal bovine serum. The concentration of glcN-CS was chosen to maximize effect of
glcN-CS treatment based on previous studies by this laboratory (Rundell, 2005; Wei et
al., 2008). The media was replaced every 2 days for the duration of the study. Following
initial indentation and unconfined compression at either 10 MPa or 25 MPa, the well

plates were placed in a mechanical loading device (the ‘cartilage exerciser’ (described
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below)) inside of a humidity-controlled incubator (37°C, 5% CO,, 95% humidity). The
osmolarity of the media was 300mosM (Osmete 2, Precision Systems), and the pH was
7.4 as this results in physiological and metabolic stability of the explants (Phillips and

Haut 2004; Baars et al. 2006; Wei et al. 2008; Wei and Haut 2009).

Indentation testing of the explants

The samples were allowed to equilibrate for 24 hours after harvesting. Prior to
unconfined compression, each explant was subjected to an indentation stress relaxation
test. Mechanical tests were also performed 7, 14, and 21 days after impact. Before each
indentation test, the cartilage explant thickness was measured twice at perpendicular
orientations across the center of the explant using a digital vernier caliper (Mitutoyo
Corp.: Absolute Digimatic, Model No. CD-6" CS) with a resolution of 0.01 mm
(Steinmeyer et al. 1997 and 1999). The two thickness values were then averaged. The
explants were then placed on a flat level surface so that the face of the explant was
perpendicular to the indenter tip (Figure 4.1b). A magnet with a 4.3 mm diameter hole
was placed on top of the explant to secure the edges and help resist curling of the
explants (Figure 4.1c). The explant and fixture were then submerged into a room-
temperature phosphate buffered saline (PBS with pH 7.2) (Figure 4.1a). A 2.39 mm
diameter spherical, non-porous probe was lowered into the cartilage until a preload of
0.05 N was attained and held for 60 s (Figure 4.1d). The indenter was then pressed into
the cartilage 25% its total thickness in 2 s and maintained for 600 s while resistive loads
of relaxation were measured (Data Instruments, Acton, MA: model JP-25, 25 1b

capacity), amplified and collected at 1,000 Hz for the first second and 20 Hz, thereafter.
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The stress relaxation curves were obtained and fitted with a fibril-reinforced biphasic

finite element model (Soulhat et al. 1999) with an assumed Poisson’s ratio of 0.25.
Cartilage matrix modulus (Ep,), fiber modulus (Ef) and tissue permeability (ko) were

evaluated with a custom-written Gauss-Newton constrained nonlinear least square

minimization procedure.

SN

Magnet Explant

YA

Magnets

25

Indentor

Figure 4.1. Explant indentation test system and fixture (A). The explants were placed in
a hold of the bottom magnet on a flat steel surface (B). A top magnet was lowered over
the top of the explant to hold down the edges (C). The indentor tip was lowered to a
preload of 0.05 N (D).
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Unconfined compression tests on the explants

Following a 5 N preload, the explants were taken to either 282 N (~10 MPa) or
707 N (~25 MPa) in unconfined compression between two polished stainless steel plates
(Figure 4.2). A 0.5 Hz (1 s time to peak) haversine loading protocol was programmed for
application onto the explants in a servo-controlled hydraulic testing machine (Instron,
model 1331, retrofitted with 8500 plus electronics, Canton, MA). Immediately after this
load protocol, the explants were placed in the ‘cartilage exerciser’ for the remainder of

the study.

Stainless Steel
Plates

Figure 4.2. Cartilage explants were loaded in unconfined compression at either 10 MPa
or 25 MPa between two polished stainless steel plates.
Cyclic loading of the explants

All samples were cyclically loaded for the duration of the study. The ‘cartilage

1 sl 1

exerciser’ consisted of 12 loading ct y p d by air. P

cylinders forced the pistons do d to apply a pressive load to the specimens
through 14.6 mm diameter non-porous Teflon® platens. The “cartilage exerciser” was
designed to hold a 24-well culture plate with 12 cartilage samples that could be

mechanically loaded (Figure 4.3). Intermittent, uniaxial cyclic loads were applied using a
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0.2 Hz sinusoidal waveform with a peak stress of 0.5 MPa. The cyclic loads were applied
for 10 cycles followed by a load-free period lasting 3600 s. During the period of

unloading the load platen was lifted from the cartilage surface.

pistons
cartilage Cyc. Load
explants \
in media

Figure 4.3. The “cartilage exerciser” mechanical loading device applied compressive
loads to the cartilage explants in 12 separate loading chambers in a 24 well plate. The
samples were cyclically loaded 10 times with a peak stress of 0.5 MPa followed by 3600
seconds of rest. This protocol was then repeated for the duration of the test.

Determination of the tissue proteoglycan (PG) content

Following the 21-day test period, les were weighed and

digested overnight at
60° C in a papain solution. Approximately, 4.5 mg chondroitin sulfate A sodium salt
from bovine trachea (Sigma-ALDRICH GmbH Steinheim, Germany) was digested using
the same protocol and was used as the standard during this assay. Papain digested

cartilage explants and the chondroitin sulfate standards were dimethyl-methylene blue

(DMB) assayed for sulfated PGs by the reaction with 1,9-DMB dye solution in
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polystyrene 96 well plates and quantitated with spectrophotometry at wavelength 530 nm

using a Bio Tek microplate reader.

Statistical Analysis

Mechanical data was collected during indentation-relaxation testing. Post-
compression mechanical data were normalized by the pre-compression values. Statistical
analysis was used to evaluate differences in mechanical and biochemical properties. A
two-factor (day, glcN-CS treatment) ANOVA with post hoc Student-Newman-Keuls
(SNK) test was used to determine differences in mechanical properties due to glcN-CS
treatment. A one-factor (glcN-CS treatment) ANOVA with SNK post hoc test was used
to determine differences in PG content of supplemented and non-supplemented samples

at the various loading levels. Statistical significance was indicated at p<0.05.

Results

A 20% decrease in the matrix modulus was documented following 10 MPa of
unconfined compression and exercise. This decrease in matrix modulus was not changed
with glcN-CS treatment (Figure 4.4a). Similarly, a decrease in the matrix modulus was
documented following 25 MPa of unconfined compression and exercise. With glcN-CS
treatment, however, a statistical trend was noted for an increase in the matrix modulus at
7 (p=0.055) and 21 (p=0.1) days post trauma (Figure 4.4b). Treatment with glcN-CS
increased the PG content in the tissue following 10 (p=0.027) and 25 MPa (p=0.05) of

unconfined compression and post-trauma low level cyclic loading (Figure 4.5).

74



140

4
Mo glcN-CS
120 WglcN-CS
|
gl

Matrix Modulus
% difference

7 14 21
Time (day)
a)

10 glN-CS
140 BglcNCS

Matrix Modulus
% difference
3

7 14 21
Time (day)

b)

Figure 4.4. The matrix modulus following 10 MPa (a) and 25 MPa (b) of unconfined
compression and low level cyclic loading with and without treatment with glcN-CS
supplement. No differences were d d with the of glcN-CS following
10 MPa of unconfined compression, while an increase was documented following 25
MPa of unconfined compression and cyclic loading with glcN-CS treatment.
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Figure 4.5. PG content of samples with and without glcN-CS supplement. A significant
increase in the tissue PG content was d d with the of glcN-CS. “**
denotes a statistically significant difference compared to samples treated with glcN-CS.

Discussion

Previous studies have documented the ability of glcN-CS to increase PG synthesis
in cartilage (Lippiello, 2003, Chapter 2). Treatment with cyclic loading and glcN-CS in
the current study increased the PG content following both 10 MPa and 25 MPa of
unconfined compression compared to cyclic loading alone. Treatment with glcN-CS and
cyclic loading after trauma also increased the matrix stiffness of samples loaded with 25
MPa of unconfined compression, which supported the findings from Chapter 2 of this
thesis. Interestingly, while glcN-CS with cyclic loading after trauma was found to
increase the PG content in the tissue following 10 MPa of unconfined compression, there
was no tendency for an increase in the matrix stiffness of the tissue. Previous studies have

documented that the elastic properties of cartilage are influenced by the aggregate
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structure of the proteoglycans, not only their tissue content (Inerot and Heinegard, 1978).
Proteoglycans from degenerated tissue cartilage in the latter study were found to be
smaller and had lost their ability to bind to hyaluronic acid and form aggregates. While
the size and binding potential of the proteoglycans in the current study are unknown, it is
possible that the proteoglycans produced by cells following 10 MPa of unconfined
compression with cyclic post trauma loading may resemble those of osteoarthritic
cartilage previously shown to be smaller and lacking binding sites. This could help
explain the lack of a correlation between changes in the proteoglycans content of the
tissue exposed to 10 MPa with cyclic loading and its mechanical stiffness. The lower
level loading may have damaged significant number of cells causing a significant level of
cellular dysfunction in the tissue. In contrast after 25 MPa of compression, the damaged
cells may have lost any degree of viability even to produce these dysfunctional PGs.

Previous studies by Wei et al. (2008) document an increase in PG content and
matrix stiffness with low level cyclic loading. However, a comparison with the previous
chapter revealed no significant changes in matrix stiffness with cyclic loading following
both 10 and 25 MPa of unconfined compression (Figure 4.6) along with no significant
changes in PG content of the tissue with or without the cyclic loading post-trauma
(Figure 4.7). A study by Kurz et al. (2001) documents that cells that are mechanically
injured may not be able to respond to dynamic mechanical stimulation either because the
cells have lost the ability to do so or because damage to the extracellular matrix has

disrupted the transduction of physical signals to the cells.
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Figure 4.6. The matrix modulus following 10 MPa (a) and 25 MPa (b) of unconfined
compression with and without exercise (from Chapter 2). No differences were
documented due to cyclic loading in either of the loading groups.
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Figure 4.7. The PG content following 10 MPa and 25 MPa of unconfined compression
with and without cyclic loading. No significant differences were documented between the
samples with or without cyclic loading.

Multiple factors are associated with the cartilage properties. Cell viability depends
on loading levels and loading rates (Torzilli et al., 1999; Loening et al., 2000).
Additionally, the loading levels and loading rates alter the mechanical integrity (Kurz et
al., 2001) of the cartilage as well as effect cellular biosynthesis (Wilkins et al., 2000).
Furthermore, these mechanical stimulations affect the level of pharmaceutical efficacy
(Sah et al., 1989). Therefore, future studies should continue to focus on multiple loading
situations and their effects on changes in chondrocyte biosynthesis and cartilage integrity.
The exact mechanism that inhibited the increase in the matrix stiffness is currently
unknown, therefore, future studies are still needed to study the type and shape of the
proteoglycans produced by injured cells following unconfined compression with the
additional stress associated with cyclic loading. Additional studies will also be needed to
investigate both cellular viability and cellular synthesis alterations with glcN-CS

treatments in combination with cyclic loading on mechanically injured cartilage.
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Chapter 5
Effects of acute repair of chondrocytes in the rabbit tibio-femoral joint 6 weeks
following blunt impact using P188 surfactant
Abstract
Recent studies have indicated that there may be a correlation between acute

chondrocyte damage and joint degeneration reminiscent of early stage OA. P188
surfactant has been shown to acutely restore the integrity of damaged chondrocytes;
however, its long term efficacy is unknown. The hypothesis of this study was that a
single injection of P188 into a traumatized joint would acutely repair damaged cell
membranes and maintain their viability in the longer term. Six rabbits were divided into
two groups, with and without P188 treatment and sacrificed after 6 weeks post-trauma.
P188 treatments were administered immediately post-trauma. A decrease in the density of
viable cells was documented in the untreated impacted limb versus its contralateral
control, while no difference in the density of viable cells was documented in the impacted
treated limb versus its contralateral control. The results of the current study confirm the
acute efficacy of P188 treatment in the longer term, but, additional studies are still needed

to investigate the chronic implications of the acute repair of cells on the traumatized joint.
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Introduction

Participation in sports, recreation, and exercise (SRE) is becoming increasingly
popular and widespread in today’s culture. Participation in SRE increases the risk of
acute and chronic injuries such as ligament tears and osteoarthritis (OA), respectively
(Lane, 1996). Knee joint injuries, such as cruciate ligament damage and meniscal tears
(Felson, 2004), have been associated with excessive compressive forces passing through
the joint causing damage to the articular cartilage. Specifically, damage to the anterior
cruciate ligament (ACL) leads to characteristic osteochondral lesions in the postero-
lateral aspect of the tibia and/or antero-lateral aspect of the lateral femoral chondyle
(Atkinson et al., 2008). Of concern in the current literature is evidence of damage to
articular cartilage and chondrocytes in regions overlying these bone bruises. Since 50%
of ACL tear patients develop radiological signs of OA within ten years following injury
with or without ACL reconstruction, acute injury to the cartilage and subchondral bone
may play an important role in the progression of chronic joint disease.

Death of chondrocytes following traumatic injury has been hypothesized to be
associated with the long-term development of OA as cell death has been correlated with
degeneration of the cartilage matrix (Hashimoto et al., 1998, Duda et al., 2001, Simon et
al., 1996). These degenerative changes result in a loss of tissue integrity, represented by a
decrease in tissue stiffness, and an increase in tissue permeability (Kurz et al., 2001;
Ewers and Haut, 2000; Ewers et al., 2001). A study using the porcine patella documents
considerable cellular dysfunction that may act to promote subsequent structural tissue
damage (Duda et al., 2001). This may be particularly important because the synthesis of

cartilage matrix proteins is directly dependant on cell viability and homeostasis (Duda et
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al., 2001). Since chondrocytes are required for matrix repair and chondrocyte death leads
to matrix loss, chondrocyte death and repair has become a focus of OA research and more
recently cartilage trauma research.

A defining feature of cellular necrosis is swelling of the cell due to a damaged
membrane. Damage to the plasma membrane allows an influx of fluid into the cell
resulting in the inability of the cell to maintain an ionic gradient. As a result the cell
swells and eventually ruptures (Duke et al., 1996). Surfactants, such as poloxamer P188
(P188), interact with this damaged cell membrane. P188 is an 8400-dalton triblock
copolymer containing both hydrophobic and hydrophilic regions. Marks et al. (2001)
shows that P188 surfactant specifically inserts into only the damaged areas of a cell
membrane. Studies by our laboratory, and others, have shown P188 to be effective in
reducing the loss of chondrocyte in articular cartilage following traumatic loading to the
PF joint (Rundell et al., 2005) and TF joint (Isaac et al., in review). Additionally, studies
have documented the ability of P188 to repair membrane damage and increase cell
viability in bovine chondral (Baars et al., 2006) and osteochondral explants (Natoli and
Athanasiou, 2008).

Because of the growing interest in SRE, and the increasing number of injuries to
the TF joint, the current study focuses on the effects of a single traumatic load to the
rabbit TF joint. Previous studies have documented increases in cell viability acutely with
P188 treatment; however, to my knowledge this is the first study to investigate long term
efficacy of P188. The hypothesis of the current study was that a vsingle injection of P188
into the rabbit TF joint following traumatic injury would acutely repair the damaged cell

membrane and its efficacy will be validated by a long term increase in the density of
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viable cells.

Materials and Methods
Impact

Six skeletally mature Flemish Giant rabbits aged 6-12 months (5.6 + 0.2 kg) were
used in this study after approval by an All-University Committee on Animal Use and
Care. All rabbits were housed in individual cages (152 x 152 x 36 cm) and allowed free
cage activity for this study. Using a previously described impact method, a 1.75 kg mass
with a pre-crushed, deformable impact head (Hexcel, 3.76 MPa crush strength) was
dropped onto the left tibio-femoral (TF) joint of the anesthetized rabbit (2% isoflurane
and oxygen) (Isaac et al. 2008). The right limb served as an unimpacted control. The
impact interface was mounted in front of a 4.45 kN (1000 Ib.) load transducer (Model
AL311CV, 1000 Ib capacity, Sensotec, Columbus, Ohio) (Figure 5.1). The mass was
arrested electronically after the first impact, avoiding multiple loadings on the joint.

The animals were randomly divided into two groups, ‘P188’ (n=3) and ‘no P188’
(n=3). The ‘P188’ animals received a 1.5 mL injection of P188 at 8 mg/mL concentration
(Rundell et al., 2005) in sterile phosphate buffered saline (PBS) into the left, impacted
joint. The right limb received a 1.5 mL sham sterile PBS injection. The ‘no P188’ rabbits
received a 1.5 mL sham injection into both limbs. The combination of P188 in PBS and
PBS sham solutions were filter sterilized prior to injection using a 0.2 mm vacuum filter
(Nalgene, Nalge Nunc Int., Rochester, NY). To insure distribution of the injection into

the joint, the limb was manually flexed a number of times following the treatment.
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Figure 5.1. Impact experiments were conducted by dropping a gravity-accelerated mass
onto the flexed knee so that impacts were isolated on the TF joint.

st

Dissection and Harvesting

The animals were sacrificed 6 weeks following impact with 85.9 mg/kg BW
Pentobarbital IV. The joint was dissected immediately after sacrifice, and examined for
abnormalities. The medial (MTP) and lateral (LTP) tibial plateaus were then prepared for
cell viability analyses. A 6 mm trephine (TREPH-6, Salvin Dental Specialties, Charlotte,
NC) was used to core a region of the MTP and LTP in areas not covered by the menisci,
as these were determined to be regions of high contact pressure during impact (Isaac et
al., 2008). The cores were undercut using a diamond saw (Isomet 11-1180 Low Speed
Saw, Buehler, Lake Bluff, IL) leaving approximately 0.5 mm of bone underlying the
articular cartilage. Coronal slices were taken across the medial (MFC) and lateral (LFC)
femoral chondyles in a predetermined area of interest leaving approximately 0.5 mm of

bone underlying the articular cartilage. All explants were washed three times in
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Dulbecco’s Modified Eagle Media: F12 (DMEM: F12) (Gibco, USA, #12500-039)
supplemented with additional amino acids and antibiotics (penicillin 100 U/ml,
streptomycin 1 pg/ml, amphotericin B 0.25 pg/ml), and placed in this supplemented
media with 10% fetal bovine serum in a 24-well plate. The samples were allowed to

incubate for 24 hours in a humidity-controlled incubator (37 C, 5% CO2, 95% humidity).

Cell viability

Following incubation, a specialized cutting device was used to obtain full
thickness sections of the explants for cell viability analyses (Ewers et al., 2001) (Figure
5.2). Prior to staining, the slices were rinsed three times with PBS. The slices were then
stained with calcein AM and ethidium homodimer (EthD-1), according to the
‘manufacturer’s specifications (Live/Dead Cytotoxicity Kit, Molecular Probes, Eugene,
OR). Following the staining, each sample was rinsed three times with PBS to remove any
excess stain. The sections were viewed under a fluorescence microscope (Leitz Dialux
20, Leitz Mikroskopie and System GmgH, Wetlzar, Germany). Viable cells were
distinguished by the presence of fluorescent calcein AM (green). The presence of a
damaged plasma membrane was identified by a bright red fluorescence due to ethidium
homodimer penetrating the damaged membrane. The number of viable and damaged cells
were manually counted by two blinded readers (DI, NG) using an image analysis
program (Image J, National Institutes of Health, 2004). A representative area of each
explant was selected. Its thickness and width were measured (Sigma Scan, SPSS Inc.,

Chicago, IL) and used to calculate the density of cells for each sample.
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Cartilage

Figure 5.2. A custom cartilage cutting device was used to prepare slices of tissue for cell
viability.
Statistical Analysis

A two factor (limb, facet) repeated measures ANOVA with post hoc Student-
Newman-Keuls (SNK) test was used to compare the density of viable cells between the
left impacted limb and the right unimpacted control of both the treated and untreated

animals. A one factor (limb) repeated measures ANOVA was used to document

diffe b the unimpacted and impacted limb of both the treated and untreated

animals. Statistical significance was indicated at p<0.05.

Results

Gross inspection of the joints at necropsy showed no signs of joint disease and no
damage to ligaments or menisci. No statistical differences were found in the times to
peak impact load or the magnitudes of the peak load between treatment groups. The
average peak, inertially compensated impact load and impact duration were 1102+ 92 N
and 23.0 + 0.2 ms, respectively.

Compartmental analyses revealed no statistically significant differences in the
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density of viable cells between the impacted and unimpacted limbs of either the ‘P188’
(Figure 5.3a) or the ‘no P188’ (Figure 5.3b) rabbits. A statistically significant higher
density of viable cells was documented, however, in the right limb (average across facets
excluding the medial tibial plateau) compared to the left limb of the ‘no P188’ rabbits
(p=0.026) (Figure 5.4). No significant difference was documented in the impacted versus

unimpacted limb of the P188 treated rabbits.
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Figure 5.3. No significant differences were documented in the density of viable cells
between the impacted and unimpacted limbs in the lateral femoral chondyle (LFC),
medial femoral chondyle (MFC), lateral tibial plateau (LTP) or medial tibial plateau
(MTP) of the treated (a) and untreated (b) rabbits.
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Figure 5.4. Analysis of the impacted and uni d limbs led a significant
difference in the density of viable cells in the * 1o P188’ group. No significant difference,
however, was noted in the ‘P188” group. This suggests that P188 had a benefit in
preventing the long term degeneration of acutely injured chondrocytes in the TF joint. ‘*’
indicates a statistically significant difference between the impacted and the unimpacted
limbs.

Discussion

The current study was the first to document the long term efficacy of P188 on cell
membrane repair following a single, traumatic injury load on the rabbit TF joint. The
hypothesis of this study was that a single injection of P188 into the joint would acutely
repair the damaged cells, and that these cells would remain viable 6 weeks post-trauma.
Previous studies document that a 13 J impact to the rabbit TF joint results in a decrease in
cell viability 4 days post-trauma (Isaac, 2009). And, that an acute treatment with P188
results in an increase in the density of viable cells 4 days post-trauma. The current study
documented a statistical decrease in the viable cell density in the impacted limb versus
the contralateral, control limb in the untreated animals (p=0.026). On the other hand, no

significant difference in the viable cell density was documented in the impacted limb

91



versus the contralateral, control limb of the P188 treated animals. This analysis supports
the previous findings, suggesting that P188 was effective in maintaining viability of
acutely repaired cells in the longer-term.

The mechanism that leads from traumatic injury to cell death is largely unknown,
although two pathways, necrosis and apoptosis, result in loss of chondrocytes. Cells
appear to enter an acute necrotic pathway, undergoing swelling and eventually cellular
lysis, following trauma induced damage to the cell membrane (Duke et al., 1996).
Excessive mechanical stress causes cell membrane damage and/or changes in membrane
transport pathways, such as Na+/K+ pump, which regulate cellular volume (Wilkins et
al., 2000). The current study documents cell viability by cell membrane damage, a
defining feature of acute necrosis. Apoptosis may have also been initiated in the damaged
cells following trauma, but not documented by the current cell viability assays. Apoptotic
cells may be documented by TUNEL+ staining. Such cells occur as early as 48 hours
after excessive mechanical loading (Chen et al., 2001). The percentage of these cells
increases up to 21 days post-trauma in other studies (Clements et al., 2004; Levin et al.,
2001). Apoptosis results in the fragmentation of the nucleus which condenses into
structures that may contain apoptotic enzymes (Majno and Joris, 1995), such as caspase
(D’Lima et al., 2001). These apoptotic enzymes may be released into the matrix and
initiate cell apoptosis in viable cells (Levin et al., 2001). A previous study by Natoli and
Athanasiou (2008) suggests acute chondrocyte repair using P188 surfactant prevents both
apoptotic and necrotic cell death as preventing necrosis may also inhibit the release of
apoptotic initiators into the matrix. Apoptosis also is known to cause membrane damage

in its later stages (Columbano, 1995). In the current study, all cells with membrane
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damage would have been identified as necrotic cells, but some of these may actually be in
the late stage of apoptotic death. A previous study by our laboratory documents P188 is
effective in preventing apoptotic cell death documented by TUNEL staining in bovine
chondral explants 7 days post-trauma (Baars et al. 2006). Since the density of viable cells
remained at ‘control levels’ in the current study, P188 may be effective in preventing
both cell death pathways in the longer-term.

A limitation of the current study was the relatively small sample size. Power
analyses revealed, on average, approximately 17 animals would be required to attain
statistical significance in the density of viable cells between the impacted and
contralateral control in the LFC, MFC, and the LTP of untreated animals. On the other
hand, because the density of viable cells in the treated limb was actually, on average,
greater than the density of viable cells in the contralateral, control, a significantly larger
sample size would be required to show fewer viable cells in P188 treated limbs than
controls. This suggests greater differences in the untreated rabbit, indicating P188 may
have actually restored the density of viable cells closer to ‘control levels’. The data from
the MTP revealed no differences between the impacted and contralateral, control limb in
either the treated or untreated animals. Previous studies have documented that the medial
tibial plateau has significantly more baseline damage (Golenberg et al., 2008) and,
therefore, excessive loading to the cartilage does not increase the percentage of damaged
cells (Isaac, 2009), limiting the efficacy of P188. Therefore, in the above analysis the
MTP data has been excluded.

In an attempt to further examine the long term efficacy of P188 in our first study

with a limited number of specimens, the data from all compartments of the TF joint were
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combined. A previous study by Isaac (2009) has previously documented that P188 was
effective in increasing viable cells in all of these compartments. Additionally, all
compartments of the joint were subjected to the same testing protocol; therefore, the
MFC, LFC, and LTP were combined in this analysis. The analysis revealed a significant
decrease in the density of viable cells between the impacted limb and contralateral,
control limb of the untreated animals, but no difference was documented in the treated
animals. Since the impacted limbs of both the treated and untreated animals were handled
in the same manner both during testing and analysis, and a statistical significance was
documented in the density of viable cells of the impacted versus contralateral, control
limb in the untreated animals but not in the treated animals, the efficacy of P188 may
have been established in this current study with this limited number of specimens.

Early signs of OA, such as fissuring, were not documented in either the treated or
untreated rabbits of the current study. But, a previous study by Armstrong and Mow
(1982) suggests that the visual or histological appearance of the cartilage is a poor
indication of its mechanical integrity. The current study suggests that P188 was effective
in maintaining the viability of acutely damaged cells 6 weeks post-trauma by repairing
the damaged cell membranes, however, the effects of saving these cells on the
mechanical integrity of cartilage was not documented. Future studies should focus on the
effects that rescuing the cells with P188 has on maintaining the functional stiffness of the
cartilage, since this is needed to maintain homeostasis of the joint tissue. Our initial
results indicate that pharmacologic approaches, such as treatment with P188 surfactant,
directed specifically at the injured cartilage may provide a new approach for decreasing

cell damage and helping to ensure the survival of joint cartilage. Damage to the articular
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cartilage overlying bone lesions in the ACL tear patient is thought to lead to the
development of OA. Treatment with P188 targeting these damaged cells may lead to

better outcomes in the surgically repaired patient and possible OA prevention.
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Chapter 6

Conclusions and Recommendations for Future Work

The previous chapters described investigations on the mechanical and biological
properties of articular cartilage following various loading conditions using a small animal
model and chondral explants. Additionally, interventions using poloxamer 188 and
glucosamine chondroitin sulfate were investigated following injury to the cartilage.

In Chapter 1, differences in the mechanical properties of the rabbit tibial plateau
were documented between the medial and lateral facets, as well as in areas covered and
uncovered by the meniscus. Histological differences were also documented between the
medial and lateral facets. Additionally, surface fissuring and histologically identified
matrix damage of articular cartilage were documented in the medial compartment that
paralleled with reductions in fiber modulus and increases in permeability and tissue
thickness in the medial versus lateral compartments of the plateau. These results suggest
that in using the more complex model of cartilage, the mechanical properties in the model
better defined the topographical mechanical properties of the joint and correlated well
with the matrix components that had been previously suggested to regulate these
parameters. Using the more complex fibril-reinforced biphasic model, future studies are
still necessary to define the changes in tissue properties due to normal and abnormal
loading of the joint.

Chapter 2 described investigations on the effects of 10 MPa and 25 MPa of
unconfined compression on bovine chondral explants, as well as the effects of post-
trauma treatment of the tissue with glucosamine-chondroitin sulfate. A significant

decrease in the mechanical properties of the tissue was documented following 25 MPa of
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unconfined compression compared to 10 MPa of unconfined comi)ression. Treatment
with glcN-CS resulted in an increase in the proteoglycan content and matrix stiffness for
both 10 and 25 MPa of unconfined compression. Previous studies have documented the
ability of cyclic loading and glcN-CS to increase PG content pre-trauma.

Cartilage explants were cyclically loaded following two levels of unconfined
compression in Chapter 3. Additionally, glcN-CS treatment with cyclic loading was
investigated. An increase in PG content was documented following cyclic loading and
glcN-CS treatment following 10 and 25 ‘MPa of unconfined compression compared to
cyclic loading alone. Similar to the previous chapter, an increase in the matrix stiffness
was also documented with glcN-CS treatment following 25 MPa of unconfined
compression. However, following 10 MPa of unconfined compression and cyclic loading,
no increase in the matrix stiffness was documented with the treatment of glcN-CS. This
may be due to the size and binding sites of the proteoglycans in the matrix and its
influence on the mechanical properties of the tissue. A comparison with Chapter 2
revealed no differences between the cyclically loaded and non-loaded explants following
either level of unconfined compression. Future studies should investigate the cell viability
and synthesis following unconfined compression with and without cyclic loading as well
as the size and shape of the proteoglycans to further understand the effects of unconfined
compression. This may lead to possible intervention methods and better treatments for
the damaged cartilage.

Chapter 4 investigates the long-term efficacy of P188 following a traumatic injury
to the rabbit tibio-femoral joint. A significant decrease in the density of viable cells was

documented in the untreated limb versus the contralateral, control limb. This decrease

100




was not found in the treated animals. This would suggest a long term efficacy of P188.
No visual signs of OA were documented in either the treated or untreated rabbit. Previous
studies suggest that the visual appearance is not always a good indication of the integrity
of the cartilage and that analysis of the mechanical properties are still necessary.
Therefore, future studies should investigate the mechanical properties of the cartilage and
the effects of saving the cells with P188 treatment.

These chapters investigate the changes in homeostasis of the cartilage constituents
following traumatic injury and possible therapeutic treatments. This may provide a better
understanding of the cause and pathways of OA. Future work may focus on these
degenerative changes and a combination of these therapeutic treatments to develop better

preventative and treatment methods of the OA patient in the long term.
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Appendix A

Raw Data from Chapter 2
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