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Abstract

The efficient operation of synovial joints in the human body depends upon the integrated
performance of several physiological members, cartilage being one. Cartilage is the dense
connective tissue covering the ends of long bones. It endows the synovial joints with the
functional characteristics of load distribution, resiliency, and low-friction articulation. These
properties are determined by the extracellular matrix of cartilage, which is a hydrated network
composed principally of a heterogeneous distribution of collagen and aggregating proteoglycans.
It is well known that the anionic dissacharides of proteoglycans, glycosaminoglycans, are
important contributors to the mechanical integrity of cartilage. With relevance to diseases of
cartilage (e.g., osteoarthritis) an immunomodulatory cytokine called interleukin-18 has been
implicated in eliciting glycosaminoglycan degradation. The action of interleukin-18 has been
demonstrated in vitro to elicit the production of matrix-degrading enzymes from perivascular cells.

The objective of this study was to examine the relationship between glycosaminoglycan
content and equilibrium and dynamic stiffness over physiologically relevant frequencies. More
specifically, it was the intention of this study to determine whether this relationship was affected by
the spatial distribution of glycosaminoglycan degradation. This was accomplished by monitoring
the mechanical properties of explanted cartilage samples subjected to selective enzymolysis. Two
in vitro techniques of inducing different modes of spatial degradation were used: treatment with
interleukin-18 and the direct addition of proteolytic enzymes (like hyaluronidase, chondroitinase,
or trypsin).

Epiphyseal cartilage was explanted from the distal ulna or femoropatellar groove of 1-2
week-old calves, cut into 2mm-thick plane-parallel slices and punched into 3 or 4mm diameter
disks. Explants were cultured in radially-unconfined conditions for up to two weeks in an
incubator-housed displacement-based mechanical spectrometer. A series of measurements of
stiffness were performed to monitor the time-course effects of enzymolysis. The
dimethylmethylene blue dye-binding assay was used to assess the glycosaminoglycan content
remaining in the tissue explants and the amount released to the culture media over the incubation
period.



The key findings were that (1) untreated control samples showed a monotonic decline of
equilibrium stiffness and a slow, steady release of glycosaminoglycans; (2) direct enzymolysis
produced an immediate and accelerated decrease in equilibrium stiffness whereas the effects of
interleukin-18 were similar, but sometimes delayed; (3) for each condition (with or without
treatment), the trends for stiffness and glycosaminoglycan release were correlated, but the drop in
equilibrium stiffness was earlier and of greater magnitude than the drop in glycosaminoglycan
content; and (4) the drop in dynamic stiffness, at all frequencies tested and for all modes of
degradation, followed a time course intermediate to that seen for equilibrium stiffness and
glycosaminoglycan content, with the special mention that the “high” frequency stiffness (~1Hz)
exhibited near-identical kinetics and proportions of change as the glycosaminoglycan content.

This thesis demonstrated that the spatial pattern of glycosaminoglycan depletion cannot be
discerned from the correlated measurements of stiffness and glycosaminoglycan content.
Interestingly, the relative changes in the 0.88Hz relative dynamic stiffness directly correlated with
the changes in glycosaminoglycan content (R*> = 0.9233), implying that mechanical measurements

could be used to predict the relative glycosaminoglycan content, or vice versa.
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Introduction

Of the many splendid physical activities available for us to enjoy in this life, all demand the
performance of a seemingly simple and passive connective tissue called cartilage. One of the many
baseline operations that our bodies routinely perform is the smooth operation of articulating joints.
Virtually a physiological concert, this process is orchestrated by the superposed contribution of
several tissues, consisting of the skeletal, ligamentous, cartilaginous, and musculotendon systems.
Controlled joint operation is realized in synovial joints by the relative motion of long bones. The
musculotendon system provides the actuation for joint motion and the ligaments keep the skeletal
system connected. Cartilage, which covers the ends of long bones, contributes to the normal
function of these synovial joints. Its function is crucial in that it provides low-friction contact
surfaces between apposed joints and it effectively bears, distributes, and reduces contact loads
transmitted to the skeletal system. This becomes painfully obvious when the joint experiences
such pathologies as rheumatoid arthritis or osteoarthritis. Characteristic of these diseases are
varying degrees of joint dysfunction, all resulting from the destruction and degeneration of
cartilage. ,

Therefore, cartilage functionality is, in part, defined as its ability to support a mechanical
load. Clinically observed osteoarthritic lesions include fibrillation of the articular surface,
degeneration of the bulk tissue, and deep running fissures exposing the underlying bone.
Concomitant to these macroscopic defects is a compromised resiliency (Bullough 1992) manifested
as a mechanical softening of the tissue.

Ideally, the mechanical integrity of cartilage should be quantifiable. Monitoring such
mechanical properties as equilibrium and dynamic modulus would provide a descriptive
characterization of functionality. The experimenter has several conditions from which to select as
to how mechanical properties should be measured, all of which pose technical difficulties.
Defining challenging as encompassing the actual act of acquiring information and subsequently
interpreting that information, in vivo observation of mechanical properties is arguably the most
challenging. While preserving the natural environment of the synovial joint, the physical
application of mechanical stimuli as well as the elucidation of material properties are non-trivial.
Retaining cartilage on its subchondral bone, or in sifu observation, is a close runner-up. This
experimental regime approximates in vivo conditions, but the joint capsule is opened and
separated, with the exposed cartilage left intact on the end of the bone. Typical measurements of
mechanical properties for in situ studies are performed with an indentor apparatus. Although this
may lessen some experimental restrictions from the in vivo model, interpretation is hindered by the

necessary assumptions of the properties of the underlying bone and boundary conditions of the

10 Introduction




indentor and cartilage-bone interface. From an engineering perspective, the precise control of a
sample’s geometry is the first step towards straightforward measurement of mechanical properties.
Dissecting cartilage into cylindrical disks and maintaining the disks in an explant culture system
allows the information-rich mechanical properties to be readily assessed. Furthermore, in vitro
organ culture affords more control over exogenously added perturbations to the tissue than in vivo
and in situ systems.

Cartilage is essentially a porous gel of aggregating macromolecules, called proteoglycans,
contained within a water-swollen network of collagen fibrils. Proteoglycans are constructed of
linear polysaccharides termed glycosaminoglycans covalently attached to a protein core.
Conceptually, the glycosaminoglycans behave like sponges, osmotically imbibing water into the
tissue. The extent to which the tissue can swell is determined by the collagen, which entraps the
proteoglycans. Under physiological conditions, this confinement prevents proteoglycans from
realizing their full swelling capacity.

It is well known that glycosaminoglycan concentration is an important determinant of
mechanical properties (Buckwalter et al. 1988). The variation in tissue stiffness observed in a
single joint has been attributed to the non-uniform distribution of glycosaminoglycans (Jurvelin et
al. 1988; Kempson et al. 1970). The available literature reveals that as early as 1944 there was an
interest in the correlation of mechanical indentation properties to the chemistry of cartilage (Hirsch
1944). Since then, several studies have examined the effects on tissue mechanics by controllably
inducing the release of glycosaminoglycans. The ubiquitously agreed upon effect of
glycosaminoglycan extraction is too diminish the mechanical integrity of cartilage explants,
observed as varying degrees of reduction in equilibrium and dynamic stiffness (Bonasser et al.
1994; Frank et al. 1987) and other mechanical indices of performance (e.g., compressive creep
strain (Kempson et al. 1976), tensile creep strain (Schmidt et al. 1990), equilibrium “structural
stiffness” and damping coefficient (Bader et al. 1992), and shear modulus (Parsons and Black
1987)). However, it is evident that knowledge of the glycosaminoglycan content is not sufficient
for predicting material properties. Data in the literature indicates that cartilage from different
species having the same glycosaminoglycan content have different mechanical properties.

However, it is interesting to consider that changes in glycosaminoglycan content within a
given tissue sample are predictive of the changes in its mechanical properties. With this premise as
its foundation, the objective of this study was to examine the relationship between tissue
glycosaminoglycan content and mechanical stiffness (equilibrium and dynamic). * More
specifically, it was intended to determine whether this relationship is affected by the spatial
distribution of degradation. In short, this was accomplished by investigating the kinetics and
proportional change in stiffness (equilibrium and dynamic) and glycosaminoglycan content with
respect to the mode of degradation as induced by treatment with (1) interleukin-16 and (2) by direct
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addition of proteolytic enzymes such as hyaluronate-lyase, chondroitinase-ABC, and trypsin. The
aim of this study was conclusively addressed by combining this data, thereby correlating the
relationship of stiffness to glycosaminoglycan content for the two spatially-distinct modes of
glycosaminoglycan depletion.

Background

Although it is abundant in various other places in the body, the young epiphyseal cartilage of
articulating joints was the object of study in this thesis. The term from which cartilage is derived,
cartilago (L.), meaning gristle, conjures a mental image of texture with an ambiguous reference to
function. To the eye, cartilage appears amorphous and translucent. However, the complexity of
articular cartilage lies at a lower, microscopic level.

Cartilage structure

Articular cartilage, a type of hyaline cartilage, is the load bearing, near-frictionless covering of the
ends of long bones in synovial joints. In young animals before the sub-chondral bones fully
develop, the cartilaginous regions of these joints are comprised of two types of cartilage: articular
cartilage on the surface, and the underlying epiphyseal cartilage. A schematic representation of
articular-epiphyseal complex (Figure 1.1) highlights the articular surface, secondary bone-forming
centers, progenitor cartilage (the type used in these experiments and is synonymously referred to as
“epiphyseal cartilage”), and the underlying bone. Through maturation, the epiphyseal cartilage is
transformed into bone. Epiphyseal cartilage found in the distal ulna and femoropatellar groove of
young calves has a few distinct differences from adult articular cartilage, which motivated its use
for our experiments. Most significantly, the abundance of epiphyseal cartilage allows experiments
to use tissue from a single animal, reducing the effects of animal-to-animal biological variation.

Hyaline cartilage consists primarily of water and a sparse population of cells which reside
in a plentiful matrix of various macromolecules. There are two principle macromolecular
components of the extracellular matrix (ECM): collagen (Type II), which forms a fibrillar network
that gives cartilage its tensile strength, and proteoglycans (PGs), which impart compressive
strength. The collagenous network interacts with the proteoglycans and other noncollagenous
proteins through chemical binding reactions or steric hindrances and this entire framework is filled
with fluid.

The cells, called chondrocytes, are responsible for maintaining the mechanical integrity of
the tissue by regulating the synthesis and degradation of the collagens, proteoglycans, and other
structural components of the extracellular matrix. The active involvement of the cell in this

continuous remodeling process is modulated by various exogeneous signaling mechanisms. The
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biosynthetic and degradive potential of chondrocytes is influenced by mechanical signals (Gray et
al. 1988; Quinn 1996) and chemical messengers like interleukin-18 (discussed below).

13 Introduction
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Figure 1.1: Diagrammatic representation of the epiphyseal apparatus (adapted
from (Wuthier 1968). Tissue explants in this thesis were harvested
from the “progenitor cartilage” region. The cartilage from this region,
also called “epiphyseal cartilage”, differs from that of the articular
surface in that it is typically more plentiful in the young joint.
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Cartilage biochemistry

The most important chemical component of cartilage, with respect to the scope of this thesis, is the
glycosaminoglycan. It serves as a basic component of larger, more complicated structural elements
that lend cartilage its poroelastic mechanical behavior.

In nature, six species of glycosaminoglycans have been identified in cartilaginous tissue:
two types of chondroitin, keratin, hyaluronate, heparin, and dermatan (Figure 1.2). A
glycosaminoglycan is a polyanionic carbohydrate that is comprised of a repeating disaccharide unit.
This unit contains an amino sugar, which is typically sulfated, and an acidic sugar, which is
ionized at physiological pH. The degree of sulfation varies, but its occurrence, combined with the
titrated carboxyl group of the acidic sugars, gives glycosaminoglycans their highly negative electric
charge.

The degree to which glycosaminoglycans are sulfated is not only important for their
functionality, but is required for our biochemical measurement of glycosaminoglycan content.
Spectrophotometric assays which use dimethylmethylene blue require several concatenated
glycosaminoglycans and histological staining procedures utilizing toluidine blue O require
negatively charged sulfate and carboxyl groups for positive results.

Glycosaminoglycans exist as unbound individual disaccharides or as disaccharides (or
many repeating disaccharides connected in a linear fashion) covalently attached to a protein core
(Figure 1.3). However, they are only mechanically relevant when present in the latter form, which
is called a proteoglycan. Of course, there are several types of proteoglycans found in cartilage.
The list includes the large aggregating proteoglycans called “aggrecan” and the smaller interstitial
proteoglycans, biglycan, decorin, and fibromodulin.

Of principle relevance to this study is the structure and function of aggrecan. Aggrecan is
composed of protein (7% by mass), chondroitin sulfate (87%), and keratan sulfate (6%)
(Heinegard and Oldberg 1989). Figure 1.3 depicts the construction of a single aggrecan monomer
as a protein core with covalently bonded keratin sulfate and chondroitin sulfate
glycosaminoglycans. The 220kD core protein ranges from 180nm to 210nm in length and serves
as the unifying element in these aggregating monomers. Specific regions along the core filament
have been identified as keratan sulfate and chondroitin sulfate attachment sites. To these linkage
points, linear chains of chondroitin sulfate, which may exceed 100 in number, radiate outward
from the protein core. The glycosaminglycans remain separated from each other in three-

dimensional space due to electrostatic interactions, giving aggrecan its “bottle brush” appearance.
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Chondroitin-4-Sulfate
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Figure 1.2: Glycosaminoglycan chemistry. The basic disaccharide repeating unit
(GIcUA: glucuronic acid; GalNAC: N-acetylgalactosamine; GIcNAC:
N-acetylglucosamine; Gal: galactose; IdUA: iduronic acid) and the

sulfated moieties ©.
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Figure 1.3: Aggrecan monomer. The chondroitin sulfate and keratan sulfate
glycosaminoglycans are covalently bonded a single protein core, which
noncovalently associates with a backbone filament of hyaluronic acid
(Heinegard and Oldberg 1989).

The aggrecan monomers are subsequently assembled into larger proteoglycan aggregates.
Through non-covalent interactions numerous aggrecan monomers assimilate onto a common
carbohydrate backbone of hyaluronic acid. An unbranched, unsulfated glycosaminoglcyan,
hyaluronic acid can extend from 40,000nm to 420,000nm in length and accommodate an aggrecan
monomer approximately every 2500nm (Rosenberg et al. 1975). With a length scale of significant
proportions, the filamentous hyaluronic acid intertwines with other matrix macromolecules, namely
collagen, contributing to a massive structural scaffold.

The physicochemical properties of the aggregated proteoglycans contribute to the load-
bearing, lubricating, and resilient aspects of cartilage. The highly anionic glycosaminoglycans give
the aggregate macromolecule a signature “fixed” negative charge. The significance of this fixed
charge density is two-fold: through electrostatic interactions the glycosaminoglycans resist
mechanical compression and by the necessary presence of counter-ions in the interstitial fluid,
water is osmotically entrained within the tissue. The swelling capacity of cartilage is enhanced by
the density of fixed charges and restrained by the tensile forces of the collagen network. A
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mechanical equilibrium state is achieved with the swelling pressure balanced by the restraining
forces of the collagen. When cartilage is compressed, a series of events occur which define its
resiliency. In response to a compressive load fluid is exuded from the extracellular matrix causing
an increase in fixed charge density. The loss of water increases the tissue swelling potential,
contributing to an increased resistance to compression (Maroudas 1979). Upon relaxation of the
compressive load, the cartilage returns to its initial equilibrium state by imbibing water back into
the tissue. Therefore, the contribution of aggregating proteoglycans (and the collagen network) is
crucial to the normal function of cartilage and any circumstance in which the integrity of the

glycosaminoglycans is diminished would result in decreased resiliency.

Role of interleukin- 13 in cartilage destruction

The interleukins belong to a family of soluble proteinaceous factors which are involved in the
coordination of local and systemic immune responses. Any member of this family is non-
specifically referred to as a cytokine, which implies a certain capacity for autocrine, paracrine,
and/or endocrine effects. Enumerating the biological effects of interleukin-1 is a task of galactic
proportions, therefore let it suffice that the incomplete set of traits exhibited by this cytokine are:
inflammatory (i.e., immunomodulatory) (Goldring and Goldring 1991), metabolic (Bedard and
Golds 1993; Morales and Hascall 1989), degradive (Arner and Pratta 1989; Smith et al. 1989), and
protective (Dinarello 1991), and it has been implicated in the pathogenesis of vascular diseases
(Clinton et al. 1991) and arthritis (Duff et al. 1988; Wood et al. 1985). Of the three known
interleukin-1’s in existence (Dinarello 1991), only a description of interleukin-18, the most potent
and predominant variety (Biswal 1996; Demczuk et al. 1987), is necessary here.

The addition of interleukin-1B to in vitro culture systems elicit the release of proteoglycan
fragments (Campbell et al. 1986). However, the action of interleukin-18 does not directly induce
catabolic events, rather, it binds to specific cell-membrane receptor sites thereby inducing a
multitude of intracellular processes. The result is the upregulation of the synthesis (MacNaul et al.
1990) of matrix metalloproteinase precursors and their subsequent secretion into the extracellular
compartment. Although the mechanism of activation is unclear, these latent and inactive precursors
(e.g., prostromelysin and procollagen) are transformed into highly efficient proteolytic enzymes
(stromelysin and collagenase, respectively). Stromelysin exhibits a wide range of destructive
capacity in that it degrades proteoglycans, collagens (including type II), and a wide variety of
cartilaginous glycoproteins. Collagenase is well known for its efficiency in cleaving collagen
(including type II) fibers, but it has also been found to digest proteoglycans (Hughes et al. 1991).

The effects of interleukin-18 on cartilage explants have been studied in our laboratory.

Interleukin-1B has been shown to cause a dose-dependent release of glycosaminoglycans from
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epiphyseal cartilage explants (Biswal 1996; Lai 1993). The concomitant decline in mechanical
properties (static load and dynamic stiffness) and glycosaminoglycans content have been observed
(Chang 1992). The spatiotemporal modality of glycosaminoglycan depletion has been
characterized histologically and is described, in brief, in Appendix B.

Cartilage biomechanics

An understanding of the basic concepts of cartilage mechanics is important for the interpretation of
its deformational behavior. This biomechanical behavior of cartilage is best described as
“poroviscoelastic”, a term which encompasses the viscoelastic qualities of the solid components
(collagens and aggregating proteoglycans) and the fluidic resistance to deformation through the
porous matrix.

Mechanical equilibrium (i.e., no fluid flow) is achieved when a compressive load is
completely balanced by the swelling force, which has electrostatic and non-electrostatic
contributions. The electrostatic contribution arises from the presence of sulfated
glycosaminoglycans and the non-electrostatic component stems from the intrinsic stiffness of the
solid phase. In this thesis, the term equilibrium stiffness is used to describe the resistance to
compression exhibited by a cartilage sample and is defined as the incremental increase in
equilibrium load in response to a small deformation.

Alternatively, significant fluid flows may result within the extracellular matrix in response
to time-varying mechanical stimuli. The frictional drag introduced by the forced flow of tissue
water around the solid components introduces an increased resistance to compression. The
redistribution of the tissue fluid in response to an incremental step in displacement elicits a transient
response. For time-varying displacements the mechanical response of cartilage exhibits a transient
decline to an oscillatory steady-state. For the range of frequencies tested in this thesis (0.004Hz -
0.88Hz) the frequency response of cartilage has linear characteristics (Appendix A), which has
also been demonstrated over a greater frequency window by Lee ef al (1981).

The culture conditions used here specified that cartilage explants be prepared into
cylindrical discs and cultured in radially unconfined, axially confined conditions. Measurements of
equilibrium and dynamic stiffness were made by imposing uniaxial static and dynamic
compressions, respectively, between two impermeable platens. This “unconfined” compression
arrangement allows the tissue sample free to exude its fluid and/or expand in the radial direction.
Complications arise at the cartilage-platen interface, where friction (or the lack thereof) influences
the mechanical response of the tissue. The presence of friction would elevate the internal stresses

of the tissue and result in a higher observed stiffness than when friction is absent.
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An analytical ekpression has been developed that models the behavior of a ‘“cartilage”
sample compressed with frictionless boundary conditions (Armstrong et al. 1984). For a step in
compressive displacement, the model-based solutions for internal deformations and externally
observable stress relaxation indicate an instantaneous change in volume and that the material
behaves as an incompressible solid. With time, the model demonstrates that the transient fluid
flow diminishes the internal fluidic pressure gradients until equilibrium is achieved with the
external fluid bath. Furthermore, this model illustrates that the extent to which the fluid flow
(constrained to the radial direction) penetrates into sample is frequency dependent. However, this
model has been shown to underpredict experimentally observed values of dynamic stiffness,
presumably due to the frictionless boundary condition.

Subsequently, Kim developed numerical methods that included the effects of interfacial
friction (Kim 1989). Compared to the frictionless model, the effect of the “adhesive” boundary
condition on the predicted value of dynamic stiffness was minimal at low frequencies but resulted
in significantly elevated values at high frequencies. These boundary conditions shifted the
predicted frequency response closer to that observed empirically, indicating that interfacial friction
is indeed an important factor in the unconfined compression of cartilage.

Both of these models are instructive, however, in their qualitative conceptualization of the
physics of the dynamic stiffness. Low frequency displacements were demonstrated to induce the
movement of large volumes of fluid. At high frequencies cartilage is approximately incompressible
(very little relative motion of the fluid and solids). Most interestingly, there is a frequency
dependent transition region characterized by the simultaneous decrease in fluid movement and
increase in internal hydrostatic pressure. Although these models to not precisely agree with
experimental data in magnitude, they do provide some insight as to the mechanisms by which the

dynamic stiffness increases with frequency.

20 Introduction




Objectives

The purpose of this thesis was to investigate the relationship between the mechanical properties and
glycosaminoglycan content of explanted cartilage. Specifically, it was intended to determine if this
relationship was affected by the spatial distribution of glycosaminoglycan degradation. This study

was approached by following these three objectives:

1. To investigate the kinetics and proportions of change of stiffness (equilibrium and dynamic)
and glycosaminoglycan content with respect to the mode of degradation as induced by

treatment with interleukin-18.
2. Same, but treatment with the direct addition of proteolytic enzymes (such as hyaluronate lyase,

chondroitinase-ABC, and trypsin).
3. To determine the relationship of stiffness (equilibrium and dynamic) to glycosaminoglycan

content for both modes of degradation.
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Materials and Methods

Introduction

In order to measure the mechanical properties of cartilage explants several methods and
protocols had to be established and verified. Fortunately, some were already existent and were
adapted to suit the objectives of this thesis. This section covers the details of harvesting and
preparing cartilage for long-term culture, the specific culture/compression chambers used, the
preparation of the enzymes and cell-regulator used to induce tissue degradation, the means by
which the mechanical properties were determined, and the biochemical techniques employed to

quantify the release of glycosaminoglycans.

Tissue explantation and preparation

All tissue used in this study was calf-bovine in origin and of 1-2 weeks in age. From a
local abattoir, A. Arenas Co. of Hopkinton, MA, we obtained foreleg ulnar-metacarpal and hindleg
femoropatellar groove joints. These joints were delivered cold, intact and completely encapsulated
in periochondrium and musculature by tissue delivery professionals (Research 87, Boston). In the
rare occurrence that dissection did not immediately follow delivery, the tissue was stored at 4°C

(for a period of time that never exceeded 2 hours).

Ulna-derived tissue

Under quasi-sterile conditions aided by a biosafety cabinet, the ulnar-metacarpal joint was
relieved of its surrounding musculature, periosteal, and perichondral connective tissues. Isolating
the ulna from the radius facilitated the separation of the epiphysis from the metaphysis. This
separation was accomplished by manually bending the ulna until it virtually “snapped” in half.
This process consistently yielded separation at the interface of the hypertrophic cells of the growth
plate and calcified cartilage region of the metaphysis. Discarding the remaining tissue, the
epiphyseal “apparatus” (which includes articular cartilage, the underlying secondary center of
ossification, epiphyseal cartilage {a.k.a. progenitor cartilage}, and growth plate) was immersed in
Hank’s Balanced Salt Solution containing 1% antibiotics/antimycotic (see below). By clamping
the end of the epiphysis containing the articular cartilage and the secondary center of ossification in
a device such that only the epiphyseal cartilage was exposed, tissue was sectioned with an
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American Optical (Buffalo, NY) sledge microtome. The first slice boldly sectioned away ~1mm of
tissue; simultaneously creating a flat surface and removing the growth plate. Subsequently,
“plane-parallel” slices (of which two could be regularly obtained) were cut to 2mm-thickness. Five
or six 3mm-diameter discs, often referred to as “plugs”, were harvested from each slice by using a
dermal punch. Plugs were placed separately into the wells of a culture dish and incubated in 1.0ml
of culture medium. The culture medium was composed of Dulbecco’s Modified Eagle Media
(DMEM) supplemented with 10mM HEPES, 0.1mM non-essential amino acids, 0.4mM proline,
2mM glutamine, 1% (v/v) of an antibiotics/antimycotic cocktail (stock solution consists of
10,000U/ml penicillin, 10mg/ml streptomycin, and 25pg/ml amphotericin-B in 20ml of sterile,
distilled and deionized water) 1% (v/v) heat inactivated fetal calf serum, and 50lg/ml ascorbate.
The explant plugs were cultured in an incubator at 37°C, 5% CO,, and ~95% humidity for up to
two days before mechanical testing was initiated. The geometrically friendly ulnar-derived
explants (3mm in diameter by 2mm in thickness) typically numbered in the five to twelve range,
which was more than adequate for a single experiment.

Femoropatellar groove-derived tissue

Conveniently, the same abattoir was a source for the completely intact foreleg itself.
Delivered under the same conditions, the leg arrived into the laboratory with intact musculature and
perichondral connective tissues encapsulating the femoropatellar groove. The ensuing dissection
was performed on the bench-top, being the only suitable space available for handling such a large
package. Since the dissection was performed in the questionably sterile laboratory environment,
the joint was frequently rinsed with Hank’s Balanced Salt Solution supplemented with 1% by
volume of the antibiotics/antimycotic solution. = The musculature and periosteum were
systematically removed, beginning from the proximal femur and working towards the groove.
Care was taken not to penetrate the perichondrium prematurely. With the musculature removed;
the joint capsule was exposed by cutting through the perichondrium and then the cruciate ligaments
were severed; thereby isolating the femur and exposing the femoropatellar groove. Cutting the
femur in half with a bone saw allowed for insertion into a clamp device. With the joint
immobilized, several 3/8” “cores” were drilled from the lateral and medial sides of the groove by
drilling directly into the chondyle at a near-perpendicular angle of attack. The drill press was
configured to have a slow rotational speed and the drill bit was continuously lubricated with cold,
sterile, Hank’s Balanced Salt Solution supplemented with 1% antibiotics/antimycotic. Again, the
bone saw was used to free the cores from the underlying trabecular bone by severing the

chondyles. Thus, numerous 3/8”-diameter cylinders (cores) were explanted, each with
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approximately Smm of cartilage atop 10mm of subchondral bone. These cores were clamped into
the sledge microtome for sectioning. As with the ulnar-derived tissue, the material was faced off
by removing the first ~1.0mm (which included the articular surface). The remaining underlying
epiphyseal cartilage was sectioned into 2mm-thick discs from which were promptly punched to
yield either four 3mm-diameter plugs or three 4mm-diameter plugs (depending upon the
experiment). As above, the abundance of epiphyseal cartilage, characteristic of young joints,
yielded a venerable cornucopia of plugs; five of which were cultured in supplemented media for
up to two days before mechanical testing.

Culture conditions: media preparation

Throughout the course of every culture experiment in this thesis the culture media was
changed on a regular basis depending upon the frequency of mechanical testing (typically once a
day, but this was not the case for every experiment). Old media was collected and frozen at -20°C
for further biochemical analysis. For ongoing cultures, the old media was replenished with fresh
media. This being the case, it was necessary to have a large volume of culture medium at hand
during an experiment. Base culture media was prepared in 500ml batches and stored at 4°C. Fresh
media refers to the supplementation of the base media with certain substances (e.g. 1% by volume
of ascorbate, L-glutamine, heat inactivated fetal calf serum, and antibiotics/antimycotic) that are
presumably unstable in solution at culture conditions and begin to break down. The base media
formulation was as follows:

Table 2.1: Formulation of Base Media

Amount (ml) Base Media Constituent

200 25mM HEPES DMEM
300 DMEM

5 10 mM NEAA

2 100 mM Proline
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The supplemented media was typically prepared in 10ml volumes and consisted of:

Table 2.2: Formulation of Supplemented Media

Amount (ml) “Fresh” Supplemented Media Constituent

0.100 2mM L-Glutamine

0.100 20mg/ml ascorbate dissolved in 0.5 ml of base media
0.100 antibiotic/antimycotic

0.100 heat inactivated fetal calf serum

9.6 base media

Culture conditions: culture-compression chambers

Cartilage explants were cultured for up to two weeks during the course of mechanical
testing in special chambers. Machined from polysulfone (Westlake Plastics, Lenni, PA), an
autoclavable plastic, these chambers allowed for the long-term culture of cartilage explants in the
incubator-housed mechanical spectrometer. The construction of these chambers satisfied the
culture requirements by retaining up to 2.0ml of culture media, venting to the atmosphere of the
incubator (allowing for gas exchange and maintaining the culture medium at atmospheric pressure)
and by being equipped with a syringe coupling for the exchange of culture media. The
compression chamber, as its name implies, facilitates the mechanical compression of cartilage
plugs. The cylindrically-shaped test specimen, surrounded by fluid, rests on the bottom of the
compression chamber with a quartz compression post located superiorly and in axial alignment.
The vertical translation of the post, guided through the chamber lid, transmits relative
displacements from the TCS (see below) to the tissue sample. The observed stiffness of the entire
compression apparatus (in the absence of cartilage) ranges from 0.2-0.4MN/m, whereas a 4mm-
diameter by 2mm-thick cartilage disc generally exhibits an equilibrium stiffness of approximately
3.0kN/m. Since the system is two orders-of-magnitude stiffer than the cartilage it was presumed
that any observed equilibrium or low-frequency displacements corresponded solely to tissue
deformation. However, the dynamic stiffness of cartilage increases with frequency in the range of
0.05Hz to 1.0Hz, such that system compliance may need to be considered (Appendix A).

The compression post and chamber material are impermeable to aqueous media. Therefore,
this axially-confined, radially-unconfined loading configuration of cartilage restricts fluid transport
and solute diffusion to the radial direction only.
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Figure 2.1: Culture-Compression Chamber Design.
Schematic drawing of compression chamber components (cap and body).
Machined out of polysulfone, an autoclavable plastic, each chamber allows for
the long term culture of a single cartilage explant. A quartz compression post
slides through the cap and axially confines a cartilage “plug” with the base. The
seat of the base fits into a clamp in the lower platen of the TCS, thereby
anchoring the compression chamber. The quartz compression post is brought
into contact with the thrust button of a load cell. Capillary ports, drilled and
tapped into the base, allow for the exchange of culture media. Adapted from the

original design drawings of Stephen Lin.
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Enzymes: hyaluronate lyase, trypsin, and chondroitinase-ABC

Streptomyces hyaluronate lyase was received as a lyophilized powder. In the
manufacturer’s ampule, the enzyme was reconstituted with 400l base media. The mixture
incubated at room temperature for fifteen minutes to ensure that all the powder dissolved into
solution. The enzyme solution was dispensed in 80l aliquots into microcentrifuge tubes (yielding
an activity of 100 TRU/tube) for long-term storage at -80°C. For experimental usage, 100ul of
enzyme solution was added to 9.90ml of supplemented media, giving a total volume of 10ml and
an enzyme activity of I0TRU/ml. Tissue samples were fed 1.0ml.

Lyophilized trypsin was reconstituted with Hank’s Balanced Salt Solution (HBSS) and
stored at 4°C. For in situ degradation studies, this stock preparation, designated 10X', was diluted
to 0.0025X with HBSS supplemented with 1% (v/v) antibiotic/antimycotic. Tissue samples were
fed 1.0ml.

Lyophilized chondroitinase-ABC, protease-free and purified from Proteus vulgaris, was
reconstituted in the manufacturer’s ampule with 1.0ml of base media. Similar to the preparation of
hyaluronate lyase, the mixture incubated at room temperature for fifteen minutes to ensure that all
the powder dissolved into solution. The enzyme solution was dispensed in 200l aliquots into
microcentrifuge tubes (yielding an activity of 0.2 Units/tube) for long-term storage at -80°C. For
experimental usage, 200ul of enzyme solution was added to 1.80ml of supplemented media,
giving a total volume of 2ml and an enzyme activity of 0.1 Units/ml. Tissue samples were fed
0.5ml.

Interleukin-113

Copious amounts of purified human wild-type interleukin-18 (IL-18) were graciously
provided Professor Lee Gehrke. Purification techniques, established by Professor Gerhke and Dr.
Amy Lai, are described elsewhere (Lai 1993). The experimental efforts of Dr. Sandip Biswal and
Daniel KH Chang consistently demonstrated successful tissue degradation over relevant (5-8 days)
time periods with 100ng/ml (Biswal 1996; Chang 1992). Aliquots of 1ug/ml IL-18 in 17.2ul of
Hank’s Balanced Salt Solution with 2% (v/v) antibiotics were stored at -20°C.

! Sigma packages trypsin in an ampule as a lyophylized powder consisting of trypsin and sodium chloride.
“10X trypsin” refers to the reconstitution of said powder with 20ml of sterile, distilled, deionized water, yielding
25g/L trypsin (and 8.5g/L sodium chloride).
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Mechanical testing

An incubator-housed, displacement-based mechanical spectrometer, affectionately referred
to as the “Tissue Compression System” (TCS), enabled in situ measurements of equilibrium and
dynamic stiffness. The TCS allows for long-term culture of cartilage explants in such a fashion
that facilitates the elucidation of the tissue load-displacement relationship. In short, five cartilage
discs can be cultured separately and the specific load-displacement relationship of each plug can be
observed independently. The utility of this contraption has been previously established (Chang |
1992; Cho 1996) and the results of further verification studies are reported in Appendix A.

Cartilage plugs were selected from the pool of harvested explants for mechanical
properties’ measurements based upon gross appearance. Samples which did not exhibit plane-
parallel faces were discarded. Likewise, samples which did not retain cylindrical shape or had
visible damage incurred during the explantation process were discarded. A digital micrometer was
used to measure the thickness of acceptable plugs to the nearest 0.0lmm; note that all explanted
plugs swelled by at least 10% of their originally prepared thickness. Five plugs which were
similar in thickness were sterily placed into freshly autoclaved compression chambers. The
compression chambers were loaded into their respective positions in the TCS. The upper platen
was positioned such that the LVDT was in its linear range (-0.2 to 0.2 inches) and that the thrust
buttons of the load cells were close to, but not touching, the compression posts. A contact tare
load of less than 5g was established by positioning each compression chamber with its micrometer.
It was assumed that the tare load elicited negligible compressive strain, thereby establishing a “0%-
strain” level of contact. A tare load of 5g would give an estimated offset strain of 1.4% and .8%
for 3mm diameter and 4mm diameter cartilage samples, respectively (assuming an equilibrium
modulus of 0.5MPa, which is typical of epiphyseal cartilage explants). At this point the incubator
door was closed and the interior environment was allowed to reach culture conditions (37°C, >90%
humidity, and 5% CO,).

All mechanical measurements were made from the 15% level of compressive strain. From
this static offset were imposed either a step-wise series of small compressive strains to measure the
equilibrium stiffness or set of periodic displacement waves of small peak-to-peak strains to
measure the dynamic stiffness. This is consistent with the literature (Frank and Grodzinsky 1987,
Sah et al. 1992) and in accordance with the generally accepted methodology of extracting linear
measurements from inherently non-linear materials (Ferry 1970). Over a period of three hours, the
upper platen was lowered to establish this offset. This was accomplished by driving the platen
down, which was set to a maximum strain rate of 1.0%-strain per second, in four successive steps
separated by 45 minutes. Mechanical measurements were initiated after stress-relaxation was

complete.
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Equilibrium stiffness measurements

Equilibrium stiffness measurements were made from the 15%-strain static offset level. The
protocol consisted of four sequential steps of approximately 20pm each (i.e., 0.91% compressive
strain for a plug 2.20mm in thickness) imposed at intervals which allowed for the complete stress-
relaxation of the tissue. For untreated tissue samples, this relaxation was typically thirty minutes
for 3mm diameter plugs and one hour (sometimes more) for 4mm diameter plugs. Note that the

derived (Armstrong et al. 1984) unconfined compression stress relaxation time constant,

is proportional to the square of the plug radius, a, and inversely proportional to the equilibrium
confined compression modulus, H,, and hydraulic permeability, k. Figure 2.2 illustrates the
physical measurement of equilibrium stiffness on a 3mm diameter cartilage plug: an imposed
displacement of 20um at a 1.0%/s strain-rate elicits an immediate resistance to deformation
followed by a period of stress-relaxation which converges upon a steady equilibrium load. The
unconfined equilibrium stiffness, M, is defined as the net incremental increase in stress normalized

by the imposed strain:

L%r g
XA,

where L is the measured increase in equilibrium load, g is the gravitational constant, r is the plug

M=

radius, & is the incremental step in displacement, and 1, is the thickness of the plug. The average
unconfined equilibrium modulus, as reported in this thesis, is the arithmetic mean and standard
deviation of the mean of four measurements.

Dynamic stiffness measurements

Like the equilibrium stiffness, measurements of dynamic stiffness were performed at the
15% static offset level. Depending upon the experiment, a series of five or six periodic
displacement waves, ranging from 0.004Hz or 0.02Hz through nearly 1Hz in frequency and
approximately 1% peak-to-peak strain in magnitude, were applied and the load-response was
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observed. Previous work has identified that these frequencies and magnitudes elicit a linear
mechanical response from cartilage (Lee et al. 1981), which has been verified for this testing
system (Appendix A). Furthermore, it is over this frequency range that fluid transport effects
become significant and enhance the dynamic stiffness of the tissue (refer to the biomechanics
section of the introduction or to (Armstrong et al. 1984; Kim 1989; Lee et al. 1981).

The unconfined dynamic stiffness, Dy, is defined for any particular frequency, f, as the
steady-state peak-to-peak stress divided by the imposed strain:

L Ppy
D Tr?

I8

pp

lo

where L is the steady-state peak-to-peak load and 8, 1s the peak-to-peak displacement. Figure
2.2, exhibiting a 0.5Hz displacement wave, defines the variables for the determination of the
dynamic stiffness.
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Figure 2.2: Example Measurements of Equilibrium and Dynamic
Load and Displacement

The definition of measured parameters used to calculate the equilibrium (top) and

dynamic (bottom) stiffness. Note that the arbitrary polarity of the transducer outputs,

seen in the bottom plot, may be misleading; the compression cycle of the imposed

displacement (plotted as increasingly negative) induces a positive increase in observed

load.
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Biochemistry: the assessment of sulfated glycosaminoglycan content

Biochemical analysis of the amount of sulfated glycosaminoglycans remaining in the
explant plugs and released to culture media was performed in accordance with the dye-binding
spectrophotometric methods as described by Farndale (Farndale et al. 1986). Tissue samples were
lyophilized and subsequently digested in 0.5ml of 125ug/ml papain in PBE at 40°C for twenty-four
hours. Glycosaminoglycan content was determined by adding 2.0ml of DMB solution to 20ul
aliquots of the digest solution in polystyrene cuvettes and measuring the absorbance at 525nm in a
Perkin Elmer Model A3B spectrophotometer (Perkin Elmer, Norwalk, CT). The absorbance was
compared to that of standards of known concentration. Standards were serial dilutions of
chondroitin sulfate in PBE. Analysis of glycosaminoglycan content in media samples was
performed in a similar fashion, except that the standards were diluted with unsupplemented media.

Histology: tissue fixation, sectioning, staining, and photomicroscopy

Histological preparations of tissue samples were prepared for the purpose of visualizing the
tissue morphology and spatial distribution of matrix-intact glycosaminoglycans. We utilized the
methods developed by Hunziker et al. (Hunziker et al. 1982; Hunziker et al. 1983) to circumvent
the aqueous extraction of proteoglycans during the fixation process. Selected time-points,
representing the gamut of induced tissue degradation, were chosen to elucidate the kinetics and
proportions of glycosaminoglycan release. Tissue explants were chemically fixed in a 1.0ml
cocktail of 0.7% ruthenium hexamine trichloride (RHT), 2.0% glutaraldehyde, 0.05M sodium
cacodylate (pH 7.4, 330mosmol) for four hours at room temperature and then for twelve hours at
4°C. Next, the explants were placed in a RHT-free fixative for forty-eight hours at 4°C. The
fixation process concluded by washing the explants in 0.1M sodium cacodylate buffer (pH 7.4,
330mosmol) with four consecutive 1.0ml rinses, each one hour<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>