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by 
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Doctor of Philosophy in Bioengineering 
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Professor Robert L. Sah, Chair 

 

 

During aging, macroscopically normal articular cartilage weakens, with a 

decrease in tensile stiffness and strength. As cartilage degeneration, often age-associated, 

progresses to osteoarthritis, cartilage displays classical changes of increased 

fragmentation of aggrecan and the collagen network with a decrease in tissue 

proteoglycan content, cell cloning near fissures, hypocellularity in other areas of tissue, 

and further tensile weakening. While the age-related degenerative changes appear to 

precede osteoarthritic changes, the exact sequence of pathogenic events is unclear. It was 

the aim of this dissertation to delineate the extent and time-sequence of these changes to 



 

xx 

give insight into the mechanisms underlying age-associated degeneration and 

osteoarthritis. 

In particular, changes in articular cartilage with aging and osteoarthritis may be 

due primarily to (1) mechanical alteration of the surface, (2) enzymatic degradation of 

extracellular matrix components, or (3) loss and disorganization of cells. To elucidate the 

time sequence of such changes, and their relevance to in vivo processes, the surface 

structure, composition, and function of human cartilage samples displaying a normal 

structure, minor fibrillation (early degeneration, from non-osteoarthritic joints), and 

moderate fibrillation (from osteoarthritic joints) were analyzed. Age-associated tensile 

weakening of the superficial zone pointed to a role of surface wear as an initiator in early 

cartilage degeneration, with cell loss and matrix degradation as downstream events. 

Tensile weakening in mildly and moderately fibrillated cartilage highlighted the 

combined roles of surface wear, cell loss, matrix degradation, and collagen network 

remodeling in the progression of osteoarthritis. Detailed two- and three-dimensional 

study of the density and organization of chondrocytes of the superficial zone revealed a 

mild age-associated decrease in cell density and a noteable loss of cells and cell 

organization in early cartilage degeneration. IL-1-induced enzymatic degradation of 

articular cartilage was quantified as an initial loss of glycosaminoglycan followed by 

degradation of the collagen network. Cartilage weakening occurred at a time subsequent 

to glycosaminoglycan loss and parallel to collagen degradation, suggesting a causal role 

for collagen degradation in tensile weakening. 

The information obtained from these studies gave insight to the role of, and 

relationship between, cells and matrix in cartilage aging and osteoarthritic disease.



 

1 

CHAPTER 1 

INTRODUCTION 

1.1 General Introduction to the Dissertation 

With age, macroscopically normal adult human knee articular cartilage 

weakens appreciably, evidenced as decreases in the dynamic tensile stiffness and 

strength of the cartilage matrix [50]. Age-related weakening of cartilage may 

predispose the knee joint to development of pain, dysfunction, and the classical 

histopathological features of osteoarthritis (OA). Early degenerative changes in 

articular cartilage, including an increase in water content, altered cell density and 

organization, fragmentation of proteoglycans and degradation of the collagen network, 

may be indicative of changes occurring with age which predispose articular cartilage 

to mechanical weakening. The site- and depth-dependence, as well as the extent and 

sequence, of changes underlying age-associated cartilage degeneration and 

osteoarthritis remain unclear.  

The overall motivation of this dissertation is to further define the causal 

mechanisms of aging and osteoarthritis in cartilage as related to mechanical 

dysfunction, by assessing the sequence of events that occur in normal human articular 

cartilage with aging and characteristics of cartilage that change with the progression 
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to osteoarthritis. The overall objectives of this work were to: (1) characterize, in 

normal human articular cartilage of the lateral and medial femoral condyles changes 

with age in tensile biomechanical properties, density of cells, content of extracellular 

matrix components, and structural indices of surface wear (Chapter 2), (2) determine if 

age- and site-matched samples that exhibit early degeneration (a mildly fibrillated 

surface) and osteoarthritis (moderately fibrillated tissue) display properties distinct 

from those of normal samples (Chapter 3), (3) characterize the cell density and 

organization of the superficial zone of normal and mildly degenerate articular cartilage 

in two and three dimensions (Chapter 4), and (4) in a model of cartilage degeneration, 

induced by interleukin-1 (IL-1), analyze the time-dependent release of 

glycosaminoglycan and cleavage and denaturation of collagen, and the relationship of 

matrix degradation to the tensile weakening of cartilage (Chapter 5). 

Chapter 1 begins with a description of the composition, structure and function 

of normal articular cartilage. This is followed by a discussion of the known changes in 

tensile biomechanical properties of articular cartilage with age and degeneration. 

Finally, changes in the cellularity, biochemical content, and structure of articular 

cartilage with age and degeneration are reviewed which may be associated with 

changes in the biomechanical function of articular cartilage. 

Chapter 2, which has been submitted to the journal Arthritis and Rheumatism, 

addresses changes with age, in macroscopically normal articular cartilage, in the 

surface structure, cellularity, biochemical composition, and fluorescence associated 

with advanced glycation endproducts, and the possible relationship to tensile 

weakening. Results highlighted a role for surface wear and fatigue in the initiation of 
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cartilage tensile weakening with age and cell loss and matrix degradation as 

subsequent events involved in the progression of early cartilage degeneration. 

Chapter 3 described, in age-matched normal, mildly degenerate, and 

moderately degenerate articular cartilage, alteration of matrix components and 

intrinsic fluorescence, structural indices of wear, and cellularity as associated with 

tensile weakening in early cartilage degeneration. This chapter showed a marked 

decrease in dynamic and equilibrium tensile properties, with changes in matrix 

composition, consistent with collagen network degradation and remodeling, as 

possible instigators of tensile weakening associated with early cartilage degeneration. 

Chapter 4 of the dissertation studies in two- and three-dimensions the density 

and organization of articular chondrocytes of the superficial and transitional zones of 

Young and Aged cartilage as well as age-matched normal and mildly degenerate 

articular cartilage. There were mild age-associated decreases and marked 

degeneration-associated decreases in cell density observed in en face views of the 

cartilage paralleled by an apparent alteration of chondrocyte organization of the 

superficial zone.  

Chapter 5 studied, in a model of matrix degradation induced by IL-1, the time 

course of loss of glycosaminoglycan and the cleavage and denaturation of collagen 

molecules, as well as the relationship to the loss of tensile properties. IL-1 induced an 

initial loss of glycosaminoglycan from the matrix without any affect on tensile 

properties, but this was followed by degradation of the collagen network and tensile 

weakening evident as a loss of tensile strength and decreased failure strain, with the 
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superficial and middle layers being most affected. This form of matrix degradation 

may play a role in more advanced stages of osteoarthritis. 

Chapter 6 discusses the major findings and gives future directions for this 

work. 

1.2 Articular Cartilage Function, Composition, and Structure 

1.2.1 Function 

Articular cartilage is a white, glossy connective tissue that covers the ends of 

long bones within synovial joints. It acts to distribute contact stresses evenly over the 

surface area of the joint and, because its surface is smooth, lubricated, and wear-

resistant, it facilitates joint motion. During normal locomotion, cartilage experiences 

high loads in tension, compression, and shear. In the knee, the compressive force 

borne by cartilage of the tibial plateau has been calculated to be up to four times body 

weight [74]. Tensile and shear forces within cartilage of the knee are a result of 

frictional forces developed during joint translation, and additional tensile forces result 

from tension associated with the curvature of the joint surface and weight bearing [16, 

98]. In osteoarthritis, disruption of the collagen network is one of the earliest 

structural changes, and this has been associated with a decrease in the tensile modulus 

and strength [2] and an increase in water content of the cartilage [8, 10, 55]. However, 

the changes in biochemical composition and structure of macroscopically normal 

articular cartilage that may result in the progression to early degeneration or 

osteoarthritis remain unclear. 

 

1.2.2 Chondrocytes 
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Chondrocytes synthesize, degrade, remodel and maintain the cartilage matrix. 

The functional unit of cartilage is termed a chondron which consists of chondrocytes 

surrounded by a pericellular matrix. The pericellular matrix is composed of a fine 

network of collagen-like fibrillar material and a dense accumulation of proteoglycans, 

surrounding the chondrocytes in spaces called lacunae. It is through this pericellular 

matrix that chondrocytes receive and respond to signals which, in turn, can affect the 

overall cartilage matrix composition and structure (Figure 1.1). Thus, articular 

cartilage has compositional, structural, and metabolic properties which are interrelated 

and affect the overall function of the tissue. Cyclic loading, for example, can lead to 

rapid increases in hydrostatic pressure, matrix deformation, and fluid flow, mechanical 

stimuli that, depending on the amplitude, can lead to a microenvironment around the 

chondrocyte that will stimulate protein synthesis [40, 72, 110]. This matrix synthesis 

can alter the overall physical properties and mechanical response of cartilage to load. 

A detrimental shift in the loading pattern of a joint may lead to the imbalance of 

synthesis and degradation of matrix molecules that is associated with the onset of 

osteoarthritis [99]. 
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 Figure 1.1: Interrelationships of cartilage cells, composition, regulatory stimuli, and 
biological properties. 
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1.2.3 Composition 

Adult articular cartilage is composed of a sparse population of cartilage 

chondrocytes and a fluid-filled extracellular matrix (ECM, Figure 1.2). Articular 

cartilage is a multiphasic material, composed of a fluid phase of water (68-85% of the 

wet weight) and electrolytes, and a solid phase of mostly collagen (10-20% of the wet 

weight), and proteoglycans (5-10% of the wet weight) [19, 55-57, 75, 76]. The 

multiphasic properties of cartilage endow it with its mechanical properties. 

Proteoglycans maintain tissue hydration, and because of the high osmotic pressure 

associated with them, can maintain hydration under considerably high applied loads 

[55, 56, 59, 104]. The swelling pressure associated with proteoglycans contributes to 

the equilibrium compressive stiffness of cartilage and is counteracted by the collagen 

network. The collagen network maintains the tissue integrity of cartilage and 

withstands high tensile loads generated during weight-bearing and by the swelling 

tendency of proteoglycans [56].  

Collagen is formed by the interaction of three alpha chains. The collagen alpha 

chain is a polypeptide of repeating subunits of Gly-X-Y, where X is often proline and 

Y is often hydroxyproline. Hydroxyproline results as a post-translational modification 

of proline and adds stability to the triple helical configuration. It is present in cartilage 

only in collagen and is commonly used as a biomarker for collagen content and 

metabolism [86, 109]. Lysine can undergo hydroxylation, and the hydroxylysine 

residues are sites for enzymatic collagen crosslinking. It is the unique combination of 

alpha chains that gives rise to several different types of collagen molecules. 
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 Figure 1.2: Articular cartilage composition and length scales. (A) Human knee joints 
are complex structures which include the articulation of the (B) distal femur over the 
proximal tibial plateau (not shown). (B) Articular cartilage covers the end of long 
bones of articulating joints and is comprised of (C) a depth-dependent composition of 
(D) a sparse population of chondrocytes and (E, F) the matrix constituents, 
proteoglycans and collagen respectively. Micrographs and collagen schematic were 
adapted from [18, 30, 46]. 
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The collagen composition of adult articular cartilage is 90-98% type II 

collagen [19, 32]. Smaller amounts of collagen types III, VI, IX, X, XI, XII, and XIV 

are also present [17, 32]. Most collagen fibers in cartilage, are heterotypic, with a core 

of type XI collagen surrounded by a sheath of type II collagen and molecules of type 

IX collagen on the surface (Figure 1.3) [68]. Types II and XI collagen are fibril 

forming collagens that contain a large central triple helical domain, stabilized by 

hydrogen bonds, with nonhelical N- and C- propeptide domains. A type II collagen 

molecule is a homotrimer formed by the polymerization of three identical α1(II) 

chains, while a type XI collagen molecule is a heterotrimer of a1(XI), a2(XI), and 

a3(XI) chains. They form quarter staggered fibrillar aggregates once their propeptide 

domains are cleaved. Type XI collagen, however, retains its N-propeptide sequences 

[73] which may prevent lateral growth of fibrils and regulate fibril diameters [33, 68]. 

Type IX collagen is a non-fibrillar collagen that does not form quarter staggered fibrils 

but crosslinks to the surface of type II collagen fibrils as seen by rotary shadowing, 

immunolocalization, and electron microscopy [48, 69, 105]. Type IX collagen is a 

heterotrimer of three distinct alpha chains that form three triple helical domains and 

four non-helical domains. It has six possible cross-linking sites that can interact with 

type II collagen fibrils and other type IX collagen molecules. It has a single site on the 

a2(IX) chain for covalent attachment of a chondroitin sulfate glycosaminoglycan 

chain, although the size of the chain can vary and is considered a minor component of 

cartilage ECM [27]. With such structural characteristics it is thought to serve as an 

intermediary in collagen fibril and proteoglycan associations, perhaps regulating 

fibrillogenesis and fiber diameter [33].  



10 

 

 

 

 Figure 1.3: Schematic of the collagen II, IX, and XI heterotrimer composing a 
cartilage collagen fiber. Type II collagen fibrils will form a sheath around type XI 
collagen fibrils. Type IX collagen molecules are proposed to fold and interact with 
molecules on the surface of collagen II fibrils to accommodate cross-linking 
interactions and potentially assist in fibril-to-fibril crosslinks in a network. Decorin 
(DCN) and fibromodulin (FM) are small proteoglycans which can also bind to the 
surface of collagen II fibrils and may play a role in controlling fibril diameter and 
collagen network interactions. 
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Other collagen types, found in small amounts in cartilage or in developmental 

or pathological conditions, include types III, VI, X, XII, and XIV. Type III has been 

detected immunochemically in normal and osteoarthritic human articular cartilage and 

has been shown to co-localize with type II collagen to the surface of banded fibrils. 

However, it is unknown if its synthesis by chondrocytes is a remodeling or repair 

response [32]. Type VI collagen forms beaded microfilaments in the pericellular 

region around chondrocytes [85] and has several RGD sequences in each chain [4], 

implying that it has cell attachment properties and may play a role in cellular 

interactions with the ECM. Type X collagen is formed predominantly by hypertrophic 

chondrocytes during the process of endochondral ossification and is found in the deep 

calcified layer of mature articular cartilage [77]. It has been used as a marker for 

normal and aberrant bone formation and has been localized in osteoarthritic joints [45, 

107]. Collagen types XII and XIV are non-fibrillar collagens, found in addition to 

collagen IX, at the surface of collagen fibrils [32]. 

Collagen fibrils are stabilized by inter- and intra-molecular crosslinks, formed 

by enzyme-mediated reactions [35] or by nonenzymatic glycation (NEG) reactions 

[90]. The crosslinks may directly contribute to the mechanical properties of the tissue. 

The principal cross-linking residues in mature type II collagen are hydroxylysyl 

pyridinoline (HP) residues [34, 35] which form enzyme-mediated crosslinks. The 

formation of aldehydes is catalyzed by the enzyme lysyl oxidase in each of the 

telopeptide domains of the type II collagen molecule. These interact with 

hydroxylysine residues at two specific triple helical sites in adjacent molecules to 

form HP crosslinks. They can be quantified by their natural fluorescence [91, 102]. 

There is little variation in the quantity of the HP crosslinks as the tissue ages [7]. NEG 

products accumulate in cartilage due to the long life of collagen molecules. They form 
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from the condensation of a sugar aldehyde or ketone with lysine or hydroxylysine into 

stable amadori products, which further react to form fluorescent advanced Maillard (or 

browning) products [90]. The fluorescent characteristic of these crosslinks can also be 

used for their quantification [36, 62, 103] and localization in normal and osteoarthritic 

cartilage [37]. The quantity of pentosidine crosslinks, a small fraction of all NEG 

products, increases slowly with age in articular cartilage [7, 82, 103] and is thought to 

contribute to increasing matrix stiffness or brittleness [106].  

The cartilage ECM, in addition to the extensive collagen network, is composed 

of a proteoglycan gel that has a high fixed charge density, which leads to a large 

osmotic swelling pressure by the Donnan effect [56]. In a free swelling solution, 

proteoglycans will expand to five times their volume in tissue [41]. The large 

aggregating proteoglycan, aggrecan, makes up 80-90% of the proteoglycans in 

cartilage [19, 56]. Aggrecan is composed of a protein core organized into three 

globular domains spaced around two regions dense with glycosaminoglycan side 

chains (Figure 1.4) [29, 42]. At the amino terminal is the G1 globular domain that 

specifically interacts with hyaluronan. Next to the G1 globular domain, in the 

direction of the carboxy terminal, are a short peptide sequence, known as the 

interglobular domain, and the G2 globular domain. The G1 and G2 domains form a 

region that could serve to immobilize the high charge density proteoglycans through 

linkage to the fibrillar network [79]. Following the G2 domain are the keratan sulfate 

and chondroitin sulfate-rich regions and the G3 globular domain at the carboxy 

terminal end. In all, there are approximately 100 chondroitin sulfate and 50 keratan 

sulfate side chains attached to a molecule of aggrecan, each of which has about 100 

negatively charged carboxy and sulfate groups, endowing it with a high density of 

negative charge [42]. Molecules of aggrecan interact with hyaluronan in an interaction 
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stabilized by link protein [20, 67, 84] to form large aggregates. Less than ten percent 

of the proteoglycans in articular cartilage are the small proteoglycans, decorin, 

biglycan, and fibromodulin [89], which can bind to the surface of collagen fibrils 

(Figure 1.3) and are thought to play a role in controlling fibril diameter [80]. It is the 

interactions of the cartilage cells and matrix constituents which dictate how the 

cartilage will respond to mechanical loading. Alteration of the cellular synthesis of 

these constituents or the molecular structure, organization, or overall quantities of the 

resident matrix molecules may lead to the progression of cartilage degeneration.  
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 Figure 1.4: Structure of the large aggregating proteoglycan, aggrecan. (A) Large 
aggregating proteoglycans are visible in electon micrographs [18]. (B) Molecules of 
aggrecan will bind to hyaluronan (HA) through an interaction stabilized by link 
protein (LP). (C) An aggrecan monomer is composed of three globular domains (G1, 
G2, and G3) that are interspersed about an interglobular domain (IGD) and regions 
rich in keratan sulfate (KS) and chondroitin sulfate (CS) glycosaminoglycans. 
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1.2.4 Ultrastructure 

The organization of cells and matrix constituents varies with depth from the 

articular surface, and for descriptive purposes has been subdivided into zones aligned 

parallel to the articular surface [25, 46, 66]. The superficial, middle (or transitional), 

and deep zones are about 10-20%, 40-50% and 40% of the full thickness of 

uncalcified cartilage, respectively [46, 66], and lay atop a layer of calcified cartilage 

and subchondral bone (Figure 1.5). Each articular cartilage zone has a unique 

organization and composition of cells and matrix constituents as well as mechanical 

properties [52, 95]. In the superficial zone, there is a high density of articular 

chondrocytes that are discoid in shape with their long axis oriented parallel to the 

articular surface [46]. Collagen fibers are oriented tangential to the articular surface 

and are relatively small in diameter [23, 65, 94, 108]. In the middle zone, 

chondrocytes are spheroidal and less dense, and collagen fibers are larger in diameter 

and randomly oriented. In the deep zone, the cells are spheroidal in shape and have a 

columnar organization where collagen fibers are large in diameter and oriented 

perpendicular to the subchondral bone. The composition of matrix constituents in each 

zone is unique, with collagen and water contents decreasing slightly [55, 58] and GAG 

content increasing with depth [58]. It is the distinct organization and composition of 

articular cartilage that contribute to its depth-dependent tensile and compressive 

mechanical properties [52, 95]. 
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 Figure 1.5: The zonal variation of cells, extracellular matrix components, and 
cartilage mechanical properties. Glycosaminoglycan (GAG) content, collagen (COL) 
network orientation, cell density and morphology, and mechanical properties are 
described for the superficial tangential zone (STZ), the middle zone (MZ), and the 
deep zone (DZ) of uncalcified articular cartilage, which are atop a layer of calcified 
cartilage (CC) and subchondral bone (ScB). 
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1.3 Alteration of Articular Cartilage Biomechanical Properties 
with Age and Degeneration 

In 1982, Kempson found that the tensile strength and stiffness of articular 

cartilage diminish with age [50]. However, data from this study was averaged over 

multiple sites on the knee joint, and although the cartilage was judged to be 

macroscopically normal, it is unknown if the cartilage exhibited histological or 

biochemical signs of disease. The mechanical properties of articular cartilage are site- 

and depth-dependent [2, 3, 51, 52]. These properties are also dependent on the 

collagen network organization at the surface (noted by splitlines) [52] and the 

structure and content of collagen and glycosaminoglycans in the ECM [2, 52]. It is 

unknown how tensile weakening with age is localized in the knee joint or with depth 

from the articular surface or how this affects or is affected by the ECM composition or 

stage of disease.  

Analysis of the natural sequence of events in detail may clarify potential 

pathogenic mechanisms. Biomechanical weakening with age may result in an 

increased predilection for development of osteoarthritis. Such weakening may reflect 

cell death [87, 88, 100] and an inability of the remaining cells to maintain tissue 

homeostasis (Figure 1.6A). Or, such weakening may directly reflect mechanical wear 

[63], with physical disruption of collagen fibers of the articular surface precipitating 

further cartilage degeneration (Figure 1.6B). Finally, enzymatic degradation and loss 

of the collagen network and proteoglycan aggregates [5, 28], may be a primary event 

leading to degeneration, with altered molecular structure of matrix molecules leading 

to an inferior cartilage matrix (Figure 1.6C).  

These three possible mechanisms of biomechanical weakening with age may 

lead to further cartilage degeneration and ultimately osteoarthritic disease. In 
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particular, an initiator of mechanical weakening may be mechanically-induced 

alteration of the articular surface and matrix structure. As the collagen fibers of the 

surface are disrupted, there may be an associated cellular response and enzymatically-

induced matrix degradation. Mechanical weakening may also be induced by cell death 

and disorganization. The resulting alteration of matrix metabolism may further 

progress to disruption of the articular surface and matrix degradation. Mechanical 

weakening may also originate with enzymatically-induced alteration of the ECM 

components. Fragmentation of proteoglycan aggregates and cleavage and denaturation 

of the collagen network may result from chondrocyte and synoviocyte production of 

pro-inflammatory cytokines and proteases. The altered microenvironment around the 

cells and altered response of the matrix to mechanical load could result in cell death 

and surface wear.  
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 Figure 1.6: Proposed mechanisms through which articular cartilage progresses from 
degeneration to an osteoarthritic disease state. (A) Cells could undergo some form of 
cell death resulting in altered matrix metabolism and mechanical function. 
Subsequently, there may be alteration of the articular surface and matrix components. 
(B) The articular surface could initially be roughened, altering the mechanical 
environment around the cells, subsequently resulting in cell death and alteration in 
matrix content and structure. (C) Enzymatically-induced matrix degradation may 
occur prior to significant loss of cells or alteration of the articular surface. 
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1.4 Alteration of Cell Density and Organization of Articular 
Cartilage with Age and Degeneration 

 The decrease in tensile mechanical properties may result from cell death and 

age-associated alteration of cell density and organization. From approximately forty 

years of age onward, the cell density of the superficial zone decreases with age ~6.3% 

per decade in human femoral condylar cartilage [87], but this may be dependent on 

anatomical location and depth from the articular surface [100]. This analysis has 

traditionally been done by cell counting in vertical sections of cartilage and has been 

suggested to be an artifact due to the loss of cell nuclei during histological processing 

[1]. The cellularity of fibrillated cartilage is even more sparse [70, 88] and it is 

unknown if this is a consequence of cell death or physical loss of cartilage. However, 

this decrease in cell density may increase the matrix domain or mean matrix volume 

controlled by a single chondrocyte [47], making remodeling activities low in the far 

removed interterritorial matrix and cartilage repair problematic. 

Chondrocyte organization is altered with the progression of disease. In 

osteoarthritic cartilage, there is a loss of chondrocytes near the surface with large cell 

clusters appearing at sites of severe fibrillation and fissuring [70, 88]. Cell clusters, in 

vertical histological sections of fibrillated cartilage, increase in number but decrease in 

size with age [70]. This cell clustering may indicate a response by articular 

chondrocytes to replicate and repair tissue that, in combination with an age-associated 

decrease in the proliferative activity, is impaired. While large clusters may be 

pathologic in nature, small cell clusters may be observed in normal cartilage oriented 

parallel to the surface in ankle cartilage [96] or vertically in the deeper zones of knee 

joint cartilage [66], though this may be site-dependent. Chondrocytes are required for 

the normal metabolic homeostasis of articular cartilage, and a pattern of loss and 
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disorganization in this cellularity may result in the altered matrix structure and 

biomechanical failure in osteoarthritis. 

 

1.5 Alteration of Articular Cartilage Surface Structure with Age 
and Degeneration 

Alterations in cartilage surface structure and histopathological indices are 

hallmarks of degeneration. Traditionally, the articular cartilage surface has been 

characterized macroscopically by semi-quantitative grading schemes with varying 

degrees of detail to distinguish between cartilage with an intact articular surface and 

cartilage showing morphological signs of disintegration (Figure 1.7) [25, 54, 78, 81, 

97, 111]. In 1949, Collins described the macroscopic progression of osteoarthritis in 

four stages (Table 1.1 [25]). Grade 1 osteoarthritis is confined to the superficial zone, 

where there may be mild flaking or fibrillation. In Grade 2 osteoarthritis, there is deep 

fibrillation and loss of cartilage substance. In Grades 3 and 4 stages of osteoarthritis, 

there is loss of cartilage and exposure of bone with varying amounts of contour 

remodeling, fibrosis of the joint capsule and synovial membrane, and osteophytes. 

This macroscopic appearance can vary from joint to joint and even from area to area 

within a single joint [25, 38]. In the knee joint, degenerative changes occur earlier and 

are more rapidly progressive on the tibial and patellar facets [11] and also more 

prevalent and more severe in the medial than the lateral facet (Figure 1.8) [11, 25]. In 

addition, there is a higher incidence and severity of macroscopic cartilage destruction 

in the knee joint with age [11, 25], making it difficult to distinguish between age-

associated and disease-associated events in the progression of cartilage degeneration.  

The origins of articular surface fibrillation are unknown and have been 

hypothesized to be due to adhesive wear, abrasive wear, or fatigue failure, alone or in 
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combination [66, 101]. Adhesive wear occurs when surfaces sliding against each other 

under load have slight projections that adhere. To continue motion, the adhesions are 

sheared and material may be removed from one or both surfaces. Abrasive wear 

occurs when slight projections on a surface or between surfaces cause removal of 

particles from the opposing surface. While adhesive and abrasive wear can result in 

the loss of wear fragments from one or both surfaces, fatigue wear can occur without 

loss of material. Fatigue wear occurs when cyclically varying stresses cause fatigue 

fractures at, or close to, a surface, making it more likely that particles will detach and 

surface failure will occur. The repeated stress cycles can cause the surface to fail at 

stresses well below the tensile strength of cartilage. In addition, fatigue of the material 

may be something unobservable until the point at which the material fails. These 

forms of wear can be difficult to observe because the rate of wear in healthy joints 

under normal conditions is low and because cartilage is a self-renewing material 

[101].  
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 Figure 1.7: Gross macroscopic images of the distal femur at various stages of 
osteoarthritic disease. The macroscopic surface appearance of cartilage was graded as 
normal (Grade 0, A), having mild fibrillation (Grade 1, B), having overt cartilage 
fibrillation (Grade 2, C), and full thickness cartilage erosion (Grade 3-4, D) according 
to the Collins grading scheme [25].  
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 Figure 1.8: Severity of degenerative cartilage changes in the medial and lateral 
femoral condyle adapted from [11]. Cartilage of the medial and lateral femoral 
condyles were graded according to a semi-quantitative grading scheme for slight 
unevenness of the articular surface (25), superficial fibrillation and small erosions 
(50), extensive ulceration (75), and complete erosion with exposure and eburnation of 
subchondral bone (100).  
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GRADE CHARACTERISITCS 

0  Smooth, intact articular surfaces 
 Normal capsule, synovial membrane & articular contour 

1 
 Superficial, tangential flaking, mild fibrillation, shallow pits/grooves, small 

blisters beneath surface in areas of greatest pressure/movement 
 Normal capsule, synovial membrane & articular contour 

2 

 Deep fibrillation, notable loss of cartilage in areas of greatest 
pressure/movement 

 Superficial, tangential flaking, mild fibrillation, shallow pits/grooves, small 
blisters beneath surface in surrounding areas  

 Early marginal hyperplasia, beading or ridging along edges of surfaces most 
affected 

 No gross remoulding of bone ends 

3 

 Total loss of cartilage; exposure/eburnation of bone in pressure/movement 
areas 

 Fibrillation & flaking of remaining cartilage 
 Osteophytes at margins 
 Alteration of articular contour 
 Schlerosis of subchondral bone 
 Fibrosis of capsule 
 Increase in villosity of synovial membrane 

4 

 Complete loss of cartilage from large areas 
 Eburnation of exposed bone 
 Unevenness of surface 
 Prominent marginal osteophytes & spurs & epiarticular osteophytes 
 Remodeling of contour of bone end 
 Fibrosis of capsule & synovial membrane 

 

 

 Table 1.1: Gross morphological features of osteoarthritis and a scheme for the 
pathological grading of OA [25]. 
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Recent techniques have been developed to better understand the changes at the 

articular surface with aging and degeneration in macroscopic and microscopic views. 

Application of India ink to the articular surface highlights regions and patterns of 

cartilage fibrillation (Figure 1.9). One technique quantifies the ink-staining intensity 

of such surfaces with a digital video imaging technique [21]. India-ink staining of the 

surface of articular cartilage has shown that there is an increase in degeneration-

affected areas in a joint with age [64]. Scanning electron microscopy has shown that 

macroscopically normal cartilage has increasing degrees of fibrillation with age [24]. 

Vertical histological full-thickness cartilage sections can also be analyzed 

microscopically for structural details. A histopathological grading scheme can be 

applied to give a semi-quantitative score to the severity of degeneration and OA 

(Table 1.2 [54, 97]). A histomorphometric method of assessing cartilage surface 

roughness allows quantitation of structural disruption of the cartilage surface [39]. 

Applying these methods to normal cartilage during aging and various stages of disease 

would give insight to the changes occurring at the articular surface which may 

predispose cartilage to further matrix degradation and alteration of cellular 

organization. 
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 Figure 1.9: Application of India ink to highlight regions of cartilage degeneration of 
the patella. India ink is trapped in regions of fibrillated cartilage allowing obvious 
detection of cartilage degeneration (B) that might otherwise be difficult to observe 
(A). 
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Grade Description Criteria Note 
GROSS CHARACTERISTICS 

0 Normal Macroscopically normal, slightly rough  
1 Mild Extensively roughened, not eroded 
2 Moderate Partially eroded 
3 Severe Full thickness erosion 

 

MICROSCOPIC CHARACTERISTICS 
Surface Irregularity 

0 None  
1 Mild ≤ 50% by length is irregular 
2 Advanced > 50% irregular 

An irregularity is an 
unevenness, or 
interruption by clefts or 
cracks. 

    
Vertical Clefts to transitional zone 

0 None  
1 Mild 1-3 wide, 1-6 medium, or 1-9 small / 10mm2 
2 Advanced More clefts than above or > 10% area tissue 

loss in transitional zone 
Vertical Clefts to radial zone 

0 None  
1 Mild 1-3 wide, 1-6 medium, or 1-9 small / 10mm2 
2 Advanced More clefts or > 10% area tissue loss in 

radial zone 

A vertical cleft in 
transitional and radial 
zones was >45° from 
the surface and >50 
and 300μm deep, 
respectively.  
Wide: >20 μm 
Medium: 5-20 μm 
Narrow: 0-5 μm 

Transverse Clefts 
0 None  
1 Mild > 1 cleft, without tissue loss 
2 Advanced >20% area tissue loss 
   

 
A transverse cleft was 
<45° from the surface 
reaching >50μm deep.

Cloning 
0 None  
1 Mild 1-2 large, 1-4 medium, or 1-6 small / mm2 
2 Moderate 3-4 large, 5-8 medium, or 7-12 small / mm2 
3 Advanced >4 large, >8 medium, or >12 small / mm2 

Clones were ≥4 cells in 
contact, not in a line.  
Small: 0-9 cells 
Medium: 10-15 cells 
Large: >15 cells 

Hypocellularity 
0 None >233 cells/mm2 
1 Mild 155-233 cells/mm2 
2 Moderate 78-155 cells/mm2 
3 Advanced <78 cells/mm2 

 
Normal cellularity was 
defined as 311 
cells/mm2 [70]. 

 
COMPOSITIONAL CHARACTERISTICS 

Glycosaminoglycan Content (GAG) 
0 Normal >1.6% of wet weight (ww) 
1 Slight loss 1.1-1.6% ww 
2 Moderate loss 0.5-1.1% ww 
3 Severe loss <0.5% ww 

 
Normal GAG content 
was 2.1% ww [6].  

 

 Table 1.2: A histopathological grading scheme for the semi-quantitative analysis of 
the severity of cartilage degeneration adapted from [6, 54, 97]. Vertical histological 
sections are examined for the above characteristics. Values of 0-2 or 0-3 are assigned 
for each characteristic and summed to provide an overall histopathology score. 
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1.6 Alteration of Articular Cartilage Composition with Age and 
Degeneration 

Mechanical dysfunction of cartilage is due to an imbalance in the normal 

mechano-osmotic force balance in free-swelling and loaded tissue. The swelling of 

cartilage, a hallmark of osteoarthritis, results from the osmotically active proteoglycan 

molecules swelling within a degraded collagen network [15, 55, 60]. Increased 

cleavage and denaturation of collagen molecules has been observed in OA tissue [9, 

28, 43, 44]. Once laid down during development, there appears to be little capacity for 

articular chondrocytes to recapitulate the overall collagen architecture if the mature 

tissue is injured or goes through advanced stages of proteolysis. In addition, in normal 

healthy cartilage, the turnover of collagen is slow [56] and collagen synthesis and 

incorporation into the collagen network may occur at a rate that is unable to 

accommodate cartilage repair.  

Proteoglycan content and structure is also important in the overall function of 

articular cartilage. Proteoglycan aggregates (aggrecan) are altered in structure [93] 

with breakdown products present in synovial fluid of patients with OA [53, 92]. With 

age, there is increasing heterogeneity in proteoglycans, as a result of varying degrees 

of proteolytic attack at the carboxy terminus. There is a sharp decrease in intact G3 

domain after 30 years of age [31] which may be due to increased proteolytic activity 

or a decrease in the turnover rates of aggrecan [14].  

 The degradation of proteoglycans and collagen with age and osteoarthritis may 

be mediated by cytokines and proteases. The inflammatory cytokine, interleukin-1 

(IL-1), has been linked to the induced cleavage and denaturation of type II collagen 

[43]. IL-1 induces increased collagenase synthesis and secretion from a variety of cells 

including synovial cells, chondrocytes, and fibroblasts [26, 49, 71]. Collagenases are a 
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class of enzymes capable of site specific cleavage of helical collagen, and belong to a 

family of zinc-dependent endopeptidases called matrix metalloproteinases (MMPs). 

Some studies have shown enhanced cleavage of type II collagen by collagenases in 

osteoarthritic articular cartilage and have suggested that this is related to increased 

expression of collagenase-3 (MMP-13) and neutrophil collagenase (MMP-8) [12]. IL-

1 is also known to induce proteoglycan degradation [13, 83]. IL-1 can induce 

synthesis of matrilysin (MMP-7) which vigorously degrades proteoglycan and 

aggrecanases which are responsible for a specific cleavage that releases large C-

terminal fragments from aggrecan [61]. It is unknown if this matrix degradation is 

site- and depth-dependent or if it is a causal factor in mechanical weakening with age. 

 

1.7 Modification of the Collagen Network 

Tensile weakening with age and the onset of osteoarthritic disease may also be 

a result of non-enzymatic glycation modifications to the collagen network. Increased 

water content of degenerate cartilage, a hallmark of osteoarthritis, is associated with 

the inability of a weakened collagen network to constrain cartilage swelling [8, 10, 55, 

58, 60]. Non-ezymatic glycation resulting in increased crosslinking has been 

hypothesized to result in a weakened collagen network. Advanced glycation end 

products (AGEs), including pentosidine, in articular cartilage accumulate with age [7, 

103]. Pentosidine crosslinks, in particular, have been associated with a decrease in 

instantaneous deformation and increased collagen stiffening [7], which is thought to 

indicate a more brittle and fragile collagen network. While the mechanical effects of 

pentosidine crosslinks have been studied extensively in the past, it is, as yet, unclear if 
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the extent of glycation that occurs with aging is sufficient to precipitate the weakening 

(lowered strength and ramp modulus) of cartilage seen in aging or arthritis [22].  
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CHAPTER 2 
 
 

AGE- AND SITE-ASSOCIATED  

BIOMECHANICAL WEAKENING OF 

HUMAN ARTICULAR CARTILAGE  

OF THE FEMORAL CONDYLE 

2.1 Abstract 

Objective. To determine the time sequence of biochemical and structural 

events associated with, and hypothesized to underlie, age-associated tensile 

weakening of macroscopically normal adult human articular cartilage of the knee.  

Methods. Macroscopically normal human articular cartilage of the lateral and 

medial femoral condyles from Young (21-39 yrs), Middle (40-59 yrs), and Old (≥60 

yrs) age donors were analyzed for tensile properties, surface wear, and cell and matrix 

composition. 

Results. Variations in these properties were indicative of early, intermediate, 

and late stages of age-associated cartilage deterioration, occurring at an earlier age in 

the medial than the lateral femoral condyle. Early-intermediate stage changes included 

decreased mechanical function in the superficial zone, with a loss of (or low) tensile 

integrity, and surface wear, with faint striations and mild staining on the articular 

surface after application of India ink. Intermediate-late stage changes included 
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maintenance of moderate level biomechanical function, a decrease in cellularity, and a 

decrease in matrix glycosaminoglycan content. Tissue fluorescence increased steadily 

with age. 

Conclusions. Many of these age-associated differences are identical to those 

regarded as pathological features of cartilage degeneration in early osteoarthritis. 

These findings provide evidence for the roles of mechanical wear and cell death, and 

enzymatic degradation in mediating the progression through successive and 

distinguishable stages of early cartilage deterioration. 
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2.2 Introduction 

With aging, the tensile properties of macroscopically normal adult human knee 

articular cartilage diminish markedly [25]. In particular, tensile strength and stiffness 

in the superficial layer of human femoral condylar cartilage diminish by ~65% from 

peak values at ~24 years of age to values at ~90 yrs of age. In the deeper layers of 

cartilage, tensile strength also decreases with age in the adult, with strength values 

being ~50% of those of superficial layer cartilage at the same ages. Such age-related 

weakening of cartilage may predispose the knee joint to development of pain, 

dysfunction, and the classical histopathological features of osteoarthritis (OA). 

However, it is unknown how the age-related biomechanical changes vary between 

sites within the knee joint and what the structural or compositional bases for these 

changes are. 

Biomechanical weakening of articular cartilage with age may be due to 

alterations in cellularity or matrix properties, and reflect 1) consequences of cell death, 

2) mechanical wear at the surface, 3) degradation of extracellular matrix components, 

or 4) modification of the collagen network through crosslinks. Mechanical weakening 

with age may arise from cell death and reflect an inability of the remaining cells to 

synthesize and remodel matrix components to maintain tissue homeostasis. However, 

whether or not cartilage undergoes an age-associated decrease in cellularity is 

controversial. The cell density, as determined from cell counting in histological 

sections, of macroscopically normal human articular cartilage of the femoral condyles 

has been shown to decrease with age [33, 43], but may be dependent on anatomical 
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location and depth from the articular surface [49]. Further, it is unclear if this decrease 

in cellularity is due to cell death or if the presence of empty lacunae is due to cell loss 

during histological preparation [1]. Alternatively, cartilage weakening may relate 

directly to mechanical wear [31], with both cartilage weakening and mechanical wear 

being a manifestation of disruption of the collagen network, especially at or near the 

articular surface [12]. In addition, mechanical weakening may be due to degradation 

of extracellular matrix components. Chondrocyte and synoviocyte production of pro-

inflammatory cytokines and proteases [8, 13] may cause cleavage and denaturation of 

the collagen network [5, 22], fragmentation and loss of proteoglycans [14, 45], and 

tissue weakening. However, these may be manifestations of more advanced stages of 

osteoarthritic degeneration. Finally, modifications to the collagen network such as the 

accumulation with age of non-enzymatic glycation products, including pentosidine [4, 

51], have been associated with a decrease in instantaneous deformation and increased 

collagen stiffening [4]. This could give rise to a more brittle and fragile collagen 

network and contribute to age-associated tensile weakening [10]. These four 

postulated mechanisms of biomechanical weakening with age may, alone or in 

combination, underlie progressive cartilage degeneration and, ultimately, end-stage 

OA.  

The site-specific pattern and severity of changes in cartilage properties in the 

knee joint may give insight into the mechanism of age-related cartilage weakening. 

The compositional, structural, and functional properties of articular cartilage appear to 

be modulated by the extent and pattern of joint loading across the knee joint. Areas of 

high weight-bearing are associated with a relatively high concentration of aggrecanase 
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cleavage products [6] and low equilibrium tensile modulus [2] compared to areas 

loaded more intermittently. In addition, the medial compartment of the knee is 

subjected to higher joint pressures than the lateral compartment during the stance 

phase of normal gait [18, 34], a loading pattern that may cause early degenerative 

changes to be more prevalent in the medial femoral condyle (MFC) than the lateral 

femoral condyle (LFC) [7]. When degenerative changes are present, they are usually 

more severe in the MFC than the LFC [35] and include a decrease in cartilage 

thickness of the MFC, but not the LFC of patients with knee OA [9]. Functionally, the 

cartilage of the MFC also has a lower indentation stiffness than does that of the LFC 

[3, 28]. Cartilage function, composition, and structure appear to change progressively 

in early degeneration and OA [2, 22, 39, 44]. Thus, comparison of the MFC and LFC 

cartilage with respect to age-associated differences in the function, composition, and 

structure may provide insight into the mechanisms of age- and OA disease-associated 

degeneration.  

The hypothesis underlying this study was that human articular cartilage, 

devoid of gross erosion, exhibits tensile softening with age in a site-associated manner 

due to changes in composition and structure, reflecting sequential stages of early 

cartilage degeneration. As a first step to test a causal link between specific changes 

and biomechanical weakening, this study sought to establish the extent of variations in 

the relevant properties of individual human tissue samples that were macroscopically 

normal with age. Once principal age-associated changes are established, further study 

with experimentally-controlled manipulations of those properties could test the role of 

specific processes as a pathogenic mechanism resulting in cartilage degeneration. 
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Thus, the objectives were to analyze, in macroscopically normal and structurally 

characterized human articular cartilage from adults of young, middle, and old age and 

taken from different depths at the LFC and MFC sites, (1) tensile biomechanical 

properties, (2) density of cells, (3) content of extracellular matrix components, and (4) 

fluorescence indicative of non-enzymatic glycation products. The results were 

interpreted in terms of the mechanisms of cartilage weakening, postulated above, and 

early, intermediate, and late adult stages of age-associated degeneration. 

 

2.3 Materials and Methods 

2.3.1. Sample Selection and Preparation  

Samples were selected from the anterior region of the MFC (n=28) and LFC 

(n=28) from 31 human cadaveric donors distributed among three adult age groups, 

Young (20-39 yrs), Middle (40-59 yrs), and Old (≥60 yrs). Samples were obtained 

from tissue banks with donation areas in the Western and Southern areas of the United 

States. The samples were from donors that were distributed approximately evenly 

between males (n=4-7) and females (n=3-5) within each age group and that had a 

similar distribution of body mass index (BMI) between age groups (Table 2.1).  
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Lateral Femoral Condyle Medial Femoral Condyle  

Young Middle Old Young Middle Old 

Female 33±2 47±3 73±5 33±2 47±3 70±2 

Male 29±3 49±1 69±2 29±3 49±1 70±3 

Age (yr) 

Female+Male 30±2 48±1 70±3 30±2 48±1 70±2 

Female 28±4 19±1 24±3 28±4 19±1 19±3 

Male 25±1 24±2 24±1 25±1 24±2 24±1 

BMI  

(kg/m2) 

Female+Male 26±2 23±1 24±2 26±2 23±1 22±2 

Female 5 3 5 5 3 4 

Male 7 7 6 7 7 5 

n 

Female+Male 12 10 11 12 10 9 

 

Table 2.1: Donor description. Age, body mass index (BMI), and n of human female 
and male donors of osteochondral cores from the LFC and MFC reported as mean ± 
SEM. 
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Samples used for this study were the normal subsets of samples used, in part, 

in a previous study on indentation stiffness and structural indices of wear [3]. These 

samples were considered normal because, at harvest, they were devoid of macroscopic 

cartilage erosion and from joints without full-thickness erosion to bone in the femoral 

compartment. In the prior study, parts of these samples were examined for cartilage 

thickness, histopathology (Mankin-Shapiro score, surface irregularity), and surface 

roughening (reflectance score after India ink staining). Cartilage thickness (Figure 

2.1a) did not vary with age group and did not vary with medial or lateral locations, 

consistent with the selection of non-eroded cartilage specimens. The reflectance score 

decreased with age group, indicating more ink staining, and was lower in MFC 

samples compared to those of the LFC (Figure 2.1b). In addition, the variance of the 

reflectance score indicated more variation in ink-staining with age in the LFC and 

high variation in all age groups of the MFC (Figure 2.1c). Consistent with this, the 

Mankin-Shapiro histopathology score [47] of these normal samples, while being low 

in general (e.g., compared to degenerate samples), increased slightly in the MFC from 

Young to Old age groups (Figure 2.1d), primarily due to a higher surface irregularity 

(Figure 2.1e). Thus, while these samples were judged to be macroscopically normal, 

there was evidence for very mild age- and site-associated surface roughening at the 

articular surface. 
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Figure 2.1: Structural and surface properties of human articular cartilage from the 
LFC and MFC. Cartilage thickness (a), reflectance score assessed after India ink 
staining (b), the variance of reflectance score (c), overall histopathological index of 
cartilage degeneration (d), and surface irregularity assessed by histopathological 
grading (e) from donors of Young (21-39 yrs old), Middle (40-59 yrs old), and Old 
(≥60 yrs old) age groups. n=8-12. *p<0.05, **p<0.005 versus Young age samples. 
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These samples were initially harvested in the form of 10-mm diameter 

osteochondral cores with a notch placed in the posterior-most edge of the core in order 

to maintain orientation. Samples were soaked in an excess volume (~5 ml each) of 

phosphate buffered saline (PBS) with proteinase inhibitors (PI; 1 mM PMSF, 2 mM 

EDTA, 5 mM benzamidine hydrochloride, and 10 mM N-ethylmaleimide) [16] at 4°C 

for one hour and then stored at –70°C until use. Samples were thawed in ~1 ml of PBS 

with PI for 15 minutes at room temperature prior to analysis. Control studies with 

cartilage slices from Young and Old donors confirmed that there was negligible loss 

of GAG or DNA into the PBS+PI bath solution (<3% of the total). 

2.3.2. Biomechanical Properties  

Portions of each core were separated into superficial, middle, and deep layers 

and analyzed by tensile testing. The cartilage of each core was sliced into ~0.3-mm 

thick layers, at a distance from the articular surface of 0% (superficial layer, including 

the articular surface), 30% (middle layer), and 60% (deep layer) of the average 

cartilage thickness. These slices were cut into tapered specimens, with a 0.8-mm wide 

and 4-mm long gage region oriented parallel to the splitline pattern, for tensile testing 

using a methodology [54] that is a combination of previous equilibrium and constant 

strain-rate test protocols [2, 26]. The force data were normalized to the width and 

thickness of the sample to obtain stress in units of megapascals (MPa), and the 

displacement data were normalized to the initial length to obtain strain 

(dimensionless). The equilibrium test results were analyzed to determine tensile 

equilibrium modulus, and the dynamic test results were used to assess tensile ramp 

modulus, tensile strength, and failure strain. 
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2.3.3. Biochemical Properties  

Portions of tissue slices, adjacent to tensile samples, were analyzed for cell and 

matrix properties. These portions were weighed wet, lyophilized, weighed dry, and 

solubilized with proteinase K (ProK). These solubilized portions were used to 

determine total DNA [30], hydroxyproline [55], and glycosaminoglycan (GAG) 

content [15], as well as intrinsic fluorescence at excitation (Ex) and emission (Em) 

wavelengths corresponding to maximum fluorescence of pyridinoline (Ex 295/Em 395 

nm [17]) and pentosidine (Ex 335/Em 385 nm [46]) crosslinks, consistent with peaks 

in fluorescence maps [30]. DNA was converted to cell number using a conversion 

factor of 7.3 pg DNA/human chondrocyte [49]. Hydroxyproline content was converted 

to collagen (COL) content using a mass ratio of collagen to hydroxyproline equal to 

7.1 [24]. Sulfated GAG content was calculated by comparison to known 

concentrations of shark chondroitin sulfate. The contents of DNA, COL, and GAG 

were calculated as the mass normalized to wet weight. Fluorescence data are reported 

as a ratio of pentosidine-associated fluorescence to pyridinoline-associated 

fluorescence, the latter of which are stable with age [4].  

The residual portions of the cartilage sections were analyzed for denatured 

collagen exactly as described previously [5]. Briefly, proteoglycan was extracted with 

guanidine hydrochloride (Gnd), degraded collagen was extracted with alpha-

chymotrypsin (aCT), and the remaining tissue was digested with ProK. As a positive 

control for detecting denatured collagen, this analysis was also performed on portions 

of full-thickness cartilage from the patellae of a 56 yr old human donor, with some 

portions analyzed directly and other portions heated to 80°C for 4 hours in 0.1 M 
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sodium phosphate and PI to denature the collagen in a controlled manner. The aCT 

and ProK solutions were analyzed for COL as described above, and the percent of 

COL in aCT (denatured) was calculated as that in aCT compared to the sum in aCT 

and ProK solutions.  

2.3.4. Statistics  

The effect of age group on the various mechanical and biochemical parameters 

was assessed using repeated measures ANOVA with anatomical location (LFC or 

MFC) and depth from the surface (superficial, middle, or deep) as repeated factors. 

When anatomical location was found to have a significant effect (p<0.05), the 

locations were analyzed separately. When age group or depth from the articular 

surface had an effect (for p<0.05), planned comparisons were made between age 

groups at each depth or between depths for each age group. To limit the 

experimentwise error rate, each comparison was tested using a significance level alpha 

= 0.05 divided by the number of comparisons made [48]. For results that were 

expressed as a ratio or percentage, data were arcsine transformed to improve 

normality, prior to the above statistical analyses. All data are reported as mean ± SEM.  

 

2.4 Results 

Biomechanical Properties. Variation of tensile properties with age group occurred in 

a manner that was dependent on sample anatomical location (site) and depth from the 

articular surface (Figure 2.2). Ramp modulus (Figure 2.2b), strength (Figure 2.2c), and 

failure strain (Figure 2.2d) were lower in the MFC than LFC (p<0.005, p<0.01, and 
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p<0.005, respectively), and equilibrium modulus (Figure 2.2a) showed a similar trend 

(p=0.2). Each of these tensile properties was depth-dependent (each, p<0.005), with 

the equilibrium modulus being 167% higher, the ramp modulus being 176% higher, 

the strength being 29% higher, and the failure strain being 54% lower in the 

superficial layer than the deep layer. More specific age-associated differences are 

described below, as a function of site and depth. 

In the LFC, the tensile integrity of superficial, middle, and deep layers varied 

with age in a manner suggesting that the superficial layer was affected earliest (by 

Middle age), while the middle layer was affected later (by Old age), with the deep 

layer not showing any age-related variation. In the LFC, the tensile integrity of the 

superficial layer of the Young age group was higher than that of the Middle and Old 

age groups. The equilibrium modulus (Figure 2.2a), ramp modulus (Figure 2.2b), and 

strength (Figure 2.2c) of the superficial layer were 39% (p=0.2) and 41% (p=0.07), 

21% (p<0.01) and 30% (p<0.005), and 37% (p<0.005) and 40% (p<0.005) lower, 

respectively, in Middle and Old age samples than corresponding values in Young age 

samples. In middle layer cartilage of the LFC, the ramp modulus (p=0.09), and 

strength (p=0.04) tended to be lower in the Old age group than the Young age group. 

In the LFC, failure strain did not vary between age groups in superficial, middle, or 

deep layers (p=0.09-0.8, Figure 2.2d). 

In the MFC, tensile integrity showed a pattern of variation distinctly different 

from that of the LFC; the MFC showed relatively little variation with age and depth. 

In the MFC, the tensile integrity of the superficial layer was relatively low in all age 

groups. In the superficial, middle, and deep layers, the equilibrium modulus (p=0.3-



53 

 

0.9, Figure 2.2a), ramp modulus (p=0.2-1.0, Figure 2.2b) and strength (p=0.09-0.8, 

Figure 2.2c) did not vary with age group. The failure strain of the superficial layer was 

higher in Middle age samples (p<0.025, Figure 2.2d), but did not vary with age in the 

middle or deep layers (p=0.05-1.0). Taken together, these results show a pattern of 

age-associated tensile weakening which occurs at an early age in the LFC and 

evidence for a tissue that is already weak by a Young age in the MFC. 
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Figure 2.2: Tensile biomechanical properties of samples described in Figure 2.1. For 
specimens from the superficial, middle, and deep layers, the tensile equilibrium 
modulus (a), tensile ramp modulus (b), tensile strength (c), and failure strain (d) were 
determined from equilibrium and then non-equilibrium failure testing of articular 
cartilage from Young (Y), Middle (M), and Old (O) age donors. n=9-12. *p<0.05, 
**p<0.005 versus Young age samples. 
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Biochemical Properties. Variation of biochemical properties with age group also 

occurred in a manner that was dependent on site and depth from the surface (Figure 

2.3). Water content (Figure 2.3a), DNA (Figure 2.3b), COL in aCT (Figure 2.3d), and 

GAG (Figure 2.3f) tended to be higher (p<0.05, p=0.09, p<0.005, and p<0.05, 

respectively), and COL (Figure 2.3c) and fluorescence ratio (Figure 2.3e) were lower 

in the MFC than the LFC, (p<0.05 and p<0.005, respectively). There was a depth-

dependence in DNA (p<0.005), COL in aCT (p<0.005), fluorescence ratio (p<0.005), 

and GAG (p<0.005), but not water content (p=0.2) or COL (p=0.5). In particular, 

DNA, COL in aCT, and fluorescence ratio were 180%, 29%, and 15% higher, 

respectively, and GAG was 66% lower in the superficial layer than the deep layer. The 

controlled heating of patellar cartilage increased collagen denaturation from 8±1% to 

76±3%, confirming the method of analysis of degraded collagen and the effectiveness 

of aCT extraction. At particular sites and depths, there were notable age-associated 

differences in these cartilage components, as described below. Overall, deterioration 

of certain biochemical properties appeared to occur at stages subsequent to the 

decrease of tensile integrity noted above. 

 The water content indicated the absence of marked aging-associated swelling 

of cartilage of these three age groups (Figure 2.3a). In the superficial, middle, and 

deep layers, the water content did not vary with age group in the LFC (p=0.2-1.0) or 

MFC (p=0.3-1.0) and was ~73% of the wet weight.  

The DNA content of the MFC superficial layer varied with age, while that of 

the LFC superficial layer, and also of the middle and deep layers of the MFC and LFC 

did not (Figure 2.3b). In the MFC, the DNA content of the superficial layer of Young 
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age samples was higher than that of both Middle and Old age samples (30%, p=0.05 

and 34%, p=0.05, respectively). In the LFC, the DNA content of superficial layer 

tended to decrease from Young to Old age (10%, p=0.3). These differences in DNA 

content occurred at a stage after tensile properties were weak (by Middle age in the 

MFC whereas tensile integrity was already low at a Young age, and by Old age in the 

LFC whereas tensile properties diminished at the Middle age). In the LFC and MFC, 

the DNA content of the middle and deep layers was similar between age groups 

(p=0.1-1.0). Thus, the pattern of age-associated decrease in DNA content of the 

superficial layer was delayed relative to the age-associated decrease in tensile 

integrity. 

Age-associated changes in the collagen network were manifest as an alteration 

of the fluorescence ratio (Figure 2.3e), but not as an alteration of the total COL 

content (Figure 2.3c) or COL in aCT (Figure 2.3d). COL content and COL in aCT in 

the superficial, middle, and deep layers of the LFC and MFC did not show any age-

associated change (p=0.1-0.9). The fluorescence ratio, on the other hand, showed an 

increase with age at each depth, with differences depending on the site. In the LFC 

superficial layer, the fluorescence ratio was higher in the Old age group than in the 

Young age group (by 79%, p<0.005), while it was higher in Middle and Old age 

groups in the LFC middle layer (by 51%, p<0.025, and by 74%, p<0.01, respectively), 

and LFC deep layer (by 26%, p=0.09, and by 53%, p<0.025, respectively). In the 

MFC, the fluorescence ratio in the superficial layer was higher in Middle (by 30%, 

p=0.05) and Old (by 85%, p<0.005) age samples than Young age samples, but was not 

distinguishably different with age in middle and deep layers (p=0.08-0.7). Taken 
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together, these results indicated that although the content of collagen and degradation 

products in these macroscopically normal samples were indistinguishable in aging, 

there was an age-associated increase in pentosidine-associated fluorescence in the 

superficial layers, subsequent to tensile weakening by Middle Age in the LFC and 

subsequent to the weak tensile state at Young age in the MFC.  

 The GAG content showed age-associated differences that were localized to the 

deep and middle layers, and not evident in the superficial layer (Figure 2.3f). In the 

LFC, the GAG contents of the middle and deep layers were lower in the Old age 

groups than in the Young age group (by 31%, p<0.005, and by 34%, p=0.04) and also 

lower in the Old age groups and Middle age groups (by 25%, p=0.2, and by 31%, 

p<0.005). In the MFC, the GAG of the middle and deep layers tended to be lower in 

the Old age group than in the Young age group (p=0.2, and p=0.03, respectively). The 

pattern of decrease in GAG content in the middle and deep layers from Middle to Old 

age groups appeared subsequent to the low levels of tensile integrity in the Young 

(LFC) or Middle (MFC) age groups. 
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Figure 2.3: Biochemical properties of human articular cartilage samples described in 
Figure 2.1. Cartilage tissue adjacent to the mechanical test specimens was analyzed 
for water content (a), DNA and calculated cell number (b), COL (c), COL in aCT (d), 
the fluorescence ratio (e) of pentosidine-associated fluorescence (Ex 335/Em 385 nm) 
to pyridinoline-associated fluorescence (Ex 295/Em 395 nm) and GAG (f). DNA, 
COL, and GAG were each normalized to wet weight. n=9-12. *p<0.05, **p<0.005 
versus Young age samples. ††p<0.005 versus Middle age samples. 
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2.5 Discussion 

This study of macroscopically normal human articular cartilage identified a 

pattern of age-associated changes in biomechanical integrity, cellularity, content of 

matrix components, and fluorescence index of non-enzymatic glycation, some of 

which appear related to structural indices of surface wear. These changes were 

prominent in cartilage at certain anatomical locations and depths. Changes of a similar 

sequence generally occurred at an earlier age in the MFC than in the LFC. The 

decrease in tensile integrity (Figure 2.2) and increase in surface wear (Figure 2.1) 

occurred from Young to Middle age groups in the LFC samples while low tensile 

integrity and surface wear were already evident in MFC samples at the Young age. 

This was followed by a decrease in tissue cellularity in the superficial layer (Young to 

Middle in the MFC, Figure 2.3b), increased fluorescence (from Middle to Old in all 

layers of the LFC and a trend from Middle to Old in the superficial layer of the MFC, 

Figure 2.3e), and decreased GAG content of the deep layer (from Middle to Old in the 

LFC and MFC, Figure 2.3f). These age-associated changes appear to represent stages 

of mild cartilage degeneration that may progress to, or predispose the joint to, the 

development of OA. 

The changes in tensile integrity, surface wear, and tissue composition were 

suggestive of early, intermediate, and late stages of age-associated deterioration 

occurring in a zonal pattern (Figure 2.4), at an earlier age in the MFC than the LFC. 

Early-to-intermediate age-associated changes included surface wear and decreased 

mechanical function of the superficial zone, demonstrated here by India ink staining 

and histopathological indices of roughness as well as loss of, or low, tensile 
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biomechanical integrity. This was followed by intermediate-to-late stage changes, a 

decrease in cellularity in the superficial zone and net depletion of GAG in the deep 

zone. Many of these age-associated degenerative changes are essentially identical to 

those regarded as features of cartilage in early OA [40]. 

With regard to these proposed stages of age-associated articular cartilage 

deterioration, some differences between the MFC and LFC locations were 

striking. There was a greater amount of degeneration in medial than lateral samples by 

Old age as indicated by the increased histopathology score. Further, the reflectance 

scores of medial samples were much lower than those of lateral samples, especially at 

Middle and Old ages, indicating an increase in surface wear. Each of these would lead 

to the expectation for more weakened tissue in the MFC, which was the case. Features 

such as higher cellularity in the superficial layer and lower failure strain in middle and 

deep layers of MFC samples compared to those of corresponding LFC samples may 

indicate intrinsic differences between articular cartilage of the medial and lateral 

femoral condyles.  
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Figure 2.4: Summary of cartilage changes at early, intermediate, and late stages of 
age-associated degeneration in particular zones. Changes in superficial tangential zone 
(STZ), middle zone (MZ), and deep zone (DZ) are noted by ●, with parentheses 
signifying variable changes. Depicted are changes in mechanical integrity (degree of 
gray shading), articular surface wear, alterations of chondrocyte density, increase in 
intrinsic fluorescence, and loss of GAG (▨). 
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Several factors may limit the interpretation of the results of this study. Diet, 

lifestyle, and genetics of human donors were not controlled for or analyzed. However, 

samples were chosen to minimize effects of such factors by choosing approximately 

equal numbers of male and female donors for each age group, achieving a distribution 

of body mass indices that were similar between age groups, and selecting 

macroscopically normal, non-eroded cartilage samples. Furthermore, because normal-

appearing cartilage in osteoarthritic joints have elevated levels of matrix degrading 

enzymes [56], the macroscopically normal samples of this study were obtained from 

donors without predisposing conditions for joint disorders and without full-thickness 

cartilage erosion in the femoral compartment. This sampling was consistent with low 

levels of collagen degradation [5, 22].  

The analysis of human cartilage samples in discrete layers and a single 

orientation was done to limit sources of variability in measures of biomechanical and 

biochemical properties. Such an analysis of cartilage layers was done at the expense of 

analysis of the full thickness of tissue, although indentation analysis of adjacent tissue 

was described previously [3]. The standardized sampling of layers may also affect the 

interpretation of the results. Dimensions and orientation with respect to the splitline 

pattern [32] of tapered tensile test specimens were uniform among samples in this 

study and chosen to be similar to those of previous studies [2, 25] to allow for direct 

comparisons.  

Further, samples including the articular surface (top of specimen at 0%) were 

used because of its importance to the tensile properties of articular cartilage [26] and 

to overall cartilage deformation during joint loading [11], and its sensitivity to aging 
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[25] and degeneration [2]. The age-associated increase in surface fibrillation, detected 

by histology and image analysis of ink-stained surfaces, could have been an indication 

of loss of the superficial zone of cartilage. However, the similarity of cartilage 

thickness among age groups (Figure 2.1a) and the histological analyses indicated that 

such alteration was mild, and is consistent with the selection and use of non-eroded 

cartilage specimens, the preservation (inclusion) of the superficial zone, and the 

absence of gross erosion.  

The analysis of tensile integrity expanded upon results of previous studies by 

assessing the effect of age at each site. This allowed separation of the confounding 

effects of osteoarthritic degeneration, site, and age on tensile integrity, factors which 

typically are present because of the prevalence of OA at advanced age [41] and 

because cartilage degeneration occurs earlier in the medial than the lateral femoral 

condyle [7]. The range of values of tensile moduli and strength were generally similar 

to those obtained in previous studies of tensile equilibrium [2] and dynamic stiffness 

and failure [25]. The age-associated decrease in tensile strength of ~10% per decade of 

age of macroscopically normal human articular cartilage noted by Kempson [25] 

would appear to represent, based on the current study (Figure 2.2c), the combination 

of an age-associated decrease of tensile strength of the LFC and low strength of the 

MFC at all ages. Furthermore, the tensile weakening with age, in addition to changes 

with degeneration and OA, noted by Akizuki, et al. [2] (middle-age fibrillated and old-

age OA cartilage), with tensile equilibrium moduli being ~85% and 70% lower than 

those of young normal cartilage, appears to be partially (~20%) attributable to age-

associated tensile weakening demonstrated in this study (Figure 2.2a). Thus, both age 
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and site on the femoral condyle contribute markedly to variation in tensile cartilage 

biomechanical properties. 

The analysis of DNA content helps to clarify the controversy about age-

associated changes in cartilage cellularity at different depths. Measures of DNA in 

macroscopically normal human articular cartilage were made possible in small 

portions of tissue by an assay of DNA [30] that has improved sensitivity and 

specificity [52] over other assays [27, 36]. The measure of DNA in this study does 

indicate an age-associated decrease in cellularity, localized to the MFC superficial 

layer (Figure 2.3b). This result parallels the decrease of cell density as measured by 

cell counting in histological sections, where cell density decreased with age in 

macroscopically normal articular cartilage from weight-bearing zones after 40 yrs of 

age [33, 43] especially in the superficial zone [49]. It remains unclear if the decrease 

in cell density noted in the prior histological analyses is due to cell death or if the 

presence of empty lacunae is due to a histological artifact of cell loss [1]. The 

biochemical analyses support the notion that the measured DNA is within cells, rather 

than in the extracellular space, since tissue extracts with Gnd and aCT (that remove 

90% of GAG) contained virtually no DNA (<2% of the total in the tissue, data not 

shown). One caveat, however, is that the biochemical measure of DNA does not 

describe cell activity or organization, and focal sites of hypo- and hypercellularity may 

exist. The decrease in cell density in the superficial zone of cartilage may contribute to 

the inability of remaining cells to maintain extracellular matrix in this region, and 

thus, to the eventual deterioration and loss of mechanical integrity. 
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The pattern of age-associated variation in total and denatured collagen content 

and the fluorescence ratio is consistent with the idea that there is some amount of 

collagen turnover in mature, macroscopically normal cartilage and expand upon 

previous studies by establishing the aging-associated sequence of changes in collagen 

structure. The total collagen content (Figure 2.3c) and denatured collagen content 

(Figure 2.3d) agreed with previously reported values [5, 22, 50] and, further, varied 

little with age or depth from the articular surface, agreeing with the idea that collagen 

denaturation may be a hallmark of early stage OA [40]. In the method used, the 

extractability of hydroxyproline may reflect a shift in synthesis of collagen species 

that have not undergone or may not undergo the level of crosslinking of type II 

collagen. Therefore, the changes in distribution of hydroxyproline could reflect shifts 

in chondrocyte metabolism with a significant alteration in the regulation of collagen 

expression, rather than an alteration of denaturation. While the mechanical effects of 

pentosidine crosslinks have been studied extensively in the past, it was, as yet, unclear 

if the extent of glycation that occurs with aging is sufficient to precipitate the 

weakening (lowered strength and ramp modulus) of cartilage seen in aging or arthritis 

[10]. The results of this study indicated that the increase in the fluorescence ratio 

(pentosidine crosslinking, Figure 2.3e) occurs at an age (from Middle to Old age in the 

LFC) subsequent to initial tensile weakening (from Young to Middle age in the LFC, 

Figure 2.2b,c). Further, in the MFC, the increase in the fluorescence ratio from Young 

to Old age groups was not as dramatic and may indicate the occurrence of collagen 

turnover at that site. It should be noted, however, that this measure of intrinsic 
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fluorescence was an indirect measure of crosslink fluorescence and that there may be 

interference from other matrix components.  

The pattern of variation in GAG content with depth is generally similar to that 

found in previous studies [26, 29], but also showed an age-associated decrease of 

GAG content in the deep layer of articular cartilage (Figure 2.3f). The measure of 

sulfated GAG, by reaction with DMMB, was standardized to a chondroitin sulfate 

standard, and is indicative of charge content since keratan sulfate (one anionic charge 

group per disaccharide) gives half as much signal per mass as does chondroitin sulfate 

(two anionic charge groups per disaccharide) [15]. No attempt was made to assess 

specific alterations of GAG or aggrecan structure that change with skeletal 

development and aging [20, 21, 23, 38] and OA [37, 39]. The decrease with age of 

GAG in the deep layer from Mid to Old age (Figure 2.2f), occurs without additional 

elevation in fluorescence (Figure 2.2g), suggesting that substantial matrix turnover is 

occurring. The localization in the deep layer is intriguing, particularly given recent 

evidence that changes in subchondral bone turnover can markedly affect the overlying 

articular cartilage [19, 42, 53]. 

More work is needed to fully elucidate the causes and consequences of aging-

associated tensile weakening. The results of this study point to a role for surface wear 

and fatigue as major changes in early cartilage deterioration with cell loss being a 

down-stream event. Tensile weakening may be directly related to wear at the articular 

surface [12, 31], with disruption of the collagen network in areas within or adjacent to 

striations. Consequences of this initial surface wear may include further disruption of 

the collagen network, loss of extracellular matrix molecules, and loss of cells. Initial 
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age-associated tensile weakening appears not to be due to enzyme-mediated 

degradation of the collagen network and proteoglycan, or to an age-associated 

increase in collagen crosslinking, because tensile weakening occurs early at the 

articular surface, and occurs prior to the alteration of these matrix components. The 

extent and localization of changes in particular tissue properties set the stage for 

further studies with specific and graded manipulations to test the mechanistic 

relationship for the sequence of events described in Figure 2.4. Diminished tissue 

integrity, associated with aging in the LFC and with the MFC in general, appears to be 

an early and sensitive marker of cartilage degeneration and may causally contribute to 

degeneration and the development of OA. 
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CHAPTER 3 
 

BIOMECHANICAL WEAKENING 

OF HUMAN ARTICULAR CARTILAGE 

OF THE FEMORAL CONDYLE 

IN EARLY DEGENERATION 

3.1 Abstract 

Objective. To characterize, in age-matched adult macroscopically normal and 

mildly degenerate human articular cartilage taken from different depths in the lateral 

and medial condyles the (1) tensile biomechanical properties, (2) density of cells, (3) 

content of extracellular matrix components, and (4) structure of the articular surface.  

Methods. Age-matched articular cartilage samples were obtained that were 

macroscopically normal (NL) or mildly degenerate and from donors who were (OA) 

or were not (DGN) diagnosed with knee osteoarthritis. The cartilage was analyzed for 

changes in tensile integrity, surface wear, cell density, matrix composition, 

degradation, and intrinsic fluorescence. 

Results.  DGN and OA cartilage had lower tensile integrity than NL cartilage 

which coincided with a high amount of surface wear, lower fluorescence, and a higher 

amount of collagen degradation. High water content was a feature of OA samples 

which may have contributed to low measures of cell density and collagen and 

glycosaminoglycan content.   
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Conclusions. Changes in these properties suggested that dramatic changes 

were occurring in the collagen network contributing to the loss of tensile integrity. 

Many of the changes seen here in mildly degenerate articular cartilage are identical to 

those regarded as features of osteoarthritis. These results provide support for the roles 

of mechanical wear, enzymatic degradation, and collagen network remodeling as 

mediators in the progression of early cartilage degeneration and osteoarthritis. 
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3.2 Introduction 

The tensile integrity of human articular cartilage diminishes markedly with the 

onset of early cartilage degeneration. In particular, in the superficial layer, the 

equilibrium tensile modulus of articular cartilage of the medial femoral condyle has 

been shown to be ~70 and 85% lower in cartilage adjacent to mild fibrillation and 

osteoarthritic lesions, respectively [3] when compared to macroscopically normal 

articular cartilage. Samples in that study were, however, not age-matched, with normal 

samples from young donors (33±4 yrs old) and mildly fibrillated and osteoarthritic 

specimen from middle (56±4 yrs old) and old (69±3 yrs old) age donors, respectively. 

Thus, it was unclear what role age-associated tensile weakening had in the diminution 

of the tensile modulus in that study. In addition, it is, as yet, unknown what changes in 

the surface structure and biochemical constituents of articular cartilage may contribute 

to the loss of tensile integrity with early degeneration. 

Mildly degenerate cartilage exhibits many differences from macorscopically 

normal cartilage in the cell density, extracellular matrix constituents, and surface 

structure which may contribute to biomechanical weakening. The cell density of adult 

articular cartilage is lower in fibrillated cartilage [41, 47]. This may coincide with an 

increase in empty lacunae in osteoarthritic cartilage, but it is unclear if it is a result of 

cell death or cell loss due to histological preparation as a previous study [1] found a 

negligible number of empty lacunae in osteoarthritic cartilage and <1% of 

osteoarthritic cells undergoing apoptotic cell death.  A decrease in cell density could 

contribute to the inability of remaining cells to maintain matrix homeostasis.  
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Enzymatic degradation of collagen and proteoglycans could also contribute to 

biomechanical weakening of mildly fibrillated and osteoarthritic cartilage. Increased 

water content of articular cartilage is a hallmark of early osteoarthritis [33, 37] and 

results from proteoglycan molecules swelling within a degraded collagen network [9, 

33, 37]. The production of pro-inflammatory cytokines and proteases in osteoarthritis 

[52, 56, 59] may cause the fragmentation and loss of collagen molecules [11, 16] and 

proteoglycans [17, 49]. Aggrecan fragments accumulate with age in normal articular 

cartilage [55], and, in cartilage displaying signs of early cartilage degeneration are 

even smaller [48]. Increased cleavage and denaturation of collagen molecules has been 

demonstrated in osteoarthritic cartilage [11, 16, 24, 25]. Enzymatic collagen 

degradation has also been shown to dramatically reduce the dynamic tensile stiffness 

and strength of articular cartilage [5, 30, 31]. Thus, the degradation of extracellular 

matrix molecules may contribute directly to mechanical weakening.  

Collagen network remodeling, indicated by a loss of intrinsic cartilage matrix 

fluorescence, may also contribute to biomechanical weakening of mildly degenerate 

cartilage. Background fluorescence results from the presence of products of collagen 

glycation or advanced glycation end products (AGE), such as pentosidine. Their 

presence in articular cartilage is known to increase with age after skeletal maturity [7], 

and is associated with a lack of collagen turnover in cartilage [36]. In osteoarthritic 

cartilage, a loss of this intrinsic fluorescence has been observed and suggested to be 

associated with collagen degradation [21] as well as an induction of a chondrocyte 

phenotype associated with immature cartilage [20]. It may be a combination of 
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collagen degradation and loss of intrinsic cartilage fluorescence which contributes to 

the tensile biomechanical weakening observed in mildly degenerate articular cartilage. 

Cartilage weakening could directly reflect mechanical wear of the articular 

surface. Wear of the articular surface has been evidenced as increased India ink uptake 

on the articular surface [39]. The area of ink-staining has been shown to increase with 

age [40] but may have been a combination of mild age-associated surface alterations 

and severe osteoarthritic cartilage erosion. The associated cartilage weakening and 

mechanical wear may be a manifestation of physical disruption of the collagen 

network, especially at or near the articular surface [14]. It could result in a 

mechanically weak articular surface with possible consequences of further cell death 

or altered cell biosynthesis and detrimental effects on the quality of extracellular 

matrix. 

Identification of changes that occur structurally or biochemically in the 

progression from macroscopically normal cartilage to cartilage displaying signs of 

early degeneration may give an idea of when and why such changes progress to OA 

disease. It was the hypothesis of this study that human articular cartilage showing 

signs of early degeneration, exhibits tensile weakening in a depth- and site-associated 

manner that is due to a composition and structure that is distinctly different from that 

of macroscopically normal articular cartilage. The objectives were to characterize, in 

age-matched adult macroscopically normal and mildly degenerate human articular 

cartilage taken from different depths at the LFC and MFC sites, (1) tensile 

biomechanical properties, (2) density of cells, (3) content of extracellular matrix 

components, and (4) structure of the articular surface. 
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3.3 Materials and Methods 

3.3.1. Sample Selection and Preparation  

Age-matched samples (41-91 yrs, 63±1 yrs (mean±SEM), Table 3.1) in the 

form of 10-mm osteochondral cores were selected from the anterior region of the 

MFC (n=35) and LFC (n=32). Some samples were from forty-five cadaveric human 

donors obtained from tissue banks with donation areas in the Western and Southern 

areas of the United States. These were grouped according to a macroscopic surface 

appearance at the time of harvest that was either smooth (normal, NL, n=40) or 

roughened (degenerate, DGN, n=12). Additional samples were obtained from twelve 

patients undergoing total knee arthroplasty. These samples had a roughened surface 

appearance and were adjacent to regions of cartilage erosion resulting in exposure of 

subchondral bone (OA, n=15). As a measure of the severity of osteoarthritic disease, 

the area of full thickness cartilage erosion of the femoral compartment was measured 

and found to be significantly higher in OA samples than NL or DGN samples (each 

p<0.005, Table 3.1). In this grouping configuration, the mean age of donors of LFC 

and MFC samples from each experimental group was similar (p=0.08-0.2), but the 

body mass index (BMI) was slightly higher in OA than NL donors of LFC and MFC 

samples (each p<0.05, Table 3.1).  

3.3.2. Structural Indices of Wear  

Portions of these samples were examined for cartilage thickness, 

histopathology (Mankin-Shapiro score, surface irregularity), and surface roughening 

(reflectance score after India ink staining) exactly as described previously [6].  
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Lateral Femoral Condyle Medial Femoral Condyle  

NL DGN OA NL DGN OA 

Full thickness erosion of 
femoral compartment (mm2) 0 80±40 280±70**,++ 0 70±40 331±70**,++ 

Female 63±6 72±8 71±3 60±5 67±9 69±3 

Male 58±3 59±2 52 58±3 70±8 65±6 

Age (yr) 

Female+Male 60±3 68±6 69±5 59±3 69±5 68±3 

Female 22±2 22±4 30±1 19±1 23±5 30±1 

Male 24±1 38±10 32 24±1 28±1 25±1 

BMI  
(kg/m2) 

Female+Male 23±1 27±5 30±1* 22±1 25±3 28±1* 

Female 8 4 7 7 3 5 

Male 13 2 1 12 3 2 

n 

Female+Male 21 6 8 19 6 7 

Table 3.1: Donor description. Area of full thickness cartilage erosion of femoral 
compartment, age, body mass index (BMI), and n of human female and male donors 
of osteochondral cores from the LFC and MFC reported as mean ± SEM. *p<0.05, 
**p<0.005 versus NL, ++p<0.005 versus DGN. 
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3.3.3. Biomechanical Properties  

Portions of each core were separated into superficial, middle, and deep layers 

and analyzed by tensile testing. Briefly, the cartilage of each core was sliced into ~0.3-

mm thick layers, at a distance from the articular surface of 0% (superficial layer, 

including the articular surface), 30% (middle layer), and 60% (deep layer) of the 

average cartilage thickness. The slices were cut into tapered specimens for equilibrium 

and constant strain-rate tensile testing [57]. The equilibrium test results were analyzed 

to determine tensile equilibrium modulus, and the dynamic test results were used to 

assess tensile ramp modulus, tensile strength, and failure strain. 

3.3.4. Biochemical Properties  

Portions of tissue slices, adjacent to tensile samples, were analyzed for cell and 

matrix properties. Briefly, these portions were weighed wet, lyophilized, weighed dry, 

and solubilized with proteinase K (ProK). These solubilized portions were used to 

determine total DNA content [38], hydroxyproline content [58], degraded collagen 

content (COL in aCT, [8]), intrinsic fluorescence [38], and sulfated 

glycosaminoglycan (GAG) content [19]. DNA was converted to cell number using a 

conversion factor of 7.3 pg DNA/human chondrocyte [51]. Hydroxyproline content 

was converted to collagen (COL) content using a mass ratio of collagen to 

hydroxyproline equal to 7.1 [27]. Intrinsic fluorescence was measured at excitation 

(Ex) and emission (Em) wavelengths corresponding to maximum fluorescence of 

pyridinoline (Ex 295/Em 395 nm) and pentosidine (Ex 335/Em 385 nm) crosslinks. 

The intrinsic fluorescence was reported as a ratio of pentosidine-associated 

fluorescence to pyridinoline-associated fluorescence (fluorescence ratio). Sulfated 
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GAG content was calculated by comparison to known concentrations of shark 

chondroitin sulfate. The contents of DNA, COL, and GAG were calculated as the 

mass normalized to wet weight. 

3.3.5. Statistics 

The effect of degeneration on the various mechanical and biochemical 

parameters was assessed using repeated measures ANOVA with anatomical location 

(LFC or MFC) and depth from the surface (superficial, middle, or deep) as repeated 

factors. When anatomical location was found to have a significant effect (p<0.05), the 

locations were analyzed separately. When experimental group or depth from the 

articular surface had an effect (for p<0.05), planned comparisons were made between 

experimental groups at each depth or between depths for each experimental group. To 

limit the experimentwise error rate, each comparison was tested using a significance 

level alpha = 0.05 divided by the number of comparisons made [50]. For results that 

were expressed as a percentage, data were arcsine transformed to improve normality, 

prior to the above statistical analyses. For ordinal data (i.e., histopathology index and 

surface irregularity), the effect of location was tested using the Mann-Whitney U test, 

and the effect of experimental group within each of the LFC and MFC locations was 

analyzed with the Kruskal-Wallis test and Dunn’s test. All data are reported as mean ± 

SEM.  
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3.4 Results 

Structural Indices of Wear. Samples selected for this study had surface 

structural properties that were dependent on anatomical location (site) and depth 

(layer) and reflected cartilage that had either a smooth, macroscopically normal 

surface or a mildly fibrillated cartilage surface. The overall cartilage thickness (Figure 

3.1a) was similar between NL, DGN, and OA groups (p=0.6), as well as between LFC 

and MFC sites (p=0.4). Mild cartilage surface fibrillation was evidenced by increased 

ink-staining (lower reflectance score) in DGN and OA samples compared to NL 

samples (Figure 3.1b). The reflectance score was ~10% lower at MFC than LFC sites 

(p<0.05). In the LFC, the reflectance score was higher in NL samples compared to 

DGN and OA samples (each, p<0.005), while in the MFC, NL, DGN, and OA samples 

had similar, low reflectance scores (p=0.2-0.8). The variance of reflectance score was 

similar between the LFC and MFC sites (p=0.6) but was dependent on experimental 

group (Figure 3.1c). In the LFC, the variance tended to be higher in both DGN 

(p=0.05) and OA (p<0.005) samples than that of NL samples. However, in the MFC, 

the variance was similarly high between NL and DGN (p=0.6), as well as OA samples 

(p=1.0). Consistent with the sample selection of macroscopically normal (NL) and 

mildly fibrillated cartilage samples (DGN, OA), the histopathology score (Figure 

3.1d), while not dependent on site (p=0.1), was higher in DGN and OA samples than 

NL samples at LFC (p<0.005, p<0.01, respectively) and MFC (p<0.005, p<0.05, 

respectively) sites. The increase in the semi-quantitative histopathological assessment 

of surface irregularity (Figure 3.1e) paralleled the pattern of decrease in reflectance 

score and increase in histopathology index, being ~28% higher at MFC than LFC sites 
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and being markedly higher in the LFC in DGN and OA samples than NL samples 

(each, p<0.005). Taken together, these data show that while NL samples were judged 

to be macroscopically normal with a smooth articular surface, very mild site-

associated surface fibrillation was evident, and in DGN and OA samples, samples 

judged to have macroscopic surface fibrillation, the surface degeneration was more 

severe than in NL samples but did not affect the overall cartilage thickness. 
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Figure 3.1: Structural and surface properties of human articular cartilage from the 
LFC and MFC. Cartilage thickness (a), reflectance score assessed after India ink 
staining (b), variance of reflectance score (c), overall histopathological index of 
cartilage degeneration (d) and surface irregularity assessed by histopathological 
grading (e) from age-matched donors of cartilage with articular surfaces that were 
macroscopically normal (NL, n=19-21), mildly fibrillated (DGN, n=6), and mildly 
fibrillated from joints undergoing total knee replacement (OA, n=7-8). *p<0.05, 
**p<0.01, ***p<0.005 versus NL samples. 
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Biomechanical Properties. The variation in mechanical properties of these 

age-matched NL, DGN, and OA samples reflects a dramatic shift in the equilibrium 

and dynamic response of cartilage to load, independent of any age-associated decrease 

in tensile properties. The variation in mechanical properties was dependent on depth 

and anatomical location. The tensile ramp modulus (Figure 3.2b), strength (Figure 

3.2c) and failure strain (Figure 3.2d) were lower in the MFC than the LFC (each, 

p<0.05), while the equilibrium modulus (Figure 3.2a) was similar between sites 

(p=0.3). Ramp modulus, strength, and failure strain were, and equilibrium modulus 

tended to be, depth-dependent (p<0.005, p<0.01, p<0.005, and p=0.1, respectively), 

with the ramp modulus being 124% higher, the strength being 10% higher, the failure 

strain being 52% lower, and the equilibrium modulus being 80% higher in the 

superficial than the deep layer. Due to the low tensile integrity of DGN and OA 

cartilage, the depth-dependence of the tensile properties was not as evident in those 

groups. Despite this, specific group differences were outlined below as a function of 

site and depth. 

In the LFC, the pattern of loss of tensile integrity with experimental group was 

such that the superficial layer was most affected, followed by the middle and deep 

layers. In the superficial layer, the tensile integrity was higher in the NL than either 

the DGN or OA groups. Tensile equilibrium modulus, ramp modulus, strength, and 

failure strain were or tended to be higher in NL than DGN (p<0.005, p<0.005, 

p<0.005, p<0.01, respectively) and OA groups (p<0.005, p=0.07, p<0.005, p=0.04, 

respectively). In the middle layer, the strength and failure strain were or tended to be 
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higher in NL than DGN (each p<0.005) and OA samples (p=0.05, p<0.005, 

respectively), while equilibrium and ramp moduli were similar between groups 

(p=0.1-1.0). In the deep layer, the equilibrium modulus (p=0.5-1.0), ramp modulus 

(p=0.4-0.8) and strength (p=0.05-0.5) were similar between experimental groups, 

while the failure strain was higher in NL than either DGN (p<0.005) or OA (p<0.005) 

groups. 

In the MFC, the tensile integrity was low in all groups, relative to the LFC. In 

the superficial layer, the equilibrium modulus, strength, and failure strain, but not 

ramp modulus were higher in NL than either DGN (p<0.01, p<0.01, p<0.025, p=0.2, 

respectively) or OA samples (p=0.04, p<0.025, p<0.025, p=0.6, respectively). In the 

middle layer, the equilibrium and ramp moduli were similar between groups (p=0.1-

0.4), while the strength and failure strain tended to be higher in NL than DGN 

(p=0.05, p=0.07, respectively) or OA samples (p=0.2, p<0.025, respectively). 

Similarly, in the deep layer, the equilibrium and ramp moduli were similar between 

groups (p=0.2-0.9), while the strength and failure strain tended to be higher in NL 

than DGN (p<0.01, p<0.005, respectively) or OA samples (p<0.01, p<0.005, 

respectively). In all, the variation in tensile integrity between NL, DGN, and OA 

cartilage samples reflects distinct patterns of tensile weakening, independent of and 

beyond age-associated cartilage weakening. 
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Figure 3.2: Tensile biomechanical properties of samples described in Figure 3.1. For 
specimens from the superficial, middle, and deep layers, the tensile equilibrium 
modulus (a), tensile ramp modulus (b), tensile strength (c), and failure strain (d) were 
determined from equilibrium and then non-equilibrium failure testing of articular 
cartilage from age-matched NL, DGN, and OA donors. *p<0.05, **p<0.01, 
***p<0.005 versus NL samples. 
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Biochemical Properties. Variations in biochemical constituents with 

experimental group were dependent on depth and tended not to depend on site. The 

contents of water (Figure 3.3a), DNA (Figure 3.3b), COL (Figure 3.3c), COL in aCT 

(Figure 3.3d), and GAG (Figure 3.3f) were not dependent on site (p=0.06, p=0.4, 

p=0.05, p=0.4, and p=1.0, respectively). The fluorescence ratio (Figure 3.3e), 

however, was 11% higher in the LFC than the MFC (p<0.05). The water (p<0.01), 

DNA (p<0.005), COL in aCT (p<0.005), and GAG (p<0.005) contents were 

dependent on depth while the COL content (p=0.9) and the fluorescence ratio (p=0.1) 

were not. In particular, water, DNA, and COL in aCT were higher and GAG was 

lower by 5%, 140%, 17%, and 63%, respectively, in the superficial than the deep 

layer. Distinct site- and depth-dependent variations between experimental groups are 

detailed below. 

The water content was higher in OA cartilage than NL and DGN cartilage in 

all layers of both the LFC and MFC. In the LFC, water content (Figure 3.3a) was 

higher in OA than NL samples and tended to be higher than DGN samples in 

superficial (p<0.005, p=0.1, respectively), middle (p=0.05, p=0.7, respectively), and 

deep layers (p=0.03, p=0.2, respectively). Similarly, in the MFC, the water content 

(Figure 3.3a) was higher in OA than NL samples and tended to be higher than DGN 

samples in superficial (p<0.01, p=0.1, respectively), middle (p<0.025, p=0.08, 

respectively), and deep layers (p<0.005, p<0.025, respectively). Increased water 

content, a hallmark of osteoarthritis, was evident in samples with early OA. 

Variations in DNA content indicated that cellular changes were depth 

dependent, being most dramatic in the superficial layer. In the LFC, DNA content 
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(Figure 3.3b) was lower in the superficial layer of DGN and OA samples (each 

p<0.005) compared to that of NL samples, but was not different in the middle or deep 

layers (p=0.1-0.6). In the MFC, DNA content (Figure 3.3b) in the superficial and 

middle layers was lower in OA samples than in NL samples (p<0.005, p=0.03, 

respectively) and tended to be lower in OA than DGN samples (p=0.04, p=0.1, 

respectively), while in the deep layer, there was little variation between experimental 

groups (p=0.6-0.9). 

Changes in the collagen network were evidenced as alterations in COL, COL 

in aCT, and intrinsic fluorescence (fluorescence ratio). In the LFC, there was a 

tendency for the COL content (Figure 3.3c) of NL samples to be higher than DGN and 

OA samples in superficial (p=0.05, p=0.06, respectively), middle (p=0.1, p<0.01, 

respectively), and deep layers (p=0.08, p<0.025, respectively) layers. In the MFC, 

COL content (Figure 3.3c) was mildly lower in the superficial layer of OA samples 

than NL samples (p<0.025), but varied little in the middle and deep layers (p=0.1-1.0). 

COL in aCT (Figure 3.3d) varied with site, with DGN and OA samples of the LFC 

tending to be higher than NL samples in superficial (p<0.005, p=0.03, respectively), 

middle (p<0.005, p=0.07, respectively), and deep layers (each, p=0.1). In the MFC, 

the OA samples displayed a notable amount of COL in aCT (Figure 3.3d), being 

higher than NL and DGN samples in superficial (p<0.005, p<0.01, respectively), 

middle (p<0.025, p=0.3, respectively), and deep (p<0.01, p=0.06, respectively) layers. 

The amount of COL in aCT varied greatly from sample to sample and may have been 

related to the proximity to areas of full thickness cartilage erosion and size of those 

regions in the respective LFC or MFC compartment. There was a striking decrease in 
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the fluorescence ratio, being more pronounced in the LFC than MFC. In the LFC, the 

fluorescence ratio (Figure 3.3e) was lower in DGN and OA samples than in NL 

samples in superficial, middle, and deep layers (each, p<0.005). In the MFC, the 

fluorescence ratio (Figure 3.3e) was lower in DGN and OA samples than in NL 

samples in the superficial layer (each, p<0.005) and tended to be lower in the middle 

(p=0.04, p=0.06, respectively) and deep (each, p=0.025) layers. The changes in the 

structure of the collagen network, especially the fluorescence ratio, which is an 

indicator of collagen crosslinking, may indicate a collagen network undergoing 

remodeling and coincides with the decrease in tensile integrity of cartilage displaying 

signs of early degeneration. 

There was a mild decrease in GAG content with the onset of early cartilage 

degeneration. In the LFC, the GAG content (Figure 3.3f) in the superficial and middle 

layers was mildly higher in NL samples than DGN (p=0.2, p=0.4, respectively) and 

OA samples (each p=0.1), but not in the deep layer (p=0.8-1.0). In the MFC, the GAG 

content (Figure 3.3f) tended to be higher in the superficial layer of NL samples than 

DGN (p=0.04) and OA samples (p=0.1). In the middle and deep layers, the GAG 

content of NL samples tended to be higher than OA (each p=0.2), but not DGN 

samples (p=0.6-0.9). Alterations in certain biochemical constituents were consistent 

with changes observed in early OA, and coincided with tensile weakening observed in 

samples displaying signs of early cartilage degeneration. 
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Figure 3.3: Biochemical properties of human articular cartilage samples described in 
Figure 3.1. Cartilage tissue adjacent to the mechanical test specimens was analyzed 
for water content (a), DNA and calculated cell number (b), COL (c), COL in aCT (d), 
the fluorescence ratio of pentosidine-associated fluorescence (Ex 355/Em 385 nm) to 
pyridinoline-associated fluorescence (Ex 295/Em 395 nm) (e), and GAG (f). DNA, 
COL, and GAG were each normalized to wet weight. *p<0.05, **p<0.01, ***p<0.005 
versus NL samples. †p<0.05, ††p<0.01 versus DGN samples. 
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3.5 Discussion 

This study detailed the severe loss of cartilage integrity that occurs with the 

onset of early cartilage degeneration, independent of age-associated cartilage 

weakening. The results highlighted a sequence of changes that occurred with the 

advancement of cartilage degeneration and that was prominent at certain anatomical 

locations and depths. Markedly lower tensile strength and failure strain in DGN and 

OA than NL samples were noted in superficial, middle, and deep layers (Figure 3.2c, 

d), as well as a lower equilibrium modulus in the superficial layer (Figure 3.2a) at both 

the LFC and MFC sites. There were changes in structure and biochemical constituents 

occurring parallel to changes in tensile integrity (Figure 3.4). An increase in surface 

wear was evidenced in the LFC as a lower mean reflectance score (Figure 3.1b) and a 

higher variance of the reflectance score in DGN and OA than NL samples (Figure 

3.1c) and in both the LFC and MFC as a higher histopathology index (Figure 3.1d) 

with the surface irregularity being a chief contributor to that increase (Figure 3.1e). 

There were also changes in matrix components, notably the collagen network. Higher 

COL in aCT (Figure 3.3c), and a lower fluorescence ratio (Figure 3.3d) in DGN and 

OA than NL samples point to changes in the collagen network which could trigger the 

tensile weakening seen in DGN and OA samples. A higher water content (Figure 

3.3a), lower cell density, and lower GAG and COL contents in OA samples followed 

the changes in the tensile properties, the surface structure, and the collagen network. 

This study provides the initial measures of surface wear and alteration of matrix 

components in age-matched macroscopically normal and mildly degenerate articular 
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cartilage which may be involved in the progression of tensile weakening in early 

cartilage degeneration. 

Variations in structural, biomechanical, and biochemical properties observed 

between the LFC and MFC sites may reflect intrinsic site-associated differences in 

weight-bearing. At the MFC site, there was a higher amount of surface wear (low 

mean reflectance score, high variance of reflectance score, and high histopathology 

score) in NL samples than in the LFC. Corresponding to that, the NL samples were 

weaker in the superficial layer of the MFC than the LFC, with DGN and OA samples 

being similarly weak at both sites. In addition, there was a higher amount of collagen 

degradation in OA samples and lower intrinsic fluorescence in samples of the MFC. 

The medial compartment of the knee is subjected to higher joint pressures than the 

lateral [22, 42], a loading pattern that may cause earlier and more severe degenerative 

changes at the MFC than LFC sites [10, 15, 43]. These features highlight differences 

in the function, composition, and structure of articular cartilage that may provide 

insight into the mechanisms of OA disease-associated weakening. 
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Figure 3.4: Summary of cartilage changes with age and early cartilage degeneration. 
Changes in superficial tangential (STZ), middle zone (MZ) and deep zone (DZ) are 
denoted by ●, with parentheses signifying variable changes. Depicted are changes in 
mechanical integrity (degree of gray shading), articular surface wear, alterations of 
chondrocyte density, collagen network alteration (fragmented fibrils and loss of 
fluorescence), and loss of GAG (▨). 
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Interpretation of results of this study must be done with certain considerations 

in mind. Variations between human donors due to genetics, lifestyle, and diet could 

not be controlled for and may be especially important considering a donor with OA 

may be more sedentary (have a higher BMI) due to activity limitations associated with 

joint pain and disability. Similarly, the selection of mildly degenerate samples and 

grouping them as being from joints that were (OA) and were not (DGN) diagnosed 

with OA could lead to sample variability within those groups because many people 

with radiographic evidence of OA have no symptoms or disability and may go 

undiagnosed [32]. However, joints from patients with OA in this study had larger 

regions of full thickness cartilage erosion (Table 3.1), indicating that the severity of 

cartilage degeneration in those donors was higher. Attempts were made to minimize 

the effects of such factors by selecting samples from the same anterior LFC and MFC 

sites and selecting samples of a similar age range. 

Measures of tensile properties in this study expanded upon those of previous 

studies by assessing the effect of degeneration in age- and site-matched samples. Age 

and site could have confounding effects on a study of cartilage degeneration because 

of the prevalence of OA at advanced age [46] and because cartilage degeneration 

occurs earlier and is more severe in the medial than the lateral femoral condyle [10, 

15, 43]. Values for tensile moduli, strength, and failure strain were within the range of 

values obtained previously in studies of tensile equilibrium [3, 4] and dynamic failure 

[29, 30] for aged, macroscopically normal and mildly degenerate articular cartilage 

but may be more representative of the adult population as it includes a larger sample 

size. The ~85 and 70% lower tensile equilibrium modulus of middle-age mildly 
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fibrillated and old-age OA cartilage compared to young normal cartilage observed 

previously [3] may represent a combination of a ~10-15% decrease in tensile integrity 

with age [28] and an additional ~70% loss of tensile integrity with early degeneration 

observed in this study (Figure 3.2a). Additionally, the ~60% decrease in tensile ramp 

modulus and ~45% decrease in strength of mildly fibrillated cartilage compared to 

macroscopically normal cartilage observed by Kempson [29, 30] may have been 

slightly underestimated as values were averaged over lateral and (already-weak) 

medial sites. 

Evidence of surface alteration in DGN and OA samples may indicate a partial 

loss or disruption of the superficial zone, directly affecting measures of superficial, 

middle, and deep layers. DGN and OA samples may have been adjacent to cartilage 

lesions and erosion but were selected from sites with mild degeneration localized to 

the superficial zone only. While the cartilage thickness indicates that these samples 

were without evidence of gross erosion, the thickness of OA samples may be a 

measure of combined partial cartilage erosion and tissue swelling. While measures 

made here are of the top, middle, and deep layers of cartilage for each group, they may 

no longer include an intact superficial zone.  

An increase in water content is a hallmark of early osteoarthritis and is thought 

to be an indication of a weakened collagen network [9, 33]. The increase in water 

content can influence measures of matrix molecules when normalized to the wet 

weight of the tissue. Values obtained in this study for total collagen and GAG content 

agree with those found in previous studies [30, 34, 35, 53] for aged normal and mildly 

degenerate articular cartilage. In this study, an overall lower concentration of COL 
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and GAG per volume of swollen OA tissue was observed. However, there might not 

have been a net loss of these molecules from the matrix.  

A similar effect was observed with the measure of cell density. The tissue 

swelling resulted in an apparent decrease in cell density in the superficial and middle 

layers of OA samples. While there may be a decrease in cell density per volume of 

tissue, there may not have been a net loss of cells from the tissue. In fibrillated tissue 

there may be regions of cell cloning and regions of hypo-cellularity associated with 

cell death [1, 41, 47]. Cell clusters are believed to form to compensate for cell loss and 

increase overall synthetic activity, but it is, as yet, unknown what effect their activity 

has on matrix anabolism [2]. It remains unclear if the decrease in cell density noted in 

the prior histological analyses is due to cell death or if the presence of empty lacunae 

is due to a histological artifact of cell loss [1]. Biochemical analyses of Gnd and aCT 

extracts showed ~10% of DNA in DGN and OA samples was in the extracellular 

space (data not shown). This was higher than that in NL samples (<2%, each p<0.01), 

but not site or depth-dependent (p=0.4-0.8). This indicates that a large proportion of 

measured DNA is no longer within cells but rather in the extracellular space, possibly 

due to cell death. 

Collagen degradation may be an indication of chondrocyte activation in OA. 

The higher water content of OA samples is suggestive of a degraded collagen network 

[9, 33]. The higher amount of degraded collagen in DGN and OA samples may be 

indicative of some level of increased enzymatic activity resulting in cleavage and 

denaturation of the collagen network [16, 24]. The higher COL in aCT as well as the 

lower fluorescence ratio of DGN and OA samples compared to NL are both 
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suggestive of chondrocyte activation which may lead to collagen degradation [21] and 

synthesis of new molecules [18, 20, 44] including newly synthesized collagen not yet 

incorporated into the collagen network [26, 54]. The measure of COL in aCT in this 

study is an indirect measure of type II collagen degradation. Activated chondrocytes 

may undergo phenotypic changes resulting in the synthesis of collagen other than type 

II [20] which may be included in measures here. A downstream consequence of the 

altered synthesis and degradation of collagen molecules may be an inferior collagen 

network.  

Chondrocyte activation could also result in alterations of GAG chains and 

aggrecan monomers not measured in this study. Chondroitin sulfate chains, for 

example, have been shown to have non-reducing terminal disaccharides with variable 

4- and 6-sulfated and 4,6 disulfated residues depending on the degree of OA disease 

[45]. In addition, the size and number of chondroitin sulfate chains can decrease in 

degenerate articular cartilage [12, 23], which may be partially attributable to the 

selective proteolytic degradation of the GAG-rich region of aggrecan [17]. 

This study highlights changes in the tensile biomechanical properties of 

articular cartilage with the onset of early cartilage degeneration. It points to disruption 

of the articular surface and an altered collagen network as contributing factors to the 

progression of cartilage weakening in early degeneration (Figure 3.4). Tensile 

weakening with early degeneration occurs in superficial, middle, and deep layers 

(Figure 3.2c, d) such that surface wear may not be the sole contributor to the loss of 

tensile integrity. It may act in concert with collagen network remodeling, evidenced 

here as a higher amount of collagen degradation and lower amount of intrinsic 
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fluorescence in DGN and OA samples than NL samples (Figure 3.3c, d, e), to weaken 

the extracellular matrix. Additional work is needed to elucidate the mechanisms 

behind surface wear and collagen network remodeling in early cartilage degeneration 

and the sequence of events leading to overt cartilage fibrillation and osteoarthritis. 
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CHAPTER 4 

DECREASED CELLULARITY  

IN THE SUPERFICIAL ZONE  

OF HUMAN ARTICULAR CARTILAGE  

IN EARLY DEGENERATION 

 

4.1 Abstract 

Objective. To determine and compare the depth-associated variation in cell 

density and organization of superficial and transitional zones of young normal, aged 

normal, and aged, mildly degenerate adult human articular cartilage using two-

dimensional (2D) and three-dimensional (3D) imaging methods.  

Methods. Macroscopically normal or mildly degenerate human articular 

cartilage of the medial femoral condyles from Young (21-39 yrs) and Aged (≥40 yrs) 

donors were characterized by India ink staining and then analyzed for cell density in 

2D histological sections and in 3D en face views of cartilage cell nuclei obtained by 

confocal laser scanning microscopy.  

Results. Cell density was markedly lower in aged degenerate cartilage than 

young normal cartilage in both vertical and en face views, and tended to be lower in 

aged normal than young normal cartilage when quantified in en face views. The lower 
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cell density in samples with mild degeneration was localized to regions near the 

articular surface and was paralleled by changes in cell spatial organization of the 

superficial zone in en face views, from large cell clusters to smaller clusters of cells.  

Conclusions. The decreased cell density and altered spatial organization of 

chondrocytes of the superficial zone may result in large areas of matrix devoid of the 

capacity for matrix remodeling or repair. This may result in regions within the 

superficial zone of early degenerate cartilage prone to a loss of mechanical integrity. 

Further study is needed to elucidate the role of altered spatial organization on matrix 

homeostasis and cartilage weakening. 
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4.2 Introduction 

Alteration of articular cartilage cellularity is believed to play a significant role 

in the progression of cartilage degeneration. Through cell counting in histological 

sections, the cell density of macroscopically normal human articular cartilage from a 

macroscopically normal joint decreases with age [24, 30], but may be dependent on 

anatomical location and depth from the articular surface [35]. Also, through cell 

counting, macroscopically normal cartilage from an osteoarthritic (OA) joint appears 

to have a lower cell density than that from a normal joint in the superficial, 

transitional, and radial zones for donors under the age of 60 [24, 31]. In older donors 

the cell density of articular cartilage is about the same in all zones for normal and OA 

joints [24, 31]. A diminished cell density with age and with early cartilage 

degeneration may predispose cartilage to a loss of mechanical integrity, with 

remaining cells being unable to maintain matrix homeostasis.  

However, it has been suggested that histological preparation and analysis may 

introduce error into the quantitation of cell density. Cells may be lost during 

histological preparation, resulting in the presence of empty lacunae [1]. However, 

stereological approaches are needed to estimate cell density more robustly and to 

account for variations in cell shape [12, 15, 27, 28, 38]. In contrast, confocal 

microscopy allows the viewing of objects in situ and in three dimensions (3D) in 

relatively large volumes of tissue. This method has been used for qualitative analyses 

[1], but can also be analyzed for quantitative measures of cell density [16]. Analysis of 

the density and 3D organization of chondrocytes, especially of the superficial zone 
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where cells have a flattened morphology [33], may yield a precise estimate and 

improved understanding of the cellularity of cartilage in degeneration.  

Degeneration of articular cartilage leading to osteoarthritic erosion has a 

predilection for certain sites in certain joints. Early degenerative changes are more 

prevalent in the medial femoral condyle (MFC) than the lateral femoral condyle (LFC) 

[5]. When degenerative changes are present, they are usually more severe in the MFC 

than the LFC [26] and include a decrease in cartilage thickness of the MFC, but not 

the LFC of patients with knee OA [7]. In addition, the medial compartment of the 

knee is subjected to higher joint pressures than the lateral compartment during the 

stance phase of normal gait [14, 25] and has a lower indentation stiffness than does 

that of the LFC [4, 20], properties which may contribute to the progressive early 

degenerative changes in the MFC. Thus, analysis of cellularity would be particularly 

interesting in macroscopically normal and early degenerate samples of the MFC. 

The objective of this study was to determine and compare the depth-associated 

variation in cell density and organization of superficial and transitional zones of young 

normal, aged normal, and aged, mildly degenerate adult human articular cartilage of 

the MFC using two-dimensional (2D) histology and 3D confocal microscopy. 

 

4.3 Materials and Methods 

Sample selection and preparation. Two related studies were performed. For 

both studies, samples from the anterior region of the MFC were selected for analysis, 

based on donor age and limited cartilage degeneration. For Study I, a total of 34 
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samples (donors) were Young (21-40 yrs old) or Aged (>40 yrs old), and had a 

macroscopic articular surface appearance that was either smooth (NL, grade 0) or 

mildly fibrillated (DGN, grade 1), according to the modified Collins grading scheme 

[10, 26]. The distribution of samples (Table 4.1) was approximately even between 

male (n=4-7) and female (n=3-5) donors for Young NL, Aged NL, and Aged DGN 

groups, with a body mass index (BMI) that was similar between these three 

experimental groups. For Study II, a total of 16 additional samples were isolated. 

Characteristics of these samples are described in Table 4.2.  

Samples were initially harvested in the form of 10-mm diameter osteochondral 

cores with a notch placed in the posterior-most edge of the core in order to maintain 

orientation. Samples were soaked in phosphate-buffered saline (PBS) with proteinase 

inhibitors (PI; 1 mM PMSF, 2 mM EDTA, 5 mM benzamidine-HCl, and 10 mM N-

ethylmaleimide) [13] at 4°C for one hour and then stored at –70°C until use. Samples 

were subsequently thawed in PBS+PI for 15 minutes at room temperature, and 

analyzed for reflectance score after India ink staining and for cartilage thickness. 
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Medial Femoral Condyle 
 

Young 
NL Aged NL Aged DGN 

Female 33±2 (5) 60±5 (7) 67±9 (3) 

Male 34±2 (5) 58±3 (11) 70±8 (3) Age (yr) 

Female+Male 33±1 (10) 59±3 (18) 69±5 (6) 

Female 28±4 19±1 23±5 

Male 25±2 24±1 24±4 BMI  
(kg/m2) 

Female+Male 27±2 22±1 24±3 

 

Table 4.1: Sample characteristics for Study I, on 2D depth-varying cell density. Age 
reported and body mass index reported as mean ± SEM for (n) samples from human 
female and male donors of osteochondral cores from the medial femoral condyle. 
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Medial Femoral Condyle 
 

Young NL Aged NL Aged DGN 

Female 29±8 (2) 68 (1) 69±3 (3) 

Male 32±3 (4) 67±3 (4) 71±2 (2) Age (yr) 

Female+Male 31±3 (6) 67±1 (5) 69±2 (5) 

Female 25  28 21±2 

Male 23±5 24±1 23±2 BMI  
(kg/m2) 

Female+Male 24±3 25±1 22±2 

Table 4.2: Sample characteristics for Study II, on 3D depth-varying cell density. Age 
reported and body mass index reported as mean ± SEM for (n) samples from human 
female and male donors of osteochondral cores from the medial femoral condyle. 
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India ink staining and image analysis. The articular surface of each 

osteochondral core was stained with India ink, imaged, and analyzed to obtain a 

calibrated light reflectance score, as described previously [4, 8]. A reflectance score of 

1 indicates relatively high reflectance, typical of normal cartilage, whereas a score of 0 

indicates relatively low reflectance, typical of cartilage that is heavily stained with ink. 

Cartilage thickness measurement. The cartilage thickness was determined 

from digital images taken at six equally-spaced points about the circumference of the 

osteochondral core [4]. Thickness measurements from the six images were averaged 

for each sample. 

 

Study I: 2D Depth-Varying Cell Density and Histopathology of Human 

Articular Cartilage. In this study, a central region of each core was isolated and 

analyzed for a histopathological index of degradation using methods described 

previously [4, 34]. Briefly, 6-μm thick sections of tissue were obtained, stained with 

SafraninO-fast green, and imaged using transmitted light microscopy at 

magnifications of 4× and 10× (field of views of 2.5 × 3.9 mm2 and 1.0 ×1.5 mm2, 

respectively). The 4× images were analyzed to obtain a histopathology score (scale 0-

15), where a low score corresponded to cartilage without evidence of gross 

macroscopic degeneration, surface irregularities, vertical clefts, transverse clefts, 

cloning, hypocellularity, or glycosaminoglycan loss, and a relatively high score 

corresponded to degenerate cartilage exhibiting these histopathological indices [4, 34]. 

The 10× images were analyzed to determine the area density of cells (#/mm2) as a 

function of relative depth from the articular surface towards the tidemark. The 
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articular surface and tidemark were digitized, and a best-fit line to each of these 

landmarks was determined. The height of the articular cartilage was determined as the 

average distance between these lines. For the region from 0% (surface) to 50% 

(middle zone) of the cartilage thickness, cells were identified based on visibility of the 

cell membrane, localized manually, counted within each of 5 successive and equally-

sized (10% thickness) bins, and normalized to bin area to determine cell density in 

each depth bin. Cells that were above the best-fit line at the articular surface, because 

of the roughness of the articular surface, were included in the 0-10% bin. Control 

studies indicated that this method of cell counting had minimal intra- and 

interobserver variability among four different observers (<9%). 

 

Study II: 3D Cell Density and Organization in the Superficial Zone of 

Human Articular Cartilage. In this study, a portion of each osteochondral core was 

fixed in 4% paraformaldehyde in PBS, rinsed six times with PBS over 1 hr, and 

stained with a 1:200 dilution of PicoGreen® (dsDNA quantification reagent, Molecular 

Probes, Eugene, OR) over 24hrs at 4°C. Prior to imaging, samples were rinsed in PBS 

for 20 min. In situ images of the labeled cell nuclei were acquired with a confocal 

scanning laser microscope (MRC 1024, Bio-Rad Laboratories, Hercules, CA), using a 

20X (NA 0.75) dry objective, an excitation wavelength of 488nm from an Ar/Kr laser, 

and an emission filter of >500nm, with detector gain and black level adjusted to 

measure a full dynamic range of intensities and iris size to maximize axial resolution. 

Cartilage was imaged en face in four separate (545μm)2 areas of each sample, each to 

a depth of ~80μm at 0.75μm intervals, using LaserSharp Version 3.2 Acquisition and 
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Analysis Software (Bio-Rad). Images were imported into Matlab 7.0 (The 

MathWorks, Inc., Natick, MA) and processed to correct for depth-dependent 

attenuation of signal intensity [16]. For the air objective used, a factor of 1.33 was 

used to correct for depth alteration [6]. Cell edges were enhanced and background blur 

was reduced by convolution with a “Mexican Hat” filter [32]. Cell nuclei were 

identified by segmenting images at a threshold based on object count sensitivity, and 

localized based on their centroid [16]. The articular surface was defined as the plane 

of best fit through the 9 most superficial cells in each image stack. Cell nuclei were 

counted in, and normalized to, the tissue volumes included in a depth range of 0-25, 

25-50, and 50-75µm from the articular surface, with 5μm at each edge excluded to 

eliminate edge effects. Data from the four regions of a sample were averaged to obtain 

representative measures for each sample in order to minimize error due to local 

variation of chondrocyte density.  

 

Statistics. The effect of age/degeneration grouping (Young NL, Aged NL, 

Aged DGN) on thickness and reflectance score was assessed by ANOVA with Study 

(I and II) considered a random variable. When experimental group had an effect, post-

hoc Tukey tests were performed. The effect of experimental group on the semi-

quantitative histopathology score in Study I was assessed by the Kruskal-Wallis test, 

and differences between groups were assessed with Dunn’s test. The effects of 

experimental group and (relative) depth on cell density were assessed by repeated 

measures ANOVA with experimental group as the main factor and (relative) depth 

(Study I: 0-10%, 10-20%, …, and 40-50%, and Study II: 0-25, 25-50, and 50-75μm) 
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as a repeated factor. When experimental group had an effect, planned comparisons 

were made between groups for each depth. All data are presented as mean ± SEM.  

 

4.4 Results 

The reflectance scores after India ink staining and cartilage thickness 

measurements were indicative of the MFC samples having an increasingly roughened 

articular surface with normal aging and with degeneration. After India ink staining, 

mild surface alterations were typically observed in Young NL, Aged NL, and Aged 

DGN samples (Figure 4.1). Surface striations were visible in Young NL and Aged NL 

samples, being generally more extensive in the latter, and a more mottled surface 

appearance was typical of Aged DGN samples. The qualitative observations were 

quantified as differences in the mean (Figure 4.2A) and the variance (Figure 4.2B) of 

the reflectance score. Aged NL and Aged DGN samples each tended to have lower 

mean reflectance scores than Young NL samples (each p<0.005), while the variance of 

reflectance score was similarly high for all three groups in these studies (p=0.1). 

Despite these variations discernible at the surface, the cartilage thickness (Figure 

4.2C) was similar between experimental groups (p=1.0).  

 



117 

 

 

 

Figure 4.1: Representative images of India ink-stained articular cartilage surfaces. 
Osteochondral cores, 10mm in diameter, were obtained from the medial femoral 
condyle of Young (21-40 yrs old) and Aged (>40 yrs old) adult human donors and 
macroscopically graded as normal (NL) or mildly degenerate (DGN). The cartilage 
surface was stained with ink, digitally imaged, and analyzed for a reflectance score. 
Samples shown had the median reflectance score for their group, and the mean and 
variance of reflectance scores for the individual sample are shown. 
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Figure 4.2: Structural properties of samples described in Tables 4.1 and 4.2. Samples 
were analyzed for the mean (A) and variance (B) of the reflectance score after ink-
staining of the articular surface and for cartilage thickness (C). ***p<0.005 versus 
Young NL. 
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Study I: 2D Depth-Varying Cell Density and Histopathology of Human 

Articular Cartilage. Consistent with the pattern of change in reflectance score and 

images of India ink-stained cartilage surfaces, the vertical views of cartilage showed 

patterns of mild surface roughness in YNL and ANL samples (Figure 4.3A, B), and, 

consistent disruption of the surface in ADGN samples (Figure 4.3C). 

Correspondingly, the histopathology score (Figure 4.4A) was lowest in YNL samples, 

slightly higher in ANL samples (p<0.05), and higher in ADGN samples than either the 

ANL (p<0.05) or YNL samples (p<0.001). The increases in histopathology score were 

generally attributable to the surface irregularity (Figure 4.4B), which was higher in 

both ANL (p<0.05) and ADGN samples (p<0.01) than in YNL samples. Thus, 

cartilage surfaces of the MFC showed mild age-associated surface alteration and 

marked surface alteration with the onset of early cartilage degeneration.  

Variations in cell density occurred in a manner that was dependent on 

experimental group and depth from the articular surface (Figure 4.5). The cell density 

generally decreased with depth from the articular surface (each p<0.005), but in a 

manner that was distinct for experimental group (interaction p<0.005). In particular, in 

the MFC, the cell density was ~48% higher in YNL samples (p<0.005) and ~50% 

higher in ANL samples (p<0.005) at the articular surface (0-10%) than in the middle 

zone (40-50%). However, the cell density was not depth-dependent in ADGN samples 

(p=0.4). In particular, the cell density at the 0-10% depth was lower in ADGN samples 

than that of either YNL (each p<0.025) or ANL samples (each p<0.025). At depths 

between 10 and 50%, the cell density was indistinguishable between experimental 

groups (p=0.1-1.0). The pattern of variation with age and degeneration in cell density 
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of the MFC, after 2D cell counting in vertical histological sections, indicates that 

changes occur with early degeneration, rather than with age, and are localized to the 

articular surface.  
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Figure 4.3: Representative micrographs of histological sections (vertical cut) of 
samples from Study I (Table 4.1). Sections were analyzed for a histopathology score 
(on a scale from 0, normal, to 15, degenerate), including surface irregularity (scale 
from 0 to 2), and cell density (in #/mm2). Images shown had the median cell density 
for Young NL (A), Aged NL (B), and Aged DGN (C) groups. 
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Figure 4.4: Structural properties of samples from Study I (Table 4.1). Samples were 
analyzed for a histopathology score (A) and surface irregularity (B). *p<0.05, 
**p<0.01, ***p<0.005 versus Young NL, † p<0.05 versus Aged NL. 
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Figure 4.5: Cellularity of samples from Study I (Table 4.1). Samples were analyzed 
for cellularity (cell number per area) in tissue regions indicated, at a depth between 
0% (surface) and 50% (middle zone) of the cartilage thickness. Young NL (■), Aged 
NL (▲), and Aged DGN (●) samples. *p<0.05 versus Young NL samples, †p<0.05 
versus Aged NL samples. 
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Study II: 3D Cell Density and Organization in the Superficial Zone of 

Human Articular Cartilage. The density and spatial organization of chondrocytes 

appeared qualitatively altered in ADGN samples, compared to YNL and ANL samples. 

In 2D projections of the top 25μm, relatively large clusters of cell nuclei were evident 

in YNL (Figure 4.6A) and ANL (Figure 4.6B) samples, and relatively smaller clusters 

were present in ADGN samples (Figure 4.6C). The distinct appearance of YNL and 

ANL samples compared to ADGN samples was reflected in the quantitative analysis 

of 3D cell density. 

 The 3D-determined cell density tended to vary with experimental group 

(p=0.09) and varied significantly with depth (p<0.005). Cell density was highest in 

YNL samples, slightly lower in ANL samples and markedly lower in ADGN samples. 

In YNL and ANL samples, the cell density was highest in the 0-25μm region, being 

35% and 34% higher, respectively, than in the 50-75μm region (each p<0.05, Figure 

4.7). The variation in cell density with group was most evident in the 0-25μm region, 

where the cell density was highest in YNL samples, showing a trend of being lower in 

ANL samples (by 21%, p=0.2), and being markedly lower in the ADGN samples (by 

43%, p<0.05). There was no significant variation in cell density in the 25-50μm and 

50-75μm regions (p=0.2-0.9).  
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Figure 4.6: Representative en face views of cell nuclei of samples from Study II 
(Table 4.2). En face views were obtained by confocal laser scanning microscopy of 
fluorescently-stained samples and reducing 3D data from the top 25μm of each sample 
to a 2D projection. Data were also analyzed for cell density. Images, and 
accompanying values, are shown for samples with the median cell density from 
Young NL (A), Aged NL (B), and Aged DGN (C) groups. 
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Figure 4.7: Cell number per volume of samples from Study II (Table 4.2). 
Osteochondral cores from Young Normal (YN), Aged Normal (AN) and Aged 
Degenerate (AD) groups were analyzed as shown in Figure 4.6. *p<0.05 versus YN. 



127 

 

4.5 Discussion 

These studies identified alterations in the cell density of the superficial zone of 

adult human knee articular cartilage with age and early degeneration. In the samples 

studied, the extent of articular cartilage surface disruption, being very mild in YNL 

samples, slightly more in ANL samples, and moderate in ADGN samples, was 

confirmed by standard histopathological grading (Figures 4.3 and 4.4) as well as 

staining with India ink (Figure 4.1) as quantified by image analysis of reflectance 

(Figures 4.2A and B). The similarity in tissue thickness (Figure 4.2C) provided further 

evidence for the appropriateness of the samples selected. Compared to YNL samples, 

there was a mild decrease in cell density of ~25% in ANL samples, only observed in 

the top ~25μm of en face views (Figures 4.6 and 4.7), and a marked decrease in cell 

density of ~43% in ADGN samples, observable in vertical views (Figures 4.3 and 4.5) 

and localized to the top ~50μm by en face analysis (Figure 4.7). The pattern of change 

in cell density paralleled changes in the cellular organization observable in en face 

(Figure 4.6) views of articular cartilage. These results provide definitive evidence for 

a decrease in the cellularity of human articular cartilage of the MFC, associated with 

mild deterioration at the articular surface.  

These studies focused on the superficial zone of articular cartilage because of 

its importance to the tensile integrity of cartilage [18] and its sensitivity to age [17] 

and degeneration [2, 3, 22]. The confocal laser scanning microscopy (CLSM) was thus 

targeted to this region by en face analysis at the articular surface. Using CLSM, 

chondrocytes in small tissue samples could be viewed in situ, without the need for 
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cartilage sectioning or removal from the subchondral bone. This minimizes tissue 

manipulation and eliminates the potential for artifactual loss of cells and cell nuclei 

due to histological processing [1]. With PicoGreen® fluorescence staining of cell 

nuclei, CLSM images could be captured up to a depth of ~100μm, similar to previous 

studies [37].  

As with any study of human tissue, there are possible limitations due to sample 

selection. Normal-appearing cartilage in osteoarthritic joints can have elevated levels 

of matrix degrading enzymes [11] which may indicate abnormal cellular function and 

may have an unknown effect on cell density and organization. To minimize possible 

confounding effects of extensive joint deterioration, the macroscopically normal 

samples of these studies were obtained from donors without predisposing conditions 

for joint disorders and displayed no evidence of cartilage erosion in the femoral 

compartment. And, samples that were considered degenerate had surfaces that 

displayed mild fibrillation that was localized to the superficial zone. As confirmation 

of the sample selection, there were no fissures extending into the radial zone which 

have been associated with formation of brood capsules or pathological cell clustering 

[19, 23, 33]. Thus, the MFC samples studied are those from a human population that 

has undergone normal aging without development of osteoarthritis. 

Further variation in cell density and spatial organization could be introduced 

depending on anatomical location. Cell density and organization may vary depending 

on the joint [33] as well as sites within a joint. This may be due to variations in 

loading patterns across joints [24]. Samples of these studies were selected consistently 

from the anterior MFC, the anterior-posterior orientation was maintained, and, in the 
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study of 3D cell density, multiple measurements were made within each sample to 

minimize the effects of site variation.  

The findings by 2D analysis of cell density is consistent with previous studies 

of cell density in human articular cartilage. The depth-dependence of cell density 

determined by 2D analysis agrees with previous findings for macroscopically normal 

[23, 24, 30, 35] as well as mildly degenerate cartilage [24, 31].  

Analysis of cell density by 3D en face analysis confirmed definitely the age- 

and degeneration-associated variations in cell density, and also gave more detail about 

these changes in the superficial zone. The direct 3D determination of decreased cell 

density with early degeneration is consistent with the 2D results, localizing changes in 

the top 50 μm. Whether alterations in cell density extend down further remain to be 

determined. In addition, the 3D analysis gave a strong trend for a decrease in cell 

density in the Aged NL samples in the most superficial 0-25μm layer, suggesting a 

progressive alteration starting from the articular surface. The absolute estimate of cell 

density from 3D analysis is, as expected, slightly higher than estimates of cell density 

by biochemistry [21] and stereological [15, 28] analysis, since the 3D analysis in the 

current study was localized to the top 75μm whereas the other studies examined 

regions of tissue extending deeper, and since cell density decreases steadily with 

distance from the articular surface.  

It is the combined decrease in cell density and concurrent alteration of the 

spatial organization of cells which may result in the progression from early cartilage 

degeneration to osteoarthritis. The smaller cell clusters in ADGN samples may yield 



130 

 

an interterritorial region where matrix turnover is reduced [29] and the mechanical 

integrity of the cartilage matrix is compromised. 

The observed cell organization is generally consistent with that found in other 

studies. The cell clusters organized parallel to the articular surface noted in en face 

views (Figure 4.2B) was similar to that reported previously for young adult human 

articular cartilage [33, 36]. This cell organization was discernible in en face views 

rather than vertical views of cartilage, because tangentially-arranged clusters appear in 

cross-section as an approximately linear (horizontal) arrangement of only one to three 

cells. Some of the hypocellularity determined in en face views could result form 

undulation of the roughened cartilage surface, resulting in imaging of volumes where 

tissue matrix was not present. However, this appeared unlikely to be a major effect 

since samples were imaged with the articular surface resting face down against a glass 

surface, causing a slight compaction of protruding tissue. 

The analysis of cell density presented in this study could be extended by 

quantitatively characterizing the spatial organization of chondrocytes in 3D. The 

complex morphology and organization of chondrocytes in macroscopically normal 

cartilage may reflect a characteristic organization necessary for maintaining matrix 

homeostasis. Quantitative assessment of the 3D organization of chondrocytes may 

lead to further understanding of the role of this organization in aging and 

degeneration. In addition, further study is needed to fully elucidate the alterations in 

cell density and spatial organization of cells in the radial and deep zones with age and 

degeneration, and new tools for analyzing these characteristics in 3D [16] could 

provide valuable new insights.  
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This decreased cell density and altered spatial organization of chondrocytes in 

mildly degenerate cartilage may predispose such tissue to mechanical failure. At this 

early stage of cartilage degeneration, the corresponding cell clustering in the 

superficial zone may be insufficient to make up for the loss of cells, contributing to 

the progressive degeneration of that region. Fewer cells become responsible for 

increasingly large areas of matrix, reducing turnover of matrix far from the cells and 

diminishing the capacity for cartilage repair. In addition, an altered pattern of cell 

communication [9], or complete loss of cell contact, may result in an alteration of 

matrix proteins produced by the cells and creation of an inferior extracellular matrix. 

Mildly degenerate cartilage may deteriorate further and progress to osteoarthritic 

disease. 
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CHAPTER 5 

IL-1 INDUCES TENSILE WEAKENING AND 

COLLAGEN DEGRADATION 

IN ARTICULAR CARTILAGE EXPLANTS 

 

5.1 Abstract 

Objective. To determine whether IL-1-induced tensile weakening is caused by 

the loss of glycosaminoglycan or the additional fragmentation of the collagen 

network. 

Methods. Cartilage explants from superficial (including the articular surface), 

middle, and deep zones of cartilage were cultured for 1 or 3 weeks in basal medium 

with or without IL-1. The explants and culture medium were subsequently analyzed 

for the amount of glycosaminoglycan and cleaved, denatured, and total collagen. The 

explants were analyzed for tensile properties, including tensile ramp modulus, 

strength, and failure strain.  

Results. The effect of IL-1 treatment on cartilage tensile properties and content 

was dependent on culture duration and depth of the explant from the articular surface. 

The tensile strength and failure strain of IL-1-treated samples were lower after 3, but 

not 1 week of culture. IL-1 induced a significant release of GAG into the medium and 

loss of GAG from the cartilage explants after 1 week of culture, but elicited no change 
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in total, cleaved, or denatured collagen in the medium or in the explants. After 3 

weeks of culture, there was a significant release of GAG into the medium and loss of 

GAG from the cartilage explants, as well as an increase in the amount of collagen 

fragmentation.  

Conclusions. IL-1 treatment induces tensile weakening in cartilage explants 

which is due, not exclusively to the loss of GAG from the cartilage explant, but also to 

the degradation of the collagen network, especially the cleavage of collagen 

molecules. 
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5.2 Introduction 

The tensile integrity of cartilage decreases with age and with the onset of 

arthritic disease. In macroscopically normal adult human articular cartilage from the 

femoral condyles, the tensile strength and stiffness of the superficial layer decrease 

after reaching peak values at 24 yrs of age [22]. Tensile equilibrium moduli are lower 

in macroscopically normal cartilage adjacent to fibrillated and osteoarthritic cartilage, 

compared to young normal cartilage of the human knee joint [1]. This decrease in 

tensile integrity of cartilage could be attributed to an alteration of the organization and 

integrity of the collagen network [22]. Such weakening may be a downstream result of 

cell death [32, 38, 39, 50, 51] and an inability of the remaining cells to maintain tissue 

homeostasis. It may also directly reflect mechanical wear of the articular surface [31, 

51], with physical disruption of the collagen network of the articular surface 

contributing to mechanical weakening. Enzymatic degradation of extracellular matrix 

components may also play a role with fragmentation of collagen molecules and 

proteoglycans resulting in a weakened extracellular matrix [2, 25]. However, the 

sequence of events leading to the tensile weakening of articular cartilage with age and 

degeneration remain unknown.  

Cartilage tensile properties are dependent on the integrity of the collagen 

network. Enzymatic degradation of the collagen network with elastase, which 

eliminates covalent crosslinks of cartilage collagen [49], or collagenase, which cleaves 

the triple helical region of collagen, results in a ~45% or ~90% decrease in the tensile 

strength, respectively, of the superficial layer of macroscopically normal human 
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articular knee cartilage [2, 25]. In degenerate and osteoarthritic human articular 

cartilage from the femoral condyle, there is an increase in the percentage of degraded 

collagen [3]. In particular, increased cleaved [6] and denatured [19] collagen are 

evident in degenerate and osteoarthritic cartilage and are detectable by immunoassays 

as well as visible by immunohistochemistry [12, 13, 20]. It is a damaged collagen 

network in osteoarthritic cartilage which is thought to result in increased swelling [3, 

27, 29, 30], increased instantaneous deformation [4], and an inability of the collagen 

network to withstand tensile stress [5]. Mechanical or enzymatic collagen degradation 

may be related to the overall loss of tensile integrity of OA cartilage and may underlie 

the sequence of events resulting in progressive degeneration and, ultimately, end-stage 

OA. 

IL-1 is a mediator of inflammatory reactions and is thought to be a mediator of 

articular cartilage destruction in joint diseases. IL-1 is a cytokine produced by activated 

synoviocytes, mononuclear cells, and chondrocytes [36, 48, 52, 53], and elevated levels 

of IL-1 have been found in the synovial membrane, synovial fluid, and cartilage from 

patients suffering from osteoarthritis and, especially, rheumatoid arthritis [14, 46, 48, 

53, 54, 59]. In explant culture, IL-1 induces both aggrecan cleavage and loss [37, 43], 

as well as collagen denaturation in articular cartilage of various species [7, 13, 26, 34]. 

IL-1 is thought to mediate these actions through the stimulation of a variety of cells, 

including synovial cells, fibroblasts, and chondrocytes, to synthesize and secrete 

metalloproteases [10, 21, 33]. Matrix metalloproteinases such as collagenase and 

stromelysin can degrade proteoglycan subunits [35] and type II collagen [60].  
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Collagen degradation in an IL-1 culture system may release multiple collagen 

components. The analysis of collagen in the medium and tissue would provide 

information on the collagen content and network structure (Figure 5.1). Intact collagen 

molecules may be synthesized by the cells and released into culture medium or remain 

in the residual tissue after alpha-chymotrypsin extraction. Cleaved and denatured 

collagen molecules may be released into the media or extracted from the tissue by 

alpha-chymotrypsin. Smaller soluble fragments of collagen molecules may also be 

present in the culture medium. These forms of collagen molecules were measured in 

this study as hydroxyproline in the medium, alpha-chymotrypsin extract and proteinase 

K digest. In the medium and alpha-chymotrypsin extract, cleaved and denatured 

collagens were measured by competitive ELISAs with the COL2-3/4C and COL2-

3/4M antibodies, respectively.   

In particular, there is a distinctive time-course of proteoglycan and collagen 

degradation induced by IL-1. Loss of proteoglycan in explant culture of articular 

cartilage with IL-1 occurs prior to the cleavage and denaturation of type II collagen [7, 

11, 26]. This offers a unique culture system for the study of the effect of proteoglycan 

and collagen degradation on tensile properties of articular cartilage. Thus, it was 

hypothesized in this study that IL-1 induced matrix degradation causes tensile 

weakening and that this tensile weakening is related to specific alterations in the 

collagen network. Therefore, it was the objective of this study to determine if cytokine-

induced tensile weakening of articular cartilage was due to the loss of 

glycosaminoglycan or the subsequent loss of collagen network integrity.  
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Figure 5.1: Measures of collagen network degradation after explant culture of 
cartilage. The components present (+) in tissue or medium fractions were intact 
collagen, cleaved collagen, denatured collagen, and smaller fragments of collagen. 
Amounts of cleaved collagen, denatured collagen, and total collagen were quantified 
(○) by analysis for COL2-3/4Cshort epitope, COL2-3/4M epitope, and hydroxyproline, 
respectively. 
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5.3 Materials and Methods 

5.3.1 Materials 

Materials for cartilage explant isolation and culture and the extraction of 

degraded collagen were obtained as described previously [3, 42]. RhIL-1α was 

obtained from R&D Systems Inc. (Minneapolis, MN). Enzyme-linked 

immunoabsorbent assays (ELISAs) to detect cleaved (using the polyclonal antibody, 

COL2-3/4Cshort) and denatured (using the monoclonal antibody, COL2-3/4M) collagen 

epitopes were obtained from IBEX Diagnostics, Inc. (Montreal, Quebec, Canada).  

5.3.2 Cartilage Isolation and Culture 

Osteochondral blocks were obtained from medial and lateral aspects of the 

patellofemoral groove of young adult bovine knee joints (1-2 yrs old, n=4). From each 

block, cartilage slices, ~0.3 mm thick, were cut sequentially, parallel to the articular 

surface, to yield cartilage from the superficial (S), middle (M), and deep (D) regions. 

The S cartilage explants had an intact articular surface, and all explants were cut to an 

area of 10 mm length × 5 mm width. The cartilage explants were weighed wet, and 

then incubated in medium (DMEM with 10 mM HEPES, 0.1 mM nonessential amino 

acids, 0.4 mM L-proline, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml 

streptomycin, 0.25 µg/ml amphotericin B, and 25 µg/ml ascorbate) supplemented with 

0.01% bovine serum albumin (BSA) alone (basal medium) or with an additional 5 

ng/ml rhIL-1α (IL-1). Cartilage explants were incubated at 37°C and 5% CO2 with 

three medium changes weekly for 7 or 21 days. The spent medium from each sample 

was pooled together each week. After culture, each cartilage explant was weighed wet, 
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measured for thickness, and cut into a tapered specimen for mechanical testing and 

adjacent tissue. Adjacent tissue was used for biochemical analysis.  

5.3.3 Biomechanical Analysis  

Tapered tensile specimens were tested in tension and data were analyzed for 

the tensile ramp modulus, strength, and strain at failure. Each tapered tensile specimen 

had a gage area of 4 mm x 0.8 mm (L x W) and were elongated at a constant rate of 

extension (5 mm/min) until failure, while monitoring load. From the displacement and 

load data, tensile mechanical properties were determined. Stress, in units of 

megapascals (MPa), was calculated as load normalized to the width and thickness of 

the gage region. Strain (unitless) was calculated by normalizing the displacement data 

to the sample length. The ramp modulus was calculated as the slope of the stress-strain 

curve between 25% and 75% of the maximum strain, while the strength and failure 

strain were taken to be the point at which the maximum stress was achieved.  

5.3.4 Biochemical Analysis  

The surrounding residual tissue was analyzed for the quantity of matrix 

components, including cleaved and denatured collagen. The tissue was weighed wet 

and treated with 1 mg/ml alpha-chymotrypsin (aCT) for 18 hrs at 37°C to extract 

denatured collagen [3]. The residual tissue was solubilized with 0.5 mg/ml proteinase 

K (ProK) for 24 hrs at 60°C. The spent medium, aCT extracts, and ProK digests were 

analyzed for sulfated glycosaminoglycan (GAG) [15] and hydroxyproline [56]. 

Because the amount of hydroxyproline in medium was small, medium from multiple 

blocks from the same animal were pooled together and analyzed. The spent medium 

and aCT extracts were analyzed for cleaved (COL2-3/4Cshort) and denatured (COL2-
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3/4M) collagen by ELISA. Hydroxyproline content was converted to collagen (COL) 

content using a mass ratio of collagen to hydroxyproline equal to 7.25 [18]. Sulfated 

GAG content was calculated by comparison to known concentrations of shark 

chondroitin sulfate. The contents of GAG, COL, COL2-3/4Cshort and COL2-3/4M 

were calculated as the mass or molar mass normalized to wet weight. The percent of 

COL in aCT (degraded) was calculated as that in aCT compared to the sum in aCT 

and ProK solutions.  

5.3.5 Statistical Analysis  

Data are expressed as mean ± SEM. The effect of IL-1 on mechanical and 

biochemical parameters was assessed using repeated measures ANOVA with tissue 

depth (S, M, D) as a repeated factor, with 1-week and 3-week experiments being 

performed, and analyzed, separately. For analysis of medium, week in culture (1st, 2nd, 

or 3rd
 week) was an additional repeated factor. When IL-1 or depth from the articular 

surface had an effect (for p<0.05), planned comparisons were made between treatment 

groups at each depth.  

 

5.4 Results 

Biomechanical Analysis. IL-1 treatment lowered the tensile integrity of cartilage 

samples in a manner dependent on the culture duration and layer (depth from the 

articular surface). In particular, the tensile integrity of IL-1-treated samples, compared 

to those incubated in basal medium, was lower after 3 weeks, but not 1 week of 

culture. After 1 week of culture, the tensile ramp modulus (Figure 5.2A), strength 
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(Figure 5.2C), and failure strain (Figure 5.2E) of samples cultured in medium with IL-

1 were similar to those cultured in basal medium (p=0.3, p=0.5, p=0.3, respectively). 

Each of these tensile properties was dependent on layer (each p<0.005), without an 

interaction effect between layer and IL-1 treatment (p=0.5-0.8). Planned comparisons 

of treatment at each depth revealed no significant effect of IL-1 treatment after only 1 

week of culture for ramp modulus (p=0.2-0.5), strength (p=0.2-0.8), or failure strain 

(p=0.4-0.9). 

 In contrast, after 3 weeks of culture, treatment with IL-1 caused a decrease in 

tensile strength and failure strain of cartilage explants, with effects most pronounced 

in S and M samples. After 3 weeks of culture, IL-1 treated samples showed a tendency 

for an overall decrease in tensile strength (Figure 5.2D), with a decrease in S (31%, 

p<0.05) samples, a tendency for a decrease in M (25%, p=0.18) samples, and no effect 

on D (5%, p=0.7) samples. Failure strain (Figure 5.2F) was also affected by IL-1 

treatment, being lower in IL-1 treated S (33%, p<0.05) and M (38%, p<0.005) 

samples but not D (16%, p=0.2) samples. Ramp modulus (Figure 5.2B) was not 

affected by IL-1 treatment in S, M, or D samples (p=0.2-0.8). 
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Figure 5.2: Effect of IL-1 on cartilage explant tensile properties. Superficial (S), 
middle (M), and deep (D) layer cartilage explants were incubated with (+) or without 
() 5 ng/ml IL-1α for 1 (A, C, E) or 3 (B, D, F) weeks and analyzed for (A, B) tensile 
ramp modulus, (C, D) strength, and (E, F) strain at failure. n=7-16, *p<0.05, 
***p<0.005. 
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Biochemical Analysis. IL-1 treatment had a significant effect on cartilage explants, in 

terms of the release and retention of matrix components. The effects were dependent 

on the culture duration and the layer of the explant. Release of matrix components into 

the medium was stimulated by IL-1 treatment, with the release of collagen network 

components being delayed relative to the release of GAG. Because the pattern of 

release of matrix components into the medium from 1-week samples was similar to 

that released from 3-week samples after 1 week of culture, data is only shown for the 

3-week samples.  

In particular, IL-1 stimulated the release of GAG from cartilage samples by 1 

week of culture (p<0.005), with an effect on cumulative release after 2 and 3 weeks of 

culture (Figure 5.3A); this release was dependent on culture duration (p<0.005) and 

layer (p<0.05) with an interactive effect of duration and layer (p<0.001). After 1 week 

of culture, GAG released into the medium was significantly higher in IL-1 treated S 

(116%, p<0.005), M (91%, p<0.005), and D (95%, p<0.005) samples (Figure 5.3A). 

The effect of IL-1 on cumulative GAG release was lower after 2 and 3 weeks, but 

cumulative GAG release from IL-1-treated S, M, and D samples remained high after 2 

weeks of culture (45-70%, each p<0.05) and tended to be higher after 3 weeks of 

culture (20-45%, p=0.082, p<0.05, and p=0.14, respectively) compared to samples 

cultured in basal medium. 

The effect of IL-1 on the release of COL (determined from hydroxyproline) 

into the medium was delayed relative to the IL-1-enhanced release of GAG into the 

medium. IL-1 induced release of COL from cartilage samples (p<0.05, Figure 5.3B), 

with the release being dependent on culture duration (p<0.005) but not layer (p=0.67) 
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and without an interaction effect (p=0.78). COL release from IL-1 treated samples 

during week 1 of culture was slightly higher (105-177%) than that from samples 

cultured in basal medium. However, IL-1 increased the release of COL dramatically 

during subsequent weeks of culture, being higher by 156-368% at week 2 and higher 

by 213-788% at week 3.  

The effect of IL-1 on the release of the collagen degradation markers, COL2-

3/4Cshort and COL2-3/4M epitopes, into the medium was also delayed relative to the 

IL-1-enhanced release of GAG into the medium. IL-1 enhanced the release of COL2-

3/4Cshort (Figure 5.3C) and COL2-3/4M (Figure 5.3D) epitopes (each p<0.01). The 

cumulative release of COL2-3/4Cshort was dependent on culture duration (p<0.005) 

and layer (p<0.005), with an interaction effect (p<0.005). After 1 week of culture, the 

release of COL2-3/4Cshort epitope was not enhanced by IL-1 treatment in S, M, or D 

samples (p=0.17-0.47). COL2-3/4Cshort release during week 2 was higher in IL-1-

stimulated S samples (125%, p<0.05), had a tendency to be higher in M samples 

(155%, p=0.052), and had little effect in D samples (71%, p=0.3). During week 3, the 

release was higher in IL-1-treated S (548%, p<0.005) and M (373%, p<0.005) samples 

but not D (178%, p=0.15) samples.  

The cumulative release of COL2-3/4M was also dependent on culture duration 

(p<0.005) but not layer (p=0.30), and with a slight interaction effect (p=0.07). After 1 

week of culture, COL2-3/4M epitope was not enhanced by IL-1 treatment in S, M, or 

D samples (p=0.11-0.41). In contrast, IL-1 did enhance the cumulative release of the 

COL2-3/4M epitope during week 2 of culture, being higher in IL-1-treated S (596%, 

p<0.005) and M (517%, p<0.05) samples and having a tendency to be higher in D 
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(285%, p=0.13) samples. During week 3, the release was higher in IL-1-stimulated S 

(2503%, p<0.005) and M (1350%, p<0.05) samples with a tendency of being higher in 

D (958%, p=0.082) samples. 
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Figure 5.3: Effect of IL-1 on the cumulative release of matrix components into 
medium. Superficial (□, ■), middle (∆, ▲), and deep (○, ●) cartilage explants were 
cultured for 3 weeks with (▬ ▬, □, ∆, ○) or without (——, ■, ▲, ●) 5 ng/ml IL-
1α and analyzed for the cumulative release into medium of (A) glycosaminoglycan 
(GAG), (B) collagen (COL), (C) cleaved collagen (COL2-3/4Cshort), and (D) 
denatured collagen (COL2-3/4M). n=14-16, *p<0.05, **p<0.01, ***p<0.005. 
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Consistent with the release of matrix components into the medium, the 

degradative effect of IL-1 on the residual collagen network in the cartilage samples 

was delayed relative to the decrease of residual GAG. After 1 and 3 weeks of culture, 

IL-1 decreased the amount of GAG (each p<0.005, Figure 5.4A, B) remaining in the 

cartilage samples, with the amounts being dependent on layer after the 3-week 

(p<0.005) but not the 1-week (p=0.2) culture duration. After 1 week of culture, the 

amount of residual GAG in IL-1-treated samples (Figure 5.4A) was 53-75% lower in 

S, M, and D samples (each p<0.05) compared to samples cultured in basal medium. 

The amount of GAG remaining in the IL-1-treated samples after 3 weeks of culture 

(Figure 5.4B) was considerably lower in S (79%, p<0.005), M (81%, p<0.005), and D 

(74%, p<0.005) samples. Approximately 94% of the total GAG from BSA samples 

and 85% from IL-1 samples were aCT-extractable.  

In contrast, IL-1 had no effect on the amount of COL remaining in cartilage 

samples after 1 or 3 weeks of culture. COL remaining in the cartilage samples after 1 

and 3 weeks of culture was similar between samples cultured in basal medium and 

those cultured in medium with IL-1 (p=0.9, p=0.3, respectively, Figure 5.4C, D).  

While it had no effect on the amount of COL remaining in the cartilage 

samples, IL-1 increased the percentage of COL in the aCT fraction in a manner that 

was delayed relative to the time course of decrease in GAG but that paralleled the time 

course for decrease in tensile integrity.  The percentage of aCT-extractable COL was 

significantly higher after 3 weeks (p<0.005, Figure 5.4F) but not after 1 week (p=0.1, 

Figure 5.4E) of IL-1 treatment. This was dependent on layer for 1-week and 3-week 

samples (p<0.005, p<0.01, respectively). The percent of COL in aCT was higher after 
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the 3-week culture duration in S (102%, p<0.005) and M (39%, p<0.005) but not D 

(p=0.3) samples (Figure 5.4F). The percent of COL in aCT was not higher after the 1-

week culture duration in S, M, or D samples (p=0.6-0.9, Figure 5.4E). 

IL-1 treatment had a differential effect on the amount of COL2-3/4Cshort and 

COL2-3/4M epitopes found in the aCT extracts, with the delay of IL-1 induced 

collagen network degradation being evident between 1 and 3 week samples. The 

presence of the collagen cleavage marker, COL2-3/4Cshort, tended to be higher in 

samples cultured in IL-1 for 3 weeks (p=0.055, Figure 5.4H) and tended to depend on 

layer (p=0.08) but was not higher in samples cultured in IL-1 for only 1 week (p=0.2, 

Figure 5.4G). After the 3-week culture duration, the amount of COL2-3/4Cshort was 

significantly higher in IL-1-treated S (95%, p<0.05) but not in M or D (p=0.1-0.6) 

samples. The presence of the COL2-3/4M epitope, though dependent on layer (each 

p<0.05), was not increased by IL-1 treatment after the 1-week (p=0.9, Figure 5.4I) or 

3-week (p=0.6, Figure 5.4J) culture duration. 
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Figure 5.4: Effect of IL-1 on the amount of matrix components remaining in cartilage 
explants.  Superficial (S), middle (M), and deep (D) layer cartilage explants were 
cultured for 1 (A, C, E, G, I) or 3 (B, D, F, H, J) weeks with (+) or without () 5 
ng/ml IL-1α and analyzed for (A, B) GAG, (C, D) COL, (E, F) COL in aCT, (G, H) 
COL2-3/4Cshort, and (I, J) COL2-3/4M. Degraded collagen was first extracted with 
alpha-chymotrypsin (▨) and residual tissue was digested with proteinase K (■). n=7-
16, *p<0.05, ***p<0.005 
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5.5 Discussion 

IL-1 induced tensile weakening and stimulated matrix degradation, including 

loss of GAG and degradation of COL, in adult bovine cartilage explants. Because of 

the unique time course of IL-1 induced matrix degradation, it was shown that the IL-1-

induced loss of GAG did not, by itself, cause a loss of tensile integrity but that the loss 

of tensile strength may be related to specific alterations in the collagen network. IL-1 

initially (within the first week of culture) reduced the amount of GAG remaining in 

the matrix (Figure 5.4A), without an associated decrease in tensile strength or failure 

strain (Figure 5.2C, E) or effect on the collagen network, including the total amount of 

COL remaining in the cartilage samples (Figure 5.4C), the percentage of degraded 

collagen (COL in aCT, Figure 5.4E), the amount of cleaved collagen (COL2-3/4C, 

Figure 5.4G) or the amount of denatured collagen (COL2-3/4M, Figure 5.4I).  In 

contrast, after 3 weeks of culture, while the amount of GAG remaining in the cartilage 

samples was still low, there was an IL-1 associated decrease in tensile strength (Figure 

5.2D) and failure strain (Figure 5.2F), as well as an increase in the percentage of 

degraded collagen (Figure 5.4F) and cleaved collagen (Figure 5.4H). The decrease in 

tensile strength seen in this study may be directly related to the alterations of the 

collagen network, and these may be similar to the tensile weakening and collagen 

degradation seen in osteoarthritis [1, 6, 19].   

Certain factors may limit the interpretation of the results of this study and the 

relationships between alterations of the extracellular matrix and the mechanical 

integrity of articular cartilage. One factor to consider is the use of adult bovine 
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articular cartilage in a model of osteoarthritis. Adult, skeletally mature animals were 

chosen, as opposed to animals still in stages of development and growth [55], adult 

cartilage being more appropriate for models of disease such as in this study. Further, 

the adult bovine knee joint offers a broad, relatively flat surface from which to obtain 

cartilage tensile samples, and cartilage can be obtained from a skeletally mature 

animal that is generally free of cartilage degeneration. However, certain 

compositional, structural, and functional differences exist between human and bovine 

articular cartilage. Adult bovine articular cartilage has lower tensile stiffness and 

strength [8, 41, 47, 55, 57, 58] than that of adult human cartilage [1, 22, 40, 51]. The 

depth-dependent variation in tensile strength and stiffness of adult bovine articular 

cartilage [8] is unlike that of adult human cartilage [22, 51]. However, the failure 

strain [8, 41] of adult bovine cartilage is consistent in magnitude and depth-variation 

with that of young adult human cartilage [51]. Generally, collagen content is slightly 

lower and GAG content slightly higher in bovine [55] than in human [24, 28, 51] 

articular cartilage, and the crosslink composition of the collagen network can vary, 

with hydroxypyridinoline crosslinks being less abundant in the adult bovine [55] than 

in adult human cartilage [4]. Despite the few differences in composition, structure, and 

function between bovine and human adult articular cartilage, there was ample support 

for the use of adult bovine articular cartilage, and samples that were consistent, 

reproducible, and without signs of cartilage fibrillation or erosion were obtained.  

Use of IL-1 in tissue culture as a model of osteoarthritis also requires certain 

considerations. Addition of IL-1 to the culture system is known to result in cartilage 

degradation with loss of matrix components similar to that in OA. However, in such a 
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culture system, cartilage matrix degradation occurs in the absence of mechanical 

loading and surrounding joint fluids and tissues. However, IL-1, previously identified 

as catabolin, is abnormally elevated in diseases such as OA and RA, and it is often 

used in culture systems to identify cascades of enzymatic activity associated with 

osteoarthritis such as that of aggrecanase and matrix metalloproteinases [6, 9, 16, 26, 

44, 45]. Using IL-1 in the culture of cartilage tissue explants in the present study 

allowed study of the effects of experimentally-induced matrix degradation alone on 

mechanical integrity. 

The tensile properties measured in this study were consistent with previous 

studies of adult bovine articular cartilage from the patellofemoral groove [8, 55] and 

extend previous knowledge of the relationship between the tensile integrity of 

cartilage and the condition of the collagen network. While it is unknown precisely 

what amounts of collagen crosslinks were degraded or the amount of collagen that was 

cleaved or denatured in previous studies, they showed a dramatic decrease (45-90%) 

in the tensile strength of the superficial layer of human articular cartilage following 

enzymatic degradation of the collagen network [2, 25]. This study showed a 31% 

decrease in tensile strength of the superficial layer of bovine articular cartilage 

following culture with IL-1. This may reflect a lower level of active matrix 

metalloproteinases (MMPs) induced by IL-1 compared to levels of active MMPs or 

enzymes used in previous studies, or it may reflect species-associated differences. 

Culture with IL-1 induced tensile weakening in articular cartilage explants and 

highlighted the role of collagen degradation.  
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The relative amounts of cleaved and denatured collagen, as well as GAG, 

released into media and remaining in residual cartilage samples following culture with 

IL-1 were similar to those determined previously [7]. Further, the time course of 

delayed collagen network degradation with respect to the release and loss of GAG 

from cartilage samples [7, 26] has been reported previously. IL-1 seemed to exert its 

greatest effect on the collagen network of S and M samples, agreeing with previous 

studies in which chondrocytes isolated from the superficial zone of carilage and 

cultured in agarose were more sensitive to IL-1 than those of the deep zone [17]. The 

present study expands upon previous studies by highlighting the cumulative effect of 

GAG loss and collagen degradation in cartilage samples, as opposed to GAG loss 

alone, as a factor in cartilage tensile weakening. In fact, IL-1 induced a two-fold 

increase in degraded collagen, a difference similar to that between osteoarthritic and 

non-arthritic cartilage [6, 19], but induced only a 30% decrease in tensile strength, 

about half the difference seen between normal and fibrillated cartilage [23]. This 

indicates that there may be additional or other forms of enzymatic or mechanical 

cartilage degradation which contribute to the tensile weakening observed in 

osteoarthritis. 

Further study is needed to determine what initiates the tensile weakening 

observed in arthritic disease and causes the progression of disease. This study showed 

that the culture of cartilage explants with IL-1 did have an effect on the cartilage 

tensile properties, and that the tensile weakening following IL-1 treatment was due, 

not exclusively to the loss of GAG, but to degradation of the collagen network, 

specifically cleavage of collagen molecules. It is the strength of the collagen network 
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which is thought to constrain the proteoglycans within cartilage and prevent the 

swelling observed in osteoarthritis. While IL-1 might not be the only contributor to the 

pathogenesis of osteoarthritis, it may be an initiator or propagator of osteoarthritic 

cartilage destruction.  
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CHAPTER 6 

CONCLUSIONS 

6.1 Summary of Findings 

The overall objective of this work was to further the understanding of the 

causal mechanisms of aging and osteoarthritis (OA) in cartilage as related to 

mechanical weakening, by assessing the sequence of events that occur in normal adult 

human articular cartilage with age and characteristics of cartilage that change with the 

progression to OA. The major findings of this work, related to this objective were:  

 

1. Macroscopically normal (NL) adult human articular cartilage of the femoral 

condyle weakened with age, occurring earlier in the medial than the lateral femoral 

condyle (MFC, LFC, Chapter 2). These changes coincided with or preceded 

certain changes in surface structure, cell density and biochemical composition. 

Age-associated patterns of change are illustrated in Figure 2.4. 

a. The superficial layer of cartilage of the LFC was affected earliest with the 

tensile ramp modulus and strength being lower by ~21 and 37% in Middle and 

~30 and 40% in Old than Young age groups. The middle and deep layers were 

mildly affected at a later age, if at all. The tensile strength and stiffness of 

MFC cartilage was low even at the Young age.  
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b. Wear of the articular surface coincided with changes in tensile properties. The 

mean reflectance score was high in LFC samples of all age groups and 

decreased from Young to Middle age in the MFC. The variance of the 

reflectance score, an index of surface roughness, increased in a manner parallel 

to the weakening of cartilage, with the variance being higher in the LFC 

Middle than Young age group and being high in all age groups of the MFC. 

Changes in the histopathology index paralleled changes in the reflectance 

score. 

c. Changes in biochemical constituents occurred at a stage subsequent to changes 

in tensile properties or in zones which did not correspond to tensile weakening. 

DNA content decreased, not in the LFC, but in the superficial layer of the 

MFC from Young to Middle age groups. The intrinsic fluorescence increased 

with age group in all layers of the LFC, but not in a manner parallel to changes 

in tensile properties. Glycosaminoglycan (GAG) content was lower in Old than 

Middle age groups in the middle and deep, but not superficial, layers at the 

LFC and MFC sites. 

 

2. Cartilage exhibiting mild surface fibrillation was weak compared to age-matched 

macroscopically normal cartilage (Chapter 3). Cartilage weakening in early 

cartilage degeneration paralleled changes in matrix content and collagen network 

remodeling (loss of intrinsic fluorescence). Changes in these properties in early 

cartilage degeneration are illustrated in Figure 3.4. 

a. The tensile properties were lower in mildly degenerate (DGN) and OA 

samples than NL samples at both the LFC and MFC sites and in all layers. 

Noteable were the ~85 and 78% lower equilibrium modulus and ~75 and 69% 
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lower strength in DGN and OA samples, respectively, than NL samples in the 

superficial layer of the LFC.  

b. Indices of surface wear were high in DGN and OA samples of the LFC and in 

NL, DGN, and OA samples of the MFC, corresponding to mild fibrillation of 

DGN and OA samples and age-associated surface roughness of NL samples of 

the MFC. 

c. Changes in biochemical constituents corresponding to changes in tensile 

properties were the decrease in the fluorescence ratio and an increase in 

collagen degradation. There was an increase in water content in OA samples 

which led to variable decreases in DNA and collagen when normalized to 

tissue wet weight. 

 
3. Articular cartilage cell density showed mild decreases with age in macroscopically 

normal cartilage and noteable decreases in mildly degenerate articular cartilage of 

the MFC (Chapter 4). These changes were evidenced as alterations of cell 

organization in en face views of mildly degenerate cartilage.  

a. The cell density when determined by cell counting in vertical histological 

sections and by cell counting in en face views was lower in Aged DGN 

samples by ~43% in both cases when compared to Young NL samples. A mild 

age-associated decrease in cell density was evident in cell counts from en face 

views.  

b. The decrease in cell density was reflected in two dimensional projections of 

the top 25μm of cartilage with Young NL and Aged NL samples having 
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relatively large cell clusters and Aged DGN samples having relatively smaller 

clusters.  

 

4. Matrix degradation of articular cartilage, induced by IL-1, altered the tensile 

strength and failure strain of articular cartilage (Chapter 5). The time course of 

matrix degradation by IL-1 was strongly suggestive of collagen degradation, rather 

than or coincident with GAG loss, as having a causal role in tensile weakening.  

a. Tensile weakening, observed as a decrease in tensile strength and failure strain 

were lower in IL-1 treated cartilage after 3 but not 1 week of culture. The 

superficial and middle layers were most affected by IL-1 induced matrix 

alteration.  

b. IL-1 induced a significant release of GAG into culture medium and loss of 

GAG from cartilage explants during all 3 weeks of culture. 

c. Collagen fragmentation products including COL2-3/4Cshort and COL2-3/4M 

and hydroxyproline were released into culture medium during weeks 2 and 3 

of culture. After 3 weeks of culture there was an increase in the percentage of 

degraded collagen and the amount of COL2-3/4Cshort epitope in cartilage 

explants, in superficial and middle layers corresponding to decreases in tensile 

strength. 
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6.2 Discussion 

Results of Chapter 1 of this dissertation implicate surface alteration as having a 

causal role in the tensile weakening of macroscopically normal adult articular cartilage 

with age. It is, as yet, unknown what initiates cartilage surface alteration. It has been 

postulated to be due to due to adhesive wear, abrasive wear, or fatigue failure [26, 34]. 

Morphological observations of fibrillation have been made by light and transmission 

electron microscopy of histological sections [7, 25] as well as by scanning electron 

microscopy of surface and oblique views [6, 23, 30, 36]. The application of India ink 

to the articular surface has allowed viewing of the articular surface in situ and made 

areas of mild surface wear more apparent [3, 4, 24]. In this dissertation, digital 

imaging was applied to quantify the intensity of ink-staining (mean reflectance score) 

as well as give an index of the surface roughness (variance of the reflectance score). 

This detailed characterization of the morphology of articular cartilage fibrillation has 

laid a foundation for further study of the causal mechanisms resulting in disruption of 

the articular surface, as any experimentally-induced manipulations of the surface 

should be consistent with these observations.  

The loss of sulfated GAG in the deep zone of articular cartilage appears to play 

a role in the early age-associated progression of cartilage degeneration. This loss of 

fixed charge density may reflect either a net loss of GAG molecules or alteration of 

GAG chains. Specific alterations of GAG or aggrecan structure occur with skeletal 

development, aging, and OA disease. Chondroitin sulfate chains, for example, have 

been shown to have non-reducing terminal disaccharides with variable 4- and 6-

sulfated and 4,6 disulfated residues depending on the stage of skeletal development 

[28] and degree of OA disease [27]. Of the GAG chains attached to aggrecan, the size 

and number of chondroitin sulfate chains decrease [15], while the size and number of 
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keratan sulfate chains increase [14, 16] with age, being partially attributable to 

selective proteolytic degradation of the GAG-rich region of aggrecan [8]. The 

decrease with age of GAG in the deep layer without additional elevation in 

fluorescence seen in chapter 2 (Figure 2.2) suggests that substantial matrix turnover 

occurs. Further detailed study of the changes in GAG seen with age could give insight 

into the role of GAG loss in early cartilage degeneration, and the importance of its 

localization in the deep layer as related to changes in subchondral bone which can 

markedly affect the overlying articular cartilage [13, 29, 35].  

The results of this dissertation point to an important role for collagen 

degradation and remodeling in the biomechanical weakening of articular cartilage 

with the progression of cartilage degeneration (Chapter 3). The intrinsic fluorescence 

of cartilage, an index of the extent of nonenzymatic glycation of the collagen network, 

diminished markedly in cartilage from superficial, middle, and deep zones (Figure 

3.3), returning to levels seen in Young adult cartilage (Figure 2.3). An increase in 

fluorescence with age, indicative of an increase in nonenzymatic glycation products, 

has been attributed to a lack of collagen turnover [19]. Diminished background 

fluorescence in osteoarthritic cartilage has been attributed to the activation of 

chondrocytes resulting in increased collagen synthesis and degradation [10]. Activated 

chondrocytes synthesize proteoglycan epitope 7D4 and type X collagen [10], 

indicating that chondrocytes in OA and mildly degenerate cartilage are expressing 

proteins similar to those of immature cartilage [9]. This could lead to collagen 

network remodeling with collagen other than type II being synthesized and resulting 

in an inferior collagen network. 

Chondrocyte synthesis and degradation of matrix molecules plays an important 

role in maintaining matrix homeostasis and may be altered in early cartilage 
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degeneration. The loss of cells and altered spatial organization may play a causal role 

in altered matrix metabolism. The organization of cells into clusters parallel to the 

articular surface has been reported previously for young adult human articular 

cartilage [32, 33]. A similar organization was reported in a study of rabbit articular 

cartilage with evidence that chondrocytes have the capacity to communicate with 

neighboring cells [5]. How cell clustering or the loss of this spatial organization may 

affect the biosynthetic activity and function of a chondrocyte is still unknown. Further, 

measures of cell density, whether by analysis of DNA content or cell counting, cannot 

define the biosynthetic activity, or lack of activity, of chondrocytes. An age-dependent 

decline in chondrocyte responsiveness to growth factors and a decline in matrix 

synthesis [1, 2, 11, 12, 18, 22, 31] has been related to telomere shortening, with links 

to a phenotype associated with cell senescence [20]. Increased proliferative activity in 

OA chondrocytes may contribute to the accumulation of senescent, growth-arrested 

chondrocytes in OA cartilage and minimal matrix turnover or repair [21]. It is 

unknown how this response of chondrocytes varies with site and depth within a knee 

joint and, further, how it contributes to the advancement of biomechanical weakening 

and OA disease.  

 

6.3 Future Directions 

The current work could be expanded in a number of ways. The analysis of cell 

density in three dimensions has allowed qualitative observation of cell organization. 

This could be expanded to quantitatively characterize alterations in cell spatial 

organization with age and early degeneration. New microscopy methods have been 

developed to achieve this, such as multi-photon fluorescence microscopy and digital 
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volumetric imaging. Multi-photon fluorescence microscopy allows imaging to greater 

depths (~3 times more) than conventional confocal laser scanning microscopy and still 

has the advantage of viewing cells in situ without destruction of the tissue sample 

[37]. Similarly, digital volumetric imaging allows viewing of cartilage in three 

dimensions and to depths encompassing the full cartilage thickness [17].  

Because of the apparent importance of surface wear in the initiation of age-

associated tensile weakening, further study of the roles of abrasive and adhesive wear, 

as well as fatigue in this would be useful. Controlled experiments inducing mechanical 

wear in a simulator of joint motion could be performed with the goal of defining the 

loads, pattern of movement, and consistency of lubrication fluid which may induce the 

patterns of wear seen in this study.  

Further study is needed of the alterations of the collagen network in early 

cartilage degeneration. To study the striking change in intrinsic fluorescence with the 

onset of early degeneration, detailed quantification of collagen crosslinks such as 

pyridinoline and pentosidine with depth and site should be measured in age-matched 

normal, mildly degenerate, and OA tissue. Controlled manipulations of collagen 

network constituents may also yield important information about the loss of intrinsic 

fluorescence. Study of the extent of enzymatic matrix degradation needed to reduce 

intrinsic fluorescence to levels seen in early degeneration may elucidate the role of 

those enzymes in early cartilage degeneration. 

Studies performed here form the foundation of future studies on the age-

associated changes in articular cartilage which progress to early cartilage 

degeneration. The tensile properties of articular cartilage were a sensitive indicator of 

changes in the cartilage matrix. Tensile softening with age may contribute to the 

progression of cartilage degeneration through such mechanisms as loss of cells and net 



172 

 

loss of GAG. Further study is needed of the mechanisms and consequences of age-

associated tensile weakening. 
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APPENDIX A 

ANALYSIS OF CARTILAGE SURFACE STRUCTURE 

AFTER APPLICATION OF INDIA INK 

 

A.1 Introduction 

Wear of the articular surface may be an important factor in the pathogenesis of 

osteoarthritis. Application of India ink to the articular surface has highlighted areas of 

cartilage fibrillation and provided morphological views of cartilage degeneration 

across a joint surface [1, 3]. This method has been used to define semi-quantitative 

grades of cartilage degeneration [3] and also semi-quantitative grades of intensity of 

ink-staining and the percentage of the surface area affected [4]. Recently, a method 

was developed to quantify the intensity of ink-staining on the articular surface through 

digital imaging of the cartilage surface [2]. Through this method a reflectance score 

was obtained with 1 being representative of a smooth articular surface and 0 being 

representative of degenerate cartilage. However, this method only defines the average 

intensity of staining over an articular surface and not necessarily the roughness of that 

surface. As an index of the roughness of an articular surface, the variance of the 

reflectance score could be defined to give an average squared deviation of the 

reflectance of all pixels in an image from the mean reflectance score.  

The objective, here, was to provide supplemental information to that in 

Chapters 2 and 3 regarding the mean and variance of the reflectance score of 



177 

 

macroscopically normal cartilage of Young, Middle, and Old age groups, as well as 

age-matched normal (NL) and mildly degenerate cartilage from arthritic (OA) and 

non-arthritic joints (DGN), and to determine the distinct patterns of variation with age 

and with degeneration.  

 

A.2 Methods 

Cartilage from donors described in chapters 2 (Young NL, Middle NL, and 

Old NL; Table 2.1) and 3 (Aged NL, Aged DGN, and Aged OA; Table 3.1) were 

analyzed for a reflectance score as described previously [2]. Briefly, samples were 

swabbed with a 1 to 5 dilution of India ink to PBS+PI and digitally imaged. Each 

image was normalized to professional light (gray #3) and dark (gray #19) gray scale 

targets (Q13, Eastman Kodak Co., Rochester, NY) which were chosen to approximate 

the reflectance of normal, non-staining cartilage and fibrillated, maximally ink-stained 

cartilage. The region encompassing the articular surface was analyzed for the mean 

and variance of the reflectance score in a sample according to the following equations, 

respectively: 
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where X is the reflectance associated with an individual pixel and N is the total 

number of pixels. 

 

A.3 Results 

The mean and variance of the reflectance score exhibitied changes in the 

surface structure of articular cartilage dependent on site, age, and stage of 

degeneration. The mean and variance of the reflectance score of Young NL, Middle 

NL, and Old NL samples of the lateral and medial femoral condyle (LFC, MFC) are 

shown in Figure 2.1b,c. There was evidence for a relatively high mean reflectance 

score (Figure 2.1b) in macroscopically normal samples of the LFC, with a mild age-

associated increase in the variance (Figure 2.1c). In the MFC, there was an age-

associated decrease in the mean reflectance score (Figure 2.1b) and relatively high 

variance in samples of all age groups (Figure 2.1c). This is shown qualitatively in 

images of the India ink-stained articular surfaces, with faint striations apparent in 

Young NL and Middle NL samples of the LFC and mottled surfaces in the Old NL 

samples of the LFC and all samples of the MFC (Figure A.1). Wiremesh plots of the 

reflectance score over the surface area illustrate the increasing amounts of roughness 

over the surface in Young NL, Middle NL, and Old NL samples of the LFC and MFC 

(Figure A.1). 
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Figure A.1: Representative images of ink-stained articular surfaces and wiremesh 
renderings of cartilage samples. Samples shown had the median reflectance score and 
were from the lateral femoral condyle (A-C) and medial femoral condyle (D-F) of 
macroscopically normal articular cartilage (NL) of Young (A,D), Middle (B,E), and 
Old (C,F) age donors described in Table 2.1. Below images of ink-stained surfaces are 
wiremesh plots, illustrating the light and dark patterns in each sample, as well as the 
mean and variance of the reflectance score for each sample. 
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Aged DGN and Aged OA samples showed patterns of fibrillation consistent 

with early cartilage degeneration. The mean of the reflectance score was low in Aged 

DGN and Aged OA samples compared to Aged NL samples of the LFC (Figure 3.1b). 

In the MFC, the mean reflectance score was relatively low in each of the Aged NL, 

Aged DGN, and Aged OA groups (Figure 3.1b). In parallel with the pattern of lower 

mean reflectance score in Aged DGN and Aged OA samples of the LFC, the variance 

of the reflectance score was higher in Aged DGN and Aged OA samples than Aged 

NL samples (Figure 3.1c). In the MFC, the variance was relatively high in each of the 

Aged NL, Aged DGN, and Aged OA groups (Figure 3.1c). These surface alterations 

in Aged NL, Aged DGN and Aged OA samples are observed in images of the ink-

stained articular surfaces (Figure A.2). The increase in or relatively high variance in 

Aged NL, Aged DGN, and Aged OA samples of the LFC and MFC are reflected in 

wiremesh plots of the reflectance score over the cartilage surface area (Figure A.2). 
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Figure A.2: Representative images of ink-stained articular surfaces of cartilage 
samples. Samples shown had the median reflectance score and were from the lateral 
femoral condyle (A-C) and medial femoral condyle (D-F) of Aged NL (A,D), Aged 
DGN (B,E), and Aged OA (C,F) donors described in Table 3.1. Below images of ink-
stained surfaces are wiremesh plots, illustrating the light and dark patterns in each 
sample, as well as the mean and variance of the reflectance score for each sample. 
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A.4 Discussion 

The surface alterations with age and with the onset of early cartilage 

degeneration were highlighted by measures of the mean and variance of the 

reflectance score. Previous analyses of cartilage surface degeneration in human 

articular cartilage used the application of India ink to highlight regions of 

degeneration and give either qualitative or semi-quantitative measures of ink-staining 

intensity, which were useful for describing degeneration across an entire joint surface 

[1, 3, 4]. This application of India ink was used for measuring the percentage of the 

joint surface area that was affected by cartilage degeneration, and showed that the area 

of ink-staining increased with age in the patellofemoral articulation [4]. This increase 

in ink-staining could have been a combination of mild age-associated surface 

alterations and extensive cartilage damage associated with the onset of early 

osteoarthritis, similar to those shown above (Figure A.1-2). The combined use of India 

ink-staining and digital image analysis have allowed for more sensitive quantitation of 

articular cartilage surface damage. 

The pattern of change in surface wear with age in macroscopically normal 

cartilage showed that surface alterations were site-dependent. In particular, there were 

earlier mild degenerative changes in the MFC than in the LFC. This is reflected in the 

mean reflectance score as a decrease from Young to Middle age in the MFC, while the 

reflectance remained high in the LFC (Figure 2.1b). Similarly, while the variance was 

already high by Young age in the MFC, there were mild increases in the variance from 

Young to Middle and Middle to Old age in the LFC (Figure 2.1c). These changes are 

illustrated in the wiremesh plots of ink-stained cartilage surfaces, with plots of Old NL 

samples of the LFC and Young, Middle, and Old NL samples of the MFC displaying 

more and higher magnitude hills and valleys representative of light and dark regions 
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of the ink-stained cartilage surface (Figure A.1). These changes in the extent and 

pattern of surface wear coincide with mild age-associated tensile weakening of the 

LFC and an already weak MFC (Figure 2.2).  

The patterns of change in surface wear in age-matched samples with the onset 

of early cartilage degeneration showed a similar site-dependence, with degenerative 

changes appearing earlier in the MFC than the LFC (Figure 3.1b, c). This could be 

evidenced as an increase in the unevenness of the wiremesh plots from Aged NL to 

Aged DGN and from Aged DGN to Aged OA in the LFC and equally rough wiremesh 

surfaces in the Aged NL, Aged DGN, and Aged OA samples of the MFC (Figure A.2). 

These, too, coincide with an ~70% decrease in the tensile strength and stiffness of the 

superficial layer of articular cartilage seen in Figure 2.2. Surface wear may be an 

important factor in both age- and degeneration-associated tensile weakening of the 

articular surface and the progression of early osteoarthritis. 
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APPENDIX B 

GLYCOSAMINOGLYCAN AND DNA CONTENT 

RELATIVE TO COLLAGEN 

B.1 Introduction 

Because the equilibrium water content of articular cartilage can increase with 

the onset of early cartilage degeneration, the normalization of biochemical properties 

to the tissue wet weight can be skewed. The objective, here, was to provide 

supplemental information to that in Chapters 2 and 3 regarding DNA and 

glycosaminoglycan (GAG)  content of macroscopically normal cartilage of Young, 

Middle, and Old age groups, as well as age-matched normal and mildly degenerate 

cartilage from arthritic and non-arthritic joints relative to the collagen (COL) content.  

 

B.2 Methods 

Cartilage from donors described in chapters 2 (Young NL, Middle NL, and Old NL; 

Table 2.1) and 3 (Aged NL, Aged DGN, and Aged OA; Table 3.1) were analyzed for 

DNA, GAG, and COL content as described previously. DNA and GAG contents of 

cartilage samples were normalized to the COL content. 
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B.3 Results 

DNA and GAG content normalized to the amount of COL in the tissue varied 

in a manner dependent on site (LFC, MFC) and depth from the articular surface 

(superficial, middle, deep). Both the DNA per COL and GAG per COL were 

dependent on the site in the joint (each p<0.025) and depth from the articular surface 

(each p<0.005) with DNA per COL being ~200% higher and GAG per COL being 

~75% lower in the superficial than the deep layer (Figure B.1). DNA per COL did not 

vary with age group in the LFC (p=0.2-0.9). DNA per COL was mildly lower in the 

Middle than the Young age group in the superficial layer of the MFC (p=0.15), but did 

not vary with age group in middle or deep layers of the MFC (p=0.4-0.9, Figure B.1a). 

Changes in GAG per COL were localized to the middle and deep layers of the LFC 

(Figure B.1b). GAG per COL was lower in the Old age group than the Young age 

group in the middle and deep layers of the LFC (p<0.05 and p<0.005, respectively). 

There was no difference between age groups in the superficial layer of the LFC or at 

any depth in the MFC (p=0.2-1.0).  

The contents of DNA and GAG normalized to the COL content were similar 

between age-matched NL, DGN, and OA groups. They did not vary with LFC or MFC 

site (p=0.1 and p=0.5, respectively) although they did vary with depth (each p<0.005). 

The DNA per COL was ~120% higher and the GAG per COL was ~66% lower in the 

superficial layer than the deep layer. There was no difference between age group for 

DNA per COL or GAG per COL at either the LFC or MFC sites in superficial, middle 

or deep layers (0.1-1.0, Figure B.2). 
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Figure B.1: DNA and GAG content determined relative to the COL content of 
macroscopically normal human articular cartilage samples of Young (Y), Middle (M), 
and Old (O) age groups described in Table 2.1. Cartilage tissue adjacent to the 
mechanical test specimens was analyzed for DNA (a) and GAG (b) in superficial, 
middle and deep layers. DNA and GAG were each normalized to COL. n=9-12. 
*p<0.05, **p<0.005 versus Young age samples. 
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Figure B.2: DNA and GAG content determined relative to the COL content of age-
matched human articular cartilage samples described in Table 3.1. Cartilage tissue 
adjacent to the mechanical test specimens was analyzed for DNA (a) and GAG (b). 
DNA and GAG were each normalized to COL. n=6-21. 
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B.4 Discussion 

Variations in matrix constituents can depend on the wet and dry weights of the 

tissue. Because tissue swelling occurs in osteoarthritic cartilage, it may be difficult to 

interpret results when data are normalized to the tissue volume or wet weight. As is 

indicated by the results in Chapter 2, tissue swelling does not occur to a significant 

extent in macroscopically normal cartilage. However, as is indicated in Chapter 3, 

tissue swelling does occur in OA tissue and can lead to lower estimates of certain 

matrix constituents, which was the case here in estimates of DNA content (Figures 

3.3b, B.2a).  

Tissue swelling occurs when osmotically active proteoglycans swell within a 

degraded collagen network [2, 4]. An increase in the equilibrium water content can 

have detrimental effects on the cartilage matrix. An increase in the water content 

correlates negatively with the equilibrium compressive modulus and positively with 

the hydraulic permeability of cartilage [1, 3] and can adversely affect the way 

cartilage responds to compressive load. Tissue swelling seen in this work (Figure 

3.3a) coincides with an increase in collagen degradation, thus having a detrimental 

effect on cartilage tensile properties as well. 
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APPENDIX C 

ANALYSIS OF CHANGE IN INTRINSIC 

FLUORESCENCE OF HUMAN ARTICULAR 

CARTILAGE WITH AGE AND DEGENERATION 

 

C.1 Introduction 

The tensile weakening of articular cartilage with age and the onset of early 

cartilage degeneration has been attributed to changes in the collagen network [1, 2, 9, 

10]. In particular, changes in matrix constituents in osteoarthritic (OA) cartilage have 

been associated with collagen turnover and a change of chondrocyte phenotype to that 

of immature chondrocytes [5, 6]. The detection of collagen denaturation and cleavage 

epitopes in OA cartilage [4, 7, 8] confirm the alteration of the type II collagen 

network. Further network remodeling may be measured as an alteration of intrinsic 

cartilage fluorescence [6]. 

The intrinsic fluorescence of human articular cartilage results from the 

presence of products of collagen glycation or advanced glycation end products (AGE). 

These products have been detected fluorescently and the AGE, pentosidine, is a 

crosslink characterized in articular cartilage to increase with age after skeletal 

maturity, in a manner that has been attributed to a lack of collagen turnover [11]. One 

particular study has localized regions of diminished background fluorescence in 

osteoarthritic cartilage in a region just below the articular surface which extends to 
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deeper regions as collagen synthesis and degradation progress [6]. This has been 

attributed to the activation of chondrocytes resulting in increased collagen synthesis 

and degradation [6]. 

The hypothesis of this study was that there was a pattern of variation in the 

intrinsic fluorescence of macroscopically normal cartilage with age that was distinctly 

different from that of cartilage demonstrating signs of early cartilage degeneration 

from arthritic and non-arthritic joints. Thus, the objective was to measure the intrinsic 

fluorescence spectra of macroscopically normal cartilage of Young, Middle, and Old 

age groups, as well as age-matched normal and mildly degenerate cartilage from 

arthritic and non-arthritic joints, and to determine the distinct patterns of variation 

with age and with degeneration.  

 

C.2 Methods 

Cartilage was obtained from portions of samples described in chapters 2 

(Young NL, Middle NL, and Old NL; Table 2.1) and 3 (Aged NL, Aged DGN, and 

Aged OA; Table 3.1). Portions of cartilage from superficial, middle, and deep layers 

and solubilized with proteinase K were diluted to a concentration of 0.6 mg wet 

weight/ml in TE (10 mM Tris-HCl, 1 mM Na2EDTA, pH 7.4). Spectral scans at 

excitation (Ex) wavelengths of 270-340 nm and emission (Em) wavelengths of 270-

500 nm were made in disposable acrylic cuvettes (Sarstedt Inc., Newton, NC) using a 

fluorescence spectrophotometer (F-2000 Fluorescence Spectrophotometer, Hitachi, 

San Jose, CA). Fluorescence was normalized to the peak fluorescence at Ex 280/Em 

350. These data were analyzed previously (Chapters 2 and 3) for the ratio of 

pentosidine-associated fluorescence to pyridinoline associated fluorescence. 
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C.3 Results 

Local fluorescence maxima centered at Ex 275/Em 305 and Ex 280/Em 350 

were evident. These peaks appeared consistently in all sample groups (Figures B.1-4), 

in superficial, middle, and deep layers and at the lateral and medial sites. The latter 

peak was near the maximum fluorescence of the crosslink pyridinoline (Ex 295/Em 

395), a fluorophore of articular cartilage associated with cartilage maturation [3].  

A peak with ~30% of the maximum fluorescence of the above peaks was 

centered at (Ex 325/Em 395), close to the maximum fluorescence of pentosidine (Ex 

335/Em 385), a fluorophore which increases with age after skeletal maturity [3]. The 

pattern of age-associated change in fluorescence at the pentosidine peak was distinctly 

different from the pattern of degeneration-associated change. At that peak, the 

normalized fluorescence increased with age group. In the LFC, the fluorescence was 

~33% higher in Middle NL than Young NL samples and was ~25% higher in Old NL 

than Middle NL samples (Figure B.1). In the MFC, the pattern of increased 

fluorescence at that peak was not as pronounced. In the superficial layer, the 

fluorescence was ~20% higher in Middle NL than Young NL samples, and ~20% 

higher in Old NL than Middle NL samples (Figure B.2). In the middle and deep 

layers, the fluorescence tended to be ~10% higher in Middle NL than Young NL 

samples and ~10% higher in Old NL than Middle NL samples.  
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Figure C.1: Intrinsic fluorescence spectra of macroscopically normal (NL) articular 
cartilage of the lateral femoral condyle. Spectral scans at Ex 270-340 nm and Em 270-
500 nm were made of solubilized cartilage from Young NL (21-39 yrs old, A, B, C), 
Middle NL (40-59 yrs old, D, E, F), and Old NL (≥60 yrs old, G, H, I) samples and in 
superficial (A, D, G), middle (B, E, H), and deep (C, F, I) layers of cartilage. 
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Figure C.2: Intrinsic fluorescence spectra of macroscopically normal (NL) articular 
cartilage of the medial femoral condyle. Spectral scans were made as described in 
Figure A.1 of cartilage from Young NL (A, B, C), Middle NL (D, E, F), and Old NL 
(G, H, I) samples and in superficial (A, D, G), middle (B, E, H), and deep (C, F, I) 
layers of cartilage. 
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In Aged DGN and Aged OA samples the normalized fluorescence at the 

pentosidine peak was low compared to Aged NL samples, returning to levels of 

Young NL samples. In the LFC, the fluorescence was ~30% lower in Aged DGN and 

Aged OA samples than Aged NL samples in all layers (Figure B.3). In the MFC, 

where the age-associated increase in normalized fluorescence did not reach similar 

levels to those in the LFC, the decrease in fluorescence was less pronounced. In the 

superficial layer, the fluorescence was ~25% lower in Aged DGN and Aged OA 

samples than in Aged NL samples (Figure B.4). In middle and deep layers, the 

fluorescence was ~20% lower in Aged DGN and Aged OA samples than in Aged NL 

samples. The pattern of change in fluorescence in Young, Middle, and Old NL 

samples indicates an increase in the age-associated pentosidine fluorescence. In Aged 

DGN and Aged OA samples there is dramatic decrease in that age-associated 

fluorescence, which may be associated with collagen degradation and remodeling in 

mildly degenerate cartilage.  
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Figure C.3: Intrinsic fluorescence spectra of articular cartilage of the lateral femoral 
condyle. Cartilage was judged to be macroscopically normal (NL) or mildly 
degenerate cartilage from donors who were (OA) or were not (DGN) diagnosed with 
osteoarthritis. Spectral scans were made as described in Figure A.1 of cartilage from 
Aged (≥40 yrs old) NL (A, B, C), DGN (D, E, F), and OA (G, H, I) samples and in 
superficial (A, D, G), middle (B, E, H), and deep (C, F, I) layers of cartilage. 
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Figure C.4: Intrinsic fluorescence spectra of articular cartilage of the medial femoral 
condyle. Spectral scans were made as described in Figure A.1 of cartilage from Aged 
NL (A, B, C), DGN (D, E, F), and OA (G, H, I) samples and in superficial (A, D, G), 
middle (B, E, H), and deep (C, F, I) layers of cartilage. 
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C.4 Discussion 

The intrinsic fluorescence of articular cartilage is due to the presence of AGEs 

in articular cartilage. The chemically defined AGE pentosidine, has been shown to 

increase with age [3] and is attributed to slow or absent collagen turnover [11]. The 

increase in pentosidine-associated fluorescence with age was confirmed here and the 

fluorescence was defined at discrete depths (superficial, middle, deep layers) and 

anatomical locations (LFC, MFC).  

Loss of this intrinsic fluorescence has been associated with degradation of the 

collagen network and activation of articular chondrocytes to synthesize proteoglycan 

epitope 7D4 and type X collagen [6], which has been suggested to indicate that 

chondrocytes in OA and mildly degenerate cartilage are expressing proteins similar to 

those of immature cartilage [5]. The loss of intrinsic fluorescence seen here in mildly 

degenerate articular cartilage coincides with a decrease in tensile strength and failure 

strain which occurs in superficial, middle, and deep layers as well as at LFC and MFC 

sites in Aged DGN and Aged OA compared to Aged NL samples. While collagen 

degradation has been associated with a loss of tensile integrity, it is unknown what 

modifications to the collagen network or to the synthesis of collagen network 

components specifically contribute to the diminished tensile properties of mildly 

degenerate articular cartilage.  
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APPENDIX D 

CORRELATED VARIATIONS OF TENSILE 

BIOMECHANICAL, BIOCHEMICAL,  

AND STRUCTURAL PROPERTIES 

 

D.1 Introduction 

The purpose of the following is to study the relationship between tensile 

properties, indices of surface wear, and biochemical constituents as associated with 

aging in macroscopically normal articular cartilage (NL) as well as with the onset of 

early cartilage degeneration (DGN) and osteoarthritis (OA). This is supplemental 

information to that in Chapters 2 and 3.  

 

D.2 Methods 

Univariate correlation analysis was performed to determine the relationships 

between tensile properties and biochemical and structural properties. Tests were 

performed using data for Young NL, Middle NL, and Old NL samples separate from 

that of Aged NL, Aged DGN, and Aged OA samples to isolate effects of age and 

degeneration. Relationships between data of the lateral and medial femoral condyles 

(LFC, MFC) as well as of superficial, middle, and deep layers were tested separately. 

Variables for testing were chosen based on correspondence with depth with 
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relationships to indices of surface wear being tested only with properties of the 

superficial layer.  

First, principal component analysis (PCA) was performed to reduce the 

number of variables to be tested for relationships. Factor 1 parameters with loadings 

greater than 0.5 were selected based on having generally strong correlations between 

any two individual components and accounting for the highest percentage of the total 

variance. Parameters were further narrowed down by selecting relationships between 

tensile properties and any biochemical or structural property. This was followed by 

univariate correlation analysis to determine the strength of relationships between these 

tensile properties and biochemical and structural properties.  

 

D.3 Results 

Results of the PCA analysis on data collected of Young NL, Middle NL, and 

Old NL samples showed that the donor age, the mean and variance of the reflectance 

score, tensile ramp modulus and strength, and DNA content were most strongly 

related (explains ~23% of the total variance) in the superficial layer of the LFC (Table 

D.1a). In the middle and deep layers of the LFC (Tables D.1b,c) and in the superficial 

and middle layers of the MFC (Tables D2.a,b), the strongest relationships were 

between the tensile equilibrium modulus, ramp modulus, and strength, independent of 

other indices. In the deep layer of the MFC, the strongest relationships were between 

collagen (COL) content, DNA content, strength, and ramp modulus (explains ~26% of 

the total variance, Table D.2c). Correlation coefficients and p values for the univariate 

correlation analyses amongst these variables are given for LFC samples (Tables D.3) 

and for MFC samples (Tables D.4) and are shown (Figures D.1-5).  
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Results of the PCA analysis on data collected of Aged NL, DGN, and OA 

samples showed that the fluorescence ratio, mean reflectance score, histopathology 

index, tensile equilibrium modulus, ramp modulus, strength, and failure strain were 

most strongly related (explains ~35% of the total variance) in the superficial layer of 

the LFC (Table D.5a). In the middle and deep layers of the LFC (Tables D.5b,c) and 

in the superficial and middle layers of the MFC (Tables D.6a,b), the strongest 

relationships were between the tensile equilibrium modulus, ramp modulus, and 

strength, independent of other indices. In the deep layer of the MFC, the strongest 

relationships were between the ramp modulus, equilibrium modulus, strength, COL 

content, and DNA content (explains ~35% of the total variance, Table D.6c). 

Correlation coefficients and p values for the univariate correlation analyses amongst 

all variables are given for LFC samples (Tables D.7) and for MFC samples (Tables 

D.8) and are shown (Figures D.6-14).  
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a Factor 
Superficial 1 2 3 4 5 
Variance of RS -0.87 0.12 0.04 0.03 0.11 
Age -0.78 0.00 -0.09 0.06 0.51 
Mean RS 0.69 -0.06 0.14 0.01 0.04 
Strength 0.68 0.04 0.51 0.05 0.01 
DNA Content 0.55 0.34 -0.35 0.44 -0.01 
Ramp Modulus 0.54 0.51 0.49 0.16 -0.14 
Failure Strain 0.11 -0.83 -0.28 0.03 0.20 
COL in aCT 0.02 -0.79 0.27 -0.11 -0.10 
Water Content 0.04 0.19 -0.87 -0.22 0.14 
Equilibrium Modulus 0.39 0.25 0.70 0.09 -0.04 
COL Content -0.05 0.36 0.07 0.80 0.18 
Histopathology Index -0.17 0.31 -0.32 -0.69 -0.12 
GAG Content -0.14 0.02 0.18 0.59 -0.57 
Fluorescence Ratio -0.21 -0.07 -0.06 0.19 0.81 
Variance Explained [%] 23 15 16 13 10 

b Factor 
Middle 1 2 3 4 5 
Failure Strain -0.92 0.10 0.01 0.09 0.08 
Equilibrium Modulus 0.87 0.02 0.16 -0.05 -0.02 
Ramp Modulus 0.86 0.33 0.10 0.27 0.14 
Age 0.04 -0.85 0.34 0.04 0.03 
Strength 0.17 0.79 0.28 0.30 -0.15 
Fluorescence Ratio 0.11 -0.24 0.81 -0.08 0.01 
DNA Content 0.05 0.16 0.72 -0.01 0.11 
GAG Content -0.15 0.05 -0.59 -0.71 -0.10 
COL Content 0.09 -0.27 0.45 -0.77 -0.07 
Water Content -0.10 -0.21 0.03 0.18 0.91 
COL in aCT -0.30 -0.40 -0.32 0.31 -0.58 
Variance Explained [%] 23 17 19 13 11 

c Factor  
Deep 1 2 3 4  
Ramp Modulus 0.93 -0.05 -0.06 0.14  
Strength 0.80 0.13 -0.02 0.39  
Failure Strain -0.78 0.02 -0.01 0.25  
Equilibrium Modulus 0.65 0.64 0.17 -0.13  
Water Content -0.16 -0.91 0.05 -0.16  
COL Content -0.21 0.70 0.17 0.51  
GAG Content -0.20 0.61 -0.62 -0.20  
Age -0.21 0.02 0.93 -0.12  
Fluorescence Ratio 0.17 0.15 0.60 0.44  
DNA Content 0.16 0.21 0.03 0.76  
COL in aCT 0.06 0.04 -0.04 -0.73  
Variance Explained [%] 25 20 15 17  

 

 Table D.1: Principal component analysis to identify dominant parameters in Young 
NL, Middle NL, and Old NL samples of the lateral femoral condyle. Loading 
coefficients of variation and percent of total variance for each factor are shown for 
superficial (a), middle (b), and deep (c) layers, with dominant parameters in bold. 
Indices of surface wear including the mean and variance of the reflectance score (RS) 
and the histopathology index were correlated with data of the superficial layer. 
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a Factor 
Superficial 1 2 3 4 5 
COL Content -0.70 0.12 0.29 -0.18 -0.18 
DNA Content -0.68 0.02 -0.05 -0.13 0.09 
Histopathology Index 0.68 -0.15 0.17 -0.20 -0.11 
Age 0.68 0.21 0.54 0.14 0.06 
Variance of RS 0.50 -0.29 0.29 -0.56 -0.02 
Equilibrium Modulus 0.03 0.89 -0.06 -0.21 0.05 
Ramp Modulus -0.24 0.84 0.07 -0.17 -0.10 
Strength 0.01 0.84 0.04 0.31 -0.15 
Fluorescence Ratio 0.17 0.08 0.84 0.01 0.09 
COL in aCT 0.31 0.41 -0.66 -0.07 0.36 
Failure Strain 0.27 -0.29 0.19 0.83 0.10 
GAG Content -0.22 -0.14 -0.11 0.16 0.79 
Mean RS -0.42 0.04 -0.33 0.05 -0.66 
Water Content 0.27 -0.47 0.32 0.27 -0.43 
Variance Explained [%] 19 20 14 10 11 

b Factor  
Middle 1 2 3 4  
Ramp Modulus 0.93 0.09 -0.01 0.03  
Equilibrium Modulus 0.78 -0.36 0.19 0.01  
Strength 0.69 0.02 0.25 0.01  
Failure Strain -0.67 -0.09 0.25 -0.17  
GAG Content -0.12 -0.88 0.24 0.20  
Water Content -0.46 0.73 0.16 0.15  
Fluorescence Ratio 0.20 0.56 0.39 -0.47  
COL Content 0.23 -0.21 0.77 0.16  
COL in aCT 0.35 -0.11 -0.75 0.27  
DNA Content 0.37 0.41 0.55 0.29  
Age -0.13 0.07 -0.06 -0.92  
Variance Explained [%] 27 18 17 12  

c Factor  
Deep 1 2 3 4  
COL Content 0.90 0.02 0.05 0.04  
Strength 0.81 -0.05 0.23 0.10  
DNA Content 0.69 0.08 -0.29 0.39  
Ramp Modulus 0.64 0.05 0.68 -0.02  
Age -0.22 0.83 0.28 0.04  
COL in aCT -0.01 -0.78 0.26 -0.01  
Fluorescence Ratio 0.50 0.64 -0.04 -0.10  
Failure Strain 0.09 0.11 -0.83 0.21  
Equilibrium Modulus 0.23 0.11 0.68 0.54  
Water Content -0.39 -0.12 0.08 -0.68  
GAG Content -0.22 -0.49 -0.05 0.65  
Variance Explained [%] 26 18 17 13  

 

Table D.2: Principal component analysis to identify dominant parameters in Young 
NL, Middle NL, and Old NL samples of the medial femoral condyle. Loading 
coefficients of variation and percent of total variance for each factor are shown for 
superficial (a), middle (b), and deep (c) layers, with dominant parameters in bold. 
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a Lateral Femoral Condyle 
Superficial Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Age 0.34 0.001 0.10 0.077 0.30 0.001 0.00 0.801 
Mean RS 0.08 0.129 0.10 0.080 0.15 0.034 0.00 0.826 
Histopathology Index 0.03 0.418 0.03 0.421 0.01 0.555 0.04 0.346 
Variance of RS 0.19 0.013 0.08 0.131 0.12 0.053 0.01 0.686 
Water Content 0.13 0.067 0.26 0.008 0.14 0.061 0.01 0.666 
GAG Content 0.00 0.909 0.03 0.393 0.07 0.165 0.02 0.401 
DNA Content 0.08 0.114 0.03 0.346 0.15 0.031 0.01 0.641 
COL Content 0.01 0.660 0.05 0.250 0.05 0.275 0.06 0.194 
COL in aCT 0.02 0.451 0.00 0.892 0.05 0.276 0.21 0.017 
Fluorescence Ratio 0.03 0.391 0.05 0.240 0.02 0.426 0.03 0.347 

b         
Middle Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Age 0.21 0.010 0.02 0.459 0.06 0.859 0.00 0.859 
Water Content 0.05 0.280 0.01 0.659 0.00 0.845 0.02 0.489 
GAG Content 0.12 0.054 0.02 0.474 0.13 0.045 0.01 0.637 
DNA Content 0.03 0.384 0.02 0.473 0.05 0.251 0.01 0.523 
COL Content 0.05 0.233 0.02 0.442 0.04 0.332 0.04 0.294 
COL in aCT 0.09 0.138 0.10 0.108 0.14 0.055 0.03 0.415 
Fluorescence Ratio 0.00 0.966 0.04 0.305 0.01 0.537 0.01 0.617 

c         
Deep Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Age 0.04 0.281 0.00 0.748 0.07 0.140 0.00 0.768 
Water Content 0.09 0.129 0.37 0.001 0.02 0.444 0.01 0.688 
GAG Content 0.03 0.364 0.03 0.357 0.03 0.353 0.00 0.786 
DNA Content 0.15 0.032 0.02 0.435 0.03 0.392 0.00 0.810 
COL Content 0.02 0.519 0.06 0.227 0.03 0.384 0.03 0.420 
COL in aCT 0.02 0.502 0.00 0.896 0.00 0.944 0.01 0.551 
Fluorescence Ratio 0.08 0.154 0.03 0.353 0.06 0.204 0.01 0.636 

Table D.3: Correlation coefficients of determination (R2) and significance (p) values 
of univariate linear regression analysis for Young NL, Middle NL, and Old NL 
samples of the lateral femoral condyle. Values are shown for superficial (a), middle 
(b), and deep (c) layers, with dominant parameters in bold. 
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a Medial Femoral Condyle 
Superficial Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Age 0.02 0.433 0.03 0.373 0.00 0.869 0.10 0.088 
Mean RS 0.01 0.569 0.00 0.999 0.01 0.514 0.17 0.265 
Histopathology Index 0.05 0.246 0.07 0.190 0.05 0.259 0.02 0.468 
Variance of RS 0.06 0.169 0.01 0.663 0.00 0.883 0.03 0.316 
Water Content 0.02 0.555 0.28 0.008 0.03 0.419 0.12 0.099 
GAG Content 0.01 0.562 0.01 0.579 0.02 0.396 0.02 0.433 
DNA Content 0.00 0.861 0.00 0.974 0.00 0.763 0.05 0.226 
COL Content 0.00 0.868 0.03 0.361 0.09 0.130 0.09 0.112 
COL in aCT 0.05 0.263 0.15 0.046 0.06 0.194 0.05 0.239 
Fluorescence Ratio 0.00 0.834 0.00 0.769 0.00 0.904 0.02 0.453 

b         
Middle Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Age 0.07 0.147 0.01 0.576 0.04 0.255 0.02 0.455 
Water Content 0.07 0.211 0.21 0.024 0.07 0.220 0.04 0.328 
GAG Content 0.02 0.402 0.04 0.286 0.08 0.123 0.06 0.193 
DNA Content 0.08 0.123 0.04 0.267 0.11 0.068 0.01 0.606 
COL Content 0.01 0.714 0.18 0.025 0.00 0.934 0.03 0.391 
COL in aCT 0.07 0.169 0.02 0.440 0.08 0.157 0.08 0.155 
Fluorescence Ratio 0.04 0.284 0.00 0.723 0.00 0.882 0.01 0.651 

c         
Deep Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Age 0.02 0.510 0.03 0.332 0.01 0.651 0.01 0.616 
Water Content 0.06 0.262 0.08 0.190 0.03 0.400 0.03 0.450 
GAG Content 0.00 0.759 0.04 0.313 0.03 0.401 0.01 0.574 
DNA Content 0.15 0.035 0.01 0.565 0.08 0.148 0.06 0.201 
COL Content 0.39 0.001 0.06 0.238 0.31 0.003 0.00 0.961 
COL in aCT 0.01 0.724 0.00 0.748 0.00 0.859 0.05 0.256 
Fluorescence Ratio 0.12 0.082 0.03 0.411 0.07 0.202 0.02 0.540 

 

Table D.4: Correlation coefficients of determination (R2) and significance (p) values 
of univariate linear regression analysis for Young NL, Middle NL, and Old NL 
samples of the medial femoral condyle. Values are shown for superficial (a), middle 
(b), and deep (c) layers, with dominant parameters in bold.  
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Figure D.1: Relationships between tensile properties and age of Young NL, Middle 
NL, and Old NL samples. Relationships  between the tensile equilibrium modulus (a, 
b), strength (c, d), ramp modulus (e, f), and failure strain (g, h) and donor age for data 
from superficial (■), middle (▲), and deep (●) layers of the lateral (a, c, e, g) and 
medial (b, d, f, h) femoral condyles are shown. R2 and p-values shown are for the 
relationship with data of the superficial layer. Lines represent linear regression fits and 
are meant only to show trends. 
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Figure D.2: Relationships between tensile properties and mean of the reflectance 
score of Young NL, Middle NL, and Old NL samples are plotted as described in 
Figure D.1.  
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Figure D.3: Relationships between tensile properties and variance of the reflectance 
score of Young NL, Middle NL, and Old NL samples are plotted as described in 
Figure D.1.  
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Figure D.4: Relationships between tensile properties and DNA content of Young NL, 
Middle NL, and Old NL samples are plotted as described in Figure D.1. 
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Figure D.5: Relationships between tensile properties and collagen (COL) content of 
Young NL, Middle NL, and Old NL samples are plotted as described in Figure D.1. 
R2 and p-values shown are for the relationship with data of the deep layer.   
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a Factor  
Superficial 1 2 3  
Failure Strain 0.90 -0.18 0.12  
Fluorescence Ratio 0.83 0.26 `  
Mean RS 0.78 0.43 0.18  
Histopathology Index -0.77 -0.31 -0.37  
Strength 0.77 0.43 0.28  
Ramp Modulus 0.56 0.59 0.12  
Equilibrium Modulus 0.52 0.56 0.44  
DNA Content 0.51 0.57 0.09  
COL in aCT -0.18 -0.85 0.05  
COL Content 0.02 0.80 0.18  
GAG Content 0.00 0.11 0.90  
Water Content -0.46 -0.03 -0.76  
Variance of RS -0.50 -0.41 -0.02  
Variance Explained [%] 35 24 15  

b Factor 

Middle 1 2 3 4 
Ramp Modulus 0.95 0.04 -0.15 0.11 
Equilibrium Modulus 0.91 0.17 0.25 -0.08 
Strength 0.61 0.26 0.13 0.60 
COL Content 0.14 0.85 0.22 0.00 
DNA Content 0.10 0.77 -0.32 0.13 
Fluorescence Ratio 0.09 0.71 0.17 0.40 
GAG Content -0.12 -0.07 0.87 0.08 
Water Content -0.34 -0.19 -0.67 -0.14 
Failure Strain -0.25 0.07 0.29 0.86 
COL in aCT -0.36 -0.21 0.10 -0.63 
Variance Explained [%] 25 20 16 17 

c Factor  

Deep 1 2 3  
Ramp Modulus 0.95 0.07 -0.06  
Strength 0.82 0.38 0.15  
Equilibrium Modulus 0.80 -0.20 0.47  
Fluorescence Ratio 0.03 0.80 0.10  
Failure Strain -0.36 0.71 0.18  
COL in aCT -0.15 -0.66 0.08  
COL Content 0.18 0.59 0.50  
DNA Content 0.30 0.57 -0.11  
GAG Content -0.04 -0.10 0.84  
Water Content -0.47 -0.29 -0.72  
Variance Explained [%] 27 25 18  

Table D.5: Principal component analysis to identify dominant parameters in Aged 
NL, DGN, and OA samples of the lateral femoral condyle accounting for variations in 
parameters. Loading coefficients of variation and percent of total variance for each 
factor are shown for superficial (a), middle (b), and deep (c) layers, with dominant 
parameters in bold. 
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a Factor 
Superficial 1 2 3 4 5 
Ramp Modulus 0.94 0.00 0.11 -0.07 0.05 
Equilibrium Modulus 0.90 -0.15 -0.32 0.03 0.01 
Strength 0.74 -0.25 -0.33 -0.08 -0.25 
DNA Content 0.02 -0.83 -0.19 0.03 0.03 
COL Content 0.30 -0.75 0.17 -0.15 -0.06 
Fluorescence Ratio 0.08 -0.66 -0.23 0.44 -0.16 
GAG Content 0.11 0.13 -0.88 0.02 0.08 
Histopathology Index -0.21 0.30 0.73 0.02 0.13 
Failure Strain -0.14 -0.24 -0.57 -0.22 -0.53 
Water Content -0.48 0.13 0.56 -0.14 -0.18 
Variance of RS -0.04 0.12 0.16 0.86 0.17 
COL in aCT 0.06 0.36 0.23 -0.64 0.34 
Mean RS 0.08 0.00 0.08 0.05 -0.91 
Variance Explained [%] 20 16 18 11 11 

b Factor  
Middle 1 2 3 4  
Ramp Modulus 0.93 0.08 -0.20 0.08  
Strength 0.86 -0.03 0.41 0.19  
Equilibrium Modulus 0.73 -0.42 -0.09 0.32  
GAG Content -0.09 -0.92 0.14 -0.01  
Water Content -0.37 0.77 -0.11 -0.09  
Failure Strain 0.00 -0.09 0.87 -0.11  
COL in aCT 0.09 0.35 -0.53 -0.33  
COL Content 0.14 -0.18 -0.21 0.85  
DNA Content 0.19 0.06 0.21 0.75  
Fluorescence Ratio 0.27 0.46 0.47 0.52  
Variance Explained [%] 24 20 16 18  

c Factor   
Deep 1 2 3   
Ramp Modulus 0.93 -0.06 0.08   
Equilibrium Modulus 0.83 0.01 -0.40   
DNA Content 0.75 0.17 0.06   
Strength 0.73 0.54 0.00   
COL Content 0.65 0.30 0.30   
Failure Strain -0.21 0.85 -0.01   
Water Content -0.33 -0.70 0.28   
COL in aCT -0.27 -0.63 0.25   
Fluorescence Ratio 0.43 0.57 0.41   
GAG Content -0.05 0.26 -0.87   
Variance Explained [%] 35 24 13   

Table D.6: Principal component analysis to identify dominant parameters in Aged 
NL, DGN, and OA samples of the medial femoral condyle accounting for variations in 
parameters. Loading coefficients of variation and percent of total variance for each 
factor are shown for superficial (a), middle (b), and deep (c) layers, with dominant 
parameters in bold. 
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a Lateral Femoral Condyle 
Superficial Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Mean RS 0.62 0.000 0.44 0.000 0.42 0.000 0.40 0.000 
Histopathology Index 0.66 0.000 0.49 0.000 0.54 0.000 0.46 0.000 
Variance of RS 0.28 0.002 0.23 0.006 0.12 0.052 0.18 0.017 
Water Content 0.30 0.001 0.32 0.001 0.09 0.094 0.19 0.013 
GAG Content 0.06 0.173 0.13 0.037 0.02 0.390 0.02 0.389 
DNA Content 0.33 0.001 0.27 0.003 0.37 0.000 0.16 0.026 
COL Content 0.20 0.009 0.25 0.003 0.10 0.066 0.00 0.967 
COL in aCT 0.18 0.018 0.19 0.013 0.28 0.002 0.00 0.885 
Fluorescence Ratio 0.48 0.000 0.34 0.001 0.33 0.001 0.45 0.000 

b         

Middle Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Water Content 0.20 0.011 0.18 0.017 0.03 0.327 0.06 0.167 
GAG Content 0.00 0.859 0.02 0.445 0.04 0.290 0.10 0.072 
DNA Content 0.12 0.058 0.03 0.334 0.03 0.385 0.02 0.490 
COL Content 0.10 0.082 0.09 0.090 0.02 0.418 0.01 0.668 
COL in aCT 0.20 0.013 0.07 0.139 0.18 0.018 0.09 0.108 
Fluorescence Ratio 0.20 0.013 0.04 0.320 0.03 0.370 0.11 0.067 

c         

Deep Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Water Content 0.34 0.001 0.44 0.000 0.14 0.040 0.03 0.350 
GAG Content 0.00 0.785 0.11 0.063 0.00 0.871 0.00 0.782 
DNA Content 0.12 0.064 0.00 0.721 0.06 0.208 0.02 0.491 
COL Content 0.14 0.037 0.06 0.195 0.01 0.523 0.07 0.139 
COL in aCT 0.04 0.263 0.00 0.848 0.03 0.394 0.06 0.190 
Fluorescence Ratio 0.11 0.081 0.00 0.748 0.02 0.438 0.31 0.002 

Table D.7: Correlation coefficients of determination (R2) and significance (p) values 
of univariate linear regression analysis for Aged NL, DGN, and OA samples of the 
lateral femoral condyle. Values are shown for superficial (a), middle (b), and deep (c) 
layers, with dominant parameters in bold.  
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a Medial Femoral Condyle 
Superficial Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Mean RS 0.01 0.531 0.00 0.833 0.00 0.978 0.07 0.133 
Histopathology Index 0.23 0.007 0.21 0.011 0.02 0.510 0.20 0.013 
Variance of RS 0.02 0.448 0.01 0.695 0.01 0.632 0.06 0.168 
Water Content 0.13 0.047 0.43 0.000 0.09 0.108 0.01 0.627 
GAG Content 0.07 0.159 0.11 0.060 0.00 0.806 0.11 0.058 
DNA Content 0.09 0.112 0.05 0.257 0.00 0.943 0.06 0.196 
COL Content 0.09 0.104 0.11 0.068 0.07 0.153 0.01 0.595 
COL in aCT 0.02 0.444 0.01 0.630 0.02 0.468 0.04 0.289 
Fluorescence Ratio 0.09 0.101 0.05 0.233 0.00 0.771 0.08 0.126 

b         

Middle Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Water Content 0.132 0.049 0.234 0.007 0.068 0.165 0.009 0.615 
GAG Content 0.001 0.887 0.077 0.123 0.032 0.326 0.048 0.229 
DNA Content 0.154 0.026 0.090 0.095 0.043 0.253 0.020 0.438 
COL Content 0.048 0.228 0.224 0.006 0.041 0.266 0.016 0.484 
COL in aCT 0.037 0.292 0.028 0.364 0.009 0.61 0.055 0.198 
Fluorescence Ratio 0.245 0.004 0.006 0.678 0.047 0.233 0.039 0.279 

c         

Deep Strength Equilibrium Modulus Ramp Modulus Failure Strain 
Variable R2 p R2 p R2 p R2 p 

Water Content 0.199 0.017 0.102 0.098 0.038 0.326 0.169 0.03 
GAG Content 0.020 0.466 0.066 0.181 0.023 0.438 0.044 0.275 
DNA Content 0.238 0.007 0.261 0.005 0.321 0.002 0.001 0.846 
COL Content 0.348 0.001 0.070 0.166 0.231 0.01 0.000 0.975 
COL in aCT 0.203 0.014 0.086 0.123 0.047 0.268 0.107 0.083 
Fluorescence Ratio 0.399 0.002 0.048 0.342 0.090 0.199 0.220 0.032 

Table D.8: Correlation coefficients of determination (R2) and significance (p) values 
of univariate linear regression analysis for Aged NL, DGN, and OA samples of the 
medial femoral condyle. Values are shown for superficial (a), middle (b), and deep (c) 
layers, with dominant parameters in bold.  



216 

 

 

Figure D.6: Relationships between tensile properties and fluorescence ratio of Aged 
NL, DGN, and OA samples. Relationships  between the tensile equilibrium modulus 
(a, b), strength (c, d), ramp modulus (e, f), and failure strain (g, h) and fluorescence 
ratio for data from superficial (■), middle (▲), and deep (●) layers of the lateral (a, c, 
e, g) and medial (b, d, f, h) femoral condyles are shown. R2 and p-values shown are 
for the relationship with data of the superficial layer. Lines represent linear regression 
fits and are meant only to show trends. 
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Figure D.7: Relationships between tensile properties and mean reflectance score of 
Aged NL, DGN, and OA samples are plotted as described in Figure D.6.  
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Figure D.8: Relationships between tensile properties and variance of the reflectance 
score (RS) of Aged NL, DGN, and OA samples are plotted as described in Figure D.6.  
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Figure D.9: Relationships between tensile properties and histopathology index of 
Aged NL, DGN, and OA samples are plotted as described in Figure D.6.  
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Figure D.10: Relationships between tensile properties and water content of Aged NL, 
DGN, and OA samples are plotted as described in Figure D.6.  
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Figure D.11: Relationships between tensile properties and DNA content of Aged NL, 
DGN, and OA samples are plotted as described in Figure D.6.  
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Figure D.12: Relationships between tensile properties and COL content of Aged NL, 
DGN, and OA samples are plotted as described in Figure D.6.  
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Figure D.13: Relationships between tensile properties and degraded collagen (COL in 
aCT) content of Aged NL, DGN, and OA samples are plotted as described in Figure 
D.6.  
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Figure D.14: Relationships between tensile properties and glycosaminoglycan (GAG) 
content of Aged NL, DGN, and OA samples are plotted as described in Figure D.6.  
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D.4 Discussion 
 
While much more information can be gleaned from these analyses, some 

important relationships were highlighted. These relationships were site- and depth-

dependent, being most evident in the superficial layer of the LFC and the deep layer of 

the MFC. In agreement with results of Chapter 2, for Young NL, Middle NL, and Old 

NL samples, tensile properties decreased with increasing age, decreased with a 

decrease in the mean reflectance score, and decreased with an increase in the variance 

of the reflectance score in the superficial layer of the LFC. Other structural and 

biochemical properties were not strongly related to tensile weakening of the 

superficial layer. More work is needed to fully elucidate the causes and consequences 

of age-associated tensile weakening. The results of this study point to a role for 

surface wear and fatigue as major changes in early age-associated cartilage 

deterioration. The extent and localization of changes in particular tissue properties set 

the stage for further studies with specific and graded manipulations to test the 

mechanistic relationship for the sequence of events described in Figure 2.4.  

In agreement with results of Chapter 3, for age-matched NL, DGN, and OA 

samples, the parameters most strongly related to tensile weakening in the superficial 

layer of the LFC were the fluorescence ratio, the mean reflectance score, and the 

histopathology score. The tensile integrity decreased with decreasing fluorescence 

ratio, decreased with decreasing mean reflectance score, and decreased with 

increasing histopathology index in the superficial layer of the LFC.  This study points 

to disruption of the articular surface and an altered collagen network as contributing 

factors in the progression of cartilage weakening in early degeneration (Figure 3.4). 
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Additional work is needed to elucidate the mechanisms behind surface wear and 

collagen network remodeling in early cartilage degeneration and the sequence of 

events leading to overt cartilage fibrillation and osteoarthritis. 

 




