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Abstract

Knee pain is a common complaint among older Americans, nearly half of whom
have developed or will develop painful osteoarthritis. Osteoarthritis is primarily a
disease of articular cartilage, the low-friction, shock-absorbing connective tissue that
lines long bones at their articulating surfaces. Within these joint tissues and within
arthritis, the protein collagen VI plays an uncertain role, although it has been implicated
in several muscle and ligament disorders. Determination of the collagen VI role in bone
and cartilage of the knee is the focus of this dissertation.

Within articular cartilage, collagen VI exclusively localizes to and delimits the
pericellular matrix (PCM), which differs from the extracellular matrix (ECM) in
composition and structure. To interact with the cell, a molecule must first pass through
the PCM. Fluorescent dextran diffusivities were quantified in the cartilage PCM using a
newly developed model of scanning microphotolysis (SCAMP), a line photobleaching
technique. Diffusion was slower in the PCM than in the ECM, although not in early-
stage arthritic tissue. These results support the hypothesis that diffusivity is lower in the
PCM than in the ECM of healthy articular cartilage, presumably due to differences in
proteoglycan content.

Arthritic degradation is partly mediated by interleukin-1 (IL-1), a catabolic

cytokine that affects the mechanical properties of articular cartilage and preferentially

iv



binds to cell-surface receptors in the surface zone. Since cells are the cartilage metabolic
units, matrix degradation is hypothesized to influence molecular transport in the PCM
before the ECM. Cartilage was cultured with or without IL-1, soaked in FITC-
ovalbumin, and photobleached using SCAMP to measure diffusivity. Over 7 days of
culture, IL-1 doubled the diffusivity in both zones (surface, middle) and matrices (PCM,
ECM) of the cartilage. Diffusivity within the PCM was slightly lower than within the
ECM. No increase in PCM diffusivity relative to ECM diffusivity was detected within
either zone, suggesting that PCM-localized degradation either cannot be distinguished
at these time points or cannot be detected by measures of ovalbumin diffusion.

To determine the effects of collagen VI absence on the morphometry and
physical properties of the joint, knees of 2-, 9-, and 15-month-old Col6al+/+ and Col6al-/-
mice were studied. Bone morphometry was evaluated using micro-computed
tomography (microCT). Subchondral bone thickness, joint-capsule thickness, and
cartilage degradation were assessed by histology. Cartilage elastic modulus, roughness,
and coefficient of friction were measured by atomic force microscopy (AFM). Diffusion
through the cartilage ECM was determined by SCAMP. Overall, collagen VI absence
had profound effects on the morphometry of the proximal tibia and the overall
histological structures of the mouse knee, yet minimal effects on the friction, roughness,
elastic modulus, and diffusional properties of the articular cartilage. Musculoskeletal

abnormalities at the knee do result from collagen VI absence.
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Chapter 1.

Background and Significance



1.1 Arthritis and the Knee

Arthritis is a joint disease that can impair the function, alter the composition, and
erode the structures of articular cartilage. In the United States alone, more than 46
million people suffer from this degradative disease at a cost of more than $81 billion
annually in medical expenses. Nearly half of all Americans will develop painful

osteoarthritis in the knee (CDC 2008).

bone (femur)

cartilage
ligament

meniscus

bone (tibia)

Figure 1.1: A dissected porcine knee joint showing cartilage, bone,
ligament, and meniscus.

The causes of arthritis are difficult to pinpoint. Risk factors include old age,

obesity, joint injuries, and genetic predisposition. Treatment for arthritis can involve
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pain medication, weight loss, activity modification, physical therapy, and cortisone
injections (Cole and Harner 1999). These treatments primarily address symptoms of
arthritis but neither heal the cartilage nor reverse the course of the disease. For severely
advanced arthritis, total knee arthroplasty (joint replacement) is the best available
treatment; however, this treatment is expensive, invasive, and limited in its durability
and replaceability. Consequently, the quests for a better understanding of arthritis and a

cure for the disease are driving factors in research.

1.2 Bone

Bone is a calcified, rigid structure with biomechanical and biochemical roles. The
skeleton protects vital organs, provides a supporting frame, helps transfer forces, stores
mineral reserves, and produces blood cells within its marrow. Mobility is achieved
when the remaining musculoskeletal components attach to the stiff framework bones
provide; muscle and tendon serve as actuators, ligaments as stabilizers, and cartilage as
a bearing (Fritton 2006). In the leg, the femur and tibia articulate at the knee, with the
fibula providing additional support alongside the tibia.

Bone matrix is comprised of organic and inorganic components. The organic
constituents, dominated by collagen I, also include glycosaminoglycans and various
growth factors. The inorganic portion of bone is predominately hydroxyapatite

(Ca1(PO4)s(OH)2). Hydroxyapatite is detectable by x-ray and therefore by computerized



tomography (CT), a quantitative, non-destructive tool that can be used to evaluate or
assess bone’s three-dimensional architecture, mineral content, and density.

Bone is categorized as trabecular (also “cancellous” or “spongy”) or cortical (also
“compact”). Trabecular bone is porous, characterized by small plate-like and rod-like
connecting elements (trabeculae) arranged as a three-dimensional lattice. Trabecular
bone is high in surface area and low in volume fraction (0-50%). Trabecular bone is
found in inner regions of bones, such as in the femoral neck. Cortical bone, by contrast,
has a relative bone volume greater than 95% and a much lower surface area relative to
its volume (Recker 1983). Cortical bone forms the outer shell of most bones. In the
diaphysis of long bones such as the femur, the tubular geometry of cortical bone enables
it to resist both axial loading and bending or torsional loads.

Bone adapts both its tissue architecture and its material in response to its
mechanical loading environment. Reduced loading leads to bone loss (Li et al. 1990;
Vico et al. 1991; Matsumoto et al. 1998; Rantakokko et al. 1999; Sakata et al. 1999; Laib et al.
2000; Amblard et al. 2003; Damrongrungruang et al. 2004), whereas increased loading
can lead to increased bone mass (Woo et al. 1981; Biewener and Bertram 1994; Fritton et
al. 2005).

Skeletal maturation is marked by predictable changes in bone properties.
Animals reach peak bone density at skeletal maturity; mice of most strains reach this

milestone by about four months (Beamer et al. 1996). At this milestone, the growth



plates in long bones close (mice are an exception) and the animal has achieved its full

stature.

1.3 Articular Cartilage

Articular cartilage is a thin, deformable, connective tissue that lines the ends of
long bones at diarthrodial joints. Healthy articular cartilage serves as an extremely low-
friction surface for articulation, provides joint congruity, and distributes loads which
routinely reach approximately three times body weight (Guilak et al. 1997). As such, the
role of cartilage is primarily mechanical in function; this tissue can withstand decades of
use and millions of loading cycles without apparent degradation, although joint trauma,
overuse, or aging can lead to arthritis (Buckwalter and Mankin 1997).

Adult articular cartilage is aneural, alymphatic, and avascular (Guilak et al. 2000).
Cartilage is modeled as a triphasic material with fluid, solid, and ionic phases (Lai et al.
1991). Water accounts for 65%-80% (wet weight) of the cartilage (Maroudas 1979; Lai et
al. 1991). Cations and anions comprise the ionic phase (Lai et al. 1991). The solid phase
consists predominately of proteoglycans (5-10% by wet weight) and cross-linked
collagen, mostly type II (15%-20% by wet weight) but also small amounts of other
collagens, including types VI, IX, X, and XI (Maroudas 1979; Heinegard and Oldberg

1989; Poole 1997). Although cartilage cells are responsible for producing and



maintaining this cartilage matrix, they usually comprise less than 10% of the tissue
volume (Stockwell 1979; Guilak and Mow 2000).

The collagen fibrils assemble to form fibers that effectively stratify the matrix
architecture of the cartilage into three distinct zones (Figure 1.2). In the surface zone,
typically 10% to 20% of the total cartilage thickness (Mow et al. 1989), small-diameter
collagen fibrils (25-50 nm in diameter) pack densely and align highly parallel to the
articulating surface (Muir ef al. 1970; Hwang et al. 1992). In the middle zone, typically
40% to 60% of the total cartilage thickness (Mow et al. 1989), slightly larger collagen
bundles (60-140 nm in diameter) begin to form arcade-like structures amidst some
randomly-oriented fibers (Hwang et al. 1992). The deep zone, typically about 30% of the
total cartilage thickness (Mow et al. 1989), closest to the subchondral bone, hosts the
largest collagen fiber bundles (up to 160 nm in diameter), which orient perpendicular to
the underlying bone (Weiss et al. 1968; Hwang et al. 1992). Overall, the collagen forms a
network that restrains the swelling of the hydrated, negatively-charged proteoglycans

(Lai ef al. 1991).
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Figure 1.2: Articular cartilage structure.

The negatively-charged proteoglycan molecules form aggregates that are
interspersed throughout the collagen ultrastructure. Aggregan, the most common
proteoglycan aggregate, consists of glycosaminoglycan chains — predominately
chondroitin sulfate and keratin sulfate — attached to a hyaluronic acid backbone by link
proteins (Mow and Ratcliffe 1997). The surface zone of cartilage is characterized by a
low proteoglycan count, the middle zone by a high level of proteoglycans, and the deep

zone by an intermediate proteoglycan count (Poole 1997). The negative charge of these



molecules enables the cartilage matrix to swell, taking in additional water as it attempts
to maintain physicochemical equilibrium (Urban et al. 1979; Maroudas et al. 1985). The
collagen network restrains that swelling and, in consequence, the tissue is pressurized
(Krishnan et al. 2004).

The fluid phase of the matrix consists of water that is closely associated with the
collagen matrix and water that is free to move through the matrix during cartilage
loading (Maroudas 1979; Torzilli et al. 1982). The interstitial water facilitates solute
transport into, through, and out of the cartilage (Linn and Sokoloff 1965; Mow et al.
1984), which predominately occurs via diffusion (Maroudas 1979).

The cells of cartilage, termed chondrocytes, produce and maintain the cartilage
matrix. In humans, chondrocytes comprise only 1.7% of cartilage by volume (Hunziker
et al. 2002); typically, chondrocytes represent less than 10% of the cartilage (Stockwell
1979; Guilak and Mow 2000) although this cellular fraction is markedly greater in
smaller mammals. For example, mouse cartilage has a cell density more than 20 times
as great as that of human cartilage (Stockwell 1971). Cells of the surface zone present as
flattened discs, cells of the middle zone as spheroids, and cells of the deep zone as

spheroids in columns (Poole 1997) (Figure 1.2).



1.4 The Pericellular Matrix of the Chondrocyte

Chondrocytes are directly surrounded by a pericellular matrix (PCM). This
region is compositionally and structurally distinct from the extracellular matrix (ECM).
The PCM is characterized by high proteoglycan content and by other PCM constituents
including collagen types II, IX, and XI, fibronectin, aggrecan, and decorin (Poole et al.
1988; Poole et al. 1990; Poole et al. 1991; Poole et al. 1992; Poole et al. 1996; Poole 1997).
Most notably, however, the PCM is the only place in cartilage that collagen VI is found
(Poole et al. 1988). The collagen VI in the PCM is thought to interact directly with the
cell surface (Poole 1997). Together, the PCM and the cell form a unit termed the
chondron (Poole 1992).

The role of the PCM is yet unclear. The PCM is mechanically distinct from the
ECM by its lower Young’s modulus (Alexopoulos et al. 2003; Alexopoulos et al. 2005a;
Alexopoulos et al. 2005c), which indicates the possibility of a biomechanical role for the
PCM. At the same time, signaling proteins and matrix molecules traversing the PCM
can be retained and modified on their way to or from the cell (Sandy et al. 1989;
Ruoslahti and Yamaguchi 1991), implying a biochemical role for this matrix.
Furthermore, the PCM creates a distance between the cell and the ECM, which limits the
interactions between cell surface receptors and proteins in the ECM that might influence
metabolism and gene expression (Boudreau et al. 1995; Loeser 1997; Bornstein 2002;

Petreaca and Martins-Green 2008). In consequence, the PCM is thought to modulate the



biomechanical, biochemical, and biophysical environments of the cells (Guilak et al.

2006).

1.5 Collagen VI

Collagen VI, one of several collagens found in the knee joint, is present both in
cartilage and in bone. In articular cartilage, collagen VI is localized to the pericellular
matrix (Poole 1997) along with other basement membrane proteins, namely laminin,
nidogen, and perlecan (Kvist et al. 2008). In bone, collagen VI is found in developing
bone, particularly the young growth plate (Alexopoulos et al. 2009), and in remodeling
bone (Keene et al. 1991). Collagen VI has also been identified in numerous other tissues
including muscle (von der Mark et al. 1984), ligament (Bray et al. 1993), meniscus
(Chevrier 2009), tendon (Bruns ef al. 1986), and others (Keene ef al. 1988; Dziadek et al.
1996).

Collagen VI is heterotrimeric, formed of three distinct polypeptides: al(VI), 140
kDa encoded by col6al; a2(VI), 140 kDa encoded by col6a2; and a3(VI), ~260-300 kDa
encoded by col6a3 (Lampe 2008). Each polypeptide has a central, short, triple-helical
domain between two terminal, globular, von Willebrand factor (vWF) type A domains
(Chu et al. 1990). The three different chains bundle together into a three-chain monomer,
which subsequently assembles into antiparallel dimers and then tetramers, each time

stabilized by disulfide bonds. Recent research has identified three other collagen VI
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variants, col6a4, col6a5, and col6a6, which encode polypeptides that may substitute in
place of COL6A3 in the heterotrimeric fibrils (Fitzgerald et al. 2008; Gara et al. 2008).

Once in tetrameric form, the collagen VI is secreted into the extracellular matrix
where end-to-end association yields assembly into 100-nm-long monofibrils with the
characteristic beaded structure (Engvall et al. 1986; Colombatti and Bonaldo 1987;
Colombatti et al. 1987; Colombatti et al. 1995). In the presence of biglycan in vitro,
collagen VI further assembles into hexagonal-like networks where monofibrils aggregate
into small bundles with outer ends connecting at the vertex, in 60-degree angles (Wiberg
et al. 2002). In skin tissue, however, collagen VI monofibrils do not present in so
geometric a fashion; rather, the monofibrils connect in short (~200-300 nm) linear
segments, with some branching (Keene et al. 1998). Collagen VI fibrils are degraded by
serine proteinases commonly associated with inflammation (Kielty et al. 1993; Poole
1997).

Although the exact function of collagen VI is yet unknown, this protein has been
shown to play a bridging role in connective tissues, where it forms a flexible network
interlinking ECM components and joining those with cell membrane proteins. Collagen
VI interacts with cells via integrin receptors, including (1 integrins (particularly asf1)
and an integral membrane proteoglycan, NG2 (Doane et al. 1992; Salter et al. 1992; Pfaff
et al. 1993; Woods et al. 1994; Burg et al. 1996; Doane et al. 1998; Howell and Doane 1998).

Collagen VI also binds decorin (Bidanset et al. 1992), biglycan (Wiberg et al. 2001),

11



hyaluronan (McDevitt et al. 1991; Specks et al. 1992), keratin sulfate glycosaminoglycan
(Takahashi et al. 1993), heparin (Specks et al. 1992), collagen I (Bonaldo et al. 1990),
collagen II (Bidanset et al. 1992), and collagen IV (Kuo et al. 1997).

The details on location and interactions of collagen VI have suggested specific
roles for this protein in certain tissues. Evidence suggests that the role of collagen VI in
the cartilage, where it is exclusively localized to the pericellular matrix, may be two-fold:
to anchor the chondrocyte to the PCM (Keene et al. 1988; Marcelino and McDevitt 1995;
Buckwalter and Mankin 1997) and to interconnect a variety of matrix proteins (McDevitt
et al. 1991; Bidanset et al. 1992; Specks et al. 1992; Takahashi et al. 1993; Wiberg et al. 2001).
In bone, where collagen VI has been found in the growth plate (Alexopoulos et al. 2009),
in remodeling bone (Keene et al. 1991), and in the vascularized marrow (Klein et al.
1995), the role of collagen VI is still unclear. Of note, long bone formation includes
endochondral ossification, the process by which cartilage is matured, invaded,
mineralized, and thereby made into bone (Ballock and O'Keefe 2003). Thus, any role of
collagen VI in cartilage has the potential to directly influence bone during skeletal
development.

Mutations in the genes encoding collagen VI have been linked to muscular
disorders, particularly Bethlem myopathy and Ullrich congenital muscular dystrophy
(Bertini and Pepe 2002; Lampe and Bushby 2005; Lampe et al. 2008), and to ligamentous

disorders, namely ossification of the ligamentum flavum, ossification of the posterior
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longitudinal ligament of the spine, and diffuse idiopathic skeletal hyperostosis (Tanaka
et al. 2003; Tsukahara et al. 2005). Mutations in collagen VI genes have also been linked
to mitochondrial dysfunction (Irwin et al. 2003) and to abnormal expression of
proteoglycans and adhesion molecules in some tissues (Petrini et al. 2005; Higashi et al.
2006). Recently, a susceptibility locus for atopic dermatitis was identified in col6a5
(Soderhall et al. 2007) and the DVWA susceptibility locus for knee osteoarthritis
identified as part of col6a4 (Miyamoto et al. 2008; Wagener et al. 2009).

In general, increased amounts of collagen VI are associated with stiffness and
fibrosis, whereas decreased amounts of collagen VI are associated with laxity and
hypotonia. Bethlem myopathy and Ullrich congenital muscular dystrophy, with
symptoms of muscle weakness and hyperlaxity, are both generally associated with
decreased levels of collagen VI (Lamande et al. 1999; Pepe et al. 1999; Pan et al. 2003),
although some of the mutations identified in these diseases do not appear to affect the
quantity of collagen VI secreted (Lamande et al. 1998a; Zhang et al. 2002). In case
studies, deletion of a col6a3 allele yielded joint laxity and hypotonia (Lin et al. 1992;
Rauch et al. 1996), whereas triplication of col6a3 yielded joint stiffness and epiphyseal
dysplasia (Rauch et al. 1996). Collagen VI has also been detected in increased quantities
in fibrosis of many tissues: skin, as in scar tissue and wound healing (Betz et al. 1993;

Oono et al. 1993); lung (Specks et al. 1995); liver, leading to cirrhosis (Griffiths et al. 1992);

13



kidney (Groma 1998); myocardium (Mollnau et al. 1995); and even the joint, in
arthrofibrosis (Zeichen et al. 1999).

To study the effects of collagen VI by its absence, Bonaldo and colleagues
generated a Col6al-knockout mouse model on a CD1 background by targeted gene
disruption (Bonaldo et al. 1998). Although genes Col6a2 and Col6a3 were not affected, no
triple-helical protein was present in the cartilage matrix; COL6A2 and COL6A3 may
have been degraded within the cells of the knockout mice (Bonaldo et al. 1998; Lamande
et al. 1998Db).

The joints of Col6al”- mice have been minimally studied. Skeletal staining of 1-
month-old wild-type and knockout mice with alcian blue and alizarin red, to dye
cartilage and bone, respectively, revealed that knockout mice are smaller and exhibit a
delayed extremity ossification process (Alexopoulos et al. 2009). Dual energy X-ray
absorptiometry studies revealed a lower bone mineral density in knockout mice at ages
3 and 6 months, as compared to wild-type mice; this difference was no longer present by
11 months of age (Alexopoulos et al. 2009). Micropipette aspiration experiments
revealed a lower Young's modulus for the PCM of knockout versus wild-type hip
chondrons (Alexopoulos et al. 2009). Microindentation tests failed to reveal any
significant differences between knockout and wild-type mice in terms of the mechanical
properties of cartilage of the femoral head (Alexopoulos et al. 2009). Semi-quantitative

grading of hip joint histology revealed that Col6al’- mice undergo accelerated
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development of hip arthritis (Alexopoulos et al. 2009), but this was not seen in 11-month-
old femoral condyle cartilage comparisons (Flahiff et al. unpublished data). Cartilage
thickness of the medial femoral condyle of 11-month-old knockout mice was markedly
greater than that of wild-type mice: 57.4 + 8.9 um versus 37.8 + 3.4 um, respectively
(Flahiff et al. unpublished data). The surface zone fraction of the cartilage, measured via
polarized light microscopy, was smaller in 11-month-old knockout mice (Flahiff et al.
unpublished data). Overall, these studies present valuable but limited data on the bone

and cartilage properties of Col6al” mice.

1.6 Joint Degradation

The degenerative changes typically seen with arthritis can be grouped into three
overlapping stages. In the first stage, the cartilage matrix is disrupted or altered; in the
second, the chondrocytes respond metabolically to that tissue damage; and in the third,
the chondrocytes reduce synthesis and tissue is progressively lost (Buckwalter and
Mankin 1997).

A number of grading scales have been established for evaluating the severity of
arthritis. One scale for visually assessing cartilage is known as the Collins grading scale:
Grade 0, cartilage appears smooth and healthy; Grade 1, cartilage shows signs of
superficial flaking; Grade 2, cartilage shows indications of more extensive degradation,

although not to the bone; Grade 3, cartilage has totally eroded in at least one pressure
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area; Grade 4, cartilage is completely lost over large areas with eburnation of bone
(Collins and McElligott 1960). Another scale is the semi-quantitative Mankin grading
scale (Mankin ef al. 1971), used to assess cartilage degradation from histological images
by incorporating scores from multiple categories: cartilage structure, which addresses
surface irregularities and clefts; cell population, which addresses cloning or
hypocellularity; safranin-O staining, which addresses normal or reduced levels of
proteoglycan staining; and tidemark integrity. Higher Mankin scores indicate further
cartilage degeneration. Modified versions of this grading scheme, which sometimes
include a category to evaluate subchondral bone thickness, have been used by a number
of researchers (e.g., (van der Sluijs et al. 1992; Costouros et al. 2004; Tadashi et al. 2006;
Furman et al. 2007); see also Appendix B).

To model osteoarthritic joint degradation in the laboratory, several animal
models have been developed. The two most common strategies are injecting collagenase
(van der Kraan et al. 1990) and inducing joint laxity, as by a meniscectomy (Moskowitz et
al. 1973) or resection of the anterior cruciate ligament (ACL) (Hulth et al. 1970).

Researchers continue to develop new models of osteoarthritis (Ameye and Young 2006).
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1.7 Interleukin-1

Inflammatory cytokines play an important role in joint degradation. Of the
many cytokines which act catabolically upon cartilage, interleukin-1 (IL-1) has one of the
most potent effects (Goldring 2000).

Interleukin-1 is a 17 kDa protein that suppresses collagen and proteoglycan
synthesis while stimulating the synthesis and activity of matrix metalloproteinases
(Neidel and Zeidler 1993; Gouze et al. 2001; Jacques et al. 2006). In advanced arthritis,
where IL-1 is more prevalent (Saha et al. 1999), IL-1 is able to sustain both inflammation
and cartilage erosion (van den Berg et al. 1999). Surface-zone chondrocytes have been
shown to be more susceptible to IL-1 than chondrocytes from deeper layers
(Hauselmann et al. 1996). Activated IL-1 signaling pathways have been found at highest
concentrations in the surface zone of both normal and osteoarthritic cartilage (Fan et al.
2007). At the same time, IL-1 tends to localize to cells of the surface zone (Saha et al.

1999). Thus, the effects of IL-1 may first manifest near the surface of articular cartilage.

1.8 Cartilage Surface Properties

Maintenance of healthy surface properties may be critical for proper articular
cartilage function given that one important role of this tissue is to provide a low-friction

surface for joint articulation. A variety of measures have been used to characterize these
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surface properties. Recently, atomic force microscopy (AFM) has enabled assessment of
elastic modulus, roughness, and friction at the micro- to nano-scale.

Elastic modulus can be measured by indenting the cartilage and recording the
force relationship to indentation depth. When the Poisson’s ratio of cartilage is known,
extraction of the modulus values (Darling et al. 2007; Coles et al. 2008; Darling et al. 2008)
can be accomplished with a Hertz contact model for a rigid sphere indenting an elastic

solid half-space (Harding and Sneddon 1945):

4ER'"?
F =m53/2 (Eq. 1.1)

where F is the applied force, E is the elastic modulus, R is the radius of the indenter, v is
Poisson’s ratio, and ¢ is the indentation. With this tiny indenter, the interstitial fluid
load support decreases to equilibrium in a small fraction of a second, since the
characteristic time constant scales with the contact area (Park et al. 2004). The linear
elastic model used here is a simple model of cartilage; more complex models (e.g.,
biphasic (Mow et al. 1980), triphasic (Lai et al. 1991), or viscoelastic (Hayes and Mockros
1971)) are better able to predict cartilage behavior. When the articular surface elastic
modulus is measured on the nano-scale, surface inhomogeneities in the form of surface-
zone cells may influence the data and, if indented, yield a lower value than the

extracellular matrix test sites.
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Nano-scale roughness can be measured by scanning across the cartilage using a
low, constant, normal force and recording the topography (Coles et al. 2008). Root mean
square (RMS) roughness is calculated as:

| 1/2
_ | 2
R = {N Z::l Z,} (Eq. 1.2)
where N is the total number of points sampled and z: is the height deviation from the
mean plane. A first-order flattening procedure is necessary to eliminate orientation
effects (i.e., tilt of the surface).

Friction can be quantified by tracking the lateral deflection while scanning across
the cartilage surface using a sequence of known normal forces. The load on the system
can be expressed as a sum of the external load and the adhesive load:

F=ulL,+L)=F,+uL (Eq. 1.3)
according to Derjaguin’s modification of Amontons’ Law (Derjaguin 1934), where F is
the friction force, u is the coefficient of friction, L is the normal load, and “v” indicates a
condition of zero applied load. Thus, the coefficient of friction is the slope in the graph
of friction force versus the applied normal load (Coles et al. 2008). In vivo, cartilage
undergoes interstitial fluid pressurization when loaded, which contributes markedly to

its frictional properties. However, studies using the AFM measure only boundary

friction, nonetheless accommodating four possible friction mechanisms: interfacial shear
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(found to be dominant in one mouse study), internal friction, plowing friction, and

friction due to collisions with asperities (Coles et al. 2008).

1.9 Diffusion Through Cartilage
1.9.1 Diffusional Properties of Articular Cartilage

Because cartilage is avascular, molecular transport is a critical issue for the health
of the tissue. Oxygen, nutrients, waste products, signaling molecules, matrix
macromolecules, and more must all pass through the tissue by diffusion or convection.
Convection plays a role while the joint is in motion, since molecules can be expected to
flow with water under the effect of the hydraulic pressure gradient (Maroudas 1979).
Even so, this motion is likely to be a dominant transport mechanism only for large
molecules which diffuse slowly (Maroudas 1975). Overall, diffusion appears to serve as
the major transport mechanism within the tissue for most molecules.

The rate of molecular diffusion through cartilage is affected by numerous factors

(Leddy 2007). First of all, solutes diffuse more slowly through cartilage than through
free solution (Maroudas 1970). This decrease in diffusion coefficient can be attributed to
the hydrodynamic drag on the solid portions of the extracellular matrix, which reduce
the effective area available to the diffusing molecules and simultaneously increase in the
tortuosity of the path (Maroudas 1979). Second, diffusion coefficients through cartilage

increase with temperature (Torzilli 1993). Third, diffusion coefficients through cartilage
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vary inversely with molecular size (Torzilli et al. 1987). For example, for dextran
molecules of various sizes, the diffusion coefficients in porcine cartilage were found to
be 75 um?s? for 3kDa dextran, 56 pm?s for 40kDa dextran, 32 um?s* for 70kDa dextran,
and only 6 um?s for 500kDa dextran (Leddy and Guilak 2003). Fourth, the charge of a
molecule influences its diffusion through cartilage. Negatively charged chloride ions
(Cl) diffuse more rapidly than positively charged sodium ions (Na*), likely due to
reduced interactions with negatively charged proteoglycans (Maroudas 1975). Fifth,
diffusion coefficients through cartilage vary with the cartilage zone (Leddy and Guilak
2003); this relationship is not straightforward and may be partly attributable to the
different structure and composition of the zones.

Evidence suggests that the structure and composition of the matrix do play an
important role in determining diffusion rates within articular cartilage. For example,
enzymatic removal of 71% of proteoglycans increases the diffusion coefficient of 70kDa
dextran without affecting that of inulin (5000 Da) or glucose (180 Da) (Torzilli et al. 1997);
meanwhile, removal of 93% of proteoglycans raises the diffusion rates of 70kDa dextrans
and inulin without affecting that of glucose. Interestingly, an increase in fixed charge
density, which is another measure of proteoglycan content, has been shown to decrease
the diffusion coefficients of 10kDa and 40kDa dextrans without affecting that of urea (60

Da) or glucose (180 Da) (Maroudas 1970). The results from these two studies together
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suggest a complex influence of proteoglycans and charge density upon diffusion
coefficients of different molecules.

For the much smaller molecule water, magnetic resonance diffusion tensor
imaging studies have shown that diffusion increases with cartilage degradation
resulting from osteoarthritis (David-Vaudey et al. 2004; Watrin-Pinzano et al. 2005;
Regatte et al. 2006). However, in vitro studies with collagenase-based models of
degradation have inconsistently influenced measures of water diffusion through
cartilage (Henkelman et al. 2002; Regatte et al. 2002; Menezes et al. 2004).

Local structures can also influence the diffusion properties of a region. A single
study has researched diffusion within the pericellular matrix (Lee et al. 1993), although
not of a chondrocyte. Gold-tagged lipids were tethered to the membranes of isolated
keratocytes. The diffusion of the free end of these lipids was quantified. As the isolated
keratocytes synthesized a new pericellular matrix in culture, the measured diffusivity of
the lipid ends decreased by about half. This study provides evidence that a pericellular

structure reduces diffusion coefficients in the region directly surrounding a cell.

1.9.2 Techniques for Measuring Diffusion

Diffusion is currently measured by a variety of means and on a range of scales.
On a tissue level, radiolabel tracer tracking (Torzilli et al. 1987; Torzilli 1993) and
fluorescence desorption (Quinn et al. 2000) are useful techniques for determining

diffusion coefficients that are spatially-averaged for a full piece of tissue. Magnetic
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resonance imaging can be used to measure diffusivity of small molecules and ions, even
in vivo (Fischer et al. 1995). Fluorescence correlation spectroscopy can be used to
measure diffusion coefficients in a picoliter detection volume, to-date either in a cell or
in a solution (Trier et al. 1999; Wachsmuth ef al. 2003).

Fluorescence photobleaching techniques are the most widely used strategies for
measuring diffusion coefficients. Photobleaching photochemically destroys a
fluorophore by overloading the fluorescent group with photons. When a laser
illuminates and thereby photobleaches fluorescent molecules, it creates a visible
disruption that is traceable over time. The traceable disruption, together with an
appropriate model of the diffusion process, yields a meaningful diffusion coefficient.

Such models rely on the diffusion equation:

oC(X,t) o: .
= D—C(%,t Eq. 1.4
Py = (x,1) (Eq. 1.4)

where C is the concentration of the fluorescent (or photobleached) molecule, X is space
(usually considered in only two dimensions: x and y), t is time, and D is the diffusion
coefficient. Initial conditions appropriate for the model must typically be measured or
estimated.

One common photobleaching experiment, fluorescence recovery after
photobleaching (FRAP), involves bleaching a small region and watching the
fluorescence gradually return to that location, as non-impaired fluorescent molecules

diffuse in from outside the photobleached region. For this simple setup, a variety of
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methods have been developed to analyze the experimental data, fit the results with the
diffusion equation, and thereby extract a diffusion coefficient (for a review, see (Leddy
2007)).

Another strategy for experimental setup involves studying the pattern of
fluorescence decay rather than recovery. This approach has given rise to continuous
microphotolysis (Peters et al. 1981), scanning microphotolysis (Wedekind et al. 1994;
Kubitscheck et al. 1998), continuous fluorescence photobleaching (Wachsmuth et al.
2003), and fluorescence imaging of continuous point photobleaching (Leddy et al. 2006).

All of these techniques except scanning microphotolysis (SCAMP) (Kubitscheck
et al. 1998) assume a planar geometry in their model and diffusion calculation. This
setup is appropriate for many experiments, but photobleaching at a high magnification
requires a model that takes into account the three-dimensional geometry of bleaching
through a high-numerical-aperture objective. As developed, the scanning
microphotolysis model provides excellent fits to experiments with diffusivities less than
2 um?s? (Kubitscheck et al. 1998). However, many diffusion coefficients that have been
measured in cartilage are larger than this model accommodates.

To measure diffusion within a very small volume of tissue, the SCAMP
technique bears promise. A faster scan time would be necessary in order for the model
to accommodate the higher coefficient of diffusion (greater than 2 um?s?) typically

measured in the cartilage matrix. If successful, the modified SCAMP technique would
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enable measurement of diffusion through the thin pericellular matrix of articular

cartilage or through the scant regions of extracellular matrix in mouse cartilage.

1.10 Specific Aims and Hypotheses

The goal of this study was to determine the role of collagen VI in the structure
and properties of the knee joint. In cartilage, the presence of collagen VI defines the
pericellular matrix (PCM) around each chondrocyte. A modified version of scanning
microphotolysis (SCAMP) was developed and validated for the purpose of measuring
diffusion within that PCM. Subsequently, diffusion was measured in the PCM of
cartilage that had been cultured with interleukin-1 (IL-1). Finally, the knees of Col6al-
knockout mice were evaluated: cartilage surface properties were measured by atomic
force microscopy, cartilage diffusivity was measured by SCAMP, joint histology was
evaluated by modified Mankin scoring, and joint morphometry was assessed by micro-
computed tomography. The following Specific Aims and hypotheses were proposed:

Specific Aim 1: Measure molecular diffusion within the pericellular matrix of articular
cartilage. 1 developed a technique to measure diffusion rates within the thin pericellular
region and to use said technique to compare diffusion rates in the pericellular matrix
versus the adjacent extracellular matrix, for two sizes of fluorescently-labeled dextrans.
Both healthy cartilage and early-stage arthritic cartilage were studied. I hypothesized

that diffusion rates would be lower in the pericellular matrix than in the extracellular
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matrix, lower for larger molecules, and higher in early-stage arthritic cartilage than in
normal cartilage.

Specific Aim 2: Evaluate diffusivity through the pericellular matrix of interleukin-1-
treated articular cartilage. 1 evaluated the diffusivity of a fluorescein-labeled globular
protein, ovalbumin, within articular cartilage cultured with the catabolic cytokine
interleukin-1 (IL-1). Matrix effects, zonal effects, and time effects were considered. I
hypothesized that the diffusion rate of ovalbumin would: (a) be higher in the
extracellular matrix than in the pericellular matrix, (b) be higher in the middle zone than
in the surface zone, and (c) increase sooner in the pericellular matrix.

Specific Aim 3: Characterize physical properties of the knee joints of Col6al-knockout
mice. 1 evaluated and compared physical properties of Col6al’- mouse knee joints for a
range of ages (2, 9, and 15 months old) and in contrast to the wild-type (CD1) mouse.
This study examined joint morphometry via micro-computed tomography, joint
degradation via histology, cartilage surface properties via atomic force microscopy
(AFM), and cartilage diffusion properties via scanning microphotolysis (SCAMP). I
hypothesized that the collagen VI absence would delay skeletal maturation at the knee

yet accelerate cartilage degradation.

The results of these studies provide new insights about the influence of collagen

VI in the knee and the role of the pericellular matrix in cartilage. In cartilage, the first
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studies determine the role of the collagen-VI-defined pericellular matrix as a diffusion
gateway for the chondrocyte and the influence of interleukin on matrix degradation.
More widely, the last of these studies exposes the larger role of collagen VI by
determining how the knee joint differs in its absence. Hopefully, this information will
lead to the development of new strategies for monitoring, slowing, or reversing the

progression of arthritis at the knee.
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Chapter 2.

Measuring Diffusion in the Cartilage Pericellular Matrix

Original article co-authored with HA Leddy and F Guilak. Text and figures reprinted
with permission of ASME: “Microscale Diffusion Properties of the Cartilage Pericellular
Matrix Measured Using 3D Scanning Microphotolysis.” Journal of Biomechanical
Engineering 130(6): 061002, 2008.
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2.1 Introduction

Articular cartilage is the connective tissue that lines surfaces of bones in synovial
joints. Cartilage disease, primarily in the form of osteoarthritis, is a major problem that
affects 21.6% of adults in the United States (Hootman et al. 2006). Cartilage is an
avascular and alymphatic tissue, suggesting that the primary mode of transport for
nutrients, oxygen, waste products, signaling molecules, and matrix macromolecules is
by diffusion or convection. Thus, over the course of aging or disease, alterations in tissue
properties may influence chondrocyte metabolism by altering the transport of nutrients,
signaling molecules or metabolites. The extracellular matrix (ECM) of articular cartilage
is primarily water, making up 60-85% of the tissue’s wet weight. The remaining solid
matrix is composed of a crosslinked network of type II collagen (15-22% by wet weight),
proteoglycan (4-7% by wet weight), and lesser amounts of other collagen types (e.g., VI
and IX) and noncollagenous proteins (Heinegard and Oldberg 1989). The aggregating
proteoglycan, or aggrecan, in cartilage is composed of a hyaluronic acid backbone to
which numerous chondroitin and keratan sulfate chains are attached by a link protein.
The constituents of articular cartilage are organized in a stratified structure that
contributes to the unique mechanical behavior of the ECM (Mow et al. 1992).

Understanding the factors that influence diffusive transport is crucial to
determining not only the normal physiological functions of articular cartilage but also

how those functions are altered by a disease. In general, it has been shown that larger
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molecules diffuse more slowly than smaller ones through the cartilage tissue (Maroudas
1976; Torzilli et al. 1987; Quinn et al. 2000; Leddy and Guilak 2003). In particular, the
local structure and composition of the cartilage matrix appear to have significant effects
on the rate of diffusion in the tissue. For example, removal of proteoglycans by
enzymatic degradation (Torzilli et al. 1997) or removal of the entire surface zone (Torzilli
1993) increases the bulk tissue diffusion coefficient of 70 kDa dextran. In the surface
zone, the diffusion coefficient of 70 kDa dextran is also lower than in the middle and
deep zones (Leddy and Guilak 2003) and is anisotropic (Leddy et al. 2006), potentially
due to differences in the composition and orientation of collagen fibers in this zone.
Furthermore, proteoglycan concentration has been shown to be inversely correlated
with diffusivity (Evans and Quinn 2005). Studies of macromolecular diffusion in
engineered cartilage show that the accumulation of matrix components, coupled with
cell-induced tissue contraction, can significantly decrease tissue diffusivity (Leddy et al.
2004).

The structure and composition of cartilage vary significantly with proximity to
the cells, termed “chondrocytes,” which are responsible for maintaining the tissue. The
region immediately surrounding the cell, the pericellular matrix (PCM), is characterized
by high proteoglycan content, the exclusive presence of type VI collagen in cartilage,
and the presence of other molecules such as types II, IX, and XI collagen, fibronectin,

aggrecan, and decorin (Poole et al. 1988; Poole et al. 1990; Poole et al. 1991; Poole et al.
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1992; Poole et al. 1996; Poole 1997). In addition to these structural and compositional
differences, the PCM exhibits a lower Young’s modulus than the surrounding ECM
(Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Alexopoulos et al. 2005c). Because of
such differences in properties, the presence of the PCM has significant effects on the
mechanical environment of the chondrocyte (Buschmann et al. 1995; Guilak and Mow
2000; Alexopoulos et al. 2005b; Haider et al. 2006; Choi et al. 2007), and it has been
hypothesized that the PCM serves as a transducer, or “filter,” of mechanical signals in
cartilage (Poole et al. 1988; Guilak et al. 2006).

To date, there have been few reports on the diffusivity or transport properties of
the native PCM. One study has examined diffusion in a reconstituted PCM in vitro (Lee
et al. 1993), showing that the presence of a PCM slows the diffusion of gold-labeled
lipids extending 3040 nm out from the cell membrane. In other studies, micropipette
aspiration has been used to measure the biphasic properties of mechanically extracted
chondrons, showing a significant increase in the hydraulic permeability of the PCM with
osteoarthritis (Alexopoulos et al. 2005¢).

The native PCM provides unique challenges for diffusion measurements.
Because the PCM is typically quite thin (~3 um thick in porcine chondrons (Youn et al.
2006)), the techniques historically used to measure diffusion in cartilage (i.e., radiolabel
tracer tracking or fluorescence desorption (Maroudas 1970; Torzilli 1993; Quinn et al.

2000)) cannot be scaled easily to perform such measurements within the PCM.
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Photobleaching techniques such as fluorescence recovery after photobleaching (FRAP)
have been widely used at this size scale, but were developed to measure diffusion in
two-dimensional (2D) systems such as cell membranes (Axelrod et al. 1976; Tsay and
Jacobson 1991). While this technique has recently been extended using 2D numerical
simulations to account for tissue inhomogeneity (Sniekers and van Donkelaar 2005),
photobleaching in the PCM requires the use of a high numerical aperture (NA) lens,
which contributes to substantial out-of-plane bleaching that significantly affects the
fluorescence intensity measured in the imaging plane and requires a three-dimensional
(3D) analysis.

Consequently, the goal of this study was to develop a modified version of the
scanning microphotolysis (SCAMP) technique (Kubitscheck et al. 1998) to overcome the
challenges of measuring diffusion within the PCM. SCAMP uses a high laser power both
to image and to photobleach a line segment, taking advantage of the fast x-direction
scanning rate (~20 pm/ps) of the laser scanning confocal microscope (Kubitscheck et al.
1998). The output of this procedure is a single x-line that decreases in intensity over time
(Fig. 2.1). The change in fluorescence intensity is a function of two variables: the rate of
photobleaching and the rate of diffusion of the fluorescent molecule of interest. Faster-
moving molecules traverse the laser’s path more rapidly and so are subjected to the laser
for a briefer duration, thereby producing a slower intensity decrease; on the other hand,

slower-moving molecules remain in the laser’s path and so are more likely to be
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photobleached, yielding a more rapid intensity decrease (Fig. 2.2). Because the SCAMP
procedure measures only the change in intensity during the bleaching period and not
the fluorescence recovery period, the experiments can be performed very rapidly(<50
ms) as compared with typical FRAP experiments (minutes), and bleaching is confined
spatially to a relatively small region (<37 um?® for this study’s configuration). To
determine the diffusion coefficient and a bleaching rate constant, the intensity-versus-
time data are fitted to a 3D theoretical diffusion-reaction model that accounts for the out-

of-plane bleaching effects (Kubitscheck et al. 1998) (Fig. 2.3).
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Figure 2.1: The intensity of the photobleached line decreases over the
course of a SCAMP experiment. Throughout this time frame, the
intensities are similar for an experimental data set (top) and its
corresponding theoretical simulation (bottom).
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Figure 2.2: The average fluorescence intensity across a SCAMP line is
plotted for a range of diffusion coefficients, D (um?s) and bleaching
rate constants, k (s'). Higher diffusion coefficients and lower
bleaching rate constants lead to slower bleaching,.
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Figure 2.3: The average line intensity decreases over time due to
photobleaching in SCAMP experiments. The simulation provides
excellent fits to the data (R?=0.98).
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With the technique developed in this study, a single diffraction-limited line
could be rapidly bleached and simultaneously imaged. From these images, the
microscale diffusivity was measured within both the PCM and adjacent ECM of porcine
cartilage for two different dextran sizes. Due to the higher PCM proteoglycan content,
the PCM diffusivity was hypothesized to be lower than that of the ECM. Similarly, the
diffusivity of the larger dextran was expected to be lower than that of the smaller

dextran.

2.2 Methods
2.2.1 Numerical Modeling of the SCAMP Procedure

The SCAMP method was originally developed by Kubitscheck et al
(Kubitscheck et al. 1998), who implemented an analytical solution that involved specific
assumptions regarding the physical process of the experiment. This model provided
excellent fits to SCAMP experiments for diffusivities less than 2 pum?/s. In applying this
method to measure the diffusivity of larger molecules within the cartilage PCM,
however, a number of these assumptions were not valid in our experimental
configuration, and a new numerical model was developed to incorporate specific

experimental parameters involved in the present testing system.
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2.2.2 Measuring Larger Diffusion Coefficients

The basic SCAMP analysis assumes that the x-line is bleached instantaneously,
which is a reasonable assumption only if the molecules at one end of the line have not
yet diffused away by the time that the other end is scanned. This constraint determines
the maximum diffusion coefficient that can be measured using SCAMP. In the original
description of the method, Kubitscheck et al. (Kubitscheck et al. 1998) estimated that the
characteristic diffusion time, ©=I?/6D (where [ is the length of the line being scanned and
D is the diffusion coefficient), should be at least ten times the line-scan time in order to
maintain this assumption. In the previous configuration (Kubitscheck et al. 1998), the
upper limit of D was 2 um?/s. By scanning a very short line (1.44 um) using a faster

bidirectional microscope, this limit was extended in the present study to 5120 um?/s.

2.2.3 Accounting for Time Spent Not Bleaching

The confocal microscope used in this study (LSM 510, Zeiss Inc., Thornwood,
NY) does not scan the laser continuously back and forth across the proscribed 12-pixel
line, but rather moves over a longer region than the 12-pixel line (with the laser off) and
takes a finite amount of time to reverse direction. Whenever the laser is off, the
fluorescence distribution recovers. This is a significant portion of time; ~300 ms are spent
with the laser off for each millisecond with the laser on. An enhancement to the
numerical model incorporates this illumination pattern by alternating long and short

time steps. During the short time step, bleaching occurs and the process is modeled as
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diffusion with a consumption term where C is the concentration of fluorphore over
space (x) and time (t), D is the diffusion coefficient, and & is the space-dependent

bleaching rate constant,

0C(X,1) =D ajz C(X,t)—k(x)C(X,t) (Eq. 2.1)
Ot ox

However, during the long time step, the molecules only diffuse,

OC(%,1) o> .
=D—C(X,t Eq.2.2
Py Py (x,1) (Eq.2.2)

Equations (2.1) and (2.2), which govern the SCAMP process, were solved by the
Douglas—Gunn alternating-direction implicit (ADI) method of discretization (Douglas

and Gunn 1964). The resulting equations (Eqs. A1-A6) are provided in Appendix A.

2.2.4 Accounting for Data Asymmetry

Experimental data showed a consistent asymmetry across the x-line that was not
predicted by the original SCAMP model, which uses theoretical illumination profiles for
the simulation (Fig. 2.1). The observed variability in intensity was caused by the
asymmetric nature of our microscope’s point-spread function. Thus, to allow for this
type of real-world variation in the optical symmetry of the microscope and to improve
the accuracy of our simulation, instead of using theoretical descriptions, we
incorporated the microscope’s optical asymmetries into the model. We empirically
derived the point-spread function (detection profile) and the bleach matrix (excitation
profile).
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The point-spread function was determined by collecting z-stack images of
subresolution fluorescent microspheres (Fig. 2.4) (Shaw and Rawlins 1991). The bleach
matrix was measured by photobleaching an immobilized fluorophore, fluorescein
isothiocyanate (FITC)-dextrans, in a dehydrated agarose gel. This photobleached region
was imaged by z-stack and then 3D deconvolved from the point-spread function using
the XCOSM software with the expectation maximization algorithm (Conchello et al.

1994; Conchello 1995; Conchello 1998) to extract the bleach (excitation) matrix (Fig. 2.5).

Figure 2.4: The point-spread function was measured by assembling z-
stack images of subresolution fluorescent microspheres. x-y is the
imaging plane. The clear asymmetry varies greatly from the theoretical
point-spread function, which would show rotational symmetry along
the z-axis. An intensity of 1.0 represents a voxel maximally detectable
by the microscope; an intensity of 0.0 represents a voxel minimally
detectable by the microscope.
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Figure 2.5: The bleach (excitation) matrix was determined by
photobleaching along a 12-pixel line in an agarose gel, which contained
immobilized fluorophore, and then by imaging the matrix at very low
laser power. x-y is the imaging plane; x is the linescan direction. A
higher intensity corresponds to a greater degree of bleaching that
occurs at a given point in space.

2.2.5 Incorporating Pre-Bleach Assumption for First Time Point

Although the laser nominally bleaches and images simultaneously, the fact that

the characteristic asymmetric intensity variation was already present in the first line of
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each data set indicated that the collected intensity data were already bleached before the
tirst image was recorded. Thus, the background fluorophore level was estimated from
the measured first line of data, and a perfectly linear correlation was interpolated from

simulated data sets of known background intensity.

2.2.6 Determining Simulation Parameters

The 3D simulation space was 83x53x114 pixels (x, y, z) based on the proportions
of the bleach matrix. This simulation space was selected to be large enough to avoid any
edge effects; this was verified by increasing the space size and observing no numerical
changes in the simulations. Spatial steps were set to equal the pixel size on the data
derived from the microscope. The time steps were set to mimic actual timing;
subdividing time steps further did not change the simulations.

The duration of the experiment balanced a number of conflicting factors.
Theoretically, a better fit is achieved for longer experiments. However, since diffusion
causes the photobleached volume to increase with time, shorter experiments are
required to keep the bleach region within the confines of the PCM. In addition,
computation time increases when simulating and fitting longer data sets. For simulated
data sets with typical noise levels added, a fit of 40 time points was found to balance
appropriately the goals of keeping the computation time reasonable, the bleach region

within the PCM, and the fitting error low (Fig. 2.6a).
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Figure 2.6: (a) The percentage error in the estimate of D decreases as
more time points are fitted (n=11/bar; mean+SEM). (b) The percentage
error in the estimate of D decreases as the signal-to-noise ratio increases
(n>100/bar; mean+SEM). The data sets being fitted were simulations of
known D, covering the range of expected values, to which random
noise with a standard deviation of 1, 2, or 3 was added.

To speed up the computation, simulations were generated for a series of D and &
values and saved to a lookup table. This created a searchable library of possible D and &
combinations to which data could be quickly compared while simultaneously
sidestepping the earlier strategy of recreating the simulations to fit each new data set.
The implementation of the lookup table reduced from hours to seconds the time
required to fit the data.

Data quality was tested by adding different noise levels to data sets created from

simulations of known D and k. The new best-fit D and & values were determined for each
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noisy data set by comparison to the clean lookup simulations. The signal-to-noise ratio
was calculated to describe each data set. The signal was defined as the change in
intensity from the start to the end of the experiment; the noise was the standard
deviation of the difference between the best-fit simulation and the data. The error in fit
increases significantly with increasing noise, but a signal-to-noise ratio of at least 10
limits the average errors in the fits to less than 6% (Fig. 2.6b). Therefore, only

experimental data with a signal-to-noise ratio of 10 or greater were used.

2.2.7 Fitting Experiment Within the PCM

To determine whether a SCAMP experiment would fit within the confines of the
PCM, the maximum excursions of the bleached regions were measured at the end of
simulated experiments. Since molecules at the periphery do not strongly affect the
measured intensity, to consider even the faint bleaching far from the proscribed bleach
line yields a generous estimate of the bleach region. The size of the rectangular prism
that enclosed the bleach volume was 3.3x1.9x5.7 um? (x, y, z) (Fig. 2.7), which fits within

the typical porcine PCM (Youn et al. 2006).
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Figure 2.7: The relative size of the SCAMP photobleaching region and
the PCM. (a) A DIC image, (b) a fluorescence image stained for collagen
VI, and (c) an overlay of the two show a porcine chondrocyte with the
surrounding PCM defined by the presence of collagen VI (staining as
described in Youn et al. (2006)). A porcine chondrocyte is typically 14
pum in diameter and surrounded by a 2-pum-thick PCM. (d) When
positioned appropriately, a rectangular region containing the maximal
excursion of a bleached region (3.3x1.9x5.7 um?) fits within this PCM.

2.3 Experimental Procedure

Tissue was obtained from the femoral condyles of skeletally mature female pigs.
A full-thickness slice of cartilage was removed from the femoral condyle of joints that

showed no signs of degeneration and then was incubated overnight in a concentrated
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solution of FITC-tagged 70 kDa (25 mg/ml) or 500 kDa (10 mg/ml) dextran (Molecular
Probes/Invitrogen, Eugene, OR). For testing of arthritic cartilage, joints were graded
macroscopically for osteoarthritis using the Collins scale, as described by Muehleman et
al. (Muehleman ef al. 1997). Cartilage was taken from early-stage arthritic joints showing
minimal fibrillation and fissuring (Collins grade 1 or 2) and was incubated in a
concentrated solution of 70 kDa dextran (25 mg/ml).

The cartilage tissue sample was placed in a coverslip chamber with the full-
thickness cross-section against the coverslip. The tissue was then covered with
phosphate buffered saline (PBS) and immobilized with a custom-built holder. Using the
100x, 1.3 NA oil immersion lens at 6x zoom on a confocal laser scanning microscope
(LSM 510, Zeiss), a 1.44 um wide line (12 pixels) at a depth of 6 um into the tissue was
bleached (excitation wavelengths: 458 nm and 488 nm) forward and backward for a total
of 40 passes. As the laser bleached, the emission intensity was also collected (long-pass
filter, LP505) and stored as the image for that pass. At each site, five to seven
experiments were performed; their intensity values were averaged and median filtered
to minimize noise.

The ability of the model to detect changes in the bleaching rate constant, k£, was
tested by a series of measurements made at increasing depth into the tissue. Since tissue
reflects and absorbs some of the laser light, the laser intensity decreases as it penetrates

further into the tissue. As the laser intensity decreases, so should the bleaching rate
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constant. Depth data were log-transformed to maintain normality and satisfy linear
regression assumptions.

SCAMP experiments were performed in pairs: for each SCAMP measurement in
the PCM, a paired experiment was carried out in the adjacent ECM in the same sample.
The PCM experimental sites were chosen on the surface- or deep-zone sides of middle-
zone cells since these PCM areas tended to be thickest. All PCM sites were within 2 um
of the edge of the cell; all ECM sites were at least 5 pm from the edge of the cell. The
diffusion coefficient was determined for each test site by fitting the experimental data to
a precalculated entry in the lookup table by minimizing the sum of the squares of error.
A signal-to-noise ratio was then calculated as the maximum change in intensity over
time divided by the standard deviation of the noise that remained once the best-fit
simulation was subtracted out; data sets were used only if their signal-to-noise ratio was
greater than 10. All data processing, fits, and simulations were performed in MATLAB
(The Mathworks, Natick, MA). Statistics were computed with STATISTICA (Statsoft,
Tulsa, OK). A repeated-measures analysis of variance (ANOVA) with paired PCM and
ECM measurements was used to determine the effects of the matrix and the molecule

size. A paired t-test was used to determine the effect of matrix type in arthritic cartilage.
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2.4 Results

Overall, the SCAMP model provided excellent fits to the experimental data, with
a mean correlation of R?>=0.92 (e.g., Figs. 2.1 and 2.3). The depth series confirmed that the
bleaching rate constant decreases significantly with increasing natural log of depth (Fig.
2.8). Importantly, however, the diffusion coefficients measured through this depth series
did not vary significantly, indicating that the model is able to discriminate between
changes in D and .

The diffusion coefficients of both 70 kDa and 500 kDa dextrans were determined
in the PCM and ECM of porcine tissue samples. The mean (+ standard error) diffusion
coefficient of 70 kDa dextran in the middle zone of healthy porcine cartilage was 23+2
pum?/s in the ECM and 19+2 pm?/s in the PCM. For 500 kDa dextran, the diffusivity of the
ECM was 17+2 um?/s, and that of the PCM was 14+2 um?/s (Fig. 2.9). The repeated-
measures ANOVA showed no significant size-by-matrix interaction (p=0.43), but a
significant size effect (p=0.02) and matrix effect (»p=0.00008). The diffusion coefficient for
500 kDa dextran was significantly lower than that of 70 kDa dextran (Fig. 2.9). For both
dextran sizes, the diffusivity of the PCM was significantly lower than that of the ECM
(Fig. 2.9). In contrast to the healthy cartilage, the diffusivity of 70 kDa dextran in the
ECM of the early-stage arthritic samples was not significantly different from that in the

PCM (ECM:24+2 pm?/s, PCM:24+2 um?/s, paired t-test, and p=0.6).
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Figure 2.8: The bleaching rate constant, k (s), decreases significantly
with increasing depth into the tissue (top, linear regression p=0.00005),
while the diffusion coefficient, D (um?/s), does not change significantly
(bottom, linear regression p=0.1). The line and equation (top) show the
significant fit of the bleaching rate constant versus In(depth) (R?=0.44).
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Figure 2.9: Diffusion coefficients for the ECM (dark bars) and PCM
(light bars) of porcine cartilage for 70 kDa and 500 kDa dextrans
(mean*SEM). There was a significant effect of both dextran size and
matrix with no significant interactive effect (ANOVA, p<0.00001).
Diffusion coefficients were significantly lower in the PCM than in the
adjacent ECM (p=0.0001) and were significantly lower with the 500 kDa
dextran than with the 70 kDa dextran (p=0.02). N=23 pigs per bar; n=15
sites per bar.

2.5 Discussion

Our modifications to the original SCAMP technique (Kubitscheck et al. 1998)
allow for increased applicability of the method. By implementing the asymmetrical time
step, the revised SCAMP method accounts for time spent not bleaching, an issue on
commercial microscopes. This also allows for measurement of larger diffusion
coefficients. Our revised technique also incorporates any real-world asymmetries in the
point-spread function of the microscope by utilizing the measured point-spread function
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rather than an idealized theoretical one. Finally, our technique also addresses the
ambiguity in the first bleached line and extrapolates back to an appropriate initial
unbleached condition. It is possible that the SCAMP technique could be further
modified to measure diffusional anisotropy (see, e.g., Refs. (Kinsey et al. 1999; Gennerich
and Schild 2002; Leddy et al. 2006)). For example, if the scanned line in SCAMP is
sufficiently long and narrow, the measured diffusivity will be dominated by the effects
of diffusion across the thickness of the line (i.e., one pixel in our case), thus creating a
largely one-dimensional D measurement.

Our findings show that the SCAMP technique, in combination with an
appropriate theoretical analysis, can be used to measure site-specific diffusivity in a
relatively small volume of tissue. The mean diffusion coefficients measured in the ECM,
23 um?/s for 70 kDa dextran and 17 pum?/s for 500 kDa dextran, are in good agreement
with values measured previously using other techniques (31 and 7 um?/s for 70 and 500
kDa, respectively, using fluorescence recovery after photobleaching; 40 um?/s for 70 kDa
using radiotracer tracking (Torzilli et al. 1997, Leddy and Guilak 2003)). Using the
SCAMP method to probe the small volume of the PCM, we have shown in porcine
articular cartilage that diffusivity of the PCM is slower for a larger molecule, is lower
than that of the adjacent ECM, and, in the case of early-stage arthritis, has become

indistinguishable from that of the ECM.
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Only one previous study has measured diffusion in the PCM by quantifying the
motion of diffusion of gold-tagged lipids tethered to the membranes of isolated
keratocytes that were synthesizing a new PCM in culture (Lee et al. 1993). This study
showed that the presence of a PCM can decrease diffusivity by about half as compared
with cells with no newly formed encompassing matrix. Our study, however, is the first
to measure the diffusion of a freely mobile molecule in the native chondrocyte PCM in
situ. Similar to the study of Lee et al. (Lee et al. 1993), our values for diffusivity in the
PCM are less than what would be expected with no matrix present (i.e., free solution)
(Luby-Phelps et al. 1986).

The difference in diffusivity between PCM and ECM in healthy cartilage is likely
attributable to the differences in the structure and composition of the PCM, which
contains finer collagen fibers and a higher concentration of proteoglycans relative to the
ECM (Poole 1997). A previous study in the ECM has shown that diffusivity is inversely
correlated with proteoglycan concentration (Evans and Quinn 2005). The PCM is also
characterized by a network of collagen VI, which is not present in the ECM of the
cartilage under normal circumstances. SCAMP measurements showed a high degree of
variability within both the PCM and ECM, which is potentially attributable to
inhomogeneities that may be present in the small regions over which the measurement

is taken. A similar variability has been observed previously in tests of the biomechanical
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properties of the PCM (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Alexopoulos et
al. 2005c).

Although normal cartilage showed a significant difference in diffusivity between
the PCM and ECM, this difference was no longer present in early-stage osteoarthritic
samples. This appears to be due to increased diffusivity in the PCM of osteoarthritic
tissue. However, the lack of changes in diffusivity in the osteoarthritic ECM with the 70
kDa dextran does not preclude different diffusivity properties since molecules of other
sizes may have the sensitivity to detect differences (Han and Herzfeld 1993; Lubkin and
Wan 2006). Nonetheless, the increased diffusivity of the PCM with osteoarthritis is
consistent with the previous report of increased hydraulic permeability in the PCM of
human end-stage osteoarthritic cartilage (Alexopoulos et al. 2003). An increase in PCM
diffusivity in early osteoarthritis suggests that initial tissue degradation is likely
mediated by the chondrocyte’s release of enzymes that first affect the pericellular region.
These findings are also in general agreement with previous reports of swelling and
enlargement of the PCM in osteoarthritic cartilage (Lee et al. 2000). Taken together, these
studies suggest that an early step in the development of osteoarthritis may be the
chondrocyte-mediated degradation of the PCM (Poole 1997; Soder et al. 2002), wherein
the chondrocyte releases enzymes that first affect the pericellular region. An increase in

PCM diffusivity may alter the modification or retention of growth factors or
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chondrocyte-released matrix macromolecules or perhaps influence the transport rate of
growth factors or cytokines to the chondrocyte.

Ultimately, the PCM may regulate both the biomechanical and biochemical
environments of the cell (Poole et al. 1988; Poole et al. 1990; Poole et al. 1991; Poole et al.
1992). To interact with the chondrocyte surface or be released from the chondrocyte into
the ECM, molecules must pass through the pericellular environment, which completely
encompasses the cell. Although the data presented here show a significantly lower
diffusivity in the PCM as compared with the ECM, these differences in diffusion
coefficients are relatively small and unlikely to limit the bulk transport of nutrients or
signaling molecules, particularly in the presence of significant convective transport
(O'Hara et al. 1990; Mauck et al. 2003; Evans and Quinn 2006a; Evans and Quinn 2006b).
As soluble mediators traverse the PCM, they can be modified or retained (Ruoslahti and
Yamaguchi 1991), and the longer time spent in the healthy PCM may be crucial to
achieve these alterations. An assembly of the mature aggrecan-hyaluronan complex,
required to form the ECM, occurs as the aggrecan and hyaluronan molecules move
across the PCM after being secreted from the chondrocyte (Sandy et al. 1989). In
addition, enzymes and pro-enzymes that degrade cartilage matrix (metalloproteinases
and aggrecanases) must also pass through the PCM before affecting the ECM. Therefore,
the rate of molecular diffusion through the PCM may control the proper synthesis,

assembly, and function of matrix macromolecules; subsequently, alterations in PCM
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structure or properties, as may occur with aging or disease (Alexopoulos et al. 2003),
may have secondary effects on the cartilage ECM. Further quantitative understanding of
the diffusional properties of the PCM could help elucidate the regulatory role of this

tissue region in controlling molecular transport to and from the chondrocyte.
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Chapter 3.

Influence of Matrix and Zone on Diffusion Through
Interleukin-1a-Treated Cartilage
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3.1 Introduction

Articular cartilage is a thin, deformable, connective tissue that lines the ends of
long bones at diarthrodial joints. Healthy articular cartilage serves as an extremely low-
friction surface for articulation, provides joint congruity, and distributes loads which
routinely reach approximately three times body weight (Guilak et al. 1997). Arthritis, the
most prevalent disease affecting this tissue, can impair the function, alter the
composition, and erode the structures of articular cartilage. In the United States alone,
more than 46 million people suffer from this degradative disease (CDC 2008). Study of
the changes that occur with cartilage degradation will provide critical insights into
practical treatment of this disease.

Adult articular cartilage is aneural, alymphatic, and avascular (Guilak et al. 2000).
Water accounts for 65% to 80% (wet weight) of the cartilage (Maroudas 1979; Lai et al.
1991). Cations and anions comprise the ionic phase (Lai et al. 1991). The solid phase
consists predominately of proteoglycans (5-10% by wet weight) and cross-linked
collagen, mostly type II (15%-20% by wet weight) but also small amounts of other
collagens, including types VI, IX, X, and XI (Maroudas 1979; Heinegard and Oldberg
1989; Poole 1997). Overall, the collagen forms a network that restrains the swelling of
the hydrated, negatively-charged proteoglycans that are interspersed throughout the
collagen ultrastructure; the end result is pressurized tissue (Lai et al. 1991; Krishnan et al.

2004). Although cartilage cells, termed chondrocytes, are responsible for producing and
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maintaining this cartilage matrix, they usually comprise less than 10% of the tissue
volume (Stockwell 1979; Guilak and Mow 2000).

The distribution of cartilage components varies with depth to produce three
tissue zones: the surface, the middle, and the deep. In the surface zone, typically 10% to
20% of the total cartilage thickness (Mow et al. 1989), small-diameter collagen fibrils (25-
50 nm in diameter) pack densely and align highly parallel to the articulating surface
(Muir et al. 1970; Hwang et al. 1992), the proteoglycan count is low (Poole 1997), and the
cells present as flattened discs (Poole 1997). In the middle zone, typically 40% to 60% of
the total cartilage thickness (Mow et al. 1989), slightly larger collagen bundles (60-140 nm
in diameter) begin to form arcade-like structures amidst some randomly-oriented fibers
(Hwang et al. 1992); proteoglycans are present in high levels and cells are spheroids
(Poole 1997). Closest to the subchondral bone and comprising about 30% of the total
cartilage thickness (Mow et al. 1989), the deep zone hosts the largest collagen fiber
bundles (up to 160 nm in diameter), which orient perpendicular to the underlying bone
(Weiss et al. 1968; Hwang et al. 1992); there, cells present as spheroids in columns (Poole
1997).

The cartilage matrix is also affected by the proximity to or distance from the
chondrocytes, which are surrounded by a pericellular matrix (PCM). This region is
compositionally and structurally distinct from the extracellular matrix (ECM). The PCM

is characterized by high proteoglycan content and by other PCM constituents including
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collagen II, IX, and XI, fibronectin, aggrecan, and decorin (Poole et al. 1988; Poole et al.
1990; Poole et al. 1991; Poole et al. 1992; Poole et al. 1996; Poole 1997). Most notably,
however, the PCM is the only place in cartilage that collagen VI is found (Poole et al.
1988). The PCM is also mechanically distinct from the ECM by its lower Young's
modulus (Alexopoulos et al. 2003; Alexopoulos et al. 2005a; Alexopoulos et al. 2005¢). In
consequence, the PCM is thought to act as a mechanical transducer in cartilage and to
modulate the biochemical environment of the cells (Guilak et al. 2006).

Because adult cartilage is avascular, molecular transport is a critical issue for the
health of the tissue. Oxygen, nutrients, waste products, signaling molecules, matrix
macromolecules, and more must all pass through the tissue by diffusion or convection.
Overall, diffusion appears to serve as the major transport mechanism within the tissue
for most molecules. Measures of diffusion can also serve as a probe of the underlying
tissue structure.

The rate of molecular diffusion through normal cartilage is affected by numerous
factors, including molecule size, molecule charge, tissue zone, and tissue matrix.
Generally, larger molecules diffuse more slowly through cartilage (Maroudas 1976;
Torzilli et al. 1987; Leddy and Guilak 2003). Negatively charged molecules (Cl) diffuse
faster through cartilage than positively charged molecules (Na*), likely due to reduced
interactions with negatively charged proteoglycans (Maroudas 1975). Molecular

diffusion rates vary between the surface and middle/deep zones, but this relationship is
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complex and depends at least on the size of the diffusing molecule (Leddy and Guilak
2003). The cartilage matrix also influences molecular diffusion; dextrans diffuse faster
through the ECM than through the PCM (Leddy/Christensen et al. 2008).

A few studies have examined diffusion in diseased or modified cartilage. In
early-stage arthritic cartilage, matrix-based diffusion differences are no longer detectable
(Leddy/Christensen et al. 2008), indicating that early arthritic breakdown may first occur
nearest the cell. Modifying cartilage by enzymatically removing proteoglycans raises
the diffusion rates of many — but not all — of the molecules studied (Torzilli et al. 1997),
indicating an availability of diffusion pathways characterized by fewer molecular
obstacles.

Since the degradative process of arthritis is known to involve cytokines, study of
diffusion through cartilage that has been cultured in the presence of a catabolic cytokine
could reveal disease-related changes in diffusional properties of the tissue. These
changes could vary with zone, with matrix, and over time.

Of the many cytokines which act catabolically upon cartilage, interleukin-1 (IL-1)
has one of the most potent effects (Goldring 2000). Interleukin-1 suppresses collagen
and proteoglycan synthesis while stimulating the synthesis and activity of matrix
metalloproteinases that promote proteoglycan breakdown (Neidel and Zeidler 1993;
Gouze et al. 2001; Jacques et al. 2006). Interleukin-1 culture reduces the mechanical

properties of cartilage, although this mechanical degradation takes weeks; IL-1
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treatment has not influenced the cartilage tensile strength or failure strain after 7 days in
culture (Temple et al. 2006), nor the Young’s modulus and dynamic modulus after 14
days in culture (Lima et al. 2008). In advanced arthritis, IL-1 is able to sustain both
inflammation and cartilage erosion (van den Berg et al. 1999). Furthermore, surface-zone
chondrocytes have been shown to be more susceptible to IL-1 than chondrocytes from
deeper layers (Hauselmann et al. 1996), although IL-1 does not markedly reduce cell
viability in any zone (Fermor unpublished data). Activated IL-1 signaling pathways have
been found at highest concentrations in the surface zone of both normal and
osteoarthritic cartilage (Fan et al. 2007). These cartilage responses to IL-1 make this
cytokine particularly appealing for modeling tissue degradation.

To study diffusion through IL-1-treated cartilage, fluorescently-labeled
ovalbumin was selected. Since this 45kDa protein is globular, it resembles native
proteins more closely than do the commonly studied linear dextran molecules.
Consequently, the diffusional behavior of cytokines and biologically relevant molecules
is more closely modeled. The fluorescent tag allows the use of a photobleaching
technique for measuring diffusion; for these experiments, scanning microphotolysis
(SCAMP) is most appropriate because it can be used to measure diffusion in extremely
small volumes, such as within the 2um-thick PCM (Youn et al. 2006; Leddy/Christensen

et al. 2008).
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Overall, this study examined the IL-1 treatment effects on zonal and matrix
diffusivity in articular porcine cartilage. Diffusion of FITC-ovalbumin was measured
after 0, 1, 3, or 7 days of culture. Because the cartilage zones interact differently with IL-
1 and have demonstrated different diffusivities in healthy tissue, the surface zone was
expected to show an earlier and more drastic increase in diffusivity as compared to the
middle zone. Furthermore, the PCM and ECM were expected to respond differently to
IL-1 treatment, with the PCM affected first because it is adjacent to the metabolic unit,
the chondrocyte. To better understand the results of this diffusion study, tissue
histology samples were also stained to reveal the proteoglycan distribution and intensity

throughout the cultured explants.

3.2 Materials and Methods
3.2.1 Tissue Culture
3.2.1.1 Tissue Preparation for Culture

Knee joints of two- to three-year-old female pigs were obtained from a local
abattoir. From the lateral femoral condyles of joints showing no signs of degradation,
fresh, full-thickness cartilage explants were excised with a 6mm-diameter biopsy punch
and quartered with a razor blade, all while using sterile technique. Each cartilage wedge

was placed into a single well of a 96-well plate with 200 ul of culture medium.
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3.2.1.2 Culture Conditions

The culture medium consisted of DMEM (Invitrogen), 10% heat-inactivated fetal
bovine serum (HyClone), 0.1 mM non-essential amino acids (Invitrogen), 100 U/ml
antibiotics (penicillin/streptomycin, Invitrogen), 10 mM HEPES buffer solution
(Invitrogen), and 37.5 pg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich). Medium was
changed every 2 days. Cartilage samples were incubated at 37°C in a 5% CO,,

humidified incubator for 0, 1, 3, or 7 days.

3.2.1.3 IL-1a Treatment

Tissue samples were site-matched for standard culture treatment or
supplemental IL-1a treatment. For IL-la -treated samples, recombinant porcine IL-1x
(RnDsystems, lot # BNJ0208081) was added to the culture well to a concentration of 10

ng/ml with each medium change.

3.2.2 Diffusion Measurements
3.2.2.1 Tissue Preparation for SCAMP

Upon removal from culture, the cartilage samples were rinsed briefly in PBS. A
razor blade was used to slice thin (<0.5 mm), full-thickness cartilage samples from the
tissue wedge. Two to three such slices were soaked in a 25 mg/ml solution of FITC-
labeled ovalbumin (Molecular Probes) at least 30 minutes to allow the fluorescent
molecules to reach an equilibrium distribution within the cartilage. The remainder of

the cartilage wedge was wrapped in PBS-soaked gauze and frozen at -20°C for histology.
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3.2.2.2 SCAMP Setup

For microscopy, a FITC-ovalbumin-soaked slice of cartilage was placed in a
humidified coverslip chamber with the full-thickness cross-section against the coverslip.
The cartilage was covered with several microliters of PBS and immobilized within a

holder specially designed to reduce evaporation.

3.2.2.3 SCAMP Settings

Microscopy settings were the same as used previously (Leddy/Christensen et al.
2008). The 100x, 1.3-NA oil immersion lens was used in combination with the 6x optical
zoom on a confocal laser scanning microscope (LSM 510, Zeiss). Six-um deep within the
tissue, a 12-pixel line (1.44 um) was bleached 40 times with an argon laser (excitation
wavelengths: 458 and 488 nm). The emission intensity was collected during bleaching

and saved as the image for that experiment.

3.2.2.4 SCAMP Measurements

At each site, multiple experiments were performed and their intensity values
averaged to minimize noise. Sites were paired; for each PCM site approximately 1 um
from a cell’s edge, a neighboring ECM site at least 5 pm from the cell’s edge was also
evaluated. Experimental sites were selected within the surface and middle zones.
SCAMP experiments for this range of diffusion values do fit within the confines of a

middle-zone porcine PCM (average thickness: 3 um) and a surface-zone porcine PCM
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(average thickness: 2 pm) (Youn et al. 2006). Experiments were oriented parallel to the

tissue surface.

3.2.2.5 Data Processing

The diffusion coefficient of the FITC-tagged ovalbumin was calculated for each
site by best-fit to simulated data according to unconstrained nonlinear optimization. A
signal-to-noise ratio of 10 was the minimum value required for data quality standards
(Leddy/Christensen et al. 2008). All data processing and fits were accomplished in
Matlab (The Mathworks, Natick, MA). Statistics were run in Statistica (Statsoft, Tulsa,
OK). The effects of the matrix, the zone, the culture time, and the IL-1a treatment were
determined by a repeated-measures analysis of variance (ANOVA) on the calculated

diffusion coefficients; ECM and PCM measurements were paired.

3.2.3 Histology

A frozen cartilage sample from each time point (Day 0, 1, 3, and 7) and for each
treatment group (with or without IL-1a) was thawed. The tissue was processed for
staining according to standard procedures. Tissue was fixed in 10% buffered neutral
formalin (VWR), dehydrated with increasing concentrations of ethanol, cleared with
xylenes (Mallinckrodt Chemicals), infiltrated with paraffin (Paraplast® tissue
embedding medium, Fisher), and embedded for slicing. Full-thickness cartilage slices
were cut 8-um thick with a microtome (Reichert-Jung), collected on slides

(Superfrost®/Plus, Fisher), and dried overnight on a slide warmer at 45°C. Slides were
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stained with Harris” hematoxylin, safranin-O, and fast green. Coverslips were adhered
with Permount (Fisher Scientific); they were dried overnight. Images of the stained

sections were taken on a light microscope (Zeiss).

3.3 Results

The FITC-ovalbumin coefficient of diffusion was measured in pig cartilage: in the
PCM and ECM; in the surface and middle zones; after 0, 1, 3, and 7 days of culture; and
after IL-1a treatment or lack thereof (Figure 3.1).

Overall, the FITC-ovalbumin coefficient of diffusion was influenced by all of the
factors examined: matrix (p < 0.0004), zone (p < 10°), time (p < 10), and treatment (p <
10). Differences between PCM and ECM diffusivities were slight but statistically
significant (p < 0.0004); the ECM diffusivity averaged 2 pm?/s higher than that of the
PCM. Treatment by IL-1a influenced both the middle and surface zones about equally,
increasing their diffusivity over time. Without IL-la treatment, the middle zone
retained its original, low diffusivity over the entire course of the experiment. However,
without IL-1a treatment, diffusivity increased in the surface zone through the third day
before leveling off; surface zone diffusivity with or without IL-1a treatment was about
the same at Day 1 and again at Day 3.

Additionally, the repeated-measures ANOVA revealed significant interactive

effects on diffusion: day-by-treatment (p < 10), treatment-by-zone (p < 10), and day-
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by-treatment-by-zone (p < 0.00003). No significant day-by-zone interactive effect was

evident (p = 0.6). The matrix type (PCM v. ECM) had only one significant interactive

effect: matrix-by-day (p < 0.03).
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Figure 3.1: Diffusion of ovalbumin increases with IL-1 culture.
Diffusivity in the PCM is consistently about 2 pm?/s lower than the
ECM. With IL-1 treatment, surface zone and middle zone average
values are similar. Under control culture conditions, middle zone
diffusivity remains constant while the surface zone diffusivity
increases to Day 3. From the repeated-measures ANOVA (PCM and
ECM paired) followed by Fisher’s LSD post-hoc, graphs show IL-1 bars
compared to each other and to their control. *p<0.05; **p<0.01. For each
bar, n=15-20 sites from N=3-5 pigs. Bars are mean * standard deviation.
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Although the histology images (Figure 3.2) showed no changes in cell
distribution (hematoxylin: black stain of nuclei) or in collagen (fast green: blue stain of
collagen), culture time and IL-la treatment both influenced the proteoglycan
distribution (safranin-O: red stain of proteoglycans). Proteoglycan staining decreased
marginally over time in the control explants. In the IL-la-treated samples, this process
was hugely accelerated. Proteoglycan loss occurred most rapidly the surface zone,
followed by the deep zone (an exposed face), and finally the middle zone. IL-la-treated

explants show near-total proteoglycan loss within 7 days.
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Figure 3.2: Histological sections of cultured explants are stained with
safranin-O (red, proteoglycans), fast green (blue, collagen), and
hematoxylin (black, nuclei). IL-1 treatment spurs dramatic
proteoglycan loss first from the surface zone by Day 1, then from the
deep zone by Day 3, and lastly from the middle zone by Day 7. The
control explants show faint loss of proteoglycans, primarily at the outer
explant faces (surface zone and exposed deep zone). Collagen staining
is masked by the strong proteoglycan staining in most images. Scale
bar is 0.5 mm.

3.4 Discussion

Interleukin-la  treatment of articular cartilage increases the diffusion of
ovalbumin irrespective of zone and matrix. Although ovalbumin is not found in native
cartilage, this 45kDa protein serves as an affordable model for globular proteins,
including cytokines such as transforming growth factor-f3 (TGF-f) and interleukins, that

habitually move through cartilage tissue.
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Before culture, at Day 0, ovalbumin diffused at near-identical rates (about 20
um?/s) through the surface and middle zones. This was surprising in view of zonal
diffusivity studies carried out using dextrans molecules, where both the 40kDa and
70kDa dextrans diffused more than three times faster in the middle/deep zone relative to
the surface zone (Leddy and Guilak 2003). However, the 45kDa ovalbumin protein is
globular rather than linear in conformation, and molecule shape affects the diffusion
properties based on interactions with the structures through which the molecule passes.
Overall, then, the initial lack of diffusivity differences between the surface and middle
zone is attributed to this molecular shape difference.

Relative to the ECM, the PCM had a lower diffusivity throughout the study.
This pattern is consistent with an earlier SCAMP study (Leddy/Christensen et al. 2008),
which showed slower diffusion of 70kDa and 500kDa dextrans through the PCM versus
ECM of healthy pig cartilage. Although cellular metabolic activity in the presence of IL-
la was expected to yield earlier degradation of the PCM relative to the ECM,
particularly in the surface zone, the diffusion measurements did not provide support for
this hypothesis. (Evidence would have taken the form of an increase in diffusion rates
within the PCM at an earlier time point than in the ECM.)

If such PCM-first degradation does exist in IL-la-mediated degradation, as
suggested by studies of arthritis showing increased diffusivity in the PCM

(Leddy/Christensen et al. 2008), decreased stiffness of the PCM (Alexopoulos et al. 2003),
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swelling and enlargement of the PCM (Poole 1997), altered organization of collagen VI
in the PCM (Soder et al. 2002), and loss of PCM fibrillar architecture (Poole 1997), this
study may have missed detecting it because of any of the following reasons, or
combination thereof: (1) ovalbumin may be too large or too small a diffusing molecule
to be affected by the degradation patterns; (2) the time points examined may not have
captured the difference; and (3) the high dosage of IL-1a may have overwhelmed the
cells, causing an unnaturally high release of degradative enzymes (MMPs) whose effects
promptly extended beyond the confines of the PCM.

IL-1a had a similar effect on the surface zone and the middle zone. Given the
higher net metabolic activity of the densely cellular surface zone and the increased
prevalence of activated IL-1a signaling receptors in surface-zone cells (Fan et al. 2007),
the surface zone was expected to produce more degradative enzymes, which would
hypothetically correlate with proteoglycan breakdown and increased diffusivity in that
zone relative to the middle zone. Interestingly, diffusivity was never significantly
different between zones in the IL-la-treated explants. However, the control group of
explants cultured without IL-la showed increased diffusivity in the surface zone
through the third day, but no increase in the middle zone. This is attributed to the
moderate amount of proteoglycan leaching that typically occurs during the first few
days of cartilage explant culture, with greater proteoglycan loss from the surface zone,

perhaps due to the increased metabolic activity in the surface zone relative to the middle
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zone. Lower proteoglycan content has been previously correlated with increased rates
of diffusion through cartilage (Maroudas 1970; Torzilli et al. 1997).

Because of the pain and expense of arthritis, the gradual process of cartilage
degradation warrants careful study. As demonstrated in this set of experiments,
diffusion of molecules through cartilage varies during the degradative process. This not
only reflects structural changes within the cartilage but also potentially changes the
biochemical signals received by the chondrocytes, skews the balance between catabolic
and anabolic tissue processes, and drives a feedback loop to accelerate degradation.
Further determining how native, diffusing proteins are influenced by gradual cartilage
degradation will be an important step in improving scientific understanding of arthritis

and choosing potential therapeutic targets within cartilage.
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Chapter 4.

Physical Properties of the Col6a7-knockout Mouse Knee
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4.1 Introduction

Collagen VI, one of several collagens found in the knee, is a heterotrimeric
protein present both in bone and in articular cartilage. In bone, collagen VI has been
identified both in remodeling bone (Keene et al. 1991) and in developing bone,
particularly the young growth plate (Alexopoulos et al. 2009). In articular cartilage,
collagen VI is localized to the pericellular matrix (PCM) (Poole et al. 1988; Poole 1997)
alongside various basement membrane proteins (Kvist et al. 2008). Collagen VI has also
been found in other tissues of the knee, including the electron-dense seams of ligaments
(Bray et al. 1993) and the cellular, pericellular, and main-body regions of the menisci
(Chevrier 2009).

Collagen VI is heterotrimeric, formed of three distinct proteins: al(VI), encoded
by col6al; a2(VI), encoded by col6a2; and a3(VI), encoded by col6a3 (Lampe et al. 2008).
Collagen VI has been shown to play a bridging role in connective tissues, where it forms
a flexible network interlinking collagen types I, II, IV, proteoglycans, hyaluronan, and
cells (Keene et al. 1988; Bonaldo et al. 1990; Specks et al. 1992; Kuo et al. 1997; Zeichen et
al. 1999). Recent research has identified three other collagen VI variants, col6a4, col6ab,
and col6a6, which encode proteins that may substitute in place of COL6A3 in the
heterotrimeric fibrils (Fitzgerald et al. 2008; Gara et al. 2008).

Human collagen VI genetic abnormalities have been linked to muscular

disorders, specifically Bethlem myopathy and Ullrich congenital muscular dystrophy
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(Bertini and Pepe 2002; Lampe and Bushby 2005; Lampe et al. 2008), and to ligamentous
disorders, namely ossification of the ligamentum flavum, ossification of the posterior
longitudinal ligament of the spine, and diffuse idiopathic skeletal hyperostosis (Tanaka
et al. 2003; Tsukahara et al. 2005; Kong et al. 2007). Mutations in collagen VI genes have
also been linked to mitochondrial dysfunction (Irwin et al. 2003), to abnormal expression
of proteoglycans and adhesion molecules in some tissues (Petrini et al. 2005; Higashi et
al. 2006), and to a skin disorder, atopic dermatitis (Gara et al. 2008). Recently, a
susceptibility locus for atopic dermatitis was identified in col6a5 (Soderhall et al. 2007)
and the DVWA (double von Willebrand factor A domains) susceptibility locus for knee
osteoarthritis identified as part of col6a4 (Miyamoto et al. 2008; Wagener et al. 2009).

The role of collagen VI in the knee is poorly understood. In articular cartilage,
where collagen VI in conjunction with decorin, fibronectin, and hyaluronan helps
anchor the chondrocyte to the PCM (Keene et al. 1988; Marcelino and McDevitt 1995;
Chang et al. 1997), collagen VI may be critical to proper transduction of biochemical and
biomechanical signals to the cell. In bone, collagen VI may play a role in bone formation
at the growth plate (Alexopoulos et al. 2009) and may regulate collagen I expression in
the early phase of IL-4-induced mineralization (Harumiya et al. 2002). In leg muscles,
collagen VI is critical to normal function; abnormal levels of collagen VI lead to laxity or

contractures and thereby change the mechanical forces at the joint. Failure of collagen
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VI to perform these roles in cartilage, bone, and muscle may alter joint development or
tissue homeostasis in the knee.

Collagen VI knockout mice have been developed by Bonaldo and colleagues
using targeted gene disruption of Col6al (Bonaldo et al. 1998), who initially studied the
skeletal muscles of these mice (Bonaldo et al. 1998; Irwin et al. 2003). More recently, the
hip cartilage and some skeletal characteristics of these knockout mice have been
carefully studied (Alexopoulos et al. 2009). Skeletal staining of 1-month-old wild-type
and knockout mice with alcian blue and alizarin red, to dye cartilage and bone,
respectively, revealed that knockout mice are smaller and exhibit a delayed extremity
ossification process. Dual energy X-ray absorptiometry studies revealed a lower bone
mineral density in knockout mice at ages 3 and 6 months, as compared to wild-type
mice; this difference was no longer present by 11 months of age. Micropipette aspiration
experiments revealed a lower Young’s modulus for the PCM of knockout versus wild-
type hip chondrons, yet microindentation tests showed no differences in the cartilage
extracellular matrix Young’s modulus at the femoral head. Semi-quantitative grading of
hip joint histology revealed that Col6al”- mice undergo accelerated development of hip
arthritis (Alexopoulos et al. 2009). Overall, that study presents valuable data on the
skeletal development and hip cartilage properties of Col6al” mice, but leaves open the

question of how collagen VI influences physical properties at the knee.
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We have hypothesized that absence of collagen VI affects the development and
aging of the knee joint and examined this hypothesis using several distinct analytical
tools. We have examined knee joints of collagen VI knockouts by assessing the
morphometry of the tibia at the knee, evaluating histological sections of the knee, testing
the elastic modulus, roughness, and coefficient of friction along the surface of the tibial
plateau, and probing the cartilage structure by measuring diffusion of a fluorescent

molecule through the tissue of Col6al-knockout mice.

4.2 Materials and Methods
4.2.1 Tissue Preparation

Twenty-five Col6al** and 24 Col6al” mice on a CD1 genetic background (as used
in (Alexopoulos et al. 2009)) were raised under the approval of the Duke University
Institutional Care and Use Committee. Most were bred from heterozygous parents, but
control mice were purchased from Charles River Laboratories for all CD1 2-month-old
mice and three CD1 male 15-month-old mice. At the target age of 2, 9, or 15 months old,
8 or 9 mice per group (4 males and 4 or 5 females) were sacrificed and promptly frozen
at -20°C. An autopsy saw was used to isolate the frozen left and right legs from the
remainder of the carcass. The legs were thawed for dissection directly before fixation
(right limb: microCT and histology studies) or before microscopy (left limb: AFM and

diffusion studies).
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4.2.2 Microcomputed Tomography (MicroCT)

Right knee joints were fixed in 10% buffered neutral formalin (VWR) for 24 to 72
hours. Knees were scanned by a microCT system (microCT 40, Scanco Medical AG,
Bassersdorf, Switzerland). Application of an appropriate global thresholding value, 364,
distinguished calcified tissues from soft tissues. Scans from a hydroxyapatite (HA)
calibration phantom were used to calculate bone density values (mg HA/cm?) from
collected linear attenuation values for the samples. The morphometry of the calcified
tissues was evaluated in the proximal tibial plateau down to the growth plate and in the
25 slices of the metaphyseal region immediately distal to the fibular attachment. Several
tibial plateau measures were calculated from the raw microCT data values: for the
cortical and trabecular bone together, the total volume (TV, mm?), bone volume (BV,
mm?), relative bone volume (BV/TV), and bone tissue density (Mean2, mg HA/cm?); and
for the trabecular bone alone, the total volume (mm?), bone volume (mm?), relative bone
volume, bone tissue density (mg HA/cm?), structure model index (SMI, a quantification
of the shape of the trabeculae) (Hildebrand and Ruegsigger 1997; Smit et al. 2003),
connectivity density (ConnDens, 1/mm?), trabecular number (Tb.N, 1/mm), trabecular
thickness (Tb.Th, mm), and trabecular separation (Tb.Sp, mm). In the metaphyseal
region of the tibia, similar measures were evaluated for the cortical and trabecular bone
together: bone volume (BV, mm?) and bone tissue density (Mean2, mg HA/cm?), which

could be multiplied to calculate the mineral content. The length of the tibial plateau was
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also crudely measured by counting the number of 16-pum slices from the growth plate to
the proximal end of the calcified region of the bone; the lengths of two subsets of this
region, the trabecular and non-trabecular (subchondral bone) portions, were also

measured.

Abbreviations for MicroCT Measures

TV total volume (mm3)

BV bone volume (mm3)

BV/TV relative bone volume

Mean?2 bone tissue density (mg Hf-‘v‘cmg’)
ConnDens connectivity density, normed by TV (1!mm3)
SMI structure model index

Th.N trabecular number (1/mm)

Th.Th trabecular thickness (mm)

Th.Sp trabecular separation (mm)

4.2.3 Histology
4.2.3.1 Sample Preparation

Right knee joints were fixed in 10% buffered neutral formalin (VWR) for 3 days,
during which time they were scanned by microCT. Knees were subsequently soaked in
Cal-Ex® Decalcifier (Fisher Scientific) for 3 days. Dehydration was performed at room
temperature: 30% EtOH for 20 minutes, 50% EtOH for 20 minutes, 75% EtOH for 20
minutes, 90% EtOH for 20 minutes, and finally 100% EtOH for 40 minutes. Samples
were infiltrated at room temperature: 100% EtOH and xylenes (Mallinckrodt Chemicals)
(50:50) for 20 minutes, xylenes for 60 minutes, and xylenes again for 60 minutes.

Samples were embedded in paraffin using a 60°C oven: xylenes and paraffin (50:50) for
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60 minutes, paraffin for 90 minutes, and paraffin for at least 8 hours. Samples were
transferred to cassettes and then sectioned by microtome into 7um coronal slices. For
each mouse, the slide bearing sections with the smallest wedge of medial and lateral
meniscus was chosen for staining. These samples were deparaffinized, hydrated, and
stained with hematoxylin, Fast Green, and safranin-O. Staining was protected by

Permount (Fisher Scientific) with a coverslip.

4.2.3.2 Direct Measurements

The subchondral thickness was measured from across the full width of the
loaded regions of the femoral condyle and tibial plateau in histologically stained
sections. These subchondral thickness measures did not include calcified cartilage. For
each of the medial and lateral condyles and plateaus, ten lines were drawn from the
internal edge of the calcified cartilage to the nearest bone marrow. Lines were equally
spaced along the subchondral bone and perpendicular to the cartilage surface. These
lengths were averaged to determine the mean subchondral thickness for the joint.
Additionally, the thickness of the joint capsule was measured on the medial side of the
joint alongside the meniscus. This joint capsule, which primarily included the medial
collateral ligament (MCL), was measured with five lines drawn perpendicular to the

joint space adjacent to the meniscus. Line lengths were averaged.
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4.2.3.3 Modified Mankin Scoring

Three blinded graders evaluated histological samples to assess arthritic
progression according to a modified Mankin scoring rubric previously established
(Furman et al. 2007). No grades were given for chondrocyte cloning. The grading rubric
is included in Appendix B. Four sites were scored: the lateral femoral condyle, lateral
tibial plateau, medial femoral condyle, and medial tibial plateau. A score ranging from

0 to 28 was possible; higher scores indicated further degeneration of the cartilage.

4.2.4 Atomic Force Microscopy (AFM)
4.2.4.1 Sample Preparation

The left mouse tibia was thawed, carefully dissected, and cut at mid-shaft with a
razor blade to shorten its length. Hot-melt glue (Arrow Fastener Co., Saddle Brook, NJ)
was used to secure the diaphysis of the tibia vertically within a small polystyrene Petri
dish lid (Falcon), leaving the tibial plateau near-horizontal within the lid. Phosphate-
buffered saline (PBS, Gibco, Carlsbad, CA) at room temperature was added to cover the
tibial plateau. The lid was secured to a glass microscope slide and oriented such that the
anterior-posterior direction on the lateral tibial plateau was perpendicular to the AFM

cantilever.

4.2.4.2 Tip Preparation

AFM cantilever tips were constructed by gluing (Norland optical adhesive #81,

Norland Products Inc., Cranbury, NJ) 10um-diameter borosilicate microspheres (Duke
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Scientific Corporation, Palo Alto, CA) near the free end of a triangular silicon nitride
AFM cantilever (Veeco, Santa Barbara, CA) with a nominal spring constant of 0.58 N/m
(Coles et al. 2008). Tips were coated with gold, ozone-cleaned, and functionalized with a
monolayer of tri-ethylene glycol-terminated alkane thiol (SH-(CHz)11-EGs, Sigma Aldrich,

St. Louis, MO) to inhibit tip fouling during the test procedure.

4.2.4.3 Friction Measurements

Friction was measured on lateral tibial plateaus of mice aged 2 months and 15
months according to the boundary friction measurement technique recently described
by Coles et al. (Coles et al. 2008). A MFP-3D atomic force microscope (Asylum Research,
Santa Barbara, CA) was used. Normal force spring constants were found using the
MEFP-3D software provided by Asylum Research (Walters et al. 1996) and lateral
calibration constants were calculated by the wedge method (Ogletree et al. 1996; Han et
al. 2007). For three different 50x50um cartilage areas, the probe was raster-scanned at
40 pm/s for 16 scan lines and 512 points captured per scan line. Each area was scanned
at applied normal loads of 20 nN, 40 nN, 60 nN, 80 nN, and 100 nN (Coles et al. 2008).
The friction force was graphed versus the applied normal load, after which the slope

was taken as the coefficient of friction.

4.2.44 Roughness Measurements

Roughness was calculated from an AFM image (128 scan lines by 128 points) of

one of the friction sites on each tibia. The 50x50um field was scanned with a 20nN
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applied normal load and a 100 pm/s scan speed. To avoid any plateau tilt effects on
these data, a first-order flattening procedure was applied and the root mean square

(RMS) roughness recorded.

4.2.4.5 Elastic Modulus Measurements

AFM indentation was used to determine the elastic modulus of the cartilage
surface via elastic tests previously described (Darling et al. 2006; Darling et al. 2007; Coles
et al. 2008; Darling et al. 2008). At each of the three 50x50um tibial plateau fields where
friction was measured, 1pum/s indentation testing was performed at 16 sites using a 4x4
layout. The sampling rate was 1 kHz and a force trigger of 100 nN was used. The elastic
modulus was calculated from the force vs. indentation data using a Hertz contact model
for a hard sphere against an infinite plane in which the Poisson’s ratio for the murine
cartilage was assumed to be 0.20 (Cao et al. 2006) (similar to the 0.23 value determined
by (Chiravarambath et al. 2009)). Dr. Eric Darling generously provided his Matlab script

for these calculations.

4.2.5 Scanning Microphotolysis (SCAMP)
4.2.,5.1 Sample Preparation

The left mouse femur was carefully dissected and soaked overnight in 70kDa
dextrans (25 mg/mL) at 4°C. A razor blade was used to slice sagittally through the
lateral and medial condyles. The femur was placed in a coverslip chamber with a sliced

condyle face positioned flush against the coverslip to allow a full-thickness view of the
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cartilage via the inverted microscope (Figure 4.1). Extra PBS was applied to keep the
femur hydrated during experimentation. All SCAMP experiments were executed in the
extracellular matrix of the articular cartilage middle zone of any of the sliced, exposed
faces. Within that condyle cartilage, sites subject to frequent loading were preferentially

chosen.

Figure 4.1: This sagittal cross-section of a fresh wild-type mouse
femoral condyle shows murine articular cartilage to be approximately
50 pum thick and highly cellular. Diffusion measurements were made
outside of the chondrocytes, in the small regions of extracellular matrix
(ECM). (DIC image, scale bar =50 um.)

4.2.5.2 Scanning Procedure

As previously described (Leddy/Christensen et al. 2008), a 100x, 1.3-NA oil

immersion lens at 6x zoom on a confocal laser scanning microscope (LSM 510, Zeiss)
82



was used to bleach a line 1.44pm wide (12 pixels) at a depth of 6 um into the tissue.
Bleaching was performed forward and backward for a total of 40 passes at two
simultaneous excitation wavelengths, 458 and 488 nm. During bleaching, the emission
intensity was also collected (long-pass filter, LP505) and stored as the image for that
pass. At each site, five experiments were performed; their intensity values were

averaged and median-filtered to minimize noise.

4.2.5.3 SCAMP Analysis

For each test site, the experimental data was compared to simulated datasets
using the unconstrained nonlinear optimization function fminsearch; the resulting best fit
established an appropriate value for the diffusion coefficient (D), which is the parameter
of interest, and the space-dependent bleaching rate constant (k), which is a function of
laser bleaching power and so varies with depth into the cartilage. All data processing,

fits, and simulations were performed in Matlab (The Mathworks, Natick, MA).

4.2.6 Genotyping

The mice were all genotyped post-mortem to confirm they were Col6al’- or
Col6al*. In brief, the DNA in a 2mm tail-snip from each sacrificed mouse was extracted
with DirectPCR Lysis Reagent (Viagent Biotech, Inc.) and protein kinase K (Sigma). By
polymerase chain reaction, two portions of the Col6al gene were amplified from each of
these DNA samples. The 22mer forward primer was 5-TGC CCT GTG GAT CTA TTC

TTC G-3’ for both reactions. For the first amplification region, the 20mer reverse primer
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was 5'TCG TGG CCA GCC ACG ATA GC-3’, which corresponds to a portion of the Neo
gene found in the mutated Col6al; for the second region, the 21mer reverse primer was
5CTG TCT CTC AGG TTG TCA ATG-3’, which corresponds to the portion of the Col6al
gene that is excised by the targeted gene disruption procedure. DNA amplification
products were analyzed via gel electrophoresis. Presence of a 609bp band in the first
reaction indicated a knockout allele. Presence of a 128bp band in the second reaction

indicated a wild-type allele.

4.2.7 Immunohistochemistry

Immunohistochemistry was performed to confirm the absence of COL6A1 in the
cartilage of the knockout mice and to confirm the presence of COL6A1 in the PCM of the
wild-type mice. Immunostaining was performed on remaining paraffin-embedded
sections that had been prepared for histological analysis. An IgG rabbit polyclonal anti-
collagen VI antibody was used to bind a peptide near the amino terminus of the murine
al(VI) chain (sc-20649, Santa Cruz Biotechnology, CA). An Alexa Fluor® 488-
conjugated secondary antibody, goat anti-rabbit IgG (Invitrogen/Molecular Probes,
Carlsbad, CA) was used for primary antibody detection (Choi et al. 2007; Alexopoulos et
al. 2009). Samples were further incubated with ethidium homodimer-1 (Molecular
Probes, Carlsbad, CA) to stain nucleic acids red. Samples were imaged using a 100x, 1.3-
NA oil-immersion objective with differential interference contrast (DIC), an argon laser

(excitation 488 nm), and a helium laser (excitation 633 nm). A long-pass filter (650 nm)
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and a band-pass filter (505-550 nm) collected emissions from the ethidium homodimer-1

and the secondary antibody, respectively.

4.2.8 Statistical Analyses

In Statistica (StatSoft, Tulsa, OK), each dataset was evaluated with the Shapiro-
Wilks test for normal distribution; based on those outcomes, the non-normal elastic
modulus data were log-transformed for statistical analysis. Next, multifactorial analysis
of variance (ANOVA) was performed to assess significant («=0.05) main effects and
interactive effects of genotype, sex, and age. Fisher's LSD post-hoc test was used to

compare individual results where the ANOVA established a significant effect.

4.3 Results

As in previous studies with this strain of knockout mouse, the Col6al-knockout
mice did not present with any obvious abnormalities or show any increase in mortality.
Genotyping confirmed the Col6al”* or Coléal” status of each mouse.
Immunohistochemistry staining confirmed collagen VI protein present in only the PCM
of wild-type cartilage and absent from knockout cartilage (Figure 4.2); in the wild-type
tibia, the growth plate also stained richly (data not shown). From the youngest age,
additional ossification at or around the knockout joint was common, as seen in the

microCT reconstructions (Figures 4.3A and 4.3B).
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Figure 4.2: Immunostaining in the mouse tibial plateau cartilage. Top
row: Collagen VI antibody binds only the wild-type PCM (left).
Bottom row: Corresponding DIC images overlaid with collagen VI
staining (green) and nuclear staining (red). The knockout cartilage
(right) shows no sign of collagen VI. Scale bars =50 um.
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Figure 4.3: MicroCT images of 2-month-old mouse knees show the
calcified structures of the right knees of a male wild-type (left images:
A, C, E) and knockout mouse (right images: B, D, F). Top images, A and
B, present a medial view of the knee; note the ossified medial collateral
ligament in the knockout joint (arrow, B). Second row, C and D,
presents a distal view of the tibial trabecular bone, where the knockout
trabeculae are rod-like while the wild-type trabeculae are plate-like.
Bottom images, E and F, present a proximal view of the tibial
metaphyseal region, where the wild-type bone is immature in
comparison to the knockout bone.
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4.3.1 Tibial Epiphysis: Trabecular Bone

In the trabecular regions of the tibial epiphysis, the total volume, bone volume,
relative bone volume, bone tissue density, connectivity density, SMI, trabecular number,
trabecular separation, and trabecular thickness were all measured by microCT (Table
4.1). All parameters showed significant effects of genotype (except for bone tissue
density) and of age (except for total volume). Briefly, knockout values were lower for
bone volume, relative bone volume, connectivity density, trabecular number, and
trabecular thickness; knockout values were higher for SMI and trabecular separation.

More specifically, the knockout SMI reflected rod-like structures (SMI closer to 3)
from the youngest age, whereas the wild-type SMI indicated plate-like structures (SMI
closer to 0) that became more rod-like over time (Figure 4.4A). The knockout bone
volume remained small and constant, unlike the wild-type bone volume, which dropped
precipitously with age (Figure 4.4B). The knockout connectivity density dropped
sharply with age, whereas the wild-type connectivity density remained consistently
high (Figure 4.4C). Knockout total volume values increased with age to surpass the
wild-type values. With skeletal maturity (~4 months old (Beamer et al. 1996)), knockout
bone tissue density increased only 4% while wild-type bone tissue density increased
19% (Figure 4.4D). MicroCT images comparing 2-month-old wild-type and knockout

mouse trabecular bone are presented in Figures 4.3C and 4.3D.
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Table 4.1: MicroCT results

(n=9 for wild-type 15mo)

Wild-type Knockout ANOVA: Significant Effects
2-month-old 9-month-old 15-month-old 2-month-old 9-month-old 15-month-old Age Genotype Age-by-Genotype
Epiphysis (trabecular only)
TV (mm?) 0.70+0.15 0.52+0.10 0.54 +0.39 0.60+0.21 0.70+0.16 0.87+0.11 i &
BV (mm?) 0.40+0.07 0.27 £ 0.06 0.18 £ 0.08 0.15+0.02 0.16 + 0.03 0.15+0.03 ok ** b
BV/TV 0.55+0.07 0.51+0.08 0.38 +0.14 0.27 +0.11 0.24 £ 0.09 0.18 +0.05 Fk bl
Mean2 (mg HA/em?) 995+ 41 1187 + 26 1154 £ 57 1094 + 42 1142 + 27 1137 £ 32 ** *
ConnDens (1/imm®) 424 + 51 403 + 60 471+ 69 411+ 134 322 + 107 211+83 * ** bl
SMI -0.01 £0.31 0.44 +0.42 1.25 + 0.64 1.75+045 1.86 £ 0.52 2.30+0.43 bl faied
Th.N (1/mm) 10.7+0.5 9316 87+3.4 7614 7525 58+06 * kel
Th.Th {mm) 0.065+ 0.006 | 0.069 +0.005 | 0.056 + 0.010 0.047 + 0.004 | 0.050 + 0.009 | 0.047 + 0.007 fakad %
Th.Sp (mm) 0.091+0.008 | 0.114 £0.011 | 0.142 + 0.041 0.150£0.027 | 0.157 £0.033 | 0.189£0.019 *x *x
Epiphysis (trabecular + cortical)
TV (mm?) 1.22+0.18 1.30+0.13 1.63 £+ 0.69 1.14+£0.33 1.27 £ 0.19 1.55+£0.17 il
BV (mm?) 0.80+0.14 1.00+0.11 1.17 £0.35 0.62+0.15 0.67 + 0.04 0.76 +0.08 ** **
BV/TV 0.66 + 0.09 0.76 £ 0.05 0.75 +0.09 0.56 + 0.07 0.54 £ 0.07 0.49 +0.04 ok *
Mean2 (mg HA/cm®) 996 + 46 1203 + 38 1192 £ 43 1052 + 38 1102 + 21 1090 £ 13 il fuiad i
Length (um) 438 + 26 481+25 518 £ 116 464 +£72 466 £ 74 541+ 63 *k
Epiphysis (subchondral only)
Length (um) 98+33 | 168%25 198349 | [ 131234 [ 117x44 | 135145 | % ok
Metaphysis (trabecular + cortical)
BV (mm? 0.35+0.19 0.97 £ 0.20 0.98 +0.19 0.72+0.27 0.66 + 0.26 067+0.14 i bl
Mean2 (mg HA/cm®) 838 + 29 1190 + 41 1176 £ 33 1042 + 81 1111+ 18 1135+ 19 *k haiud
Mineral content (ug HA) 0.31+0.18 1.15+0.22 1.15+0.23 0.76 +0.31 0.73 +0.28 0.76+0.15 bt
mean + SD Shading identifies the lowest three * p<0.05
n=8 samples per group values per parameter. * p<0.01
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Figure 4.4: MicroCT measures reflect a variety of trabecular bone
characteristics. In the tibial epiphysis of knockout mice, the structure
model index (SMI, A) shows evidence of rod-like trabeculae from the
earliest age, in contrast to the initially plate-like trabeculae of the wild-
type mice. The trabecular bone volume (BV, B) is low from an early age
and contributes to a higher bone tissue density (Mean2, D) in the 2-
month-olds. With increasing age, the knockout connectivity density
(ConnDens, C) drops unexpectedly. Bars are mean*SEM. *p<0.05;
**p<0.01.

Sex was evaluated as a contributing factor in all analyses of the experimental
design but was non-significant except for two measures in the tibial epiphysis trabecular

bone: bone volume, where males had somewhat higher values than females; and bone
20



tissue density, where females generally had higher values than males. Aside from this

note, the influence of sex is not further addressed.

4.3.2 Tibial Epiphysis: Cortical and Trabecular Bone

When both bone types of the tibial epiphysis were measured by microCT for
total volume, bone volume, relative bone volume, bone tissue density, and length,
several trends and differences emerged. Parameters showed statistically significant
effects of genotype (except total volume and length) and of age (except relative bone
volume) (Table 4.1). Length and total volume showed increases with age that were
similar for both genotypes. Bone volume increased steadily with age at a faster rate for
the wild-types than for the knockouts, and the highest knockout bone volume was lower
than the lowest wild-type bone volume. Skeletal maturity appears to have influenced
the remaining two parameters, but the knockout bone tissue density increased only 5%
versus 21% for the wild-type bone tissue density, and the knockout relative bone
volume remained unchanged (-3%) while the wild-type relative bone volume increased
(16%).

4.3.3 Tibial Metaphysis: Cortical and Trabecular Bone

In the tibial metaphysis (Figures 4.3E and 4.3F), only bone volume and bone
tissue density were quantified by microCT. Both showed a statistically significant main
effect of age (but not of genotype) and a significant interactive effect of age-by-genotype

(Table 4.1). Knockout bone volume did not change over time, but wild-type bone
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volume jumped dramatically from a low 2-month value to a high 9-month value. Like
the metaphyseal bone volume and as with density measures in the epiphysis,
metaphyseal density was influenced by skeletal maturity; wild-type bone tissue density
jumped 34% while the knockout bone tissue density increased by a slight 7%. The
mineral content of this bone region was calculated from the bone volume and bone
tissue density values to reveal a striking contrast: the knockout mice do not gain any
mineral content as they age, whereas the mineral content almost quadruples with

skeletal maturation in wild-type mice (Figure 4.5).
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Figure 4.5: Mineral content of the knockout tibial metaphysis does not
change. In the 25 microCT slices (0.4 mm) of the tibial metaphysis
directly distal to the fibular attachment, wild-type mice quadrupled
their mineral content from 2-months-old to 9-months-old. In contrast,
the knockout mice already had an intermediate level of mineral content
by 2 months of age; this mineral content never changed. Bars are
mean+SEM; those sharing the same letter are not statistically different.
Bars with different letters: p<0.01.

4.3.4 Joint Capsule Thickness

From the histology images, the joint capsule thickness (primarily the medial
collateral ligament, MCL) was measured adjacent to the medial meniscus and was
affected by genotype (ANOVA, p<0.02) (Table 4.2). In the knockout mice, the joint
capsule was consistently thick at all ages, whereas the wild-type mice had initially thin

joint capsules that thickened with age (Figure 4.6A). Interestingly, most of the 9-month
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wild-type mice had a joint capsule thickness comparable to that of the 2-month wild-
type mice (~70 um), yet the 9-month wild-type average was raised substantially by two
very thick values (~500 um) in particularly degraded joints. Additionally, many of the
joint capsules stained heavily for proteoglycan content (Figures 4.7 and 4.8) and a few

had visible ossification.
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Table 4.2: Results of histology and cartilage measures

ANOVA: Significant Effects

Wild-type Knockout n
2-month-old  9-month-old 15month-old 2-month-old  9-month-old 15-month-old (per group) Age Genotype Age-byGenotype
Histology
Modified Mankin Scores, max = 28 45+£22 7578 11.9+838 46+47 45+£31 71+£66 29 ek ok
Medial Joint Capsule Thickness (um) 739 166 £ 212 219+ 114 246 + 55 223+ 91 256 + 118 89 *
Subchondral Thickness (jum) 28+ 18 90+ 17 126 + 58 3325 39+8 37 +23 &9 fakad o o
Atomic Force Microscopy
Elastic Modulus (kPa)t 58 62 39 46 52 32 22-27
Roughness, RMS (nm) 347 + 200 343 +£232 582 + 390 489 + 267 353+192 657 + 116 6-8 %
Coefficient of Friction 0.23+0.12 |not measured| 0.17 £ 0.08 0.24+£0.20 | not measured| 0.19+0.15 7-8
Diffusion
D (um?s) 1M+7 13+6 12+7 [ 1711 13+8 13¢5 [ 3554 | [ ] = *
mean £ SD

* p<0.05

*% p<0.01
1 Data was log-transformed for statistical analysis. Here, those log-transformed averages were transformed back to kPa.

Shading identifies the lowest three values per parameter.
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Figure 4.6: Histology reveals key effects of genotype on the joint
capsule, bone, and cartilage. Joint capsule thickness on the medial side
(A) was high in knockout mice from the youngest age but almost
universally low in wild-type mice until the oldest age (note how two 9-
month-old data strongly influence that wild-type average).
Subchondral bone thickness (B), in contrast, shows that knockout bone
fails to thicken with age, unlike the wild-type bone. Cartilage
degradation (C) in knockout mice shows a small increase only in the
oldest mice, whereas wild-type cartilage already shows signs of
increasing degradation by 9 months. All of these graphs show
restrained changes in knockout joint parameters relative to strongly
changing wild-type parameters. Bars are mean+SEM. *p<0.05, **p<0.01.
In A, 0 symbols represent individual data points whose average yields
the underlying bar. Wild-type 2-month-old data in A are significantly
different (*) from all other bars except the 9-month-old wild-type.
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Figure 4.7: Histology images reveal differences between 2-month-old
wild-type and knockout knees. Seven-um-thick tissue slices were
stained with fast green (blue, collagen), safranin-O (red, proteoglycans),
and Harris” hematoxylin (black, nuclei). These coronal slices show the
femur above and tibia below; the left side is lateral while the right side
is medial. The knockout knee (B) includes a thick and proteoglycan-
rich medial collateral ligament, atypical pannus formation on the
lateral femur, larger trabeculae in both bones, and more confined
growth-plate staining relative to the wild-type knee (A).
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Figure 4.8: The worst joint degradation was seen in 15-month-old
mouse knees. Of all the joints, this 15-month-old wild-type female (A)
received the highest overall modified Mankin score, 24. (Joint score is
an average of the scores for the lateral femoral condyle, lateral tibial
plateau, medial femoral condyle, and medial tibial plateau.) This
extreme case includes degradation into the tibial growth plate on both
sides, as well as considerable thickening of the femoral subchondral
bone and the medial joint capsule. In contrast, the highest modified
Mankin score given to a knockout mouse was 14, a score also earned by
a 15-month-old female (B). This joint shows extensive cartilage
degradation at the medial femoral condyle and some cartilage loss to
the medial tibial plateau, but the lateral side is still intact and the
subchondral bone still quite thin.

4.3.5 Subchondral Bone Thickness

From histology images, the mean subchondral bone thickness per joint was
calculated by averaging the subchondral thickness at four sites: the lateral femoral
condyle, the lateral tibial plateau, the medial femoral condyle, and the medial tibial
plateau. The subchondral bone remained thin for the knockout mice at all ages, but

thickened markedly over time for the wild-type mice (p<0.02 for each comparison)
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(Figures 4.6B, 4.7, and 4.8). ANOVA confirmed the significance (p<0.0002) of age,
genotype, and age-by-genotype effects (Table 4.2).

The microCT measures of subchondral bone thickness reinforced these histology
findings but were numerically higher (Table 4.1), presumably because the microCT
measures averaged only subchondral bone of the tibia. Additionally, some portion of

calcified cartilage may be captured by the microCT thickness measures.

4.3.6 Cartilage Degradation

Using a modified Mankin grading rubric (Appendix B), three blinded graders
evaluated the histology images to assess the level of cartilage degradation in the lateral
femoral condyle, lateral tibial plateau, medial femoral condyle, and medial tibial plateau
of each joint. Since the grading rubric was designed to assess cartilage degeneration, it
did not fully account for the extreme bone degradation seen in a few joints, where
degradation extended to or through the tibial growth plate (Figure 4.8). Knockout mice
showed delayed or reduced cartilage degradation with age relative to the wild-type
mice (Figure 4.6C). The lateral side had fewer indications of degradation relative to the
medial side (paired t-test, data not shown).

The ANOVA revealed significant effects of age (p<0.000003), genotype (p<0.002),
and side (medial or lateral, p<0.00003), but not bone (femur or tibia, p=0.13). Genotype-

by-age (p<0.05) and age-by-side (p<0.02) were significant interactive effects (Table 4.2).
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4.3.7 Friction

Cartilage friction was measured on the tibial plateaus of the 2-month and 15-
month mice. The cartilage surface of one 15-month knockout mouse was too rough to
measure with this AFM setup. The coefficient of friction was marginally higher in the 2-
month mice, although this difference did not reach statistical significance (p=0.1) (Table

42).

4.3.8 Roughness

RMS roughness was measured on tibial plateaus of all mice except one 15-month
knockout mouse which was too rough to scan with this AFM setup. Age significantly
influenced the roughness RMS (p<0.02); the oldest mice have the roughest cartilage

(Table 4.2).

4.3.9 Elastic Modulus

Stiffness was found to decrease significantly with age (p<0.02, Table 4.2).
Cartilage from knockout joints averaged a lower elastic modulus at all age points but no

statistically significant difference was detected (p<0.09).

4.3.10 Diffusivity

For the first time, microscale diffusion was measured in mouse cartilage. The
diffusion rate of 70kDa dextrans through the ECM of femoral condyle cartilage averaged

13 um?/s and was highly variable. Relative to the other values, diffusivity in the 2-
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month knockout cartilage stood out as particularly high: 17 pm?/s (p<0.06 relative to 15-

month knockout data; p<0.05 relative to all other data) (Table 4.2).

4.4 Discussion

This study adds to the evidence of musculoskeletal abnormalities that stem from
an absence of collagen VI. Within the bone, differences between the knees of Col6al**
and Col6al” mice are particularly apparent in the trabecular bone of the proximal tibia.
Surprisingly, given the expected transition to skeletal maturity, knockout mice show
limited evidence of bone changes between 2 months and 9 months compared to the
dramatic changes observed in wild-type mice. Within the cartilage, degradation was
slower and slighter in the knockout mouse. Measures of diffusion, novel in mouse
cartilage, did not point to any sustained ECM differences between genotypes. Similarly,
the cartilage surface measurements performed here, which included roughness,
coefficient of friction, and elastic modulus, were not affected by the lack of collagen VI.

Trabecular bone characteristics in the proximal tibia are strikingly different in
the knockout knees. Relative to the wild-type trabecular bone, the knockout trabecular
bone shows lower relative bone volume, bone volume, trabecular number, trabecular
thickness, and connectivity density, but higher trabecular separation and SMI. Overall,
these Col6al” trabecular bone differences correlate with thinner, more widely spaced

trabecular struts, which is an outcome not inconsistent with collagen-knockout or -
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mutated mice based on the available literature. Mice with a collagen I mutation (oim)
present with fewer and thinner trabeculae in the femoral head relative to their wild-type
comparisons (Chipman et al. 1993). Col10al’- mice show an early decrease in newly
formed bony trabeculae and evidence of patchy mineralization of trabeculae, but an
overall greater trabecular bone content in 4-week-old femurs (Kwan et al. 1997).
Truncation of COL2A1 in mice leads to lower trabecular relative bone volume, lower
trabecular thickness, and greater trabecular separation in the 3-month-old lumbal
vertebral bodies (Nieminen et al. 2008). Mice deficient in both COL9A1 and cartilage
oligomeric matrix protein (COMP) show a non-significantly lower trabecular mineral
density at 1 month of age (Blumbach et al. 2008). Overall, microCT has seldom been
used to assess bone morphometry in mice with collagen mutations or ablations; further
data in this field would enable more-quantitative comparisons among studies of these
animals.

Given the muscle myopathy of Col6al”’- mice (Bonaldo et al. 1998), abnormal
loading may be present at the knee and could influence trabecular bone characteristics.
Overall, the Col6al” trabecular bone differences closely match the pattern of changes
seen in studies of constrained locomotor modes (Carlson et al. 2008), mechanically-
altered loading (e.g., (Giesen et al. 2004)), or disuse (e.g., (Damrongrungruang et al.
2004)). Nonetheless, Col6al”- mice do not show altered activity levels (C57BL/6

background, (Bonaldo et al. 1998)), nor do they lose proteoglycans from the cartilage
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matrix or undergo bone loss. However, the microCT data suggest that careful study of
the mechanical loads at the knee might reveal further differences between the Col6al”
and Col6al** mice.

Mineral deposition in the tibial metaphysis happens earlier but fails to
progress in the knockout mouse. The mineral content of the tibial metaphysis 25-slice
region was constant (~0.75 pug HA) at all ages in the knockout mouse. That value was
intermediate to the wild-type mineral content, which was a low 0.31 pg at 2 months yet
quadrupled with skeletal maturity to 1.15 ug at 9 and 15 months. To the best of the
authors” knowledge, this knockout mouse pattern of mineral deposition has not
previously been described. The implications are unknown. Given previous evidence of
skeletal changes during maturation in young Col6al”- mice, including whole-body bone
mineral density (DXA) abrupt increases from 1-month old to 3-months old (Alexopoulos
et al. 2009), it is surprising to see no indication of additional mineral deposition in the
proximal tibial metaphysis as these mice age. However, abnormalities in collagen VI, a
protein widespread in the bone growth plate, have been linked to a variety of
ossification abnormalities including reduced bone mineral density (Alexopoulos et al.
2009), ligament ossification disorders (Tanaka et al. 2003; Tsukahara et al. 2005; Kong et
al. 2007), and delayed skeletal development (Alexopoulos et al. 2009). These studies,
together with the mineral deposition pattern observed, imply an important role for

collagen VI in timely and proper bone development.
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Knee cartilage of the Col6al-knockout mouse, in contrast to hip cartilage,
shows evidence of a protective effect of COL6A1 absence. The modified Mankin
grading of these histology sections shows clear progression of osteoarthritic degradation
the wild-type knees, whereas the 9-month-old knockout cartilage is still as intact as 2-
month-old wild-type cartilage and the 15-month-old knockout cartilage as intact as the
9-month-old wild-type cartilage. Beneath the cartilage, the knockout subchondral bone
never thickens; however, the wild-type subchondral bone thickens more than 4-fold. In
contrast to this slower degradation pattern in knockout knees, previous study of the hip
joint identified accelerated and more extreme osteoarthritic progression for knockout
mice (Alexopoulos et al. 2009). This disparity between joints may be attributable to the
effects of collagen VI mutations on muscle physiology: reduced collagen VI in Bethlem
myopathy leads to proximal hypotonia and distal joint contractures (Pepe et al. 2002;
Lampe and Bushby 2005), and joint laxity has been found to be involved in the
development of osteoarthritis (e.g., (Gillquisl 1990; van Osch et al. 1995)). Although the
hip is not commonly more susceptible than the knee to osteoarthritis, hip (but not knee)
dislocations are considered a diagnostic criterion for Ullrich congenital muscular
dystrophy (Pepe et al. 2002), suggesting that laxity at the hip joint may be a particular
problem in Col6al-knockout mice.

The novel measurement of microscale diffusion through mouse cartilage

revealed limited matrix changes. Diffusive transport of 70kDa dextran, which not only
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reflects nutrient transport but also probes the structure of the cartilage matrix, was fairly
consistent at the older ages (9 and 15 months: 13 um?/s) but showed a surprising
difference at the 2-month time point. At 2 months, the knockout mouse femoral condyle
cartilage had a diffusivity 55% higher than that of the wild-type (11 um?/s versus 17
um?/s). This points to a difference in ECM microstructure that may correspond to a
developmental delay (Alexopoulos et al. 2009) or an improper ratio or assembly of the
matrix components in the knockouts, later corrected via remodeling. The coefficients of
diffusion measured in the mouse cartilage are somewhat lower those obtained for
diffusion of 70kDa dextran through cartilage of other species: 23 pm?/s in the ECM of
porcine cartilage using SCAMP (Leddy/Christensen et al. 2008); 31 um?/s in pig cartilage
using fluorescence recovery after photobleaching (FRAP) (Leddy and Guilak 2003); and
40 um?/s in bovine cartilage using radiotracer tracking (Torzilli et al. 1997). The lower
rate of diffusion seen in the murine cartilage may be due to species-to-species variation
in assembly of or proportions of matrix components.

Mechanical properties of the cartilage surface failed to reveal differences
between the knockout and wild-type cartilage. The measures of boundary friction
coefficients were highly variable; on average, they showed no statistically significant
change with age or genotype. The coefficients (0.21 + 0.14) corresponded well to
previous friction data collected via this technique for 10-week-old (0.42 + 0.19) and 20-

week-old (0.25 + 0.11) C57BL/6] mice (Coles et al. 2008; Coles et al. 2009). Elastic
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modulus values also varied widely, although wild-type mice generally had a higher
modulus than knockouts. Overall, values were markedly lower than previously
published values (10-week and 20-week C57BL/6] mice: ~260 kPa and 354 + 158 kPa,
respectively) (Coles et al. 2008; Coles et al. 2009). Finally, first-order roughness increased
with age, with a trend toward rougher cartilage surface in the oldest mice. This trend is
consistent with the progression of cartilage degradation with age, seen by histology.

Overall, cartilage studies suggest that collagen VI, despite its prominent role
in the PCM of cartilage, plays a low-profile role in matrix production and
maintenance. Measures ranging from degradation to diffusivity to friction to roughness
to elastic modulus have collectively shown that mouse knee cartilage properties are
largely maintained in the absence of collagen VI. This evidence implies that the role of
collagen VI in the PCM is either non-critical at the tissue level or, alternatively, may be
satisfied via compensatory mechanisms.

In conclusion, this study of Coléal’”- mice provides evidence of
musculoskeletal abnormalities at the knee as a consequence of collagen VI absence.
The trabecular bone characteristics reveal distinct structural differences between the
knockout and wild-type bones. The proximal metaphysis mineral content does not
increase with skeletal maturity in the knockout; the implications of this trend are
unclear, but the cause may be unusual mechanical loads or dysregulation of bone

development in the absence of collagen VI. Knockout knee cartilage degrades much
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more slowly, even though its physical properties are very similar to those of wild-type
cartilage. To further elucidate the unusual knockout knee patterns seen here, future
studies should test the knockout mouse knees for joint laxity and range of motion.
Additionally, computed tomography (CT) data from knees of humans diagnosed with
Bethlem myopathy or Ullrich congenital muscular dystrophy would provide valuable
insight into the sensitivity of the mechanism by which collagen VI influences bone
development. Finally, given that human ligament ossification disorders have been
linked to collagen VI mutations, the role of collagen VI in ligaments at the knockout
mouse knee should be thoroughly investigated beyond the simple quantification in this
study of the premature thickening of the knockout mouse medial collateral ligament.
Overall, this Col6al”- mouse presents an effective tool to explore the role of collagen VI
throughout the musculoskeletal tissues and to improve our understanding of how
reduction in or mutation of collagen VI can lead to so wide a variety of human

musculoskeletal disorders.
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Chapter 5.

Summary and Conclusions
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5.1 Summary

Although collagen VI has only a minor presence in the body, it nonetheless plays
an important role. Much of the research on collagen VI has related to its function in
skeletal muscles, since its mutation can result in Bethlem myopathy or Ullrich congenital
muscular dystrophy. However, its roles in other tissues of the body are poorly
understood. The objective of this research has been to elucidate the role of collagen VI in
the structure and properties of the knee.

In articular cartilage, the pericellular matrix (PCM) is defined by the presence of
collagen VI, which localizes exclusively to this region. Therefore, the PCM warrants
careful attention in this study of collagen VI of the joint. The PCM has been shown to
play an important mechanical function in cartilage, with possible biochemical and
biophysical roles, as well. By its enveloping presence around each chondrocyte, the
PCM serves as a gateway through which any signal to or from the cell must pass,
whether that signal be mechanical or biochemical.

Because the PCM is structurally and compositionally distinct from the
extracellular matrix (ECM) of cartilage, the PCM may be more restrictive (or more
permissive) to the passage of molecules. This possibility was first examined in Chapter
2, which sought to compare diffusion in the PCM to diffusion in the ECM. The PCM,
with its higher proteoglycan content, was expected to have a lower diffusivity than the

ECM.
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In order to test this hypothesis, an appropriate method for measuring diffusion
within the PCM was necessary. Scanning microphotolysis (SCAMP) (Kubitscheck et al.
1998) was selected as the photobleaching model for this purpose, but considerable
revisions were first necessary. For use with a commercial microscope, the model was
modified to incorporate time spent not bleaching, with an asymmetrical time step; to
accommodate real-world asymmetries in the point-spread function; and to disambiguate
the bleached state of the first recorded line. Additionally, the experimental setup was
changed by speeding up the scans in order to accommodate faster diffusion coefficients.
After these changes, the implemented model fit the experimental SCAMP data well.
Furthermore, the bleached region of tissue was sufficiently constrained that SCAMP
testing could adequately fit inside the confines of the PCM.

This SCAMP technique was applied to measure diffusion of FITC-dextrans
within the ECM and PCM of porcine cartilage (Leddy/Christensen et al. 2008). As
expected, the PCM diffusivity was lower. These differences (70kDa: 19<23 um?/s;
500kDa: 14<17 pum?/s) were statistically significant; however, the biological significance
is unclear. In this case, the closeness of the results does not strongly indicate that
signaling molecules would be hindered from reaching or departing the cell via diffusion,
but they nonetheless indicate a measurable difference in the underlying structure of the

two matrices — additional evidence of the distinction between the PCM and ECM.
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Given that the PCM is adjacent to the cell, catabolic cytokines such as interleukin-
1 (IL-1), a player in osteoarthritis of the knee, were expected to first drive degradation in
this matrix. To probe these degradative changes, the SCAMP technique was again
employed in Chapter 3, this time with the globular protein ovalbumin as the diffusing
molecule. Effects of time, matrix, and zone were examined. Although the PCM
diffusivity was significantly different from that of the ECM, this manifested as a
universal difference of ~2 um?/s — with no evidence of a PCM-specific increase in
diffusivity. Thus, it was not possible to conclude that the PCM degrades first in IL-1-
treated articular cartilage. However, another diffusing molecule might have been more
sensitive to any such PCM-first degradation, suggesting that expanding this study to
include a range of molecular weights or molecular shapes could be a valuable follow-up
to this initial experiment.

Evaluating the collagen VI-rich PCM in contrast to the collagen VI-null ECM of
cartilage provided important information — by association — on the role of this protein,
but only partially addressed the role of collagen VI in the knee. To complement those
studies, Chapter 4 focused upon a knockout mouse that entirely lacks collagen VI. In
this way, the specific effects of collagen VI absence were observed and quantified.

The Col6al-knockout mice appeared as healthy and active as their wild-type
peers. The knees of the mice were evaluated at 2, 9, and 15 months and showed

substantial differences.
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Despite severely reduced cartilage PCM stiffness in the knockout mice (as
measured at the hip (Alexopoulos et al. 2009)), the physical properties of the knee
cartilage were hardly affected. In fact, instead of compromising the integrity of the
cartilage tissue and yielding earlier degradation, the lack of collagen VI at the knee
protected the cartilage and delayed its degradation. Such an effect should not be
attributed to improvements in the cartilage tissue in the absence of collagen VI; rather, it
is more likely to be the result of changed joint articulation with a concomitant reduction
in forces through and wear of the knee cartilage.

The subchondral bone thickness measures in the knockout knee told a similar
tale. Although this region usually thickens as the joint begins to degrade, the knockout
bone subchondral thickness never increased, not even at 15 months when the cartilage
finally showed signs of slight degradation.

In fact, the knockout bone properties were quite different from those of the wild-
type. In the region of tibial metaphysis examined, all mineral bone deposition had
occurred by 2 months in the knockout. This does not correspond to the expected
mineral increase with mouse skeletal maturity, which is estimated to happen around 4
months in wild-type mice.

Examination of the tibial epiphysis trabecular bone provided further evidence of
altered bone properties. In comparison to the wild-type trabecular bone, the knockouts

present trabecular bone with lower bone volume, relative bone volume, trabecular
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number, trabecular thickness, and connectivity density, but higher trabecular spacing
and structure model index (more rod-like). Altogether, this pattern of trabecular
properties in the Col6al-knockout mouse knees is consistent with patterns recorded in
reduced or altered mechanical loading. Notably, though, this pattern is not inconsistent
with the limited data available on trabecular changes observed in other collagen-

knockout or collagen-mutated mice.

5.2 Future Directions

Is the Col6al-knockout mouse knee subjected to different loads than the wild-
type knee? Although the knockout mice are smaller at 1 month (Alexopoulos et al. 2009),
they have matched the body mass of the wild-type mice by the ages examined in this
study. Thus, the knees of the knockout mice are not supporting a different body weight.
In past research on Col6al-knockout mice from a C57BL/6 background, the knockouts
ran on their wheels marginally less than the wild-types, but the difference was not
significant (Bonaldo et al. 1998). Thus, the knees are not exposed to significantly
different levels of activity. However, research has shown that bone morphometry can be
altered by style of locomotion (Carlson et al. 2008). It is quite possible that these Col6al-
knockout mice have altered their locomotion as a result of their muscle myopathy or
ligament ossification (e.g., in the medial collateral ligament). This hypothesis should be

evaluated by gait analysis and joint laxity testing.
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Why does reduced PCM stiffness fail to affect the cartilage surface physical
properties in the Col6al-knockout knees? In view of the hypothesized role of the PCM,
this less-stiff, collagen VI-free PCM should have affected the mechanical signals received
by the chondrocyte and thereby influenced the ECM produced by the cells. It is possible
that although the cartilage ECM and surface are initially of poor quality, by 2 months of
age sufficient cartilage matrix remodeling has occurred to repair any hypothesized
deficit. In this case, testing younger mice might reveal cartilage surface abnormalities
that are no longer present at 2 months.

What additional applications might call for the new SCAMP technique? This
SCAMP method was developed to measure diffusivity in the tiny, confined volume of
the cartilage PCM. However, it could easily be used to measure diffusion in other
regions of similar sizes, as evidenced by its use in the ECM of mouse cartilage, whose
diffusivity had not previously been evaluated. SCAMP is particularly well suited for
diffusion measurements in the nucleus. SCAMP may also be appropriate for
characterizing diffusional release of drugs from micro-scale biomaterials.

Although the first focus of this dissertation was on the role of collagen VI within
the pericellular matrix, the study of knockout mouse knees suggests that human
mutations in collagen VI are unlikely to symptomatically manifest in the knee cartilage
(e.g., by early or accelerated osteoarthritis). However, diseases known to be linked to

collagen VI mutations could possibly be diagnosed at a young age by CT scan of the
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proximal tibial trabeculae. (Of course, the availability of genetic testing reduces the
need for such a diagnostic tool.) Nonetheless, in patients with collagen VI mutations, CT
scans of the tibial trabeculae might be used to assess physical therapy progress if the
patients were working toward achieving a normal structure and function of the knee.
What is the next step in evaluating the role of collagen VI in the knee? The
challenge of interpreting the effects of collagen VI absence on different tissues in the
knee points to a role for a conditional knockout mouse. Using the Col6al-knockout
mouse currently available, it is unclear whether the knockout cartilage is inherently
more resistant to degradation, or whether the knockout cartilage is subjected to less
wear. In a mouse whose collagen VI was absent only from cartilage tissue,
interpretation of the cartilage degradation results would be far more straightforward.
Similarly, a conditional knockout mouse whose collagen VI production was eliminated
at a particular age would clarify whether differences observed in the knee were strictly

developmental versus ongoing in nature.

5.3 Conclusions

Overall, then, the work presented in this dissertation conclusively shows that
collagen VI does have an important role in the structure and properties of the knee joint.
In cartilage, diffusivity is slower in the collagen VI-delimited PCM as compared to the

remainder of the cartilage matrix. This remains true even as cartilage degrades in the
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presence of IL-1, as it might in arthritis. During this process, diffusivity in both the ECM
and PCM increase simultaneously, a change attributable to proteoglycan breakdown in
both of these matrices. Finally, mice lacking collagen VI developed knees with abnormal
trabeculae, unusual ligamentous ossifications, atypical bone mineral deposition, and

uncommon lack of cartilage degradation.
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Appendix A. SCAMP Diffusion-Reaction Equations

The SCAMP diffusion-reaction equations (Egs. 2.1-2.2) were solved as follows
(Egs. A1-A6). The short time step includes both bleaching and diffusion components.

Step 1, x implicit:

DAt k.. At
+1/3 +1/3 +1/3 +1/3 ijk +1/3
it,j,k - 2sz (Ci—l,j,k - 2Cit,j,k + Cit+l,j,k )+ : (Cit,j,k )
DAt DAt
= Cit,j,k + 2A.x2 (Cit—l,j,k - 2Ci[,j,k + Ci[+l,j,k )+ Ayz (Cit,j—l,k - 2Cit,j,k + Cit,j+l,k) (Eq Al)
DAt k., At
- (Cft,_/,k—l —2C;, + Cft,_/,k—l)_ 12 (Cit,j,k)
Step 2, y implicit:
DAt k. At
t+2/3 +2/3 t+2/3 t+2/3 ijk +2/3
ik 2Ay2 (Ci,j—l,k - 2Ci,j,k + Ci,j+1,k)+ 2 (Ci,j,k )
DAt DAt
= it,j,k + 2 (Cit—l,j,k - 2Cit,j,k + Cit+1,j,k)+ 2 (Cit,j—l,k - 2Cit,j,k + Cit,j+l,k)
2Ax 2Ay (Eq. A2)
DAt DAf (.
+ 2 (Citj k-1 2Cit,j,k + Cz't,J'Jc—l)+ 2Ax2 (Ci—ll,;?k - Zcit,;}/? + Cz?rll,;?k)

Step 3, z implicit:

DAt k. At
e e s at e )
DA? DA¢
=C! ., to (Cf_l,j,k ~2C!, +CL )+—2Ay2 (Cf,j_l,k act Cf,m,k)
(Eq. A3)
DA¢ DA¢
pr Gl =2 el -2 vt

1+2/3 )_M(Cifkm)

DAt 1+2/3 1+2/3
+ 2Ay2 (Ci,j—l,k _2Ci,j,k +Cl,j+1,/f
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The long time step, during which the laser is off, includes only the diffusion

component.

Step 1, x implicit:

DAt
t+1/3 t+1/3 t+1/3 t+1/3
- (Ci—l,j,k -2, +Ci+1,j,k)

i,k 2Ax2 i,j,k
DAt DAt
= it,_j,k +E(Citl,_j,k _2Cit,j,k + Cit+1,j,k)+ Ayz (Cit,j—l,k _2Cit,j,k + Cit,_/'ﬂ,k) (Eq. A4)
DAt
E (Cit,j,k—l o 2C1't,j,k + Cit,j,k—l )

Step 2, y implicit:

w23 DAL ( +2/3 +2/3 +2/3 )
C - Ci,j—l,k -2G, + Ci,j+1,k

i,j.k Tyz i,j.k
—C % () -2¢ +Cy )+ fA—itz (€ . -2c ,+C ) (Eq. A5)
+ % (Cl=2C,, +C )+ 2D Aitz (crs, —2ci i)

Step 3, z implicit:
Cliv = % (Cit;l,k—l —2C + Cit,;l,kﬂ)
-c, % (Cry . —2C, +CL )+ % (cr, ., —2¢,, +C )
Eq. A6
# o (Gl =200+ Gl Je g s (el 20 v i) e
e v

(From original article co-authored with HA Leddy and F Guilak, reprinted with
permission of ASME: “Microscale Diffusion Properties of the Cartilage Pericellular
Matrix Measured Using 3D Scanning Microphotolysis.” Journal of Biomechanical

Engineering 130(6): 061002, 2008.)
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Appendix B. Modified Mankin Grading Rubric

Parameter Grade Description
Cartilage structure 0 Normal
1 Undulating articular surface, but no fibrillation
5 Mild superficial fibrillation involving
< half of plateaufcondyle
3 Mild superficial fibrillation involving
= half of plateau/condyle
Mild fikrillationfeleftsficss involving
4 < 173 depth of noncalcified articular cartilage thickness in
< half of plateaufcondyle
Mild fibrillation/cleftsfloss involving
5 < 1/3 depth of noncaleified articular cartilage thickness in
= half of plateau/condyle
Moderate fibrillation/cleftsfloss involving
6 < 2/3 depth of noncalcified articular cartilage thickness in
< half of plateau/condyle
Moderate fibrillation/cleftsfloss involving
7 < 2/3 depth of noncalcified articular cartilage thickness in
2 half of plateau/condyle
Severe fibrillation/clefisfloss involving
8 < 2/3 depth of noncalcified articular cartilage thickness in
< half of plateaufcondyle
Severe fibrillation/cleftsfloss involving
9 > 2/3 depth of noncalcified articular cartilage thickness in
= half of plateau/condyle
10 Cleftsfloss of articular cartilage through tidemark
11 Clefisi of articular cartilage through to subchondral bone
Tidemnark duplication 0 None (only one tidemark)
1 2 tidemarks
2 >2 tidemarks
3 No visible tidemark remaining
Safranin-O staining 4] Normal (no loss of staining in non-calcified cartilage)
Moderate loss of staining in
1 = 1/2 depth of noncalcified cartilage thickness and involving
< half of plateau/condyle
Moderate loss of staining in
2 < 112 depth of noncalcified cartilage thickness and involving
2 half of plateau/condyle
Moderate loss of staining in
3 > 1/2 depth of noncalcified cartilage thickness and involving
< half of plateau/condyle
Moderate loss of staining in
4 > 1i2 depth of noncalcified cartilage thickness and involving
2 half of plateau/condyle
Severe loss of staining
5 < 1/2 depth of noncaleified cartilage thickness and invelving
< half of plateau/condyle
Severe |oss of staining
6 < 172 depth of nencaleified cartilage thickness and involving
2 half of plateau/condyle
Severe |oss of staining in
7 > 1/2 depth of noncalcified cartilage thickness and involving
< half of plateau/condyle
Severe |oss of staining in
8 > 112 depth of noncalcified cartilage thickness and involving
2 half of plateau/condyle
Fibrocartilage 0 None
1 Fibrous tissueffibrocartilage covers < 1/3 of plateau/condyle
2 Fibrous tissueffibrocartilage covers > 1/3 of plateau/condye
Hypertrophic chondrocytes 0 0-5 hypertrophic chondr
in calcified cartilage 1 8-10 hypertrophic chondrocytes
2 =10 hypertrophic chondrocytes
Subchondral bone 0 Subchondral bone thickness is primarily
< articular cartilage thickness in the load-bearing region
1 Subchondral bene thickness is primarily
= articular cartilage thickness in the load-bearing region
2 Subchondral bene thickness is primarily

> articular cartilage thickness in the load-bearing region
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