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WON-SEOK CHOI 
Alterations in Articular Cartilage of the Rabbit Mandibular Condyle Following 

· Surgical Induction of Anterior Disc Displacement: Light. and Electron 
Microscopi9]JJJ!IJ-,unocytochemistry Using Colloidal Gold Conjugates 
(Under the--direction ofMOHAMED M. SHARAWY) · , 

The purp?se ; ~f this study ~as to test the hypothesis that surgical 
' . 

induction of anterior .disc displacement (ADD) in the rabbit craniomandibular 
. , .. '' .. ·· 

jo~nts (CMJ) will lead to degenerative osteoarthritic changes detect,~ble at the 

molecular, subcellular and cellular levels in the articular cartilage of the rabbit 

mandibular condyle. Ultrastructural features of the normal rabbit mandibular 

condyle were com pared to those of experimental condyles at two weeks· 

following i~duction of ADD. The quantities of type-VI and -IX collagens, as well· 

as the components of proteoglycans, such as .chondroitin-4~sulfate (C4S), 

chondroitin-6-sulfate (C6S), keratan s-u~fate (KS) and link protein (LP) were 

measured using immunogold labeling technique at the light and the electron 

microscopic levels. 

The right joint of each of 20 rabbits was exposed surgica~ly, and all discal 

attachments were severed except for the posterior attachment. The disc was 

then displaced anteriorly and sutured to the zygomatic ·arch. · The left joint 

served as a sham-operated control.. Ten additional joints were used as non-. 

operated controls. Deeply anesthetized rabbits were perfused with 2% buffe~ed 

formalin two weeks after surgery. The mandibular condyles were excised and 

decalcified in ethylenediaminetetraac~tic acid (EDTA). Paraffin embedded 

tissues were sectioned at 5 J.Lm for light microscopic study, while water-soluble 

plastic .embedded sections were used for electron microscopy. Sections were 

incubated in monoclonal antibodies directed against C4S, C6S, KS and LP, and 

in polyclonalantibodies.against type-VI and -IX collagen~. Mter incubation in 

the appropriate colloidal gold conjugated secondary antibodies, tissue sections 

were studied with light and electron microscopes. In addition; immunostaining 

for proliferating cell nuclear antigen (PCNA) was ~erform~d using paraffin 

sections, and the PCNA, indices of. control and experimentfll condyles were 

determined. 



Pathological alterations were obvious in the experimentB;l condyles, and 
I 

appeared to be characteristic oste~arthritic changes. These i~clude .cartilage 
. . . I 

neovascularization, chondrocyte clustering, vacuolation, loss of extracellular 

matrix next to the membranes of chondrocytes, and an increase in number of 

apoptotic chondrocytes. Increased numbers of PCNA-positive cells in the 

osteoarthritic cartilage of the experimental group .indicated an active 

chondrocytic proliferation. Ultrastructural changes in injured chondrocytes 

included increased amounts of RER and Golgi, suggesting an increase in the 

synthesis and secretion of possibly degradative enzymes with a decrease in the 

normal secretory products. 

The results of the immunocytochemistry using c~lloidal gold conju~ates 

both at the light and electron microscopic levels showed statistically significant 

depletion of C4S, C6S, KS, LP, type-VI collagen and type-IX collagen in the 

osteoarthritic cartilage (P < 0.05). The _reduction of binding molecules such as 

LP, type-VI and type-IX collagens suggest a possible mechanism for the 

observed loss of integrity of the extracellular matrix. 

It is concluded that surgical induction· of ADD in the rabbit CMJ leads to 

molecular, cellular and extracellular alterations in the articular cartilage of the 

mandibular condyle similar to those described previously in human ADD and in 

osteoarthritis of other synovial joints. The results of this study provide 

evidence that the loss of the. shock absorber function of the disc, and the 

exposure of the condyles to overloading inay cause the _injured chondrocytes to 

secrete degenerative cytokines as indicated by the loss of proteoglycans, 

binding collagens and LP. These molecular changes are expressed at the 

sub.cellular and cellular levels as osteoarthritis or degenerative: joint disease. 

INDEX WORDS: Anterior Disc Displacement, Articular Cartilage, 

Craniomandibular Joint, Collagen, Colloidal Gold Conjugates, Extr~cellular 

Matrix, Immunocytochemistry, Internal Derangement, Rabbit, Mandibular 

Condyle, Osteoarthritis, PCNA, Proteoglycan, Temporomandibular Joint, 

Ultrastructure 
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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

I 

It has been estimated that about twenty million Americaps suffer from 

·various disorders of the temporomandibular joint (TMJ). Yet, the basic 

mechanisms of this disease are not well understood. . To some extent, this is 

related to the paucity of basic science research. That is, the lack of a proper 

method of creating a pathologi.cal condition in ari animal model; and both 

qualitative and quantitative experimental assessment of riormal versus 

diseased conditions. 

TMJ disorders can be classified in~o two groups on the basis of the 

location of the problem: intracapsular pathosis of the TMJ, and extracapsular 

(i.e., masticatory muscle- disorder [myofascial pain-dysfunction, MPD 

syndrome]). MPD syndrome·. is a stress-related psychophysiologic disease 

rather than the result of a disharmony in the occlusion of the :teeth (Laskin, 

1969). Although there has been a great improvement in the 'field of clinical 

collection and analysis, arthrographic anQ. other imaging method:s, there is little 

basic scientific research on the pathogenesis of TMJ disorders, both at the 

cellular and subcellular levels. Such research may lead to fa~ilitation of the 

diagnosis and treatment ofTMJ problems. 
i 

Pain and tenderness over the joint are the most frequent complaints of 

TMJ patients, and eventually joint clicking, crepitus, and lack of the ability to 

fully- open ~the mouth occur (Kaplan et al., 1989). In mos:t cases, these 

symptoms can be attributed. t9 an internal derangement of the: joint. Internal 

derangement is caused by a progressive mal8.lignment of the~ articular disc. 

While the cause for this condition is unknown, the fact that women are af(ected 
! 

in much higher numbers than ·men suggests a hormonal influence or a genetic 

predisposition, or both (Guarlnick et al., 1978). 

Arthrography has demonstrated a high incidence of disc displacement in 

pati~nts with TMJ pain. Some patients report definite trauma~ic occurrences 

1 



2 

prior to experiencing TMJ pain and other symptoms. In others; an iatrogenic 

cause, such as a dental procedure or general anesthesia, is thpught to be a 

precipitating factor. In still others, no specific cause can be .. fbund, but it is 
, I 

assumed that minor repeated episodes of trauma may play a role (Katz berg et 

al., 1980). ; 

Retrospective clinical studies of patients that suffer fron?. anterior disc 
i 

displacement (ADD) suggest that ADD will lead -to osteoarthritis or other 

degenerative joint diseases (Westesson et al., 1984; Nikerson: ·and Boering, 

1989; Wilkes, 1989). Several studies supported this claim expe~mentally (Ali 

and Sharawy, 1993; Ali and Sharawy 1994, Sharawy et al~, 1994). The 
• I 

effects of ADD on the extracellular niatrix have been studied at the light 

microscopic level. However, very limited information exists on the cellular and 

extracellular ultrastructure of the normal condyle, and the pathological 

changes in the condyle following ADD. Therefore,· in the current study, _the 

electron microscopy was used to investigate the ultrastructural changes in 

condylar cartilage following induction of ADD. In addition, the colloidal gold 

conjugated antibodies against cartilage proteoglycan (PG) co~ponents and 

different types of collagen were used to compare normal and pathological 

condylar cartilages. This ultrastructural study should provide a better 

understanding of the pathogenesis of osteoarthritis caused by .internal 

derangement of the TMJ. 

B. . REVIEW OF RELATED LITERATURE 

1. GENERAL DESCRIPTION OF THE TEMPOROMANDIBULAR ~OINT 

The temporomandibular joints (TMJ) are bilaterally pla~ed, diarthroidal 

joints which are formed by the articulation between the articul~r eminence and 

mandibular fossa of the temporal bone superiorly, and the ;co1;1dyle of the 

mandible inferiorly. The presence of these joints permits jaw movements that 
! 

are · essential in the processes of respiration, mastication, deglutition and 

speech. Each joint has a capsule that attaches above to the boundaries of the 
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mandibular fossa and below to the neck of the mandibular condYle. The joint 

cavity is divided into upper and lower compartments by :a biconcave, 

avascular, fibrous disc. Most synovial joints have hyaline cartilage lining their 

articulating surfaces, but the articulating· surfaces of the TMIT are covered 

with dense, avascular, fibrous connective tissue (Sharawy, 1990). 

The TMJ disc acts as a protective shock absorber (Shara~y, ·1990), and 

1s an essential component of the TMJ. Many studies have :revealed that 

experimentally induced disc perforation or discectomy cause$ degenerative 

joint disease (Appel, 1970; Y ~en et al., 1979; Hinton et al., 1992; Sharawy et 

al., 1994). Furthermore, a clinical study dem9:qstrated tha~ the surgical 

removal of the disc in patients led to osteoarthritic chang~s in articular 

surfaces (Eriksson and Westesson, 1985). 

The.human TMJ disc is biconcave in sagittal section, and is composed of 

thick anterior and posterior bands, and a thin intermediate zo~e (Heffez and 

Jordan, 1989). The nonvascular nature of the disc explains the .lack of healing 

c~pacity following the surgical perforation of the disc (Helmy et al., 1988). The 

anterior band of the disc is continuous anteriorly with a ligament called. the 

anterior foot extension which is attached to the temporal bone.· A significant 

amount of the superior head of lateral pterygoid muscle inserts into the 

anterior band of the disc, and spasm of the superior head of la,teral pterygoid 

has been implicated as one of the etiologic factors in ADD. 

The posterior band is continuous with the bilaminar zane of the disc 

which is a fibroelastic connective tissue structure. The' superior lamina is 

attached to the petrotympanic fissure of the temporal bone, wiffile the inferior 

lamina is attached to the neck of the condyle (Rees, 1954). I,ll a midcoronal 

view, the disc has a central thin zone with medial and lateral :thick bands or 

rims (Sharawy, 1990). The medial and lateral collateral · ligaments are 

attached to the neck of the condyle and the disc (Helmy, 1984).; 

There are four rec·esses present in the TMJ. The anterior foot extension 
• . I 

divides the anterior joint space into anterosuperior and anteroinferior recesses 

(Westesson et al., 1990). The posterosuperior and posteroinfe~or recesses are 

. formed by the bilaminar zone (H~ffez and Blaustein, 1987). 
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As in other synovial joints, the articular capsule of the TMJ is lined with 

a synovial membrane that folds to form synovial villL Synovial v~lli project into 

the joint spaces. The. synovial membrane is composed of a cellu~ar layer called 

the intima and vascular connective tissue called the subintiina (Sharawy, · 

1990). The intimal cells are of three types. The first is :rich in rough 

endoplasmic reticulum and is called the fibroblast-like, or B cell. It is 
! 

sometimes called a secretory S-cell. The second type is called the macrophage

like, or A cell, and is rich in Golgi complex and lysosomes, and cqntains little or 

no RER. The third type has a cellular morphology between cell types A and B. 

The fibrous capsule of the TMJ is attached superiorly to the temporal 

bone and inferiorly to the neck of the mandibular condyle (Sharawy, 1990). 

Whereas the articul~ capsule is quite thin anteromedially,: medially, and 

posteriorly, it is thicker anterolaterally and laterally where it attaches to the 

articular tubercle. This reinforced lateral portion of the capsule is called the 

temporomandibular ligament. 

2. CHARACTERISTICS OF THE MANDIBULAR CONDYLE 

Since the articular surface of the mandibular condyle w:ill be the subject 

of this dissertation, an emphasis will ·be. placed on reviewing the important 

findings related to the condyle. The articular surface of the condyle is 

composed of three zones: perichondrium, hyaline cartilage . aild subchondral 

bone (Luder et al., 1988; Sharawy et al., 1991). The perichondrium is the layer 

of fibroelastic tissue containing fibroblasts, chondroblasts, collagen fibers and 

elastic fibers (Silva, 1967; Silbermann et al., 1990). According to Luder et al. 

(1988), it can be divided . into three layers. The· uppermost layer of the 

perichondrium is called the articular zone or the resting c~ll zone, and is 

composed of flattened fibroblasts whose nuclei are oriented !parallel to the 
i 

condylar surface (Jeffery et al., 1991). The next layer is called ~he polymorphic 

cell zone and consists of irregularly shaped undifferentiated mesenchymal cells 

which have the potential to differentiate into chondroblasts. Tl}e deepest layer 

of the fibrous covering contains spindle shaped cells with flat :Q.uclei which are 
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mitotically active. These cells are also active in collagen synth~sis (Silberman 

and Frommer, 1972), and produce a precartilagenous matrix devoid of type II · 
! 

collagen, but rich in type I collagen (Ali and Sharawy, 1995). Ttlls reserve cell 

layer increases in thickness with function, but then decrease in thickness in old 

age (Lubsen et al., 1987). 

The hyaline cartilage is found under the proliferative cell zone, and is not 

vascularized in adults, while fetal hyaline cartilage is vascularized (Bloom and 

Fawcett, 1986). The hyaline cartilage is composed of three layers: the 

flattened chondrocytic l~yer, upper hypertrophic layer, and lower hypertrophic 

layer (Luder et al., 198~, Marchi et al., 1991). 

The number of cell~? decreases in the deeper layer relative to the 

superficial layer (Stockwell, 1971). The extracellular matrix of the lower part 

. of the lower· hypertrophic layer is .calcified. The line between the calcified and 

uncalcified matrices is called the tide mark (Green and Martin, 1970) and is 

essential for the distribution of the load· into a wider area (Broom and Poole, 

1982). 

The condylar chondrocytes are typically embedded in the cartilage 

matrix. They are responsible for the synthesis and maintenance of the 

extracellular matrix. These cells vary in size; shape and number per unit area 

of tissue both from the surface to the deeper layers and in different anatomic 

locations. Generally, cells at the cartilage surface are flatter, smaller and 

oriented parallel with the cartilage surface. These cells are surrounded by a 

network of fine collagen fibrils, and this region is less rich in proteoglycans. 

They also have a greater density than the cells deeper in the matrix (Stockwell, 

1971). 

Two or more chondrocytes are enclosed in a specialized rp.atrix distinctly 
I 

different from the bulk of the extracellular matrix. This. u¢que matrix is 

referred to as a capsule or chondron. The capsule is a; semipermeable 

membrane which controls the diffusion of water, nutrients and
1 

waste products 
I 

. into and out of the chondrocytes (Poole et al., 1991). Chondrotis are connected 

by pericellular channels which are thought to transmit the l~ad ·over a wider 

area (Poole et al., 1982, 1984). Immediately surrounding each ~hondrocyte is a 



6 

matrix rich in proteoglycans and some hyaluronic acid but relatively little 

collagen. Around 'each cells or sometimes groups of cells is; a basket-like 

structure composed of cross~linked fibrillar collagen whi~h provides a 

protective framework. 

Autoradiographic studies . using 3H-thymidine radiowaphic study 

indicated that the life-span of the . chondrocytes starting from the surface zone 
I 

to the bone marrow is about 5-6 days (Blackwood, 1966; Oberg,: 1967; · Luder et 

al., 1988). An autoradiographic study using 3H-proline ha~e shown that 
I 

hypertrophic chondrocytes are active in collagen synthesis (Melcher, 1971). 

The lower hypertrophic chondrocytes fuse with the marrow spaces of 

th~ subchondral bone and differentiate into chondroclasts (Dur~n et al., 1972). 
' The subchondral bone is thought to play an important role in absorbing the 

load acting on the cartilage (Radin and Paul, 1971). 

Condylar cartilage is different in some aspects from metaphyseal 

primary cartilage of other long bones. The hyaline cartilage of the mandibular 

condyle is a more cellular tissue without distinct arrays of the vertically aligned 

cell columns and matrix septa; therefore, it is referred to" as secondary cartilage 

(Symons, 1965). In the secondary cartilage, only appositional growth can 

occur and nutrition is supplied through the fibrous perichondrium and 

subchondral bone (Sharawy, 1991). 

A 358-sulfate autoradiographic. study indicated that some hypertrophic 

chondrocytes in the -condyle remained metabolically active :in the calcified 

matrix, while epiphyseal chondrocytes were eliminated by vascular invasion as 

they reached the calcified zone (Silbermann and Frommer, 197:2). This unique 
I 

·calcified tissue, which contains hypertrophied. chondrocytes;. surrounded by 

both typ~ I and type II collagens which represent characteristics of bone and 

cartilage, is referred to as chondroid bone (Silbermann et al., 1987; Mizoguchi et 

al., 1993). 

Mitochondria are sparse in chondrocytes, probab~y due to the 

comparatively low oxygen tension in the avascular cartilag~. Cells in the 

deeper uncalcified zone have the most prominent endoplasmic reticulum and 

Golgi apparatus indicating active protein synthesis, as. well as sulfation of 
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i 

proteoglycan carbohydrate side chains. Th(3 cell membrane shows. numerous 

short, as. well as some longer, branched cytoplasmic processes ~hich make no 

connection with the processes of other chondrocytes. 

In the extracellular ·matrix adjacent to the cells of adult articular 
! 

cartilage, as in the hypertrophic zone of the growth· plate, small membrane

bound vesicles are visible. These_ may play an important role in calcification of 

cartilage matrix (Anderson, 1967) .. Matrix vesicles were first described as 

small electron dense bodies found at all levels in the longit~dinal septa of 

growth-plate cartilage, which were initially called "cytoplasmic fragments" 

(Anderson, 1967) or "osmiophilic globules or bodies" (Bonucci, _1967). Matrix 

vesicles appear to be derived from cells by several hypothetical mechanisms 

such as by budding of cell processes, by extrusion of preformed intracellular 

structures, or by subunit s·ecretion with extracellular assembly (Rabinovitch 

and Anderson, 1976). Recent data proposed that cell surface microvilli are the 

precusors of the matrix vesicles, and that retraction of the actin 

microfilamentous network is involved in the release of these structures (Hale 

and Wuthier, 1987). 

Matrix vesicles are trilaminar, membrane-enclosed structures 

(Anderson, 1969) which are characterized by high levels of alkaline 

phosphatase and by a distinctive acidic phospholipid composition similar to 

that of the cell plasma membrane (Wuthier, 1982; Ali 1992). Alkaline 

phosphatases are known to hydrolyze a variety of phosphate-containing 

substrates and metabolites to promote apatite formation (Ali et al., 1970; 

Anderson, 1992). In addition, enrichment of the matrix vesicles in 

phosphatidylserine, which has a high affinity for Ca2
+, enables ~he synthesis of 

calcium-phosphate-phospholipid complexes within cells before matrix vesicle 

formation (Wuthier and Eanes, 1975;_. Wuthier and Gore, , 1977). These 

phospholipid complexes appear to be transfe~ed from the c~lls to the inner 
I 

·leaflet of the vesicle membrane. Matrix vesicle activity is re~lated by steroid 

hormones and growth f~ctors, and its metabolism 1s directly affected by 

vitamin D metabolites (Boyan et al., 1992). 



8 

COLLAGEN 

Fourteen different types of collagen have been identified in different 

areas of the body (Vander Rest, 1991). Although these molecu~es vary in size, 

all types exhibit the triple helix configuration. Some contain i~terrupted helix 
; 

structures aligned in a 'staggered array to form collagen fibrils. The classic 

banded appearance of collagen is caused by regions of overlap: or gaps in the 

packing of the molecules. 

The collagen fibrils are arranged vertically in the deeper layer of the 

cartilage, and become horizontal and parallel to the surface ~ the superficial 

layer, which is called the lamina splendens (Debont et al., 1984; Jeffery et al., 

1991). Collagen fibrils have various diameters ~d their density increases in 

this region with the increase in calcium concentration. It is thought that this 

region resists direct compression and lateral shear (Broom and Poole, 1982). 

The collagen content of cartilage progressively diminishes from the 

superficial to the deep layer (Muir et al., 1970). In deeper layers, collagen fibers 

are more widely separated, thicker in diameter, and are vertically aligned in 

such a fashion· ~s to form a web of arch-shaped structures. · The fibers are 

continuous with those in the calcified layer of cartilage, but not with und~rlying 

subchondral bone. The arrangement of arches allows collagen to constrain the 

proteoglycan gel entrapped in the matrix. The web of arches functions as a 

unit, and damage to one section can be expected to affect the architectural 

integrity. of the whole ·unit. 

Collagens are secreted by· chondrocytes . which contain receptors for 
I • 

type-11 collagen called anchorin CII, also called annexin V, qn their plasma 

membranes. These receptors provide attachment of the mature chondrocytes 

to type-II and -X collagens (Kersch et a.l., 1991). 

Hyaline cartilage has a unique type of collagen, type-II, which is 
. ' 

structurally characterized by three triple helical a-1 (II) chains. The type-11 

fibrillar network is essential for maintaining the tissue volume and shape 

giving articular cartilage its tensile strength. Electron microscopic studies 

show that in the surface layer collagen fibers are closely : packed, of fine 
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·diameter, and mostly oriented parallel to the cartilage surfac~ (Bullough and 

Goodfellow, 1968). 
i 

In addition to type-II collagen, cartilage contains a number of other 

collagens present at low concentrations which are functionally important. 
' I 

Type-IX collagen belongs to a group of fibril associated collagens and has an 

interrupted triple helix, a large globular domain and a co;valently linked 

glycosaminoglycan chain which may act as linkage betwe~n the type II 

collagen network and proteoglycans (Poole et al., 1988). This collagen appears 

to bind to the surface of type-II collagen fibers and limits their size. The 

proportion of type-IX collagen, therefore, may play a major role in modulating 

the mechanical properties of cartilage. Type-XI collagen is found within the 

interior of the type-II collagen fibrils and is thought to organize surrounding 

co~lagen type-II molecules during fibrillogenesis (Mayne, 1990). Type-X 

collagen is a non-fibrillar collagen found in calcifying cartilage, and is restricted 

·to the matrix around hypertrophic chondrocytes of the growth plate and the 

deep calcified zone (Mayne and Irwin, 1986). Also found are type-V (Evans et 

al., 1983) and type-VI· collagens (Hagiwara et al., 1993), which have been 
i • 

. shown to be covalently crosslinked to type-II collagen (Eyre et al., 1987). 

Type-XII and -XIV collagens have ~lso been isolated from· articular cartilage 

(Watt et al., 1992). 

~he minor types of collagen such as type-VI and type-IX are essential 

for the integrity of type-II collagen fibrils (Eyre et al., 1987).' · Alterations in 

type-VI and IX collagens could be a factor contributing to th~ fibrillation and 

loss of type-I and-II collagens in the r3:bbit craniomandibular joint (CMJ) 

following the surgical induction of anterior disc displacement (~ and Sharawy, 

1994; 1996). Previous studies have shown that the removal of type-VI 
. ' 

collagen precedes the degradation of type-I collagen in th~ re~odeling process 

of the periodontal ligament (Sloan et al., 1993). Also, type-III cbllagen is known 

to be present on1y in the fetal and osteoarthritic_ cartilages, ~dis synthesized 

only ln. association with de novo appearance of type-I c~llag~n (Aigner et al., 

1993) and elastin (Ali et al., 1993). Thes~ earlier findings suggest 

transformation of chondrocytE~s into chondroblasts and :undifferentiated 
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i 
mesenchymal cells which secrete connective tissue components not specific 

for cartilage, such as elastin, type-I and -III collagens (Ali and S~arawy, 1996). 

The cartilage in the ~andibular condyle contains type-II :collagen, while 

its fibrous covering contains only type-I collagen (Mizoguchi! et al., 1990). 
I 

These collagens show a phenotypic alteration in the condylar c~rtilage similar 

to that. reported for osteoarthritic cartilage of other synovial joints (Ali and 

Sharawy, 1995). Ali and Sharawy (1996) were also able to localize type-VI 

~d -IX collagens in the territorial matrix of chondrocytes in th~ hypertrophic 

layer of the condylar cartilage and in the chondroid bone, and demonstrated the 

loss and fragmentation of the collagens in the experimentally induced ADD 

animal model. In addition, the appearance of de novo type-II~ collagen was 

. detected with immunostaining in the articular cartilage of the condyle and 
I 

articular eminence at 6 weeks following the surgical induction of ADD in the 

rabbit CMJ (Ali and Sharawy, 1996). 

PROTEOGLYCANS 

In contrast to the fibrous structure of collagen, proteoglycans are sticky 

gel-like molecules. Proteoglycans (PGs) are a dive~se group of: heterogeneous 

molecules consisting of protein _chains and attached glycosami~oglycan (GAG) 

side chains. GAGs are long, t;tnbranched polysaccharide chains composed of 

repeating disaccharide units. They are called glycosaminoglycans because one 

of the two sugar residues in the repeating disaccharide is always an amino 

sugar (N-acetylglucosamine or N-acetylgalactosamine) (Antonsson et al., 

1989). In most cases this amino sugar is sulfated and the SeGond sugar is a 

uronic acid. Because of the sulfate or carboxyl groups on most of their sugar 

residues, GAGs are highly negatively charged (Albert et al., 1989). 

GAGs are essential components of condylar hyaline cartilage. GAGs 

provide resilience to cartilage and seem to develop in response tQ function since 
. i 

neonatal cartilage does not contain a:t;}y GAGs (Poole, 1986; N ~gy and Daniel, 

1990). The large, hydrated proteoglycan molecules along with Q-AG side chains 

are found filling in the spaces among collagen fibrils to which they are also 
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loosely attached (Rosenberg and Buckwalter, 1986). They bind 

electrostatically to collagen during fibrillogenesis (Smith et al., 1~85). 

GAGs are found covalently attached to a protein core in the form of PGs · 

constituting a sticky gel-like ground substance along with other glycoproteins. 

The major. proteogiycan in cartilage is aggrecan, containing a protein core to 

which carbohydrate side chains (keratan and chondroitin. sulfates) are 

attached (Andres et al., 1989). A high density of negative charges attracts a 

cloud of cations, such as Na+, that are osmotically active, causing large 

amounts of water to be drawn into the matrix. However, the expansion of the 

PGs is restricted to approximately 20% of th.e maximum possible by the 

collagen network and this creat~s, a swelling pressure that enables the matrix 

to act as a . protectiv-e shock absorber against -compressive: forces (Poole, 

1986)."· 

When cartilage is loaded, the water is extruded and PGs are compressed. 

Removal of the load permits the imbibing of water into the tissue together with 

essential nutrients. This seems to be a c!itical function of PGs, • since cartilage 

. possesses ~0 blood supply . to act as a source of nutrition or conduit for a 

reparative response during injury. Furthermore, it is also aneural so that 

damage to the tissue may not be perceived by direct nerve pathways . 

. Every group of chondrocytes secrete a specific type of GAGs (Zanetti et 

al., 1985). PGs along with GAG side chains are located predominantly in the 

territorial matrix of the chondrocyte and are deficient in the interterritorial 

matrix. They are concentrated in the area of hypertrophic chondrocytes 

(Matsui et al., 1991) and calcified cartilage region (~unter, 1991). 

Autoradiography using 358-sulfate has demonstrated that chondrocytes 

secrete GAGs into the extracellular matrix (Silbermann and Frommer, 1972; · 

McHenry et al., 1974; Katz and Kvinnsland, 1979). Because they form porous 

hydrated gels th~ GAG chains fill most of the extracellular space, providing 

mechanical support to tissues while still allowing the rapid diffusion of water-
• i 

• I 

soluble molecules, the migration of cells, and cell to cell int~ractions. The 

topographic distribution of these PGs exhibits a great deal o~ local variation 
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within the cartilage matrix which may reflect· local mechanical requirements 

(Poole, 1983). 

Aggregating Proteoglycans 

The aggregating PG of hyaline cartilage is ~called ag~ecan. In the 

cartilage matrix most aggrecan molecules exist in the form df proteoglycan 

aggregates with up to 200 aggrecan molecules bound to a hyaluronic; acid chain 

(Hascall, 1988). The hyaluronate filaments of these proteoglycan aggregates 

form a latticework interspersed between the collagen fibrils that form the 

tissue framework. The interaction between the aggrecan molecules and 
I 

hyaluronic acid is non-covalent, and this ionic interaction can be disrupted by 

low p~, high ionic strength, and elevated shear forces. However, in the tissue 

the interaction between the aggrecan molecules and hyaluronic acid can be 
' ' 

stabilized by the further interaction of a link protein (He!negard~ 1992; Poole et 

al., 1982; Hardignham et al., 1981). Link proteins are glycoproteins 

synthesized by the chondrocytes that have the ability to interact with 

hyaluronate and a single aggrecan molecule. Cartilage Pq-s (aggrecans) 

typically consists of about 100 chondroitin sulfate chains and about 50 

keratan sulfate chains linked to a serine-rich core protein. 

Aggrecan shows an age related decrease in size and an enrichment in 

keratan ·sulfate relative to chondroitin sulfate or protein content. These 

changes reflect changes in PG synthesis and also extracellular. cleavage by 

proteinases (Thonar an~ Kuettner, 1987). 
I 

The functional properties of aggrecan reside in two structural features: 
I 

firstly, the high concentration of anionic charge due to the pres~nce of sulfated 

glycosaminoglycans, and secondly, the localization within the rpatrix endowed 
. i 

by participation in aggregate formation (Poole, 1986). When the tissue is 

compressed water is displaced, and as the PG is localized due to aggregate 
I 

formation, its concentration increases focally. This generate~ an increased 

swelling pressure, which is dissipated upon removal of the compressive force 

by water being drawn ·.back into the tissue. This flow of water during 
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compr~ssive cycling is thought to aid in the flow of nutrients from the synovial 

fluid to the chondrocytes. Furthermore, as high PG concentration limits the 

degree to which the cartilage can be compressed, it may serve; to protect the 
I 

chondrocytes from adverse mechanical insults. It is apparent that any 
' I 

parameter which greatly decreases proteoglycan concentratiop, reduces the · 

charge density on the aggrecan molecules, or reduces their ability to form 

stable aggregates that can be deleterious to tissue function. Such changes do 

occur in several chondrodysplasias and in the arthritic joint (Abubaker et al., 

1986; Henry et al., 1992; Nitzan et al., 1993). 

Non-Aggregating PGs 

i 

The term, non-aggregating PGs, refers to all molecules that do not 

interact specifically with hyaluronic acid. This family of molecules is 

characterized by their ability to interact with collagen (Witsc?-Prehm et al., 

1992) .. These molecules are not associated with hyaluronic ~cid (Vilim and 

Krajick~va, 1991) and contain different.core proteins (Hardin~ham and Muir, 

197 4). Two PGs called biglycan and decorin differ in size, core p~otein structure 

and properties. These PGs are present in low concentrati:ons and show 

increasing concentration with age especially in superficial layers (Bianco et al., 

1990). They also interact with other proteins in the extracellular matrix. 

Biglycan has two GAG chains, and does not appear to interact with the 

fibrillar collagens or influence fibrillogenesis. It is possible that biglycan can 

· interact with type-VI collagen and thereby participate in the network 

assembly, though its precise function is unknown. Decorin isi located on the 

surface of collagen fibers and inhibits collagen fibril formation. ~hey appear to 

inhibit processes· involved in tissue repair and may have a role in preventing 

joint adhesions. A further PG-like molecule, fibromodulin with }reratan sulfate 

side-chains, is located on the surface of collagen fibrils (Bianco er al., 1990). 

Fibromodulin has keratan sulfate side chains, and is :located on the 

surface of collagen fibrils. Fibromodulin possesses the ability to interact with 

fibrillar collagens. The. function of fibromodulin is unknown, ?ut it has been 
I 
I 
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speculated that it could play a role in limiting the interaction b~tween collagen 

fibrils. Type-IX collagen can also be considered as a ~on-aggregating 

proteoglycan, as its a2(IX) chain may possess a chondroitin sulfate (CS) chain. 

· Articular cartilage also contains other extracellular ~atrix proteins 
•. i 

(Heinegard et .al., 1992). Chondrocalcin is a protein probably ,jnvolved in the 

calcification process. Anchorin is a protein on the surface of chondrocytes 
• . ! 

involved in binding of these cells to extracellular matrix compqnents possibly 

transmitting altered stress on type-11 fibers to chondrocytes. .Fibronectin, 

thrombomodulin, cartilage oligomeric high MW matrix protein ~re rui found in 

cartilage but their precise function is · not yet known. The topographic 

distribution of these PGs eXhibits a great deal of local variation within the 

cartilage matrix which may reflect local mechanical requi~ements (Bjelle, 

1975). 

Changes Proteoglycan (PG) Content with Age and Pathosis (Osteoarthritis) 

·The PG composition of articular cartilage does not stay constant 

throughout life, and exhibits a variable concentration in osteoarthritic joints. 
. ' 

Fetal cartilage which is not normally subjected to loading, contains a relatively 

high concentration of chondroitin sulfate (high CS/KS ratio), particularly 

chondroitin-4-sulfate (Mankin and Thrasher, 197.7;· Rosenberg et al., 1981). 

This makes the fetal cartilage softer than adult cartilag~. Moreover, older 

cartilage contains a lower concentration of GAGs than younger cartilage and 

is, therefore, more brittle (Roughley et al., 1981; Livne et al., 1Q85). Also, with 
I 

age there is an increase in protein synthesis, an increas~ in sialic acid 
, I 

concentration, an increase in keratan sulfate concentration, arid a decrease in 

chondroitin sulfate concentration (Baylis et al., 1981; Adams et al., 1987; 

Roughley et al., 1982). 

Osteoarthritis is a remodeling process defined as a noil.-inflammatory, 

focal degenerative disorder of synovial joints primarily affecti~g the articular 
f 

cartilage and subchondral bone. Degradation of PGs is much more pronounced 

in the arthritic joint. Cartilage lesions in such joints are associated with 
i 
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increased levels of proteolytic activity (Sapolsky et al., 198'?; Dean et al., 

1989). 

While osteoarthritis is, a pathological process affecting articular 
I 

cartilage, ·remodeling is a physiological process that occurs in the joints in 
I ' 

which a process of reversible biologic adaptation to . altered 1 environmental 
i 

circumstances leads to changes of the structure or morphology of the tissue 

concerned. Studies have shown that there is a loss of GAG mdlecules in early 

osteoarthritic joints followed by remodeling (or repair) proce~s in the later 

stages of osteoarthritis. Depletion of GAGs has been . reported.' in the 

osteoarthritic condylar cartilage (Hinton, 1992; Mills and Scapino, 1993), and 

both in vivo (Ehrlich et al., 1975; Lafeber et al., 1992; Axelsson ~tal., 1992) and 

in vitro (De Witt et al., 1984; Klein-Nulend et al., 1987; Lafeb.er et al., 1992) 

studies have reported an increase in the synthesis of :GAGs in late 

osteoarthritic cartilage. Ali (1994) showed that the mandibular condyles of 
I 

older rabbits exhibit a decrease in the thickness of the cartilage layer, and a 

weaker staining intensity with Alcian Blue compared to those in young growing 

rabbits. Also, there was a depletion of various GAG molecules, followed by 

increased reparative synthesis of them in the later stage of osteoarthritis in 

the experimentally induced ADD animal model using ·immunohistochemistry 

with fluorescein isothiocyanate (FITC) labels (Ali and Sharawy~ 1996). 

The newly formed GAGs in the condylar cartilage tend to transform the 

adult tissues into the fetal-like condylar cartilage (Caterson and Lowther, 

1978; Adams, 1987). This type of immature expression is also observed in 

chondrosarcomas, where with an increase in malignancy the PGs contain an 

increased abundance of chondroitin sulfate (CS) relative to keratan sulfate 

(KS) (Brandt and Palmoski, 1976; Palmoski and Brandt, 1976; · Oegema, 1980; 

Martel-Pelletier, 1992). Also, loss of link protein in the condyle and disc have 

been found after induced ADD in the rabbit model ~Mills et al., :1993). Because 

of the decline in LP, the regenerated GAGs are probably unable to aggregate 

with hyaluronic acid (HA), a condition known to occur in osteo,arthritis. Also, 
' . 

the function of regenerated link protein may be different sin~e it contains a 
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different amino acid composition from normal link protein; as shown m 

osteoarthritic cartilage (Ryu et al., 1982). 

The depletion and fragmentation of PGs leads to functio~al disturbance 

in osteoarthritic joints. The protective shock absorbing mechariisms, supply of 
I 

critical nutrients from the synovial fluid, proper cell migration in the cartilage, 

and cell to cell interactions are impaired in osteoarthritis. In the TMJ, for 
• . I 

example, it has been suggested that anterior disc displacement, in which all the 

phenomena mentioned previously occur, will lead to osteoarthritis of the TMJ 

(Ali and Sharawy, 1994, 1995). 

Cartilage fragments have been found within osteoarthritic cartilage 

(Witsch-Prehm et al., 1992), in the synovial membrane (Myers et al., 1992; 

Ratcliffe et al., 1992) and in the synovial fluid (Heinegard et al., 1987; Poole et 

al., 1987; Thonar et al., 1987;- Heinegard and Saxne, 1991). ·Circulating KS 

(Williams et al., 1988; Thonar et al., 1991), C4S and C6S (Shinmei et al., 1992; 

Ratcliffe et al., 1993), core protein and HA binding -regi?n (Saxne and 

Heinegard, 1992) have been detected in the serum and TMJ synovial fluid 

(Israel et al., 1991) from patients .with ·osteoarthritis, which can aid in 
I -

diagnosing osteoarthritis. In addition, increased release of GAGs from 

osteoarthritic cartilage has also('been found (Layton et al., 1987'). 

3. POLYPEPTIDE GROWTH FACTORS AND VARIOUS ENZYMES INVOLVED IN 

OSTEOARTHRITIS 

There are various kinds of growth factors, cytokines and proteinases 

involved in the degradation and remodeling of extracellular. matrix in the 

osteoarthritic joint: 

POLYPEPTIDE GROWTH FACTORS AND CYTOKINES 

Within osteoarthritic joint tissues, there are areas of 
1
cartilage where 

synthesis of new matrix is occurring and areas where :qet loss of the 

extracellular matrix is occurring. The chondrocytes are intimately involved in 
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I 

both of these processes. However, studies have shownj that not all 

chondrocytes have the capacity to regenerate and that tlie regenerating 

chondrocytes secrete primarily chondroitin sulfate (Mitchell et Ji., 1992). 

The response of chondrocytes to polypeptide growth f~ctors has 0:r;1ly · 

recently been recognized and it,is apparent that these factors play a major role 
I 

both in the regulation of the synthesis of normal matrix, and :ih the processes. 
! 

involved in osteoarthritic cartilage. It is not known how thes~ agents act .on 

cartilage but involve the presence of cell surface receptors coupled to 

intracellular signaling pathways. Insulin-like growth factor (IGF-1) has been 

found to stimulate DNA and matrix synthesis in growth plate,.as well as b_oth 

immature and adult articular cartilage (McQuillan et al., 1986)~ A steady-state 

of PG synthesis is maintained by IGF-~ in adult tissue (Luyten et al., 1988), 

and it is often more effective when it is administered with othe~ growth factors 

such as EGF and b-FGF. It is thought to predominantly affect:the synthesis of 
i 

aggrecan while TGF -~ appears to stimulate protein synthesis iri general. 

Transforming growth factor-~ (TGF-~) potentiates the stimulation of 

DNA synthesis achieved by b-FGF, IGF-1 and EGF ·rather than initiating it 

itself. TGF -~ is locally synthe~ized by chondrocytes and stimulates PG 

synthesis (Lafeber et al., 1993). It is also known to stimulate the production of 

the metalloprolteinase inhibitor (TIMP) by connective tissue cells (Wright et 

al., 1991), as well as other proteinase inhibitors. This suggests that it may 

prevent cartilag~ destruction by both stimulating synthesis and blocking 

breakdown pathways. The addition of TGF -~ to cartilage stimulated the 

resorption of PGs, while interleukin-1 (IL-l) prevents the release of 

proteoglycan fragments from the tissue (Andrews et al., 1989)., 

Platelet derived growth factor (PDGF) is a major growth factor for 

. connective tissue cells, and it has a mitogenic effect on chondr9cytes (Howes et 

al., 1988). Its role in the normal joint is unknown, but it has; been suggested 

that it could be involved in the repair mechanisms of osteoarthritic cartilage. 

Fibroblast growth factor (FGF), previously described as cartilage growth 

factor, acts in connective tissues as a ·powerful mitogen, and stimulates DNA 
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synthesis in adult articular chondrocytes in culture (Osbourne et al., 1989). It 

is likely that this factor is involved in stimulating repair within cartilage. 

These growth factors are unlikely to act on their own,! and many are 
I 

known to act synergistically in promoting matrix synthesis. TGF -~ and IGF 
! 

can be synthesized within the cartilage by ~hondrocytes, and t~ese two growth 

factors are known to antagonize the. eff~cts of the proinflam~atory cytokines 

IL-l and tumor necrosis factor (TNF) (Tyler et al.,1992). 

The cytokipes IL-l and TNF when added to cartilage both stimulate the 

degradation of the matrix and the release of proteoglycan fragnients within 12-

24 hours. At the same time, the synthesis of matrix components is also down 

regulated. Used alone, IL-l is more potent than TNF, but both ·agents are 

more potent if added together. It is widely accepted that irreversible damage to 

cartilage structure occurs when the collagen framework is re:q1oved. It is not 

known how proteoglycan and coilagen turnover are i1,1creased ~fter treatment 

with IL-l and TNF, but these cytokines both stimulate the production of large 

amounts of stromelysin and collagenase, two proteinases known to be able to 

degrade proteoglycan and collagen,· respectively. When TGF -~ is added to 

cartilage in addition to IL-l, it blocks the release of PG fragments. This could 

be accomplished by reversing the effect that IL-l has in· preventing PG 

synthesis, or it could stimulate the production of tissue inhibitor of 

. metalloproteinases (TIMP) by chondrocytes thus preventing cartilage 

degradation. 

Retinoic acid, retinol and lipopolysaccharide can also initiate the release 

of proteoglycan fragments from cartilage. Retinoic acid is :known to down 

regulate the metalloproteinases, such as, stromelysin and collagenase, as well 

as upregulate their inhibitor, tissue inhibitor of metalloproteinases (TIMP) 

(Wright et al., 1991). 

PROTEINASES INVOLVED IN MATRIX DEGRADATION 

A whole family ·of potent enzymes that can destroy! all the protein 
I 

components of the extracellular matrix are called the matrix 
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I 
metalloproteinases (MMPs). They fall into three main groups,~ and are called 

stromelysins, gelatinases and collagenases (Woessner, 1991)~ -All of these 

enzymes are inhibited by the tissue inlribitor of metalloproteinases (TIMP) 
I 

(Cawston et al., 1983), and all connective tissues contain members of the 

TIMP family. TIMP is vecy stable arid bind very tightly to the ~ctive forms of 
. I 

all the members of the MMP family in a 1:1 ratio (Cawston et al., 1983). 

The synthesis and se~retion of the collagenases and st~omelysins are 

stimulated by proinflammatory cytokines such as IL-l and TNF. The 

collagenas,es degrade the fibrillar collagens, and the stromelysins can degrade 
i 

. PGs and some basement membrane components. Once activated, these 

enzymes can be blocked if sufficient TIMP is present. This inhibitor blocks the 

activity of all the active forms of the enzymes by binding very tightly to forni a 

1:1 complex (Cawston et al., 1983). Consequently, ifTIMP levels exceed those 

of active enzyme, then connective tissue turnover is stopped. 

The involvement of these proteinases in the normal turnover of 

connective tissue matrix is well established. In addition, these: enzymes have 

been extracted from, and localized in osteoarthritic cartilage usip.g a number of 

different techniques (Dean, 1989; Brinkerhoff, 1991). 
. ' 

Stromelysin can readily degrade PGs, and IL-l sti~ulat~s its synthesis 

and secretion, thus promoting cartilage resorption. In addition~ stromelysin is. 

found in higher amounts in OA cartilage, and it is assumed that stromelysin 

was responsible· for the cleavage of proteoglycan. However, recent data 

suggest that an additional enzyme may be involved. It is known that the 

cleavage of aggrecan in IL-l stimulated and osteoarthritic cartilage occurs 

between the Gl and G2 domains. Although it is known that stromelysins 

cleave in this region, sequence analysis of PG fragments in. synovial fluids 
) : 

(Sandy et al., 1992) and in released fragments from organ cult~e experiments 

(Flannery, 19.92) reveal a different cleavage point from t~at expected if 

stromelysin was responsible for cutting the polypeptide chain. ';l'his cleavage is 
' ' 

thought to be made by an unidentified enzyme named aggrecan.ase, although it 

has yet to be purified and characterized. It is likely that the ,en?yme pathways 
I 

responsible for cartilage. destruction i.nvolve the metalloprotei~ases since the 
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release of proteoglycan and collagen from resorbing cartilag~ ih experimental 

systems can be prevented with highly specific low molecular W:eight synthetic 

inhibitors (Anckes et al., 1991). It is likely that ·such inhibitors could be of 

therapeutic benefit in preventing the destruction ·of cartilage in OA . 
I 

Recent work has suggested that inhibitors of cysteine proteinases which 

cross cell membranes_, to enter cells, can also block cartilage re~orption (Buttle 
I -

et al., 1992). This suggests that multiple pathways are involved and that 

these pathways depen~ on other classes of proteinases, and that ~ mixture of 

extracellular and intracellular .breakdown of carti_lage. 

It is known that the turnover of PG is both ··rapid and reversible as 

compared with collagen. Injection ofiL-1 into rabbit knee joint& causes a rapid 

loss ofPG which is rapidly replaced by new synthesis (Page-Thomas, t991). 

4. INTERNAL DERANGEMENT OF THE TEMPOROMANDIBULAR JOINT AND 
I 

OSTEOARTHRITIS 

The term internal derangement implies an anatomic disturbance in the 

relationship of the components· of the disc-condyle complex with consequent 
. I 

changes in the smooth movement of the joint such as clicking, popping, 

momentary catching, or locking, with or without as~ociated pain and muscular 

disturbance (Anderson, 1985).. It also broadly describes ~ subgroup of 

temporom~ndibular joint disorders that can be differentiated ii1:to the following 

three related problems with clinically distinguishable features: (1) disc-condyle 

incoordination, (2) restricted translation of the condyle, and (3) condyle 

subluxation or dislocation (Clark, 1987; Solberg, 1986). 

Internal derangement of the TMJ was defined by Adams (1981) as a 

localized mechanical fault which inte-rferes with the smooth ac~ion of the joint, 

and by Dolwick, et al. (1983) as an abnormal relationship of-the disc to the 

condyle. Based on. an autopsy study, the incidence of the d~sease in young 

adults to be about 11.6 %{Hansson et al., 1983). Westessoh et aZ: (1985) 

reported that the incidence of the disease, as seen at autopsy, was 67 % in 
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older people. Dolwick et al. (1983) concluded that the general i:hcidence of this 

disease is about 25 % for the entire population. 

Clicking, deviation during opening to the affected sid~,. limitation of 

~outh opening and jaw hypermobility are other signs and sykptoms of the 

disease, and crepitation due to osteoarthrosis (bone to bone contact) has been 
! 

found in this condition (Dolwick et al., 1983). 

Osteoarthritis is a pathological process defined as a non-inflammatory, 

focal degenerative disorder of synovial joints primarily affecting the articular 

cartilage and subchondral bone (Sokoloff, 1987). Forth~ TMJ, it is defined as 

an interruption in the smooth continuity of the articular surfaces of the disc, 

condyle and articular eminence (Westesson et al., 1984). An a~topsy study of 

127 older cadavers showed that discs partially or completely displaced 

anteriorly were associated with osteoarthritis (Westesson ·et al~, 1984). Other 

investigators have suggested that internal dera:p.gements due to anterior disc 

displacement lead to osteoarthritis (Eriksson et at., 1983; Dolwick et al., 1983; 

Moffet et al., 1964; Westesson et al., 1984; Nickerson and ~Boering, 1989; 

Wilkes et al., 1989). Ali and Sharawy (1994) described -osteoar:thritic changes 

of the rabbit CMJ following surgically induced anterior disc displacement. They 

found the depletion of proteoglycan molecules of the mandibular condyles in 

two weeks following surgical inductio.n of ADD, and their~ reple~shment in six 

weeks after experimental procedure (Ali et al., 1994a, b, c). These studies, 

however, were done at the light microscopic level, and th.e results were not 

quantitative. 

While osteoarthritis is a pathological process affecting the articular 

cartilage, remodeling is a physiological process that occurs 1n the TMJ, in 

which a process of reversible biologic adaptation to altered 
1 

environmental 

circumstances, leads to changes of the structure or m?rphology of the tissue 

concerned (Moffet, 1964). 

· Mills et al. (1990) rep~rted articular tissue ch~nges following 

experimental disc displacement' in rabbits using a modification of the technique 

described originally by Sprinz (1954). Stegenga et al. (1991) speculated that 

changes in the normally negative intra-capsular pressure which occurs in 
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ADD, causes disturbances in synovial fluid circulation (a source of nutrition to 

the ~artilage), and therefore, leads to degeneration of the cartil;age cells. Also 

the low capacity of the synovial cells to remove waste products could lead to 

accumulation of these products which would lead to degenerative· changes in 

the joint (Stegenga et al., 1991). 

Hy~linization and cartilaginous metaplasia of the c!fsc have been 

reported by several investigators (McCoy et al.,. 1986; Kurita et al., 1989). 

Kurita et al. (1989) reported on the proliferation of blood vessels into the 

displaced disc and splitting of the disc. Also, disruption of collagen bundles has 

been reported (Scapino, 1983). Reductions in proteoglycan synthesis (Kopp, 

1976) and degenerative changes in the disc (Blackwood, 1969) were reported in 

displaced discs. Immunohistochemical studies showed an early ~epletion of the 

extracellul~ matrix components in the displaced discs (Ali, et al., 199~, 1994). 

Mills et al. (1990) have shown dull, grainy articular s-qrfaces, pitting, 

discoloration and loss of normal articular contour and adhesions following 

experimental ADD in rabbits. The severity of the his~opathological changes 

increased with time. ribrillation of the fibrous covering of articular surfaces 

was shown in osteoarthritis (lsberg et al., 1986; De-Bont et al.,, 1986; Mills et 

al., 1990) which leads to vertical and horizontal splitting of the articular 

cartilage (Blackwood, 1963) and chondromalasia, osteochondritis dissecans 

(Stegenga et al., 1991). 

Cartilage degeneration has been reported (Salo et al., 1991; Stegenga et 

al., 1991) with clustering of chondrocytes (Blackwood, 1963; De-Bont et al., 

1986; Mills et al., 1990). Hyperplasia of medullary canals leads to decreased 

bone density (Mills et al., 1990) with fibrosis of the bon~ marrow and 

osteophyte formation. 

Microcyst formation, flattening and erosion of the cortical bone, and 

reduction in the size of the joint spaces were also found in interrial derangement 

(Bellinger, 1952; Blackwood, 1963; Scapino, 1983; Isacsson ef al., 1986; De

Bont et al., 1986; lsberg et al., 1986). Several reports have shown sclerosis of 

the bony condyle and articular eminence (De-Bont et al., 1986). !. 
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The histopathological changes in the articular surfaces include; 

softening, roughness, marginal perforation·, spurs, exostosis (Belinger, 1952; 
. I 

De-Bont et al., 1986) and shortening of the ascending ramus ;(Nickerson and 
. - I 

Boaring, 1989). · 

Some studies have shown depletion and degradation of GAGs from the 

superficial layers of the articular surfaces (Kopp. 1976) and pr~sence of DS in 

the synovial fluid of patients with internal derangement (Israel et al.,. 1991), 

with an increased chondroitin sulfate I keratan sulfate ratio which lead to 

increased stiffness of the cartilage (Stockwell, 1991). Considerable alterations 

of the extracellular components of the mandibular condyle have been observed 

in an experimentally induced ADD in the CMJ of the rabbit (Ali:et al., 1993; Ali 

and Sharawy, 1994, 1995, 1996). 

C. SPECIFIC AIMS 

\ 
I 

To elucidate the pathogenesis of the osteoarthritic condjrlar cartilage in 

the ADD animal model, and to develop an appropriate q~~ntitative method for 

assessing the changes in the extracellular matrix, the following specific aims 

were developed: 

1. To examine· the ultrastructural characteristics ·of the articular cartilage of 

the normal mandibular condyle using the rabbit as an animal model. 

2. To study the ultrastructural pathoses in the articular cartilage of the rabbit 

mandibular condyle two weeks following surgical induction <;>f anterior disc 

displacement (ADD) . 

. 3. To quantitatively assess changes in extracellular matrix (EC~) components 

of the normal and the experim~ntal condylar cartilages two reeks following 

surgical induction of ADD. The light and the electron microscopic 

immunocytochemistry using colloidal gold conjugates will. l:)e e~ployed for this. 

assessment. 



II. MATERIALS AND METHODS I 

A. EXPERIMENTAL PROCEDURES 

1. SURGICAL INDUCTION OF ANTERIOR DISC DISPLACEMENT (ADD) 

We used the surgical technique described by Ali et al. (1994) to produce 

ADD in the rabbit CMJ. Thirty adult male, New Zealand rabbi:ts (Oryctolagus 

cuniculus), weighing 5 to 6 pounds were subjected to surgical induction of ADD. 

Each rabbit was anaesthetized by injection of a mixture of 2.0 ml of Rom pun 

(Zylazine, 20 mg/ml) and 2.0 ml of Ketaset (Ketamin HCl, 100 .mg/ml) into the 

muscles, of the hind leg. The hair was shaved at the surgical sites, and the 

animal was draped with sterile towels. The surgical sites were scrubbed with 

butadine _antiseptic solution (Fig. 1). 

A_ 2 em vertical incision was made into .the skin over the zygomatic 

process of squamosal bone (Fig. 2). The bone was then exposed by both sharp 

and blunt dissection until.the zygomatico-squamosal suture w~s exposed. The 

suture was separated using a periosteal elevator. A horizontal cut was niade 

in the body of zygomatic process of the squamosal bone using a small round 

bur at a level below the articular eminence. The bone was then carefully 

reflected without separating the attached periosteum (Fig. 3). ·This surgical 

approach allows a full view of the disc and its lateral, ant~rior and posterior 

attachments. A cut was then made using a No. 11 blade to separate the disc 
. I 

from the lateral collateral ligament and its attachment td the masseter 

muscle.. Bleeding from a lateral vein running parallel to the muscle 

attachment was controlled with gel foam, a hemostatic agent. : 
, I 

An~ther cut was · made anteriorly to separate the' disc from its 

attachment to the temporalis muscle. A third cut was m~de ~edially, through 

the medial collateral ligament to separate the disc from both the lateral 

pterygoid muscle and the periosteum covering the squamosal bone. 

24 
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. The disc was then freed to be anteriorly repositioned. A; hole was drilled 

in the zygomatic arch in a position anterior to thy mandibular tondyle, so that 
' I 

when the disc was pulled anteriorly and then fixed to the zygo~atic arch, the 

bilaminar zone was seated on tl?-e condylar head in both clo~ed and opened 

positions (Fig. 6). A 4-0 silk suture was passed through the dis9 and the hole in 

the zygomatic arch, and was then tig}ltened 3?d tied (Fig. 7).: The mandible 

was then opened and closed and deviated laterally to ~nsure repbsitioning of the 

bilaminar zone over the condyle. 

Two holes were drilled, one in the body of the zygomatic process of 
I 

· squamosal bone and the other through the body of the zygomatic arch (Figs. 4 

and 5). A 4-0 silk suture was passed through both holes to reposition the 

zygomatic process of the squamosal bone back to its original position (Fig. 8). 

The subcutaneous tissue was closed using 3-0 plain gut suture and the 

skin was closed using a 3-0 black silk suture (Fig. 9). The surgical area was 

cleaned using Zephiran chloride antiseptic solution. 

The left CMJ was approached in a similar manner, the zygomatico

squamosal suture was exposed and separated and the wound was then closed 

in layers using 3-:0 black silk suture to serve as a surgical control. 

2~ POST-SURGICAL CARE 

An ic~ bag was applied to the surgical area for 10 min. Food intake was 

monitored each day folloWing surgery .. Each rabbit was given one full cup of 

rabbit dry food (Wayne 15% rabbit ration 8630) each day. 

The rabbits received analgesics (Buprenex 0.15 mg IM.) for three days 

following surgery. Each rabbit was weighed daily to detect any weight loss. 

3. ANIMAL SACRIFICE ; 

I 

Each rabbit was anesthetized with an intramuscular injection of a 

mixture of 2.0 ml of Rompun (Xylazine, 20 mg/ml) and 2.0! ml of Ketaset 

(Ketamin J(Cl, 100 mg/ml). While under deep surgical anesthe,sia the thoracic 
' 



26 

I 

cavity was opened and the a~mal was killed by perfusio~ of~ mixture of 2% 

formaldehyde and weak glutaraldehyde (0.1-0.5%) using an i.Musion pump to 

deliver the fixative solution through the heart into the systemi~_circulation at· a 

rate similar to the rabbit cardiac output which is approximately 150 mVmin. 

The total volume of the fixative solution was 400 ml, and th$ perfusion took 

about 3 minutes. 

A vertical incision was made in the midline below the xyphoid process 

though the abdominal wall. A midline incision was made in !the skin of the 

thorax. The thorax was opened carefully by cutting through. the sternum in 

order to expose the heart. Then a-'small incision was made in the pericardium 

to expose the left ventricle. As this proc·edure produces a pneumo-thorax, all of 

the following actions were done within 2-3 minutes. 

A needle was inserted through the left ventricle and fixed in place using a 

black silk suture. The needle was attached to a polyethylene tube with a 

diameter of about 1.2 mm which is connected to a perfusion pump. The 

thoracic -aorta was ligated to allow the fixative to circulate ~nly through the 

head· region. The junction of the right atrium to the superior vena cava was cut 

to permit drainage of the fixative from the venous side. 

Four hundred ml of normal saline solution containing 10' milL of heparin 

was -infused into the heart first to prevent blood coagulation and then 400 ml of 
• I 

the fixative solution which contained 2% buffered formalin w·as infused for 3 

minutes. The fixed tissue was careful~y excised and placed in fresh formalin 

solution for an additional2 hours affixation. 
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PLATE 1 

Surgical Induction of Anterior Disc Displacement in the CMJ of an 

Anesthetized Rabbit 

Figure 1. 

Figure 2. 

Figure 3. 

I 

A photograph of. an anesthetized rabbit ··prepated for the 

surgical procedure to produce anterior disc displ(Jcernent in 

the CMJ. Note the hair in .the operation field was s/:taved, 

and the other area wa.s properly draped u~ing ste':ile ~loth. 

A photogra:ph of an anesthetized rabbi~, illustrating the 

incision line (a.sterisk) make vertically starting from the 

point about 2 mm posterior to the lateral canthus: of the ·eye. 

A photograph of an anesthetized rabbit, illustrating the 

surgical exposure and separation of the zygomatico

squamosal suture (arrow head). A portion ofthe CMJ disc is 

seen (arrow). 



PLATE 1 
(Figures 1-3) 

Fig. 1 

Fig.2 

Fig.3 

28 



29 

PLATE2 

Surgical Induction of Anterior Disc Displacement in the CMJ of an 

Anesthetized Rabbit (Continued) 

Figure 4. 

Figure·5. 

Figure 6. 

A ph()tograph of ·an anesthetized rabbit, illustrating the 

surgical ·creation of holes tl7:rough the zygoma#c process of 

the squamosal bone and· the body of the zygqmatic arch 

using a Stryker dr_illing hand piece. The third hole was 
i 

made in the zygomatic arch in a position anterior to the 

mandibular condyle, so ~he disk could be pulled anteriorly 

and fixed to the zygomatic arch. 

A photograph of an anesthetized rabbit, illustrating · 

completed the holes (arrows) and the zygomatico-squamosal 

suture (arrow head). 

A photograph of the rabbit, illustrating that all ~he discal 

attachments were severed except for the posterior attachment. 

The disc (arrow) is now .ready for anterior repositioning. 

Note the black silk runs through the disc (asterisk). 



PLATE 2 
(Figures 4-6) 

Fig.4 

Fig. 5 

Fig. 6 

30 



31 

PLATE3 

Surgical Induction of Anterior Disc Displacement in the CMJ of an 

Anesth.etized Rabbit.(Continued) 

Figure 7. 

Figure 8. 

Figu.re 9. 

A photograph of an anesthetized rabbit, illustrating the disc 

(arrow) sutured anteriorly to the zygomatic arch with black 

silk suture (broken arrow). 

A photograph of an anesthetized rabbit, illustrating that the 

fractured zygomatic process of the squamosal bone was 

repositioned to its original position using black silk. 

A photograph of an anesthetize;d rabbit, illustrating a skin 

wound closed using 3-0 black silk suture. 

( 



PLATE3 
(Figu.r~s 7··9) 

Fig. 7 

Fig.8 

Fig.9 
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B. MICROSCOPIC TECHNIQUES 

1. COLLOIDAL GOLD-SILVER STAINING PROCEOURES FOR tHE LIGHT AND 

ELECTRON MICROSCOPIC STUDIE~ 

Immunocytochemistry using colloidal gold conjugates IS the most 

satisfactory method of labeling antigens' :for visualization in the light and the 

electron microscope (Hayat, 1989). Since its introduction in 1971, there has 

been a vast growth in the number of applications of this procedure in animal 

and plant biology as well as microbiology. The main advantages of gold labeling 

lie in the high contrast and unequivocal nature of the label, the range of particle 

sizes suitable for different magnifications, the extreme sensitivity, and the 
'-

stability of the signal. Proteoglycan molecules, for example,, are very well 

visualized and quantified using this technique, since one can precisely label 

those molecules and count each gold parti~le accurately (Hogate et al., 1983). 

Colloidal gold-silver staining of tissue sections is identical to that for 

either direct or indirect labeling using enzyme conjugated aptibodies. The 

methods involve simple incubation procedures yielding a morF intense stain 

than the· conventional peroxidase (IP) or peroxidase anti-peroxidase (PAP) 

techniques becau13e of the high electron density of gold. This makes it possible 
_r 

to use much higher dilutions, of the primary antibody· and(or of the. gold 

conjugate, thus it is. more economical and produces lower background staining. 

The gold ~taining is characterized by highly,precise 'localization rather· than the 
' ' . I • 

"pooling" qr diffused staining effect obtained from the use of organic dyes. The 

latter, some ofwhich are suspected carcinogens, are not used with gold staining 

p;r~cedures (Hayat, 1995). 

- In the light microscope, the intense brown/black stain pr~duced by silver 

enhancement of the gold signal has been shown (Holgate et al., j1983) to give a 

greater overall sensitivity than. other immunocytochemical~ methods and 

tissues can be counterstained with all the usual staining procedures. 
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2. TISSUE PREPARATION 

The mandibular condyle was fixed with a mixture of 2% formaldehyde for 

rapid stabilizing with low cross linking, and weak glutaraldehyde (e.g., 0.1 -, 

0.5%) for greater structural preservation. EDTA (pH 7.2 - 7..4) was used to 

decalcify the mandibular condyles at 40C for four weeks, and then washed 

under running water for several hours. The fixed and decalcified tissues were 

embedded in paraffin blocks for light microscopic immunogold labeling. 

For electron microscopic. immunocytochemist:ry, the tissues were 

dehydrated in a series of alcohols .. Tpey were theri embedded in LR White 

medium. Mter polymerization, blocks were .'trimmed in the shape of a 

truncated pyramid. Finaltrimmingwas.done in the shape of a;trapezoid under 

a dissecting mic~oscope using a . sharp razor blade. Blocks were .. cut on the 

ultramicrotome with a glass kni~e. One micrometer thick sections were picked 

up with the aid of forceps and transferre~to a glass slide with· a drop of water 

so that the section could be floated onto it.. Slides were placed on the hot plate 

at low tempera~ure ·to dry the sectio:t:ls. A drop .of crystal ~iolet stain was 

placed on the sections for approximately 20 - 30 s~conds. Mt~r the stain was 

washed off with distilled :water, the slides were air dried, coverslipped and· 

examined under the mibroscope. Based on LM observation·, areas for EM 

evaluation were determined. The blocks were then trimmed, and ultrathin 

sections were .made using a diamond kriife. 

3. HEMATOXYLIN AND EosiN (H&E) STAIN 

H&E stain was used to study the histopathological chB:nges in cel~ular 

and extracellular components of the· rabbit mandibular con~yle two weeks 

following surgical induction of ADD. Sections were deparaffihlzed in xylene, 

hydrated in descending grades of alcohol, incubated with Harris: hematoxylin for 
} 

3 minutes, washed under running water and incubated with eosin for 1 minute. 

Sections were then dehydrated in ascending grades of alcohol, cleared in xylene 

and mounted with cover slips using Permount. 
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4. IMMUNOLABELING FOR PROLIFERATING CELL NUCLEAR ANTIGEN 

(PCNA) 

The avidin-biotin immunoperoxidase technique (Vect~r laboratories. 

Inc., Burlingame; CA) w~s used for PCNA labeling m the articular cartilage of 

the rabbit mandibular condyle using mouse anti-PCNA monoclonal antibody 

(Biogenix~ San Ramon, CA). 

Sections were initially incubated with 0.3 % hydrogen peroxide m 

methanol for 30 minutes to block endog~.nous peroxidase activity and washed 

in PBS. Sections were then incubated with normal horse serum for 30 minutes 

to block non-specific binding sites (150 J.!Uml of PBS) and washed in PBS. 

Sections were then incubated with avidin and biotin blocking solutions (Vector 

laboratories. Inc., Burlingame, CA) for 15 minutes each to block endogenous . 
I' 

biotin and washed in PBS. 

Sections were then incubated with mouse anti-PCNA monoclonal 

antibodies overnight at room temperature in a 100% humidity chamber and 

washed in PBS. Sections were then incubated with biotinylated anti-mouse 

IgG (Vector laboratories. Inc., .Burlingame, CA) dih1:ted at 50 J.1U10 ml of PBS 

for 2 hours and washed in PBS. 

Sections were then incubated with ABC (Avidin biotinylated horseradish 

peroxidase) reagent (Vector laboratories. Inc., Burlingame, CA) for 30 minutes 

and washed in PBS. Sections were then incubated with peroxidase substrate 

solution (Vector laboratories. Inc., Burlingame, CA) and washed in PBS. 

Sections were dehydrated in ascending grades of ethanol, cleared m 

xyiene ·and mounted with cover slips using Permount. Slides were examined 

with Zeiss Axiophot II microscope. PCNA-positive cells had da:r~k brown nuclei. 

Inflamed tonsil sections were used as a positive control. 
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5. IMMUNOGOLD SILVER STAINING PROCEDURES FOR LIGHT 

MICROSCOPIC IMMUNOCYTOCHEMISTRY 

This technique was performed following the methods of Doerr-Schott 

(1988). The paraffin sections were dewaxed ~ xylene, and dehydrated in a 

series of graded alcohol followed by washing in running water. The slides were 

washed again in PBS three times for 3 minutes each. The sections were 

covered with 10% normal serum for blocking for 15 to .30 minutes to prevent 

nonspecific packground staining. The sections were then incubated in diluted 

primary antibody (1:100) for two hours at room temperature. The slides were 

washed thoroughly in several changes of PBS. The sections were incubated in 

diluted secondary antibody (1:100) conjugated with 5 nm coll~idal gold particles 

at room temperature for an hour. The slides were washed thoroughly in 

several changes of buffer. 

The slides were washed thoroughly in deionized, distilled water to remove 

buffer salts to prevent interference with the silver reaction. Thorough.washing 

in this stage would block background staining.· · Then the specimens were 

treated with alternating and equal portions of.INITIATOR and ENHANCER of 

Silver Enhancing Agents (Gold Biologicals, Pittsburgh, PA). After proper silver 

enhancement _was obtaine~, the slides were washed thoroughly with distilled 

water to stop the reaction. 

6. IMMUNOGOLD LABELING PROCEDURE FOR ELECTRON·,MICROSCOPIC 

IMMUNOCYTOCHEMISTRY 

This technique was performed following the metho9-s of Holgate (1983). 

The grids with tissue se.ctions facir1g downward were placed on a 25 J..LL droplet 

of a 10 % solution of heat-inactivated normal goat serum ·in 0.1 % PBS buffer 

and incubated for 20 minutes. 

The grids were transferred to the surface of a 25 J..LL droplet of primary 

antibody in PBS buffer and incubated for two hours. The grid ~as transferred 
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to a series of 5 or more, 5 ml droplet of buffer to . remove u:hbound primary 

antibody. 

The grids were then transferred to a 25 J..LL droplet of secondary antibody 

conjugated with colloidal gold particles, and incubated for an hour. The grid was 

transferred to a 5 ml droplet of distilled water to remove unbound gold 

conjugates. Negative controls were made to confirm the specific labeling of the 

sections by omitting the first antibody and replaced with buffer only. 

The sections were. stained lightly in uranyl acetate and lead citrate. The 

sections were then washed and examined with the electron microscope. 

C. QUANTITATIVE EVALUATION OF IMMUNO(*OLD LABELED TISSUES 

1. DENSITOMETRIC EVALUATION OF THE LIGHT MICROSCOPIC 

IMMUNOHISTOCHEMISTRY 

The slides of the histologic sections of the condyle of the right operated, 

left surgical sham and the non-operated control joints of the normal and 

experimental rabbits, immunostained for the var~ous extracellular matrix 

molecules (C4S, C6S, KS, LP, Type-VI and -lX Collagens) were subjected to 

semiquantitative assessme1:1t of changes in the intensity of immunostaining 

using a computer-operated densitometer. Three areas in the ~icular portion 

of the mandibular condyle were chosen randomly and subjected to the 

densitometric measurements. The act1,1al numbers obtained from the 

densitometry were converted to a , percentage to show the amount of 

alterations of the molecules_ studied, and histograms were generated for each 

extracellular matrix (ECM) component· using a spread sheet computer 

program. 
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2. QUANTITATIVE ASSESSMENT OF THE IMMUNOELECTRON GOLD 

LABELING 

Electron microscopic photographs were taken and printed at the size of 

8 x 10". The number of gold labels was counted per unit area (4 x 5" - the size 

of one quadrant of the whole electron microscopic photograph). Ten different 

randomly chosen areas of the extracellular matrix (ECM) for each condyle 

were subjected to the quantitat!ve evaluation. The histograms of each ECM ' 

molecules· studied wer~ generated ·with the mean ·values plus standard 

' deviation using. a spread 'sheet computer program. The resul~s were converted 

to percentage v~lues to demonstrate the extent of alter~tion' of the different 

components of the condylar extracellular matrix studied (C4S, C6S, KS, LP, 

Type-VI and -IX Collagens). 

D. STATISTICAL ANALYSIS 

The Friedman's two-way analysis of variance by ranks was used to 

estimate any statistically significant differences among the· ADD, ·surgical 

sham, and non-operated control joints, setting p value of less than 0.05 as 

being statistically significant. 



E. EXPERIMENTAL DESIGN 

Group I (Control Group) 

Group lA 

5 Rabbits 

Group IB 

5 Lt. Condyles (Non-OP Control) 

5 Rt. Condyles (Non-OP Control) 

5 Rabbits · 

5 Lt. Condyles (N on-Op Control) 

5 Rt. Condyles (No:ri-OP Control) 

Group II (Experimental Group - Two Weeks ADD) . 

Group IIA 

5 Rabbits 

Group liB 

5 Lt. Condyles (Surgical Sham) 

5 Rt. Condyles (Experimental) 

5 Rabbits 

5 Lt. Condyles (Surgical Sham) 

5 Rt. Condyles (Experimental) 

Group III (Experimental Group- Two Weeks ADD) 

Group IliA 

5 Rabbits 

Group IIIB 

5 Lt. Condyles (Surgical Sham) 

5 Rt. Condyles (Experimental) 

5 Rabbits 

5 Lt. Condyles (Surgical Sham) 

5 Rt. Condyles (Experimental) 

Histology I LM 

ffitrastructure I EM 

Immunohistochemistry I LM 

Immunocytochemistry I EM 

Histopathology I LM 

Histopathology I LM 

mmunohistochemistry I LM 

Immunohistochemistry I LM 

Ultrastructural Alterations 

ffitrastructural Alterations 

Immunocytochemistry 

Immunocytochemistry 
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III. RESULTS 

A. HISTOLOGICAL FINDINGS OF THE CONTROL AND SHAM RABBIT 

MANDIBULAR CONDYLES 

In the pilot study, aged (3'.0 to 3.7 kg) rabbits were used. In subsequent 

studies, younger rabbits were used. The condyles of aged and young rabbits 

were compared at the light microscopic level. The younger rabbit condyles 

were used as the controls for the experimental group of rabbits with induced 

ADD. Since there were no obvious morphological differences between the non

operated and the surgical sham control joints, the term control used hereafter 

refers to both of these types of control joints. 

The H & E stained sagittal sections of growing rabbit mandibular 

condyles showed a distinct organization of three different regions including the 

perichondrium, or fibrous covering, the hyaline cartilage and the subchondral 

bone. The perichondrium of the articulating portion of the condyle exhibited an 

arrangement of three cell layers; the articular or fibrous layer' the polymorphic 

cell layer and the reserve cell layer or proliferative layer (Figs. 10, 11 and 12). 

The articular layer showed an array of flat fibroblasts running parallel to the 

articular surface. The extracellular matrix of this layer was composed 

primarily ·of collagen and a few elastic fibers. This articular layer was 

demarcated from the next layer due to an abrupt change from flat to more· or 

less globular cells (Fig. 12). 

The cells in the polymorphic cell layer varied in outline from elongated to 

rounded, with oval being the most common shape. The lower limit of this layer 

is indicated by a change in cell shape from more or less globular to flattened 

cells (Fig. 12) .. The next layer is called the reserve cell layer, and it was 

composed of rather flattened, undifferentiated mesenchymal cells oriented 

parallel to the articular surface (Figs. 11 and 12). In contrast to the young 

rabbit condyle, the fibrous covering of the aged rabbit mandibular condyle was 

thin and hypocellular (Figs. 14, 15 and 16). 

40 
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The hyaline cartilage of the growing condyle was composed of a 

chondrocytic layer, an upper and a lower hypertrophic cell layers. The cells in 

the hypertrophied layers were located in lacunae lined by territorial matrices 

(Fig. 13). In contrast, the hypertrophied cells in the hyaline cartilage of the 

aged condyles were organized into arrays of vertical cell columns similar to the 

arrangement seen in the primary cartilage of the growth plate of long bones 

(Figs. 14 and 15). In some aged animals, the condylar cartilage cells were 

markedly reduced in number, and exhibited uneven thickness between the 

fibrous covering and the subchondral bone (Fig. 16). In the young condyles, the 

lower hypertrophied chondrocytes fuse with the marrow spac'es of the 

subchondral bone where the chondroid bone can be seen (Figs. 10, 11, 12 and 

13). 

B. HISTOPATHOLOGICAL FINDINGS OF THE. EXPERIMENTAL RABBIT 

MANDIBULAR CONDYLES 

The hypertrophic cell layer was absent in the experimental cartilage 

which is a characteristic fe_ature of osteoarthritic cartilage. Therefore, the 

experimental cartilage will be considered to be one layer. and, hereafter, will be 

referred to as osteoarthritic cartilage. 

In contrast to the· control condyles, the experimental condyles, two 

weeks following the surgical induction of ADD, had a thickened fibrous covering 

which showed evidence of blood vessel invasion, surface fibrillation, the 

presence of many small islands of cartilage along with degenerating 

chondrocytes, and neovascularization of the cartilage (Figs. 17, 18 and 19). 

There were also areas with the complete loss of the cartilage layer (Figs. 17, 18 

and 19). Also, the osteoarthritic cartilage, located between the fibrous layer 

and the subc4ondral bone varied in thickness throughout the whole articulating 

portion of the condyle (Fig. 28). · 

The blood vessel invasion into the fibrous layer was quite obvious (Figs. 

20, 21, 22 and 23). · The hypercellularity and the loss of cellular orientation 

could also be seen clearly in the experimental condyles (Figs. 20, 21 and 22). 
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The abnormal vascularization of the normally avascular hyali?e cartilage was 

also observed in the· osteoarthritic cartilage. (Fig. 20). Occasionally, the areas 

where the fibrous layer and the subchondral bone were connected, creating 

islands of cartilage (Fig. 22). Some experimental condyJes showed the 

·migration of synovial blebs onto the surface of the hypercellular fibrous layer 
' . 

(Fig. 23). 

Hyperplasia of the osteoarthritic cartilage with loss of cellular 

orientation was observed (Figs. 24, 25 and 26). Cell clustering associated with 

the hyperplastic osteoarthritic cartilage was observed frequently (Figs 24, 25, 

26, 27 and 28). Fibrillation with cleft formation in the articular surface was 

also observed frequently (Figs. 24 and 25). In addition, some experimental 

condyles. showed severe osteoarthritic changes such as vertical splitting of the 

cartilage, creating denudation of the bone and exposure of the subchondral 

medullary canals to the joint space (Fig. 27). Some experimental condyles 

showed osteochondritic dissecans, the horizontal splitting of the subchondral 

bone from the cartilage (Figs. 19 and 20). 
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PLATE4 · 

Histological Findings in the Non-operated and_ Surgical Shain Control 

Rabbit Mandibular Condyles 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 

A photomicrograph of a sagittal section of the articular 

p'ortion of a young rabbit mandibular condyle illustrating 

the fibrous layer (F), the reserve cell layer (R), the 

chondrocytic layer (C), the upper hypertrophic layer (UH), 

the lower hypertrophic layer (LH) and the subchondral bone 

(SB). H & E staining. X 200 

A higher magnification of a sagittal section of the articular 

· portion of a young rabbit mandibular condyle illustrating 

t/:l,e fibrous layer (F), the reserve cell layer (R), the 

chondrocytic layer (C), the upper hypertrophic layer (UH), 

the lower hypertrophic layer (LH) and the subchondral bone 

(SB). H & E staining. :X 250 

A. photomicrograph of a one mtcron thick . section . ~f. the 

articular p'ortion of an adult rabbit mandibular . cbndyle 

illustrating the fibrous la:yer (F), the reserve cell layer (JJ,), the 

chondrocytic layer . (C), the upper .hypertrQphic layer (UH), 

the lower hypertrophic layer (LH) and the subchondral bone 

(SB). Crystal Violet staining. X 200. 

A higher magnification of a O,ne micrometer thiqk section of 

the articular portion of an adult rabbit mandibular condyle 

illustrating the' upper and lower hypertrophic : cell layers. 

Crystal Violet staining. X 500. 



Fig. 10 

Fig. 12 

PLATE 4 
(Figures 10-13) 
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Fig. 11 

Fig. 13 
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PLATE5 

Histological Findings in the Old Rabbit Mandibular Condyle 

Figure 14. 

Figure 15. 

Figure 16. 

A photomicrograph of a sagittal section of the articular 

portion of an old rabbit mandibular condyle illustrating the 

fibrous layer (F), the reserve cell layer (R), the articular 

cartilage (C) and the subchondral bone (SB). H & E 

staining. X160 

A higher magnification of a sagittal section . of the articular 

portion of an old rabbit mandibular condyle illustrating the 

fibrous layer (F), the reserve cell layer (R), the articular 

cartilage (C) and the subchondral bone (SB). H & E 

staining. X250 · 

A photomicrograph of a sagittal section of the articular 

portion of an old rabbit mandibular condyle illustrating the 

fibrous ·layer (F), the reserve cell layer '(R), the articular 

cartilage (C) and the subchondral bone (SB). H & E 

staining. X160 



PLATE 5 
(Figures 14-16) 

Fig. 14 

Fig. 15 

Fig. 16 
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PLATE6 

Histopathological Findings in the Experimental Rabbit M~dibular 

Condyle 

Figure 17. 

Figure 18. 

Figure 19. 

A photomicrograph of the experimental mandibular 

condyle, 2 weeks following induction of ADD. The variety of 

pathological features include the thickening of the fibrous 

layer (F), the fibrillation of the articular surface (arrow 

head) and the presence of many islands of cartilage 

(asterisks) along with degenerating areas of ·cartilage 

(square). The subchondral bone (SB) is shown. H & E 

staining. X 62.5. 

A higher magnification photomicrograph of the 

experimental mandibular condyle, 2 weeks following 

induction of ADD, illustrating blood vessel invasion (arrow 

heads) into the fibrous covering and degenerating portion of 

the osteoarthritic cartilage (asterisks). Notice the increased 

thickness and hypercellularity of the fibrous layer. H & E 

staining. X 250 

A higher magnification photomicrograph · of the 

experimental mandibular condyle, 2 weeks following 

induction of ADD, illustrating :the ·blood •vessel infiltration 

(arrow heads) into the fibrous covering ... and c!egenerating 

portion of the osteoarthritic cartilage (asterisks). .Note the 

neovascularization of normally avascular hyaline cartilage 

(asterisks). The increased· thickness of the fibrous covering 

and islands of cartilage (OA) also can be observed. H & E 

staining. X 200 



PLATE 6 
(Figures 17 - 19) 

Fig. 17 

Fig. 18 

Fig. 19 
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PLATE7 

Histopathological Findings in the Experimental Rabbit Mandibular 

Condyle 

Figure 20. 

Figure 21. 

Figure 22. 

A photomicrograph of the experimental mandibular 

condyle, 2 weeks following inductio_n of ADD, illustrating 

degenerating chondrocytes and the· neovascularization of the 

normally avascular hyaline cartilage (arrow). The 

hypercellular fibrous covering (F) with blood vessel invasion, 

the reserve cell layer (R), the osteoarthritic cartilage (OA) 

and the subchondral bone (SB) are shown. H & E staining. 

X160. 

A higher magnification photomicrograph of the 

experimental mandibular condyle, 2 weeks following 

induction of ADD, illustrating the blood vessel infiltration 

(asterisks) into the hypercellular fibrous· covering (F). Note 

the disorientation of the cells in the fibrous layer (F) and the 

complete loss of articular cartilage layer. H & E staining. 

X360 

A photomicrograph of the experimental rrtandibular 

condyle, 2 weeks following induction of ADD, illustrating the 

connection (asterisk) of the fibrous covering . (F) and 

S7!-bchondral bone (SB) creating the islands of cartilage 

(OA). The infiltration of blood vessels can be seen (arrow). 

H & E staining. X 200. 
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PLATE7 

Histopathological Findings in the Experimental Rabbit Maq.dibular 

Figure 23. 

Condyle (Continued) J 

A higher magnification photomicrograph of the 

experimental mandibular condyle, two weeks following 

induction of ADD, illustrating the synovial blebs migrated 

onto the surface of the fibrous layer (asterisks) and blood 

vessel infiltration into the fibrous covering (arrows). H & E 

staining. X360 



Fig.20 

Fig.22 

PLATE 7 
(Figures 21-23) 
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Fig. 21 

Fig.23 
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PLATES 
'· 

Histopathological Findings in the Experimental Rabbit Mandibular 

Figure 24. 

Figure 25. 

Figure 26. 

Condyle 

A phf?tomicrograph of the experimental mandibular 

condyle, 2 weeks following induction ·of ADD. Note the 

complete loss of the fibrous covering, fibrillation of the 

condylar surface (arrow heads) and the cleft present in the 
·, 

surface (asterisk)~ ·H & E staining. X 200.· 

A higher magnification photomicrograph of the 

experilJlental mandibular condyle, 2 weeks following 

induction of ADD, illustrating the fibrillation of the 

articular surface of the mandibular condyle (arrows). Notice 

the complete loss of the fibrous layer. The disorientation of 

the chondrocytes and the clustering of the cells in the 

osteoarthritic cartilage (OA) ·also can be observed. H & E 

staining. X 250 

A higher magnification photomicrograph of · the 

experimental mandibular condyle, 2 weeks · following 

induction of ADD, illustrating the splitting between the 

osteoarthritic cartilage (OA). and the subchondral bone 

(osteochondritis dissecans) (arrow heads). H & E. staining. 

X320 
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PLATES 

Histopathological Findings in the Experimental Rabbit Mandibular 

Condyle (Continued) 

Figure 27. 

Figure 28. 

A photomic~ograph . of the experimental mandibular 

condyle, 2 weeks following induction of ADD, illustrating the 

vertical splitting of the osteoarthritic cartilage (OA) creating 

a channel between ·the bone marrow and the joint cavity 

(arrow heads). Also notice the. complete loss of the fibrous 

covering of the condyle.· F! & E staining. X 200. 

A photomicrograph · of the experimental mandibular 

condyle, 2 weeks. following induction of ADD, illustrating the 

splitting of the osteochondral junction . (osteochondritis 

dissecans, asterisks). The clustering of the cells in the 

osteoarthritic cartilage (OA)is shown. H & E staining. 

X200. 
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Fig.27 

Fig.28 
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C. IMMUNOSTAINING OF ARTICULAR CARTILAGE OF THE RABBIT 

MANDIBULAR CONDYLES FOR PROLIFERATING CELL NUCLEAR ANTIGEN 

(PCNA) 

PCNA-immunostaining of the articular cartilage of the control rabbit 

mandibular condyles showed PCNA-positive cells located mainly in the reserve 

cell layer, chondrocytic layer and upper hypertrophic layer (Fig. 29). There 

was approximately 38 % of PCNA-positive cells per total cell number counted 

(Fig. 33). 

In contrast, the PCNA-positive cells were located throughout the whole 

osteoarthritic cartilage in the experimental rabbit mandibular condyle. two 

weeks following surgical induction of ADD (Figs. 30, 31 and 32). Clustered 

chondrocytes and the cells in the fibrous covering of the osteoarthritic cartilage 

showed strong positive reaction to the antibody against PCNA. Quantitative 

assessment revealed a statistically significant increase both in PCNA-positive 

cell nunibers and total cell counts (P < 0.05). There was approximately 67% of 

PCNA-positive cells per total cells counted in the experimental group (Fig. 33). 
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··PLATE9 

Control and Experimental ArticUlar Cartilages of the Rabbit 

Mandibular Condyle I~unostained for PCNA 

Figure 29 

Figure 30 

Figure 31 

Photomicrograph of a portion of the control articular· . 

cartilage of a rabbit mandibular condyle stained for PCNA 

and counterstained with methyl green. The cells with dark 

brown nuclei represent PCNA positive cells (arrow heads). 

They are localized mostly in the reserve cell layer, 

chondrocytic layer and upper hypertrophic layer. Note that 

the osteoblasts in the subchondral bone also exhibit positive 

·· reaction to the PCNA labeling. X 200 

Photomicrograph of a portion of the experimental articular 

cartilage of a rabbit mandibular condyle two weeks 

following surgical induction of ADD stained for PCNA and 

counterstained with methyl green. Note that most of the cells 

in the fibrous covering and the osteoarthritic cartilage show 

a strong reaction to the PCNA (arrow heads). Also note the 

increased thickness.ofthe fibrous covering (F). X200 

Photomicrograph of a portion of the experimental articular 

cartilage of a rabbit mandibular condyle two weeks 

following the surgical induction of ADD stained· for PCNA 

and counterstained with methyl green. Note clustered 

chondrocytes show a strong reaction to the PCNA 

immunostaining (arrow ·heads). Also note the complete loss 

of fibrous covering. . X 160 
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PLATE9 

Control and Experimental Articular Cartilages of the Rabbit 

Mandibular Condyle Stained for PCNA 

(Continued) 

Figure 32 . Photomicrograph of a portion of the experimental articular 

cartilage of a rabbit mandibular condyle two weeks 

following the surgical induction of ADD stained for PCNA 

with no counterstain. Note clustered chondrocytes show a 

strong reaction to the PCNA stain (arrow heads). Also note 

the complete loss of fibrous covering. X 160 
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PLATElO 

Percentage ofPCNA-Positive Cells in the Coiltr()l.and Experimental 
. . 

Articular Cartilages of the Rabbit Mandibul~ Condyle 

Figure 33. A histogram representing the percentage of PCNA-positive 

cells in the control and the experimental articular cartilages 

of the rabbit mandibular condyle two weeks following the 

surgical induction of ADD. AU the values demonstrated a 

statistically significant (P < 0.05) differenc.e from the control 

group. Error Bars.~ + 1 standard error -of means 
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D. ULTRASTRUCTURAL FINDINGS OF THE NORMAL RABBIT MANDIBULAR 

CONDYLES 

FIBROUS COVERING 

At the interface or the articular portion of the condyle with the joint 

cavity, the collagen fibers were compact, oriented in different :directions with 

the superficial layer almost free of fibroblasts (Fig. 34). The second ~ayer of 

collagen fibers contains elongated fibroblasts oriented parallel to the condylar 

surface. The cells have numerous elongated cell processes, contain large 

elongated or oval nuclei, and are rich in rough endoplasmic reticulum (Figs. 34 

and 35). Occasionally, apoptotic bodies, indicative of cell death, were seen in 

the fibrous layer (Figs. 35 and 38). These apoptotic bodies were characterized 

by the presence of nuclear fragments and numerous lysosomes (Fig. 35). 

The next deeper layer of collagen fibers contain rounded cells with large 

rounded nuclei (Fig 34). The extracellular matrix unexpectedly contained large 

number of electron dense matrix-like vesicles (Fig. 34). Subjacent to this layer, 

the cells were elongated, and contained numerous mitochondria with moderate 
I 

amounts of rough endoplasmic reticulum. These, were identified as the cells of 

the reserve cell zone (Fig. 34). The extracellular matrix consisted primarily of 

collagen fibers of equal diameter and the characteristic banding pattern of 

type-I collagen. Some collagen fibers ran parallel to the surface of the condyle, 

while others ran more perpendicular or at oblique angles to the surface (Figs. 

34, 36 and 37). 

In additiofl: to collagen; large elastic, fibers were also present (Figs. 36 

and 37). The elastic fibers showed the characteristic, centrally placed electron 

dense amorphous elastin with surrounding microfibrillar components (Fig. 36). 

The fibrous covering can be described as fibroelastic in nat?re. The spaces 

between the collagen fibrils contained electron dense cores, indicative of 

proteoglycans (Fig. 35). Toward the cartilage, the ext~acellular spaces 

increase, type-I collagen decreases, and type-II collagen an4 proteoglycans 

increase (Fig. 39). 
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CHONDROCYTICLAYER 

The chondrocytes occupied a lacuna space individually or in pairs. The 

lacunae were surrounded by territorial matrix. Each cell had a large nucleus 

with abundant euchromatin, and a cytoplasm containing large amounts of 

rough endoplasmic reticulum and an active Golgi complex (Figs. 40 and 41). 

These cells had numerous processes projecting into the territorial matrices 

(Figs. 40 and 41). 

The extracellular matrix consisted of small diameter collagen fibers 

oriented in various directions (Fig. 40). Occasionally, hrrge diameter collagen 

fibers could be seen (Fig. 41). The spaces between the collagen fibers were 

occupied with large amounts of proteoglycan macromolecules which consisted 

of a dense core and branching fibrils (Fig. 41). 

UPPER HYPERTROPHIC CELL LAYER 

In the upper hypertrophic cell layer, the chondrocytes were located in 

lacunae surrounded by the very well defined territorial matrix (Fig. 41). The 

cells were round in shape, and contained very few cytoplasmic organelles .(Fig. 

42). Occasionally, the degenerating chondrocytes were found in this layer. 

These cells had apoptotic nuclei, and contained numerous lysosomes (Fig. 43). 

The extracellular matrices -w:ere composed of thin and intermediate 

diameter collagen fibers with typical periodic bandings and large numbers of 

proteoglycan particles (Fig. 44). In addition, the numerous matrix vesicles 

were found dispersed throughout the matrix (Fig. 44). 

LOWER HYPERTROPHIC CELL LAYER 

In the lower hypertrophic cell layer, the cells were hypertrophied with 

star-shaped nuclei and numerous fragmented cytoplasmic projections 

radiating toward the territorial matrices (Figs. 45 and 46). Most nuclei were 
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apoptotic and the cytoplasm of these cells possessed several lysosomes (Figs. 

45 and 46). Occasionally, empty lacunae were seen (Fig. 39). 

The extracellular matrix was composed of collagen' fibrils and 

proteoglycan particles (Fig. 45) .. Matrix vesicles were also seen and appeared 

to originate from the microvilli of these cells (Fig. 46). 

The lower hypertrophic cells located at the junction of subchondral bone 

showed extensive degenerative changes and interfaced with either partially 

calcified chondroid bone or subchondral bone (Fig. 47). 

SUBCHONDRAL BONE 

In the subchondral bone, osteocytes with their extended processes were 

found in the bone n:1ass (Fig. 48). Chondroid bone was located be~ween areas of 
. . 

bone near the articular cartilage (Fig. 48). In the matrix, thick type-I collagen 

bundles were arranged compactly around the· osteocytes (Fig. 48). 

Typical multinucleated osteoclasts were found occasionally m ·the 

subchondral bone. They contained numerous mitochondri~, some rough 

endoplasmic reticulum, a well developed Golgi complex and mariy lysosomes in 

the cytoplasms. (Fig. 49). 
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PLATE 11 

Electron Micrograph of a Normal Articular Cartilage of the Rabb~t 

Mandibular Condyle 

Figure 34. Electron micrograph of a portion of the fibrous covering of 

the normal rabbit mandibular condyle showing fibroblasts 

(arrowheads), a polymorphic cell (PM) and a: reserve ceil 

(RC) . Note the presence of the interlacing collagen fibers 

(Col) and the matrix vesicles (arrows) in the extracellular 

matrix. (original magnification X2,500) 



PLATE 11 
(Figure 34) 

Fig.34 
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PLATE12 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 35. Electron micrograph of a portion of the fibrous covering of 

the normal rabbit mandibular condyle . showing normal 

fibroblast (FB) surrounded by collagen fibrils (Col), and the 

other components of the extracellular matrix. Note the 

presence of the apoptotic body (arrow) and matrix vesicles 

(arrow heads). (Original magnification X14,000) 



PLATE12 
(Figure 35) 

Fig.35 
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PLATE13 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 36. . Electron micrograph of a portion of the fibrous layer of the 

- normal rabbit mandibular condyle showing elastic fibers 

(EF) with characteristic electron dense amorphous elastin 

and microfibrillar component~ interlaced among collagen 

fibrils (Col). (original magnification X14,000) 



PLATE 13 
(Figure 36) 

Fig.36 
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PLATE14 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 37. Electron micrograph of a portion of the fibrous layer of the 

normal rabbit mandibular condyle showing the 

preponderance of. collagen fibrils along with a few elastic 

fibers (EF). Note that the collagen bundles (Col) run 

perpendicular to each other. (original -magnification 

X27,000) 



PLATE 14 
(Figure 37) 

Fig.37 
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PLATE 15. 

El~ctron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle . 

Figure 38. Electron micrograph of an apoptotic body in the fibrous 

covering of the normal control rabbit mandibular condyle. 

Note the presence of many lysosomes (Lys) and the broken 

down nuclear and cytoplasmic elements. 

magnification X14,000) 

(original 



PLATE 15 
(Figure 38) 

Fig.38 
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PLATE 16 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 39. Electron micrograph of a portion of the junction between the 

fibrous covering and the secondary cartilage of the normal 

control rabbit mandibular condyle showing the reserve cells 

(RCs) and a portion of a chondrocyte (Ch). Note the presence 

of the different types of collagens at the interface between the 

fibrous covering (type I collagen - Col I) t;tnd the hyaline 

cartilage (type II collagen - Col II). (original magnification 

Xl4,000) 



PLATE16 
(Figure 39) 

Fig.39 
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PLATE 17. 

Electron Micrograph of a Normal Articular Cartilage of th~ Rabbit 

Mandibular Condyle 

Figure 40. This electron micrograph · shows chondrocytes and their 

territorial matrices in normal rabbit mandibular condylar 

cartilage. Note that .the cell processes of the chondrocytes 

reach into the territorial matrix. Electron dense matrix 

vesicles (arrow heads) are also seen in the matrix. (original 

magnification X14, 000) 



PLATE 17 
(Figure 40) 

Fig.40 
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PLATE IS 

Electron Micrograph of a Normal Articular Cartilage of the Rl;lbbit 

Mandibular Condyle 

Figure 41. This electron micrograph shows a _ chondrocyte ln the 

territorial matrix of a normal rabbit mandibular condyle. 

Note numerous cisternae of rough endoplasmic reticulum 

and the Golgi apparatus indicating that this cell is actively 

producing the essent~.al elements of the extracellular matrix. 

'The C'ollagen fibrils with interposed proteoglycan particles, 

and the small matrix vesicles (arrow heads) are also seen. 

(original magnification X14, 000) 



PLATE18 
(Figure 41) 

Fig. 41 
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PLATE 19 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibul~ Condyle 

Figure42. Electron micrograph of a portion of the upper hypertrophic 

cell layer of the normal rabbit mandibular condyle showing 

the hypertrophic cells located in lacunae s~rrounded by 

territorial matrix (TM). Note that the cells are round in 

shape and contain very few cytoplasmic organelles. The 

interterritorial matrix is also seen aTM). (Original 

magnification X14,000) 



PLATE 19 
(Figure 42) 

Fig.42 
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PLATE20 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 43. Electron micrograph of a degenerating chondrocyte in the 

hypertrophic cell layer of· a normal_ rabbit mandibular 

condyle. Note the apoptotic nature of the nucleus, the 

numerous· glycogen deposits · in the cytoplasm and the 

numerous matrix vesicles (arrow heads). The territorial 

matrix_ seems to be intact. (?riginal magnification 

X14,000) 



PLATE 20 
(Figure 43) 

Fig.43 
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PLATE 21 

Electron Micrograph of a Normal Articular Cartilage of th~ Rabbit 

Mandibular Condyle 

Figure 44. Electron micrograph of a portion of the extracell~lar matrix 

of a normal rabbit mandibular condyle showing the 

intricate organization of the type II collagen fibrils and 

proteoglycan particles. The electron dense matrix vesicles are 

also seen (arrow hea:ds). (original magnification X14,000) 



PLATE 21 
(Figure 44) 

Fig.44 
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PLATE22 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 45. This electron micrograph shows deg~nerating lower 

hypertrophic cells in the normal rabbit mandibular condyle. 

Note the apoptotic nature of the nuclei of the cells and the 

presence of the lysosomes in the cytoplasm. Numerous 

cytoplasmic projections extend into the terr~torial. matrix. 

Also note the presence of the empty lacunae (arrows) after the 

apparent complete loss of the cells~ (original magnification 

Xl4,000) 



PLATE22 
(Figure 45) 

Fig.45 
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PLATE23 

Electron Micrograph of a Normal Articular Cartilage of the, Rabbit 

Mandibular Condyle 

Figure 46. This electron micrograph shows a lower hypertrophic cell in 

the normal rabbit mandibular condyle showing the 

numerous cytoplasmic projections radiating .toward the 

matrix. Matrix vesicles appear to originate from the 

microvilli of the cells (arrows). (original magnification 

X14,000) 
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PLATE24 

Electron Micrograph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure47. This electron micrograph shows the junction between the 

lower hypertrophic cell layer and the subchondral bone in 

the normal rabbit mandibular condyle. Note the presence of 

the chondroid bone (CB) between the denegerating lower 

hypertrophic cell (LHC) and the actual sl{-bchondral bone 

(B). (original magnification X14,000) 



PLATE24 
(Figure 47) 

Fig. 47 
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PLATE25 

Electron Micrograph of a Normal Articular Cartilage of the. Rabbit 

Mandibular Condyle 

Figure 48. Electron micrograph of a portion_ of the subchond_ral bone in 

the normal rabbit mandibular condyle showing· a osteocyte 

(Oc) with its processes (arrows) extended outward into the 

bone mass (B) and intervening chondroid bone (CB). 

(original magnification X14,000) 



PLATE 25 
(Figure 48) 

Fig.48 
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PLATE26 

Electron Micro~aph of a Normal Articular Cartilage of the Rabbit 

Mandibular Condyle 

Figure 49. Electron micrograph of a portion of an osteoclast in the 

subchondral bone of the normal rabbit mandibular condyle. 

Note the presence of multiple nuclei, numerous mitochondria 

(M), a few rough endoplasmic reticula and a well developed 

Golgi complex and many vacuoles Ln the· cytoplasm. 

(original magnification X14, 000) 



PLATE 26 
(Figure 49) 

Fig.49 
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E. ULTRASTRUCTURAL PATHOSES OF THE EXPERIMENTAL RABBIT 

MANDIBULAR CONDYLES 

The experimental condyles exhibited a loss of stratification of the 

norman~ distinct cell layers, characteristic feature of the control cartilage. 

Therefore, the term, osteoarthritic cartilage will be used t~ describe the 

pathological changes ~~thout reference to a p~rticular cell layer. 

Histologically, some areas of each experimental condyle exhibited 

thickening of the fibrous cov~ring associated with hyperce~lularity, while 

adjacent areas of the same condyle exhibited complete loss of the fibrous layer 

. with the cartilage exposed to the joint c~vity (refer to plates # 6, 7 and 8). At 

the electron microscopic level, th~ thickened fibrous covering showed extensive 

fibrillation of the extracellular matrix, in which the normally compact collagen 

bundles were replaced by ~dely spaced collagen fibers along· with extensive 

vacuolation of the non collagenous matrix, while intact fibroblasts were present 

(Fig. 50). 

Many cells showed abnormally swollen cisternae of the endoplasmic 

reticulum associated with loosely organized matrix and vacuolated areas 

adjacent to the cells (Figs. 51 and 52). In addition, apoptotic bodies indicative 

of cell death were seen scattered throughout the severely fibrillated mat~ix 

along with the abnormally deformed fibroblasts, (Fig. 53). 

The blood vessel invasion was clearly observed in the histological H & E 

sections of the experimental osteoarthritic cartilage (refer to plate# 7). At the 

electron microscopic level, these vessels were lined with. endothelial cells. The 

large lumen and absence of smooth muscle cells indicated that these were 

venules (Fig. 53). 

One ofthe most characteristic changes in·the osteoarthritic cartilage of 

the experimental condyles was the presence of large number. of chondrocytes 
I 

along with their territorial ,matrix (Fig. 54). These are probably the PCNA 

positive cells seen with the' light microscope (refer to Fig. 9). 

There were also many chondrocytes with well developed arrays of rough 

endoplasmic reticulum and a well developed Golgi apparatus (Figs. 55 and 56). 
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These cells exhibited a large number of cytoplasmic projections ~xtending from 

the cell surface into the matrix (Fig.· 55). There were also se~eral apoptotic 

cells surrounded by a dense matrix .. These cells were found next to healthy 

chondrocytes. This unusual appearance of condylar cartilage was only -

observed in osteoarthritic cartilage of the experimental condyles (Figs. 57 and 

58). 

As seen in the fibrous covering, the extracellular ~atrix of the 

osteoarthritic cartilage showed exten~ive fibrillation with the loss in orientation 

of the collagen fibrils. · There were many vacuoles in the matrix, where the 

matrix components were dissplved (Figs. 59, 60, 61 and 62). The proteoglycan 

particles were sparsely scattered throughout the extracellular matrix. The 

electron dense matrix vesicles seen in the control cartilage were found also in 

the experimental group (Figs. 59, 60, 61 and 62). In some cases, abnormally 

thick collagen fibrils (type-I collagen ?) were found to be interlaced with thin 

type-II collagen fibrils and proteoglycan particles (Fig. 63). 
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PLATE27 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 50. Electron micrograph of a portion of the fibrous .layer of an 

experimental rabbit mandibular condyle two weeks 

following surgical induction of ADD showing abnormally 

shaped fibroblasts (FB) and disorganization of the 

extracellular. matrix (fibrillation). Note sparsely arranged 

collagen fibrils (Col) and the vacuoles, indicating loss ·of 

extracellular matrix components. (original magnification 

Xl4,000) 



PLATE 27 
(Figure 50) 

Fig. 50 
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PLATE28 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 51. Electron micrograph of a portion of ·the o~teoarthritic 

cartilage of an experimental rabbit mandibular condyle two 

weeks following the surgical induction of ADD· showing a 

degenerating cell with abnormally swollen cisternae of the 

endoplasmic reticulum. The clear round vacuoles (asterisks) 

adjacent to the cell indicates ~he area of loss of the matrix 

components. Note loosely organized and. debilitated 

extracellular matrix with very few collagen fibrils. (original 

magnification X14, 000) 
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PLATE29 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 52. Electron micrograph of a portion of osteoarthri#c cartilage 

of an experimental rabbit mandibular condyle two weeks 

following the surgical induction of ADD showing part of a 

cell with ,abnormally dilated cisternae (asterisks) of the 

endoplasmic reticulum. Note the loss of the extracellular 

matrix adjacent to the cell surface. (original magnification 

X14,000) 



PLATE 29 
(Figure 52) 

Fig. 52 
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PLATE30 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgi,cal Induction 

of ADD 

Figure 53. Electron micrograph of a portion of the fibrous layer of the 

osteoarthritic condyle of an experimental rabbit mandibular 

condyle two weeks following the surgical induction of ADD, 

showing the blood vessel (asterisk) in the normally avascular 

fibrous covering of the mandibular condyle. Note the 

presence of the endothelial cell (broken arrow) lining the 

blood vessel. Abnormally deformed fibroblast (arrow head) 

and apoptotic bodies (arrows) are seen in th~ severely 

fibrillated extracellular matrix. (original magnification 

X5,000) 



PLATE 30 
(Figure 53) 

Fig. 53 
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PLATE 31 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 54. Electron micrograph of young. chondrocytes ~n . . the 

osteoart,hritic cartilage of an experimental rabbit 

mandibular condyle two weeks following the surgical 

induction of ADD. In comparison to controls, ~here is no 

distinction of territorial matrices around the cells. (original 

magnification X2,.700) 



PLATE 31 
(Figure 54) 

Fig. 54 
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PLATE32 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 55. Electron micrograph of a chondrocyte in the osteoarthritic 

cartilage of an experimental rabbit mandibular condyle two 

weeks following the surgical ·induction of ADD. This cell 

appears more differentiated and fl{;nctional.; Note the well 

developed arrays of rough endoplasmic reticulum, indicative 

of active protein synthesis. The extracellular matrix shows 

clear areas of dissolved matrix. A great number ·of 

cytoplasmic projections extend from the cell surface into the 

matrix. Also note the presence of the electron dense matrix 

vesicles (arrow heads). (original magnification X2, 700) 



PLATE 32 
(Figure 55) 

Fig. 55 
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PLATE33 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 56. Electron micrograph of a portion of a chondrocyte in the 

osteoarthritic cartilage of an experimental rabbit 

mandibular condyle two weeks following the surgical 

induction of ADD showing well developed Golgi apparatus 

and ro~gh endoplasmic reticulum. (original magnification 

X27,000) 



PLATE 33 
(Figure 56) 

Fig. 56 
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PLATE34 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

. ofADD 

Figure 57. Electron micrograph of the degenerating chondrocytes in the 

osteoarthritic cartilage of an experimental rabbit 

mandibular condyle two weeks following the surgical 

induction of ADD. These cells were found next to healthy 

chondrocytes. The cells are clearly apoptotic. Note the 

density of the surrounding matrices and the presence of 

matrix vesicles. (original magnification X2, 700) 



PLATE 34 
(Figure 57) 

Fig. 57 
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PLATE35 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Sur~cal Induction 

of ADD 

Figure 58. Electron micrograph of a portion of the osteoarthritic 

cartilage of an experimental rabbit mandibular condyle two 

weeks following the surgical induction of ADD showing a cell 

is in the last stage of cell death (arrow) adjacent to a cell 

with healthy looking nucleus (N). (original magnification 

X2,700) 



PLATE35 
(Figure 58) 

Fig. 58 
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PLATE36 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 59. Electron micrograph of a portion of the osteoarthritic 

cartilage of arz, experimental rabbit mandibular condyle two 

weeks following the surgical induction of ADD showing 

several young chondrocytes surrounded by fibrillated 

extracellular matrix (ECM). Note vacuolation of territorial 

matrices (asterisk) and the loss of normal orientation of 

collagen fibrils. (original magnification X2, 700) 



PLATE 36 
(Figure 59) 

Fig. 59 

117 



118 

PLATE37 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following .Surgical Induction 

of ADD 

Figure 60. Higher magnification of a portion of a chondrocyte in the 

osteoarthritic cartilage of an experimental rabbit 

mandibular condyle two weeks following the surgical 

induction of ADD. Vacuolation of territorial matrix next to 

the cell surface where the matrix components are dissolved is 

clearly seen (asterisks). Also note the disorganization of 

collagen fibrils. (original magnification X4,500) 



PLATE 37 
(Figure 60) 

Fig.60 
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PLATE38 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 61. · Electron micrograph of a portion the osteoarthritic cartilage 

of an experimental rabbit mandibular condyle two weeks 

following the surgical induction of ADD showing large 

number of areas of dissolved matrix components (asterisks) 

next to the cell surface. (original magnification X2, 700) 



PLATE38 
(Figure 61) 

Fig.61 
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PLATE39 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgi!cal Induction 

of ADD 

Figure 62. Electron micrograph of a portion of the extracellular matrix 
I 

of the osteoarthritic cartilage of an experimental rabbit 

mandibular condyle two weeks following the surgical 

induction of ADD showing fibrillation · of extracellular 

matrix. Note sparse distribution of collagen fibrils and 

proteoglycan particulates. (original magnification X2, 700) 



PLATE39 
(Figure 62) 

Fig.62 

123 



124 

PLATE40 

Electron Micrograph of the Experimental Articular Cartilage of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 63. Electron micrograph of a portion the extracellular matrix of 

the osteoarthritic cartilage of an experimental rabbit 

mandibular condyle two weeks following the surgical 

induction of ADD showing abnormally thick collagen fibrils 

(arrows). Note loosely arranged matrix wi~h areas where the 

matrix components were lost. (original magnification 

X2,700) 



PLATE 40 
(Figure 63) 

Fig.63 
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F. ALTERATIONS OF PROTEOGLYCANS IN THE CARTILAGE 

EXTRACELLULAR MATRIX OF THE RABBIT MANDIBULAR CONDYLE Two 

WEEKS FOLLOWING SURGICAL INDUCTION OF ANTERIOR DISC DISPLACEMENT 

(ADD) 

The components of the .proteoglycan (PG) molecules that were 

investigated in this study ·included chondroitin-4-sulfate (C4S), chondroitin-6-

sulfate (C6S), keratan sulfate (KS) and link protein (LP). The distributions and 

alterations of PG components were studied in the cartilage extracellular matrix 
- . 

of the rabbit mandibulf!! condyle two weeks following surgical induction of ADD 

both at the light and the electron microscopic levels. 

LIGHT MICROSCOPlC IMMUNOHISTOCHEMICAL STUDY USING IMMUNOGOLD 

SILVER STAIN (IGSS) 

In the control condyl~s, C4S was found in the territorial matrix of the 

chondr~cytes of the chondrocytic layer, and .the upper and lower hypertrophic 

layers but not in the fibrous layer or the reserve cell layer (Fig. 64). The 

\ experimental condyles, two weeks follo$g surgical induction of ADD, showed 

a partial depletion of C4S from the osteoarthritic cartilage (Fig. 65). 

A densitometric assessment of these changes showed a statistically 

significant (P < 0.05) decline in the density of C4S immunogold silver stain of 

the experimental condyles compared to the control val":les (Fig. 72). Overall, 

there was approximately 73% depletion of C4S molecules in the cartilage 

extracellular matrix of the experimental rabbit mandibular condyle (Fig. 73). 

Chondroitin-6-sulfate (C6S) was found in the territorial matrices of the 

chondrocytes of the chondrocytic layer, and the upper and lower hypertrophic 

layers of the control condyles (Fig. 66). 'l'he experimental condyles, two weeks 

following surgical induction of ADD, showed a depletion of C6S from the 

osteoarthritic cartilage (Fig. 67). 

A densitometric assessment of these changes showed a statistically 

significant (P < 0.05) decline in the density of C6S immunogold ~ilver stain at 
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two weeks following the surgical induction of ADD compared to .the control . 

values (Fig. 72). Overall, there was approximately 72% depletion of C6S 

molecules in the cartilage eXtracellular matrix of the experimental rabbit 

mandibular condyle (Fig. 73). 
.. 

In the control condyles, KS was found in the territorial matrices of the 

chondrocytic layer, and the upper and lower hypertrophic layers (Fig. 68). The 

experimental condyles, two weeks following the surgical induction of ADD, 

showed a depletion of the KS from the osteoarthritic cartilage (fig. 69). 

A densitometric assessment of these changes showed a statistically 

significant (P < 0.05) decline in the density of KS immunogold silver stain at 

two weeks following surgical induction of ADD compared to the control values 

(Fig. 72). Overall, there was approximately a 70% depletion of KS molecules in 

the cartilage extracellular matrix of the experimental rabbit mandibular 

condyle (Fig. 73). 

The link protein (LP) was found in the territorial matrices of the 

chondrocytes of the upper and lower hypertrophic layer of the control condyles 
I 

(Fig. 70). The experimental condyles, two weeks following the surgical 

induction of ADD, showed a depletion of LP from the osteoarthritic cartilage 

(Fig. 71). 

A d_ensitometric assessment pf these changes showed a statistically 

significant (P < 0.05) decline in the density of LP immunogold silver stain at 

two weeks following surgical induction of ADD compared to the control values 

(Fig. 72). Overall, there was approximately a 73% depletion of LP molecules in 
•, 

the cartilage extracellular matrix of the experimental rabbit mandibular 

condyle (Fig. 73). 

ELECTRON MICROSCOPIC IMMUNOCYTOCHEMICAL STUDY USING COLLOIDAL 

GOLD CONJUGATES 

In the control condyles, immunogold. labeled . C4S were found in the 

extracellular matrices of the cartilage· at the chondrocytic layer, and the upper 

.and lower·hypertrophic layers but not in the fibrous layer or the reserve cell 
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layer (Fig. 7 4). The experimental condyles, two weeks following surgical 

induction of ADD, showed .fewer number of immunogold labels of C4S from the 

osteoarthritic cartilage (Fig. 75). 

A quantitative assessment of these changes showed a statistically 

signi~cant {P < 0.05) decline in the number of C4S immunogold labels of the 

experimental condyles compared to the control va~ues (Fig. 82). Overall, there 

was approximately a 78% -depletion of C4S molecules in the cartilage 

extracellular matrix of the experimental rabbit mandibular condyle (Fig. 83). 

Immunogold labeled C~S were found in the extracellular matrix of the 

cartilage at the chondrocytic layer, and the upper and lower hypertrophic 

layers of the control condyles (Fig. 76). The experimental condyles, two weeks 

following surgical induction of ADD, showed reduced number of C6S

immunogold labels from the osteoarthritic cartilage (Fig. 77). 

A quantitative assessment of these changes showed a statistically 

significant (P < 0.05) decline in the number of C6S immunogold labels at two 

weeks following the surgical induction of ADD compared to the control values 

(Fig. 82). Overall, there was approximately a 59% depletion of C6S molecules 

in the cartilage extracellular matrix of the experimental rabbit mandibular 

condyle (Fig. 83). 

In the control condyles, immunogold labeled KS were found in the 

extracellular matrices of the cartilage at the chondrocytic layer, and the upper 

and lower hypertrophic layers (Fig. 78). The experimental condyles, two weeks 

following surgical induction of ADD, showed reduced number of KS-immunogold 

labels from the osteoarthritic cartilage (Fig. 79). 

A quantitative assessment of these changes showed a statistically 

significant (P < 0.05) decline in the number of KS-immunogold labels at two 

weeks following the surgical induction of ADD compared to the control values 

(Fig. 82). Overall, there wa~ approximately a 58% depletion of KS molecules in 

the cartilage extracellular matrix of the experimental rabbit mandibular 

condyle (Fig. 83). 

The link protein (LP) was found in the extracellular matrices of. the 

cartilage at the upper and lower hypertrophic layer of the control condyles (Fig. 
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80). _The experimental condyles, two weeks following surgical induction of ADD, 

showed reduced number of LP-immunogold labels from the osteoarthritic 

cartilage (Fig. 81) .. 

A quantitative assessment of these . changes showed a statistically 

significant (P < 0.05). decline in ~he number of LP-immunogold labels at two 

weeks following surgical induction of ADD compared to the control values (Fig. 

82). Overall, there was approximately 72% depletion of LP molecules in the 

cartilage extracellular matrix of the experimental rabbit mandibular condyle 

(Fig. 83). 



130 

PLATE 41 

Changes in the Density of the Immunogold Silver Labels for 

Chondroitin 4 Sulfate (C4S) in the Extracellular Matrix of the Rabbit 

Mandibular Condyle Two Weeks Following Surgical Induction of ADD 

Figure 64. 

Figure 65. 

A photomicrograph of a control condyle immunogold silver 

stained for Chondroitin 4 Sulfate (C4S). The chondrocytic 

layer (C), the upper and lower hypertrophic layers exhibited 

strong reaction to the C4S antibodies. Little or no stains are 

found in the fibrous layer (F), the reserve cell layer (R) and 

the subchondral bone (SB) are seen. C4S immunogold silver 

staining. X 200 

A photomicrograph of an experimental condyle, two weeks 

following surgical induction of ADD, immunogold silver 

stained for Chondroitin 4 Sulfate (C4S). Note the depletion 

of C4S in the osteoarthritic cartilage (OA). The fibrous layer 

(F) and the subchondral bone (SB) are seen. C4S 

immunogold silver staining. X 200 
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PLATE42 

Changes in the Density of the Immunogold Silver Labels for 

Chondroitin 6 Sulfate ( C6S) in the Extracellular Matrix of the Rabbit. 

Mandibular Condyle Two Weeks Following Surgical Induction of ADD 

Figure 66. 

Figure 67. 

A photomicrograph of a control condyle immunogold silver 

stained for Chondroitin 6 Sulfate (C6S). The chondrocytic 

layer (C) and the upper hypertrophic layer (UH) exhibited 

strong reaction to the C6S antibodies, while the reserve cell . 

layer showed weak labeling. The reserve cell layer (R) and 

the subchondral bone (SB) are seen. C6S immunogold silver 

staining. X 200 

A photomicrograph of an experimental condyle, .two weeks 

following the surgical induction of ADD, immunogold silver 

stained for Chondroitin 6 Sulfate (C6S). Note the depletion 

of C6S throughout all the layers of the osteoarthritic 

cartilage (OA). The fibrous layer (F) and the subchondral 

bone (SB) are seen. C6S immunogold silver staining. X 200 
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PLATE43 

Changes. in the Density of the Immungold Silver Labels for Keratan 

Sulfate (KS) in the Extracellular Matrix of the Rabbit Mandibular 

Condyle Two Weeks Following Surgical Induction of ADD 

Figure 68. 

Figure 69. 

A photomicrograph of a control condyle immunogold silver 

stained for Keratan Sulfate (KS). The chondrocytic layer (C), 

the upper and lower hypertrophic layers exhibited strong 

reaction to the KS antibodies. The fibrous layer (F), the 

reserve cell layer (R) and the subchondral bone (SB) are seen. 

KS immunogold silver staining. X 200 

A photomicrograph of an experimental condyle, two weeks 

following the surgical induction of ADD, immunogold silver 

stained for Keratan Sulfate (KS). Note the depletion of KS in 

the osteoarthritic cartilage (OA) compared to that of the 

control group. The fibrous layer (F) and the osteoarthritic 

cartilage (OA) are seen. KS immunogold silver staining. X 

200 
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PLATE44 

Changes in the Density of the Immunogold Silver Labels for Link 

Protein (LP) in the Extracellular Matrix of the Rabbit Mandibular 

Condyle Two Weeks Following Surgical Induction of ADD 

Figure 70. 

Figure 71. 

A photomicrograph" of a control condyle immunogold silver 

stained for Link Protein (LP). The upper (UH) and lower 

hypertrophic layers (LH)) exhibited a strong reaction to the 

LP antibody. LP immunogold silver staining. X 400 

A photomicrograph of an experimental condyle, two weeks 

following the surgical induction of ADD, immunogold silver 

stained for Link Protein (LP). Note the depletion of LP in 

the osteoarthritic cartilage (OA). The fibrous layer (F), the 

osteoarthritic cartilage (OA) and the subchondral bone (SB) 

are seen. LP immunogold silver staining. X 160 
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PLATE45 

Changes in the Density of the Immunogold Silver Stain of the 

Components of the Proteoglycans in the Cartilage Extracellular Matrix 

of a Rabbit Mandibular Condyle Two Weeks Following Surgical 

Induction of ADD 

Figure 72. A histogram representing changes zn the cartilage 

extracellular matrix of a rabbit mandibular condyle two 

weeks following the surgical induction of ADD, revealed by 

immunogold silver stain of the proteoglycan components in 

the cartilage extracellular m~trix of the rabbit mandibular 

condyle. Significant redlfction in the proteoglycans is 

accompanied by si~nificant loss of link proteins. Each bar 

represents the mean of the label densities of the immunogold 

silver , staining measured from the five . different rab6it 

mandibular condyles. All of the values were significantly 

different (P < 0. 05) from the control group. Error bars: + 1 

standard error of means. . 
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PLATE46 

Changes in Percentage (%)_of Immunogold Silver Stained 

Proteoglycan Components in the Articular Cartilge of the Extracellular 

Matrix of a Rabbit Mandibular Condyle Two Weeks Following Surgical 

Induction of ADD 

Figure 73. A histogram representing changes in percentage (%) of 

immunogold silver stained proteoglycan components in the 

articular cartilage of the extracellular matrix of a rabbit 

mandibular condyle two weeks following surgical induction 

of ADD. Each bar represents the amount of depletion of 

proteoglycan components in the experimental groups. 
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PLATE47 

Electron Micrograph of the Immunogold Labeled C4S in the Articular 

Cartilage Extracellular Matrix of a Rabbit Mandibular Condyle 

Figure 74. 

Figure 75. 

Electron micrograph of immunogold labeled C4S ln the 

cartilage extracellular matrix . of a control rabbit 

mandibular condyle. Note the labels present between and 

close to the collagen fibrils (arrows). (Original 

magnification X50, 000) 

Electron micrograph of immunogold labeled C4S ln the 

cartilage extracellular matrix of an experimental rabbit 

mandibular condyle two weeks following surgical induction 

of ADD. Note the marked decline in immunogold labeling 

(arrows) compared to · the control group. (Original 

magnification X50, 000) 
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PLATE48 

Electron Micrograph of the lmmunogold Labeled C6S in the Articular 

Cartilage Extracellular Matrix of a Rabbit Mandibular Condyle 

Figure 76. 

Figure 77. 

Electron micrograph of immunogold labeled C6S 1-n the 

cartilage extracellular matrix of a control rabbit 

mandibular condyles. Note the_ labels present between and 

close to the collagen fibrils. (Original magnification 

X40,000) 

Electron micrograph of immunogold labels of C6S in the 

cartilage extracellular matrix of an experimental rabbit 

mandibular condyle two weeks following surgical induction 

of ADD. Note the marked decline in immunogold labeling 

(arrows) compared to the r;ontrol group. (Original 

magnification X40, 000) 
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PLATE49 

Electron Micrograph of the Immunogold Labeled KS in the Articular 

Cartilage Extracellular Matrix of a Rabbit Mandibular Condyle 

Figure 78. 

Figure 79. 

Electron micrograph of immunogold labeled KS 1-n the 

cartilage extracellular matrix of a control rabbit 

mandibular condyles. Note the labels present between and 

close to the collagen fibrils (arrows). (Original 

magnification X40, 000) 

Electron micrograph of immunogold labeled KS 1-n the 

cartilage extracellular matrix of an experimental rabbit 

mandibular condyles two weeks following surgical induction 

of ADD. Note marked decline. in immunogold labeling 

(arrows) compared to the control group. (Original 

magnification X50, 000) 
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(Figure 78-79) 
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PLATE 50 

Electron Micrograph of the Immunogold Labeled LP in the Articular 

Cartilage Extracellular Matrix of a Rabbit Mandibular Condyle 

Figure 80. 

Figure 81. 

Electron micrograph of immunogold labeled LP tn the 

cartilage extracellular matrix of a control rabbit 

mandibular condyle. Note the labels present between and 

close to the collagen fibrils (arrows). (Original 

magnification X40, 000) 

Electron micrograph of immunogold labeled LP zn the 

cartilage extracellular matrix of an experimental rabbit 

"-mandibular condyle two weeks following surgical induction 

of ADD. Note the marked decline in immunogold labeling 

(arrows) compared to the control group. (Original 

magnifi~ation X40,000) 
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PLATE 51 

Changes in the Number of Immunogold Labels of the Components of 

the Proteoglycans in the Cartilage Extracellular Matrix of a Rabbit 

Mandibular Condyle Two Weeks Following Surgical Induction of ADD 

Figure 82. A histogram representing changes tn the cartilage 

extracellular matrix of a rabbit mandibular condyle two 

weeks following surgical induction of ADD, revealed by 

immunogold staining of the proteoglycan component. Each 

bar represents the mean of gold label numbers counted from 

the electron micrographs of 10 different randomly selected 

areas of the extracellular matrices of the 5 control and 5 

experimental rabbits. All of the values were significantly 

different (P < 0.05) from the control group. Error bars: + 1 

standard error or means . . 
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PLATE 52 

Changes in Percentage (%) of Immunogold Labeled Proteoglycan 

Components in the Articular Cartilge of the Extracellular Matrix of a 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

of ADD 

Figure 83 .. A histogram representing changes in percentage (%) of 

immunogold labeled proteoglycan components in the 

articular cartilage of the extracellular matrix of a rabbit 

mandibular condyle two weeks following surgical induction 

of ADD. Each bar represents the amount of depletion of 

proteoglycan components in the experimental group. 
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G. ALTERATIONS OF THE TYPE-VI AND -IX COLLAGENS IN THE CARTILAGE 

EXTRACELLULAR MATRIX OF THE RABBIT MANDIBULAR CONDYLE 

LIGHT MICROSCOPIC IMMUNOHISTOCHEMICAL STUDY USING IMMUNOGOLD 

SILVER STAIN (IGSS) 

In the control condyles, type-VI collagen was found in the territorial 

matrices of chondrocytes in the chondrocytic layer, and in the upper and lower 

hypertrophic layers ,(Fig. 84). The experimental condyles, two weeks following. 

surgical induction of ADD, showed a loss of type-VI collagen in the 

osteoarthritic cartilage (Fig. 85). 

A .densitometric assessment o~ these changes showed a statistically 

significant (P < 0.05) decline in the density of the type-VI collagen immunogold 

silver stain two weeks following surgical induction of ADD compared to· the 

control values (Fig. 88). Overall, there was approximately a 67% depletion of 

the type-VI collagen in the cartilage extracellular matrix of the experimental 

rabbit mandibular condy~e. (Fig. 89). 

Type-IX collagen was found in the territorial matrices of chondrocytes in 

the chondrocytic layer, and the upper and lower hypertrophic layers of the 

control condyles (Fig. 86). The experimental condyles, two weeks following 

surgical induction of ADD, showed a loss .of type-IX collagen in the 

osteoarthritic cartilage (Fig. 87). 

A densitometric assessment of these 'changes showed a statistically 

significant (P < 0.05) decline in the density of the type-IX collagen immunogold 

silver stain two weeks following.the surgical induction of ADD compared to the 

control values (Fig. 88). Overall, -there was approximately 69% depletion of the 

type-IX collagen in the cartilage·extracellular matrix ofthe experimental rabbit 

mandibular condyle .(Fig. 89). 
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ELECTRON MICROSCOPIC IMMUNOCYTOCHEMICAL STUDY USING COLLOIDAL 

GOLD CONJUGATES 

In the control c~ndyles, immunogold labeled type-VI collagen were found 

in the extracellular matrix of the cartilage at the chondrocytic layer, and tp.e 

upper and lower hypertrophic layers (Fig. 90). The experimental condyles, two 

weeks following surgical induction of ADD, showed less number of the type-VI 

collagen-imniunogold labels from the osteoarthritic cartilage (Fig. 91). 

A quantitative assessment of these changes showed a statistically 

significant (P < 0.05) decline in the number of the type-VI collagen-immunogold 

, labels at two weeks following surgical induction of ADD compared to the control 

values (Fig. 94). Overall, there was approximately a 70% depletion of the type

VI collagen in the cartilage extracellular matrix of the experimental rabbit 

mandibular condyle (Fig. 95). 

Immunogold_labeled type-IX collagen was found in the extracellular 

matrices of the cartilage at the chondrocytic layer, and the upper and lower 

hypertrophic layers of the control condyles (Fig. 92).. The experimental 

condyles, two weeks following surgical.induction -of ADD, showed less number of 

the type-IX collagen-immunogold labels from the osteoarthritic cartilage (Fig. 

93). 

A quantitative assessment of these changes ·showed a statistically 

significant (P < 0.05) decline in the number of the type-IX collagen-immunogold 

labels two weeks following surgical induction of ADD compared to the control 

values (Fig. 94). Overall, there was approximately a 69% depletion of the type

IX' collagen in the cartilage extracellular matrix of the experimental rabbit 

mandibular condyle (Fig. 95). 
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PLATE 53 

Changes in the Density of the Immunogold Silver Labels for Type-VI 

Collagen in the Extracellular Matrix of the Rabbit Mandibular Condyle 

Two Weeks Following Surgical Induction of ADD 

Figure 84. 

Figure 85. 

A photomicrograph of a control condyle immunogold silver 

stained for type-VI collagen. The hyaline cartilage layer 

including the chondrocytic layer (C), the upper (UH) and 

lower hypertrophic layer$ (LH) exhibited a strong reaction to 

the type-VI collagen antibodies. Type-VI collagen 

immunogold silver staining. X 200 

A photomicrograph of an experimental condyle,. two weeks 

following the surgical induction of ADD, immunogold silver 

stained for type-VI collagen. Note the depletion of type-VI 

collagen in the osteoarthritic cartilage (OA). The fibrous 

layer (F) is seen. Type-VI collagen immunogold silver 

sta,ining. X 160 
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PLATE 54 

Changes in the Density of the Immunogold Silvelr Labels for Type-IX 

Collagen in the Extracellular Matrix of a Rabbit Mandibular Condyle 

Two Weeks Following Surgical Induction of ADD 

Figure 86. 

Figure 87. _ 

A photomicrograph of a control condyle immunogold silver 

stained for type-IX collagen. The hyaline cartilage layer 

including the chondrocytic layer (C), the upper (UH) and 

lower hypertrophic layers (LH) exhibited a strong reaction to 

the type-IX collagen antibodies. Type-IX collagen 

immunogold silver staining. X 200 

A photomicrograph of an experimental condyle, two weeks 

following the surgical induction of ADD, immunogold silver 

stained for type-IX collagen. Note the depletion of type-IX 

collagen in the osteoarthritic cartilage (OA). The fibrous 

layer (F) is seen. Type-IX collagen immunogold silver 

staining. X 160 
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PLATE 55 

Changes in the Density of the Immunogold Silver Stain of the Type-VI 

and -IX Collagens in the Cartilage Extracellular Matrix of a Rabbit 

Mandibular Condyle Two Weeks Following Surgical Induction of ADD 

Figure 88. A histogram representing changes tn the cartilage 

extracellular matrix of a rabbit mandibular condyle two 

weeks following surgical induction of ADD, revealed by 

immunogold silver staining of type-VI and -IX collqgens. 

Each bar represents the means of density of the immunogold 

silver label densities measured from the five different rabbit 

mandibular condyles. Significant reduction in both types of 

collagens was found in the osteoarthritic condyle: following 

ADD. All ofthe valueswere significantly different (P < 0.05) 

from the control group. Error bars: ± 1 standard error of 

means. 
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PLATE 56 

Changes in Percentage (%) of lmmunogold Silver Stained Typ~-VI and 

-IX Collagens in the Articular Cartilge of the Extracellular Matrix of a 

Rabbit Mandibular Condyle Two Weeks Following Surgicallnduction 

of ADD 

Figure 89. A histogram representing changes in percentage (%) of 

immunogold silver stained type-VI and -IX collagens in the 

articular cartilage of the extracellular matrix of the rabbit 

mandibular condyle two ·weeks following the surgical 

induction of ADD. Each bar represents the amount of 

depletion of type-VI and -IX collagens in the experimental 

groups. 
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PLATE 57 

Electron Micrograph of the Immunogold Labeled Type-VI Collflgen in 

the Articular Cartilage an Extracellular Matrix of a Rabbit Mandibular 

Condyle 

Figure 90. 

Figure 91. 

Electron micrograph of immunogold labeled type-VI 

collagen in the cartilage extracellular matrix of a, control 

rabbit mandibular condyles. ·Note the labels are closely 

related the collagen fibrils. - (Original magnification 

_X40,000) 

Electron micrograph of immunogold labeled, type-VI 

collagen £n the cartilage extracellular matrix of an 

experimental rabbit mandibular condyle two weeks 

following surgical induction of ADD. Note the marked 

dec~_ine in immunogold labeling (arrow) compared to the 

control group. (Original magnification X40,000) 
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PLATE 58 

Electron Micrograph of the Immunogold Labeled Type-IX Coll~gen in 

the Articular Cartilage Extracellular Matrix of a Rabbit Mandibular 

Condyle 

Figure 92. 

Figure 93. 

Electron micrograph of immunogold labeled type-IX 

collagen in the cartilage .extracellular matrix of a control 

rabbit ma!£dibular condyle. Note the immunogold labels 

are closely related the collagen fibrils. (Original 

magnification X50,000) 

Electron micrograph of immunogold labeled type-IX 

collagen 1-n the cartilage extracellular matrix of an 

experimental rabbit mandibular condyle two weeks 

following surgical induction of ADD. Note the marked 

decline in labeling (arrows) compared to the control group. 

(Original magnification X40,000) 
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PLATE 59 

Changes in the Number of Immunogold Labels of the Type-~ and -IX 

Collagens in the Cartilage Extracellular Matrix of a Rabbit Mandibular 

Condyle Two We~ks Following Surgical Induction of ADD 

Figure 94. A summary histogram representing C?hanges in the cartilage 

extracellular matrix of a rabbit mandibular condyle two 

weeks following surgical induction of ADP, revealed by 

immunogold staining of type-VI and -IX collagens. Each 

bar represents the ~ean of gold label numbers" counted from 

the electron "f!ticrographs qf 10 different randomly selected 

areas of the extracellular matrices of the 5 con~rol and 5 

e~perimental rabbits. AU of the values were significantly 

different (P < 0. 05) from· the control group. Error bars: + 1 

standard error or means. 
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PLATE60 

Changes in Percentage(%) oflmmunogold Labeled Type-VI and -IX 

Collagens in the Articular Cartilge of the Extracellular Matrix of a 
' ' 

Rabbit Mandibular Condyle Two Weeks Following Surgical Induction 

Figure 95. · 

of ADD 

A histogram representing changes in percentage (%) of 

immunogold labeled type-VI and -IX collagens in the 

articular cartilage of the extracellular matrix of a rabbit 

mandibular condyle two weeks following surgical induction 

of ADD. Each bar represents the amount of depletion of 

type-VI and -IX collagens in the experimental group. 
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IV. DISCUSSION 

I 

Internal derangement of the temporomandibular joint (TMJ) is defined 

as an abnormal relationship of the articular disc to the condyle (Dolwick et al., 

l983). Anterior disc displacement (ADD) is a well recognized clinical problem 

and is a major form of internal derangement. The cause of ADD is unknown; 

however, it is thought that mechanical trauma could be the causative factor 

(Burakoff and Kaplan, 1993). From retrospective clinical studies, it has been 

suggested that ADD in young patients can lead to osteoarthritis at an older age 

(Westesson et al., 1985). 

Several studies have revealed that the mechanical trauma resulting 

from ADD could lead to a cascade of reparative and degenerative changes of 

the affected joints similar to those described for osteoarthritis (Ali and 

Sharawy, 1994). It also has been shown that surgi~al induction :of ADD in the 

rabbit CMJ leads to cellular and extracellular alterations in the disc proper, 

bilaminar zone (BLZ), condyle, articular eminence and synovial membrane 

similar to those described previously in human ADD (AH and Sharawy, 1994, 

1996). 

Although there are some important structural and functional differences 

between the ~abbit joint and the human joint (Mills et al., 1988; O'Dell et al., 

1989; Savalle et al., 1990), the rabbit CMJ is considered to be an excellent 

model for studying the human TMJ. It exhib~ts significant lateral and 

anteroposterior movements, whereas many other mammals do not (Weijs and 

Dantuma, 1981). Also, the morphology of the rabbit disc and its attachments 

are quite similar to the human disc (Savalle et al., 1990). 

Many studies have developed an animal model for internal derangement 

by inducing ADD in the rabbit CMJ (Mills et al., 1990; Tallents et al., 1990; 

Axelsson et al., 1992; Macher et al., 1992;). In ·these studies~ the disc was 
\ . 

attached to the mandible and the innervated and vascularized retrodiscal 

tissues or the bilaminar zone (BLZ) was not positioned between the condyle 

and articular eminence, .similar to the human disease. 
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I 

! 

In this study, we adapted the surgical technique developbd by Ali and 

Sharawy (1994, 1995, 1996) to elucidate the consequences of induction of ADD 
' I 

on the rabbit mandibular condyle. We were able to produce ;ADD without 

reduction, and did not include severing of the posterior attachme:r{ts or BLZ and 

the repositioning of the highly vascularized and highly innervated BLZ between 

the articular surfaces was an important component of the surgical procedure 

unlike what was done in the previous studies (Sprinz, 1954; Tallents et al., 

1990; Macher and Westesson, 1992; Mills et al., 1990). 

Both ligh~ and electron microscopic observations confirm ~arlier findings 

(Luder et al., 1988; Ali and Sharawy; 1994) that the condyle can pe divided into 

two main layers, the superficial layer or perichondrium whose matrix appears 

to consist of collagen I fibrils and proteoglycan, and the deep layers or hyaline 

cartilage region whose matrix contains collagen II fibrils and proteoglycan, as 

in cartilage. 

At the light microscopic level, the articular cartilage of the control rabbit 

mandibular condyle showed distinct organization of the cartilage into different 

cell layers, which is consistent with the previous findings (Luder et al., 1988; 

Mills et al., 1990; Marchi et al., 1991; Ali and Sharawy, 1994). The 

experimental condyles, however, showed loss of stratification into distinct cell 

layers which is a known feature of osteoarthritic cartilage. 

The fibrous covering of the articular cartilage of the control mandibular 

condyle consists mostly of collagen that runs parallel to the condylar surface 

while others run perpendicular to it. The collagen bundles are com pact and 

offer a smooth surface facing the joint .space. In this regard, the .TMJ differs 

from other· synov~al joints in which the bone is covered with hyaline cartilage. 

The presence of a reserve cell layer under the fibrous covering of the rabbit 

mandibular condyle is also found in TMJ s of other animal species, including 

humans (Bibb et al., 1992; Shar~wy et al., 1994). 

In addition to the collagen fibers, elastic fibers were found to be closely 

associated with the collagen fibers in the extracellular matrix of the fibrous 

covering. They are composed of amorphous protein (elastin) and microfibrillar 

components (Albert et al., 1989) and emilin, a glycoprotein of a 115 kD which is 
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located at the elastin-microfibril interface (Bressan et al., 1983; 1993). Several 

studies revealed the presence of the elastic fibers in the fibrous, layer of the 

mandibular condyle (Silva, 1967; Miles, 1962; Appleton, 1975; Helmy, ·1984; 
I 

Sharawy et.al., 1994). In the experimental condyles, however, few 1 or no elastic 

fibers were observed at . the electron microscopic level. Similar observations 
; I 

have been reported in a study ·of human osteoarthritic condylar cartilage 

(Toller, 1977; D_e-Bont et al., 1985) and in the synovial membrane of the 

human TMJ internal derangement (Murnae and Doku, 1971). 

The degradation of the elastic fibers.ofthe osteoarthritic ca~tilage in this 

study is thought to be due to the action of elastase. It has been shown that 

elastase is able to digest ~las tic fibers :iri the rabbit. CMJ. disk and bilaminar 

zone in vitro (O'Dell et al., 1992) and in vivo (Sharawy· et al., 1993) .. Cathepsin 

G is also able to digest dermal elastic fibers (Boudier et al., 1991). 

Elastase is a metalloproteinase secreted by stimulated synovial 

fib_roblasts and chondrocytes (Towle et al., 1987; Martel-Pelletier et al., 1991) 
. -

under the influence of interleukin-.1. In addition to elastase,. cathepsin G and 

interleukin-6, which are known to be secreted by synovial neutrophils, are also 

able to degrade elastin (Janusz and Doherty, 1991; Jensen et al., 1991). 

Cartilage has elastase inhibitors (Dimuzio .et al., 1987) and_ the chondrocyte 

membrane has a receptor for leukocyte elastase (Bartholomew and Lowther, 

1987). Since neutrophils were not observed in the experimental ;condyles, the 
I 

injured chondrocytes are most probably re~ponsible for elastin degradation. 

In- the present study, the surgical induction of ADD in the rabbit CMJ 

precipitated an increase in thickening of the condylar fibr9us covering 

accompanied by hypercellularity, perhaps due to an increase in differentiation 

of the reserve cells into fibroblasts. The _positive reaction of the cells to the 

mouse antibody against proliferating cell nuclear antigen (PCNA)iindicates the 

mitotic activity of those cells. PCNA is a 36,000 molecular we~ght auxiliary 

:protein of DNA polymerase delta, an enzyme vital for DNA repli~ation (Bauer 

and Oliver, 1968; Bravo et al., 1987; Celis et al., 1987). Synthesis of this 

protein begins in the late G 1 phase and peaks during the S pha;se of the cell 

cycle (Takasaki et al., 1981; Celis and Qelis, 19'85; Kurki et al., ~986; Celis et 
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al., 1987). Studies have indicated PCNA to be a highly stable protein found in 

all tissues (Kurki et .al., 1986). Investigators measuring cell replication via 

immunohistochemistry have identified PCNA in normal and • transformed 

proliferating cells (Celis et al., 1984; Kurki et al., 1986). When the mechanical 

overload exceeds the physiologic tolerance of these tissues, the surface 

destruction of the condylar coverings occur, as seen in the previous studies 

(Helmy et al., 1988; Sharawy et al., 1994; Ali and Sharawy, 1994) and also in 

the present study. 

Fibrillation (loss of interlacing orientation of collagen fibers) of the 

fibrous layer and condylar cartilage observed at the light .and electron 

microscopic levels in this study is consistent with previous findings in animals 

with experimental osteoarthritic of the knee joint (Vignon et al., 1984) and in 

the rabbit CMJ after. induction of ADD (Mills et al., 1990; Ali and Sharawy, 

1994). Fibrillation was thought to be due to the loss of cartilage GAGs and 

minor types of collagen which have been found in osteoarthritic condyles in this 

study as well as in osteoarthritic tibia (McDevitt et al., 1977). The results of 

the present study add credence to this idea. The depletion of KS, C4S, C6S and 

· type-VI and -IX collagens as revealed by light and electron microscopic 

immunocytochemical methods may point to a possible mechanism for 

fibrillation of diseased cartilage. 

In some areas of the experimental condyles, complete or partial loss of 

the fibrous covering was observed. It has been shown that mechanical injury 

may lead to an increase in lysosomal enzyme release from the macrophage

like cells of the synovium, and of cytokines from injured joint cells, which could 

cause damage to the covering ofthejoint.surfaces (Stockwell, 1991). 

Two weeks after disc displacement, the appearance ofblood vessels was 

observed in the fibrous' covering and osteoarthritic· cartilage which are 

normally avascular. Similar observations were reported in human displaced 

discs at autopsy (Carlson et al., 1967). 

This neovascularization may be a response to excessive formation of 

angiogenic factors such as fibroblast growth factors, angiogenin (Folkman and 

Klagsbrun, 1987), transforming growth factors (TGF) a and ~ · (Madri et al., 
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1988), heparin binding protein growth factors, endothelial cell stimulating 

angiogenic factor (ESAF) (Brown and Weiss, 1988), platelet-derived endothelial 

cell growth factor (Furukawa et al., 1992) and interleukin-1 (Handschumacher, 

1990). These factors are normally inhibited in cartilage due to the presence of 

angiogenic factor inhibitors (Langer et al., 1976). Because of an imbalance 

between angiogenic factors and their inhibitors in osteoarthritic cartilage, 

vascularization occurs (Lane et al., 1977). In addition, angiogenic factors were 

also found in the synovial fluid from patients and dogs with osteoarthritis 

(Brown et al., 1980, 1983, 1987). 

Vascularization of cartilage increases the oxygen tension (Lund-Olesen, 

1970), alters synovial fluid pH (Treuhaft and McCarty, 1971), and alters 

synovial fluid viscosity (Jebens and Monk-Jones, 1959), which may lead to 

activation in chondrocytic lysosomes (Sledge and Dingle, 1965), and cause 

disturbances of chondrocyte metabolism (Lane et al., 1977) that subsequently 

could cause degeneration of cartilage. 

In addition, endothelial cell stimulating angiogenic factor (~SAF) is able 

to activate neutral metalloproteinases (Herron et al., 1986a, 1986b: Weiss et 

al., 1987; McLaughlin et al., 1991) which are known to be the principal 

enzymes which contribute to cartilage destruction (Gunja-Smith et al., 1989) . 

. Mechanical displacement of the disk from its normal position should 

subject the condyle to overloading and perhaps lead to the observed. 

chondrocytic cell clust~ring following induction of ADD. This observation is in 

agreement with the findings of Ali and Sharawy (1994). Chondrocyte clusters 

have also been seen in surgically injured cartilage (Ghadially et al., 1971). It is 

thought that this is a reparative or regenerative change in the cartilage. Both 

in vitro (Broom and Nyers, 1~80; Copray et al., 1985) and in vivo (Salter and 

Field, 1960; Trias, 1961; Simonet al., 1972) studies have shown that increased 

loading of the articular cartilage causes degeneration. of chondrocytes followed 

by attempts to repair. This repair is in the form ofl.ricreased mitotic activity in 
' 

osteoarthritic cartilage (Telhag, 1~72) and fibrocartilage (Shaw and Molyneux, 

1993), cell clustering (Vignon, 1978) and hyperplasia of condylar, discal 

(Vignon, 1983) and the articular eminence cartilages (Holmlund, 1988). 
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The ·Chondrocytes of mature normal articular cartilage are virtually 

incapable of mitotic activity. However, the situation in osteoarthritic is 

different in that the Gells in chondrocytic .clusters .are capable ~f division as 

attested to by their uptake or 3H-thymidine (Hulth et al.,. 1972). Furthermore 

radiosulphate is taken up by these cells and deposited in matrix proteoglycans 

(Ghadially, 1981). 

The electron microscopic observation in the present study. showed that 

the chondrocytes in the articular cartilage of the cont_rol rabbit ·mandibular 

condyles were surrounded py distinct meshwork of territorial matrix which 

were composed of collagen bundles and proteoglycan particles. Silberberg 

(1961) described a condensed pericellular ring 'walling in' the chondrocyte, while 

Weiss, Rosenberg & Helfet (1968) reported large numbers of fine collagen 

fibrils forming a 'basket-like' enclosure around the cell or cell gr~up. Szirmai 

(1970) further identified a collagenous perilacunar rim around the. cell. 

Subsequently, Wiltberger & Lust (1975) have reported a fine, fibrillar border 

surrounding canine chond.rocytes. In the experimental group, however, there 
' 

was no discernible territorial matrix around the chondrocytes. In addition, 

profiles of territorial matrix devoid of cells are also found. The foci of territorial 

matrix devoid of cells was found in the osteoarthritic cartilage next to areas 

that contain normal looking chondrocytes. The emergence of such areas can 

be explained on the basis of apoptotic degeneration of chondrocytes and escape 

of debris derived from them into the general matrix. Chondrocytes at different 

stages of apoptosis was common finding in the osteoarthritic cartilage.· 

Cells with abnormally swollen cisternae of the endoplasmic reti~ulum 

were observed along With the degenerating fibroblasts or chondrocytes in the 

extracellular matrix of the osteoarthritic cartilage following surgical induction 
I 

of ADD. Vacuolization of the matrix adjacent to the cells and away from the 

cells were also found which indicates the disintegration of the: extracellular 

matrix components, possibly by the various enzymes secreted by the 

chondrocytes. 

Approximately 20 % to 30% of the single layer of terminal: hypertrophic 

chondrocytes adjacent to the invading metaphyseal vasculature have been 
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I 

shown to have a distinct morpJ::lology characterized by condensed, electron 

dense nuclei and cytoplasm'. suggesting that they undergo c~ll death by 

apoptosis (Farnum and Wilsman, 1989a, b). The two forms of cell death 
i 

generally recognized are apoptosis and necrosis. Necrosis is cha:r~acterized by 

cell membrane rupture which results in the initiation of an inflammatory 

reaction and occurs in response to physical or chemical trauma {Gary et al., 
I 

1995). In. contrast apoptosis is characterized by the presence of a condensed 

cell morphology with intact cell membranes (Kerr and Harmon, l991; Wyllie, 

1992) and by fragmentati~n of DNA (Wyllie, 1980). Apoptosis occurs in 
, i . 

response to a variety of stimuli includjng growth factor withdrawal' (Raff, 1992; 

Collins et al., 1994), DNA damage (Lowe et al., ·1~9~), arid viral infection 

(Haecker and Vaux, 1994; Whi~e and Gooding, 1994). Apoptosis also occurs 

during the process of tissue morphogenesis, as classically seen in resorption of 

interdigital webbing during limb development (Hinchliffe and Ede, 1973). It has 

been shown that apoptosis can result in the release of activated interleukin 1 

(Hogquist ef al., 1991). Release ~f cytokines, growth. factors, :and matrix

degrading proteinases by this mechanism may play a pivota~ role in the . ' 

destruction of extracellular matrix and the induction of tissue invasion by 

vascular cells (Gary et al., 1995). In this study, the apoptotic cells were found 

not only in the lower hypertrophic cell layer but also in the fibrous layers of the 

control and in the experimental condylar cartilages. It has been demonstrated 

that in adult tissues, the size of a population of cells is determined' by the rates 

of cell proliferation, differentiation, and death by apoptosis (McC~rthy, 1992). 

Therefore, it may be reasonable to assume that the apoptosis occurs even in 

normal condylar cartilage and participates in regulating the population or 

density of the cellular and extracellular components of the each cell layer of the 

mandibular condyle ("zonal apoptosis"). The increase in apoptotic cells, as· 

revealed by electron microscopy of the osteoarthritic cartilage, m 1ay point to a 

possible mechanism for the release of cytokines that may subsequently cause 
I 

extracellular matrix degradation. : 

Matrix vesicles were first described as small electron dense bodies found 

at all levels in the longitudinal septa of growth plate cartilage, and.were initially 
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I 
I 

called "cytoplasmic fragments" (Anderson; 1967) or "osmiophili~ globules or 

bodies" (Bonucci, 1967). · The· membrane-bound m~trix vesicles were observed 

in this study at all depths of both control articular cartilage and· osteoarthritic . . ' 

cartilage. The budding off of cellular processes, extrusion qf preformed 

structures and cellular necrosis andlo~ apoptosis (Rabinovitch a~d Anderson, 

1976; Wyllie and Kerr et al., 1980) have all been proposed as potential 

mechanisms for the.origin of matrix vesicles (Rabinovitch and Anderson, 1976; 
' 

Kardos afid Hubbard, 1982). Recent data suggested.that cell surface microvilli 

are the precursors ·of the matrix vesicles (Hale and Wuthier, 1987). In the 

present study, the presence of numerous chondrocyte. cell processes, and the 

demonstration of intact. matrix vesicles within the pericellular strongly 

implicate the budding of cell surface microvilli as the major source of matrix 

vesicles. 

Matrix vesicles are known to increase during aging and in situations 
I 

where cartilage is injured. They also increase in chondrocytes suffering from 

undergoing apoptosis (Ghadially et al., 1971; Fuller and Ghadially, 1972). In 
' ' 

epithelia, necrotic cells are shed from the surface while in other tissues they 

are removed by mac~ophages. Such mechanisms for the disposal of necrotic 

cells, or debris derived from them,, do not exist in normal adult articular 

cartilage (Ghadially et al., 1972). Matrix vesicle activity is known to be · 

regulated by steroid hormones .and growth factors and its metabolism is 

directly affected by vitamin D metabolites (Boyan et al., 1992~. 

It has been shown that matrix vesicles are trilaminar, membrane-bound 

structures (Anderson, 1969). They are characterized by high lev~ls of alkaline 

phosphatase and by a distinctive acidic phospholipid composition similar. to 

that of the cell plasma membrane (Wuthier, 1982; Ali, 1992). Alkaline 

phosphatases are known to hydrolyze a variety of phosphate-containing 
i \ 

substrates and metabolites to promote apatit~ ~ormation (Ali et al., 1970; 

Anderson, 1992). In addition, enrichment of the matrix~ vesicles in 
I 

phosphatidylserine, which has a high affinity for Ca2
+, enables the synthesis of 

calcium-phosphate-phospholipid complexes within cells before ~atrix vesicle 

formation (Wuthier and Eanes, 1975; Wuthier and Gore, 1977). The presence 
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of matrix vesicles was observed in intercellular septa of the mandibular 

condyle (Silbermann and Frommer, 1974; Meikle, 1976). A ·pattern of 

precipitation of apatite crystals within and around matrix vesicles similar to 

that described in growth plates was also shown in the mandibular condyle 

(Ehrich et al, 1982). This could not be seen in the currep.t study because the 

specimens were demineralized. 

The physiological function of articular cartilage matrix vesicles is 

unclear, although they may be involved· in calcification processes (Ghadially 

and Lalonde, 1981), particularly in the vicinity of the tide mark (Dmitrovsky et 

al., 1978). Matrix vesicles in normal cartilage may exist as a latent form (Ali, 

1980) expressing their calcification potential only under special conditions such 

as tissue injury, surgical manipulation or grafting (Sein et al., 1981; Bah et al., 

1982). They could represent a mechanism whereby a variety of latent 

biochemical systems, synthesized by the cell and secreted in packaged form, 

could be randomly distributed to potential sites of action in the territorial or 

interterritorial matrices (Ghadially and Lalonde, 1981). In this way the 

chondrocyte, confined within the pericellular matrix and capsule, could exercise 

homeostatic control over the cartilage matrix surrounding the cell. A more 

extensive investigation of the origin, distribution, biochemical properties, and 

physiological function of the matrix vesicles is required before their true 

biological role in normal and osteoarthritic adult articular cartila~e can be 

established. 

The vertical and/or horizontal splitting of the osteoarthritic cartilage and 

osteochondral junction was observed in the experimental condyle~. This is 

thought to be due to the subchondral hemorrhage and fibrosis which occur 

following ADD (Ali and Sharawy, 1994). Studies have shown ~ increased 

vascularity (Lane et al., 1977) and intraosseous hypertension in s~bchondral 

bone in osteoarthritis (Arnoldi et al.,. 1972). Increases in the number of 

subchondral medullary canals were found previously in another ani~al rabbit 

model for ADD (Mills et al., 1990). Subchondral fibrosis was also fdund in the 

osteoarthritic condyle (Finlay et al., 1989; Amir et al., 1992; Ali and; Sharawy, 

1994). 
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It has been shown that the loss of resilience in the subchondral bone 

(Radin et al.,- 1972) due to fibrosis and the increased thickness of the 

mineralized layer of cartilage (Hulth, 1993) could lead to the: formation of 
' ' . 

microcracks in the calcified cartilage zone (Mori et al., 1993; S9koloff, ~993), 

and to increased stress over the articular cartilage which subseqhently causes 

splitting of osteochondral junctions (osteochondritis dissecans) (Stegenga et al., 

1991). 

It was suggested that the subchondral bone acts as a cushion to protect 

the overlying condylar cartilage, and that sclerosis and splitting of the. 

subchondral bone could cause overloading of the overlying cartilage and 

subsequent cartilage breakdown (Stockwell, 1991). Therefore, the subchondral 

hemorrhage and fibrosis following surgical induction of APD are responsible for 

the destruction of the cartilage such as osteochondritis dissecans as seen in 

the present study, and could be a major contributing factor to the pathogenesis 

of the degenerative changes in the articular cartilage. 

In the articular cartilage of the experimental mandibular condyle, the 

normal or active chondrocytes wer~ · foqnd adjacent to the cells exhibiting 

degeneration in. th~ form .of apoptosis. This observation suggests that 

osteoarthritis is a pathological condition where both destructive and reparative 
• • f 

process.es· take place at the same time or in a chronological sequential pattern. 

In vitro (Copray et al., 1985) and in vivo (Simon et al., 1972). studies have 

shown that increased loading of the articular cartilage causes degener3:tion of 
. . 

chondrocytes follow~d by a~tempts ·for repair. This repair is in the form of 

increased mitotic activity (Telhag et al., 1972), cell clustering (Vignon et al., 

1978) and hyperplasia of condylar cartilage (Vignon et al., 1~83). In the 

current study, the hyperplastic clustered cells showed strong po~itive reaction 
I 

to the PCNA labeling. This provides an explanation of the priviously observed 
I 

hyperplastic rabbit mandibular condyle after surgical induction of ADD (Ali 

and Sharawy, 1995). These proliferating cells observed in this study may also 

participate in the reparative processes in osteoarthritic carti!lage. Recent 

studies have shown that reparative· processes do occur in the later stage of 

osteoarthritis after the initial destruction of the cellular and extracellular 
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components of the articular cartilage of the rabbit mandibular condyle 

following surgical induction of ADD (Ali and Sharawy, 1994, 1995, 1996a, b). 

The hyperplasia of synovial membranes was observed in several human 

and experimental osteoarthritis studies, which showed that internal 

derangements of the TMJ or the knee joint led to hyperplasia of the synovial 

membrane (Isberg et al., 1986; Helmy et al., 1989; Walker et al., 1991; Ali and 

Sharawy, 1994), and to synovial chondromatosis formation (De Bont et al., 

1988) in patients with ADD or after experimental disk perforation (Helmy et 

al., 1989). Studies have· shown also that synovial cells in osteoarthritis 

contain a prominent cytoskeleton (Meek et al., 1991) which may permit these 

cells to migrate in an attempt to cover a disk perforation. This has been shown 

in experimental disk perforation (Helmy et al., 1988). In the present study, the 

synovial blebs were observed on the surface of the osteoarthritic condyle, 

s~ilar to those noted previously on the articular surface of the condyle (Ali 

and Sharawy, 1994). The role of the hyperplastic synovium in the damaged 

condylar cartilage in the ADD model is not known. However, several studies of 

human rheumatoid arthritis and experimental osteoarthritis have reported 

that the secretion of interleukin-1 (Keller et al., 1990) and cathepsin G 

(Trabandt et al., 1991) by synovial cells causes cartilage destruction (Dingle et 

al., 1979). Several studies have shown that synovial fluid from osteoarthritic 

joints is able to degrade cartilage in .vitro (Mohamed-Ali, 1992; Chatham et al., 

1993). The exact role of the synovial cells in the osteoarthritic process awaits 

further elucidation. 

Increases in the levels of IL-l (Wood et al., 1983) and· IL-l receptor 

antagonists (Malyak et al., ·1993) in the synovial fluid- of patients with 

osteoarthritis have also been reported. However, it has been suggested that 

normally a balance exists betw~_en IL-l and the IL-1· receptor antagonist. The 

loss of this balance could lead to increase in the' level ofiL-1 (Arend, 1993). An 

increased level of IL-l could lead · to the loss of the balance between 

metalloproteinases and tissue inhibitors of metalloproteinases such as a 2-

macroglobulin (Abbink et al., 1991), and subsequent cartilage destruction 
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(Pelletier et al., 1990). Whether or not a similar role for IL-l exists in TMJ 

osteoarthritis needs to be investigated. 

Cartilage is known to consist of 15-25% collagen, 10% ·proteo,glycan, 1% 

other substances (e.g., hyaluronic acid, enzymes), and the rest as water (Poole, 

1986). About 95% of the collagen is type II, with the remainder being ~ypes VI, 

IX, X, and XI (Mayne, 1989;.Poole et al., 1989). Electron microscopic studies of 

cartilage show collagen fibrils scattered within a granular network (Holtrop, 

1972a, b; Larsson, 1976; Poole, 1986). This is consistent with the results of 

the current study. The proteoglycan nature of the network has been 

demonstrate by (1) its stabilization by ruthenium red in the form of dark dots 

(Luft, 1971a, b; Hascall, 1980; Hunziker et al., 1982); (2) its characteristic 

response to histochemical test for glycosaminoglycans (Matukas et al., 1967; 

Szirmai, 1969; Shepard and Mitchell, 1977 a, b; and (3) its positive reaction to 

immunogold tests for chondroitin sulfate proteoglycan and link protein (Poole et 

al., 1982), both of which are known to associate with hyaluronic acid to form 

the proteoglycan aggregates characteristic of cartilage (Poole, 1986). 

Marked alterations were observed at the light and electron microscopic 

levels in the osteoarthritic cartilages of experimental condyle two weeks 

following surgical induction of ADD. 

The proteoglycan. components of the extracellul&r matrix were 

investigated in this study. Thes~ include glycosaminoglycans (GAGs) such as 

chondroitin-4-sulfate (C4S), choridroitin-6-sulfate (C6S) and keratan sulfate 

(KS), and link protein (LP) which acts as a connecting molecul~ between the 

hyaluronic acid (HA) chain and the proteoglycan monomer. There was a 

dramatic depletion of these molecules in the experimental group. This finding 

confirms previous light microscopic immunocytochemical observations (Ali 

and Sharawy, 1996). The present study explored this phenomenon at both 

light and electron micros.copic levels using immunogold labeling. The latter 

permitted the quantitative assessment of the results and provided a stronger 

support for the depletion of these macromolecules following ADD. The loss of 

these molecules in osteoarthritis has. been postulated to be due to decreased 

synthesis (Brocklehurst et al., 1984), increased degradation (Malemud, 1991), 
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a deficiency in the HA-binding protein of the core protein (Vasan, 1980) or a 

deficiency in the LP (Roughley, 1987). Depletion of GAGs has been :feported in 

osteoarthritic condylar cartilage (Hinton, 1992), tibial and femoral 

osteoarthritic cartilage (Heinegard et al., 1987), and even after strenuous 

running (Kiviranta et al., 1992). The changes in the condylar cartilage 

extracellular matrix were associated at a later stage With an increase in 

condylar cartilage thickness and subsequent condylar enlargement (Ali and 

Sharawy, 1995). 

C~tilage fragments ·have been found within osteoarthritic cartilage 

(Witsch-Prehm et al., 1992), in synovial membrane (Poole, 1986), and in the 

synovial fluid (Heinegard and Saxne, 1991). Also circulating KS (Thonar et al., 

1991), C4S (Shinmei .et al.~ 1992), and C6S (Ratcliffe et al., 1993), core protein, 

HA-binding region, and ·oligomeric cartilage matrix protein (Saxne and 

Heinegard, 1992) have been detected in the serum and synovial fluid of 

patients with osteoarthritis. In addition, KS has been found in the synovial 

fluid of patients with TMJ internal derangement (Israel et al., 1991). 

The loss of GAGs from osteoarthritic cartilage is thought to be 

attributable to the action of various metalloproteinases such as 

proteoglycanase (Richard et al., 1991), .stromelysin (Woessner and Gunja, 

1987), elastase, and cathepsin G43 (Janusz, 1991). The degradation of GAGs 

by metalloproteinases takes place at the HA-bindi~g region and chondroitin 

sulfate region of the core protein (Martel-Pelietier et al., 1988). 

Metalloproteinases are thought to be secreted by stimulated 

chondrocytes and synovial fibroblasts because of the action of cytokines such 

as interleukin-1 (IL-l). The presence ofiL-1 has been reported in degenerative 

joint diseases in vivo (Witsch-Prehm et al., 1992) and in vitro (McDonnell et al., 

1992). IL-l also inhibits GAGs synthesis (Benton and Tyler, 1988). Tissue 
' ' 

inhibitors of metalloproteinases are also increased in osteoarthritic cartilage 

(Lohmander et al., 1993). Other cytokines such as IL-6 and tumpr necrosis. 

factor have also been detected in the synovial fluids of patients with 

osteoarthritis (Venn et al., 1993). 
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The loss of LP in the condyle and disc have been · described 

semiquantitatively by immunofluorescene afte~ induction of ADD (Mills and 

Scapino, 1993; Ali and Sharawy, 1996). These observations are supporte~ by 

the results of the present studies where i:nullunogold labeling of LP was 

significantly decreased two weeks following ADD. The depletion of LP in early 

osteoarthritic cartilage could be caused by its excessive degradation (Roughley 

et al., 1991), a deficiency in its synthesis (Sandy et al., 1987) or a loss of the 

core protein (Martel-Pelletier et al., 1992). Degradation of HA and LP in 

osteoarthritic cartilage is thought to be mediated by metalloproteinases 

(Nguyen et al., 1989) through the action ofiL-1 (Mort et al., 1993). 

Ali and Sharawy (1996) found no evidence of complete regeneration of 

link protein. (LP) at six weeks after induction of ADD. ~hey also found that the 

newly formed LP was not associated with territorial matrix, as in normal 

cartilage. Instead, LP was distributed as threads in the interterritorial matrix. 

Deficiency of LP in osteoarthritic cartilage of other joints has been 

reported (Ryu et al., 1984; Schwartz,' 1987). It has. been suggested that the 

abnormal regeneration of link protein could lead to the inability of GAGs to 

aggregate with HA, a condition known to occur in osteoarthritis (Oegema, 

1980). Also, the function of regenerated LP may be different from .its normal 

function, because it contains a different amino acid composition (Ryu et al., 

1982). 

It has been known that both degenerative and reparative processes 

take place constantly in the osteoarthritic cartilage. Ali and Sharawy (1994, 

1995, 1996a,b) demonstrated that the regeneration of chondrocytes preceded 

increased accumulation of GAGs in osteoarthritic condylar cartilage of the 

rabbit six weeks following surgical induction of ADD. In vitr:o (Klein-Nulend et 

al., 1987; Lafeber et al., 1992) studies have shown an increase in the synthesis 

of GAGs in late osteoarthritic cartilage. Similar findings were reported in the 

discal fibrocartilage, both in vivo (Axelsson et al., 1992) and in vitro (Carvalhq 

et al., 1991). Increased synthesis of GAGs could lead to loss of cell adhesion to 

the extr~cellular matrix (Yamagata, 1989), which is normally mediated by 
I 

fibronectin (Rich et al., 1981). In the present study, the ultrastructural 
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pathology of osteoarthritic cartilage following ADD showed vacuolation of 

extracellular matrix next to chondrocytic cell surfaces· which. supports the 

suggestion of a loss of cell adhesion to extracellular matrix (Yamagata, 1989). 

Fibronectin was found to decrease two weeks following ADD (Ali an<l Sharawy, 

1995) 

Increased synthesis of GAGs at later stages of osteoarthritis' is thought 

to be due to secretion of transforming growth factor (TGF) by regenerating 

chondrocytes (Morales et al., 1988). TGF -~ is known to enhance elastin 

production (McGowan, 1992), GAG synthesis (Redini et al., 1991), formation of 

core protein (Malemud et al., 1991), GAG aggregation (Morales, 1991), and to 

decrease GAG catabolism (Morales and Roberts, 1988). Osteoarthritic 

cartilage is also more sensitive to stimulation by TGF-~ than normal (Lafeber 

et al., 1993). TGF-~ also counteracts the effects of IL-l on cartilage (Redini et 

al., 1993). In the present study young chondrocytes with well developed RER 

and Golgi point to the possibility that these are the cells responsible for a 

·compensatory increase in GAGs at later stages of the osteoarthritic process. 

Autoradiographic studies (Collins and McElligott, 1960) have shown an 

increase in GAG synthesis in cartilage occur under compressive forces. The 

newly formed GAGs were found to be shorter than normal (Brandt and_ 

Palmoski, 1976). However, studies have shown that not all chondrocytes have 

the capability to regenerate and that the regene:ating chondrocytes secrete 

primarily chondroitin sulfate (Mitchell et al., 1992). 

Several reports have confirmed that osteoarthritic cartilage (Adams et 

al., 1987), and meniscal fibrocartilage (Adams et al., 1983) contain less 

keratan sulfate and more chondroitin sulfate (McDevitt and Mull-, 1976), in 

particular C4S, which makes the osteoarthritic condylar cartilage immature or 

fetal-like· (Caterson and Lowther, _1978). Increased synthesis 'Of C4S in 

osteoarthritic cartilage is thought to be ·caused by the excessive secretion of 

TGF-~ by the regenerating chondrocytes (Redini et al., 1991). 

Several changes in the morphology and orientation of collagen fibrils of 

the fibrous covering of the condyle have been described in this st\[dy. Weiss 
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and Mi:row (1968) reported that-the collagen fibers in the middle and deep zones . 

appear to be arranged perpendicular to the joint surface when seen with the 

electron microscope, whereas fibers of. the middle zone of normal articular 

cartilage appear to be randomly arranged. Similar observations were obtained 

in the current study. 

Collagen fibers were sparsely scattered throughout the matrix of the 

osteoarthritic cartilage indicating fibrillation. This observation' supports the 

results of a previous study in which a decrease in the amounts of type~II 

collagen in the condylar cartilage two weeks following induction of ADD was 

seen in the rabbit CMJ (Mills et al., 1993; Ali and Sharawy, 1995) as well as in 

the knee joint (Burton-Wurster et al., 1982). The decrease in type~ II collagen 

in osteoarthritic cartilage (Goldring, 1987), and in osteoarthritic fibrocartilage 

(Axelsson et al., 1992) could be due to the actions of collagenase and other 

metalloproteinases (Ehrlich et al., 1987) which cause fragmentation of 

osteoarthritic cartilage and the release of the collagen into the synovial fluid 

(Moreland et al., 1988; Myers et al., 1992). 

The degradation of type-II collagen in osteoarthritic cartilage involves 

yarious metalloproteinases (Malemud et al., 1987) such as c_ollagenases 

(Howell, 1986; Hamerman, 1989), prolyl endopeptidases (Fukuoka et al., 1993) 

and stromelysin (Wu et al., 1991). Quantitative evidence of deg:ra~ation of 

collagen in the ADD model was clearly seen in the present study which 

indicated a loss and fragmentation of the extracellular matrices particularly 

adjacent to chondrocytes. 

Degradative enzymes are secreted in excess from stimulated 

chondrocytes (Lefebvre et al.', 1991), stimulated synovial cells (Martel-Pelletier 

et al.; 1987) and inflammatory phagocytes (Mainardi et. al., 1987), and then 

released into synovial fluid (Al-Haik et al., 1984). Secret~on of 

metalloproteinases is due to the effect of IL-l (Pasternak et al., l986; Dodge 

and Poole, 1989; Mort et al., 1993), a cytokine which is res~onsible for 

degradation of collagen in vivo (Goldring, 19S7) and in· vitro (Dodge et al., 1989), 

as well as, due to the effect of tumor necrosis factor.-a (Mitchell! and Cheung et 

al., 1991). Since the changes observed in the condyle in the ADD ~odel is non-
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inflammatory in nature, the injured chondrocyte's are . the, more likely 

candid-ates for the secretion of the cytokines. 

These enzymes are apparently also responsible for regulation of normal 

cartilage collagen metabolism (Murphy et · al., 1990). However, in 

osteoarthritic cartilage there ·is. an imbalance between collagenase and 

collagenase inhibitors (Ehrlich et al, 1977). Enzymatic degradation of type-II 

collagen may be the cause of fibrillation and loss of osteoarthritic cartilage 

strength (Broom and Silyn-Roberts, 1990), and subsequent loss of GAGs in the 

synovial fluid (Ratcliffe et al., 1992). 

In other studies, ~he loss of normal orientation, and the fragmentation 

and spacing of the extracellular collagen in the osteoarthritic cartilage following. 

ADD were common ultrastructural findings. The remaining type-II collagen 

fibrils found in osteoarthritic cartilage were found to be deformed (Broom, 

1988), over or under hydroxylated (Fukae et al., 1975), less glycosylated (Eyre 

et al., 1980), defective in cross-linking (Gardner, 1983), more soluble than 

normal collagen (Adam et al., 1976) and denatured (Vaes et al., 1978). Since 

minor types of collagen bind and stabilize type-II collagen fibers (Nimni, 1983), 

cleavage and depolymerizing of type-VI and type-IX collagens (Eyre et al., 

1991) could lead to fibrillation of type-II collagen fibers. In addition, decreased 

immunostaining of type-~I collagen was found in overloaded condylar cartilage 

~of rabbits with an increased vertical dimension of occlusion (Rashid and 

Sharawy, 1993). This may suggest that overloading of condylar cartilage due 

to the loss of shock absorber· function by the displaced disc may be the 

initiating factor in causing the observed changes in collagen. 

It is now known that collagen becomes more crystalline with age, 

through cross-linking, and that the fibrils become thicker. For example, an 

age-related increase in the width of the collagen fibril has been noted in the 

normal and osteoarthrotic human articular cartilage (Weiss and Mirow, 1972). 

Unusually thick collagen fibers were found among the thinner type-II 

collagen fibers in the extracellular matrix of the experimental oste9arthritic 

cartilage in this study. Weiss (1973) described similar findings in :osteoarthrotic 

cartilage. Ghadially et al. (1979) also reported characteristically banded 



189 

collagen fibrils up to about 450 run m osteoarthritic cartilage and m a 

chondrosarcoma. 

Besides type-II collagen, Nimni and Deshmuukh (1973) found some type 

I collagen in osteoarthrotic cartilage. Deshmukh (197 4) also found that if 

lysosomal enzymes were added to chondrocyte cultures, type-I rather than the 

expected type-II collagen was produced. 

Since the average diameter of type-I collagen fiber is normally thicker 

than that oftype-11 collagen fiber, these unusually thick fibers observed in our 

electron microscopic study might indicate a switch in the type of collagen 

expression in osteoarthritic cartilage to type-1 collagen. However, this 

suggestion needs to be studie~ using immunogold labeling technique with 

antibodies directed against type-I collagen. Previous studies have shown the 

presence of type-I collagen in osteoarthritic cartilage at two weeks following 

induction Qf ADD (Ali and· Sharawy, 1995). Either the synthesis of type-I 

collagen or the switch in the type of collagen expression in osteoarthritic 

cartilage, supports the hypothesi$ that chondrocytes can transform into 
',• 

chondroblasts or undifferentiated mesenchymal cells. This switch in the type 

of collagen has· been shown using· biochemical (Nimni and Deshmukh, 1973), 

immunohistochemical (Gay et al., 1976) and .in situ. hybridization (Aigner et al., 

1992) techniques. 

Studies· of in vitro chondrocytes monolayer cultures showed a change in 

the type of collagen synthesized from type-II to type-I collagens (Layman et 

al., 1972; Norby et al., 1977; Engel et al., 1990). In addition, chondrocytes 

undergo further differentiation in culture and transform into osteoblasts that 

secrete type-I collagen (Cancedda et al., 1992). 

This transformation in the type of collagen expression has been 

suggested to be due to an increase in TGF-~ (Tschan et al., 1993) and an 

increase in fibronectin formation (West et al., 1979). Fibronectin was found to 
I 

increase in osteoarthritic cartilage. This switch is also thought to be due to the 

action of IL-l (Goldring and Krane, 1987). 

Recent study showed that there was a progressive increase in type-II 

collagen immunostaining, and a decrease in type-I collagen immunostaining at 
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SIX weeks following induction of ADD (Ali and Sharawy, 1995). 

Autoradiographic studies on cartilage using 3H-proline have reported increased 

collagen sy~thesis (Repo et al., 1971; Lippiello et al., 1977) in· osteoarthritic 

cartilage. Recent studies using an in situ hybridization method have reported 

also the increase in the level of a1(II) mRNA in advanced· osteoarthritis 

I (Aigner et al., 1992). 

Studies of the healing of cartilage with experimental defects have shown 

that the repair of hyaline cartilage occurs temporarily with fibrocartilage 

containing a ~ixture of type-I and type-II collagens (Goldwasser et al., 1982). 

However, with time, type-II collagen replaces type-I collagen .(Mitchell et al., 

1976; Cheung et al., 1978; Furukawa et al., 1980). Though most. of the studies 

cited support the idea that the thick collagen fi~ers observed in. our study are 

probably type-I, further investigation is needed to confirm this idea. 

Type-VI collagen is the main constituent of the beaded filaments that 

are found in most connective tissues (Timpl and Engel, 1987). Type-VI collagen 

is made of three distinct chains, a1(VI), a2(VI), and a3(VI). It has been found 

in cartilage by biochemical analysis and localized in the pericellular 

environment of chondrocytes by in~rect immunofluorescence techniques 

(Ayad et al., 1984; Keene et al., 1988; Poole et al., 1988). The broad-banded 

collagen is known to consist of type VI collagen in tendon or cornea (Bruns et 

al., 1986; Kirano· et al., 1989) and the association of GAGs with type VI 

collagen was also suggested in the cornea by positive ruthenium red staining 

(Nakamura et al., 1992). Clinical investigations have shown the presence of 

type-VI collagen in the synovial fluid of patients with osteoarthri.tis (Waggett et 

al., 1993). Okada et al., (1990) found type-VI collagen in the cell layer lining 

the synovium facing th~ knee joint cavity. The presence of type~ VI collagen in 

the surface layer of the mouse temporomandibular joint, adjacent to the 

synovium was previously reported (Yasue et al., 1994). Type-YI collagen was 

also found mainly in the periphery of the chondrocytes and these filaments are 

probably formed by interaction of type-VI collagen with hyaluronic acid 

(Bruckner and van der Rest, 1994). In the present study, using immunogold 
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labeling technique, type-VI collagen was found in the ~xtracellular.matrix of the 

condylar cartilage. 

Type-IX collagen is the molecules of highly soluble disulfide bonded 

pepsin fragments that has been isolated from the car~ilages of se~eral species 
- ' 

(van der Rest and Mayne, 1987). It is composed of three distinct polypeptide 

· chains [a1(1X), a2(1X), a3(1X)] that assemble in 1:1:1 ratio to form a 

heterotrimeric molecule. The NC3 domain of the a2(1X) chain can serve as an 

attachment site for GAG side chain (McCormick et al., 1987; Vaughan et al., 

1985). It has been shown that type-IX collagen, on its surface, provides or 

modulates most of the interaction sites with extracellular matrix (Bruckner 
: 

and van der Rest, 1994). Type-IX collagen with its GAG and its cationic 

domain (NC4) protruding from the surface renders the fibrils highly charged 

(Vasios et al., 1988). . Therefore, it is conceivable that electrostatic and other 

hydrophilic interactions with other matrix macromolecules contribute to the 

stability of cartilage matrix because the extracellular matrix itself is composed 

largely of highly polyanionic macromolecules (~rickner and van der Rest, 

1994). When the tissue was treated with testicular hyaluronidase, periodic 

fibrils of type-VI collagen were not formed. These findings indicate that GAGs 

or proteoglycans associated with type-VI collagen had some role in the 

formation of the periodic structures in the synovium (Teram9to, 1995). There 

have been many studies on the specific interactions of type-VI .collagen with 

proteoglycans/GAGs (Stallcup et al., 1990; McDevitt et al., 1991; Specks et al., 

1992; Kielty et al., 1992). 

The collagenous skeleton of cartilage fibrils probably is. coated. with 

additional components, such as ·the small proteoglycans ·. decorin and 

fibromodulin (Heinegard and Rosa Pimentel, 1992) and the recently discovered 
I 

type-XII and -XIV collagens whose presence in cartilage has been 

demonstrated (Watt et al., 1992). Thes·e molecules also may play a role in the 

cohesion between the extracellular matrix and the fibrils (Bruckner and van 

der Rest, 1994). 

Immunocytochemical localization of type-VI and type-IX; collagens in 

the present study revealed the close relationship of these collagens with type-
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II collagen fibers. The 5 nm diameter immunogold particles were found 

adjacent to or on the surface of 'the type-II collagen fibers. These findings 
I I 

suggest their possible role in binding of extracellular matrix components and 

the collagen fibrils. 
• I 

· At two weeks following induction of ADD, a loss of type-VI and type-IX 

collagens was observed by quantitative electron microscopic' immunogold 

labeling techniques. This is in agr~ement with the findings of Ali and Sharawy 

(1996) who used light immunofluorescent methods. Degradation of type-VI 

and type-IX collagens in osteoarthritic cartilage is thought ~o be due to the 

action of various metalloproteinases in cartilage (Dean et al., 1987) and 

synovial membrane (Martel-Pelletier and Pelletier, 1987) such as collagenase 

(Murphy et al., 1984; Aggeler et al., 1984; Ehrlich et al., 1987), gelatinase 

(Farrar et al., 1992) and stromelysin (Wu et al., 1991). 

These enzymes are secreted as a result of the action of IL-l (Gowen et 

al., 1984; Ogata et al.; 1992), and are thought to attack the non-helical 

terminal peptides of collagen fiber which eliminates the crosslinks, ~d 

destabilize and solubilize the collagen fibers (Barrett, 1978). Studies hav~ also 

shown increased levels of collagenase, tissue inhibitors of metalloproteinases 

(TIMP) and collagenase-TIMP complexes in the synovial fluid from patients 

with osteoarthritis (Clark et al., 1993). 

Increased amounts of type-VI and type-IX collagens were reported in 

the late stage of osteoarthritic condylar cartilage (Ali and Sh~rawy, 1996). 

Several studies have reported increased synthesis of minor types of collagen 

such as type-VI (McDevitt et al., 1988) and type-X collagen, together with 

type-II collagen in osteoarthritis (Market al., 1992). 

It has also been shown that ADD causes fragmentation and loss of 

fibronectin (Ali and Sharawy, 1995). Fibronectin degradation products initiate 

chondrolysis (Homandberg et al., 1992), partial degradation of GAGs (Shiozawa 

et al., 1984), and inhibition of GAG synthesis (West et al., 1984). In addition, · 

the loss of GAGs attributable to ADD could be the initiating factor for the loss · 

and degradation of type-II (Ali and Sharawy, 1995), type-VI, and type-IX 

(Sharawy and Ali, 1994) collagens in osteoarthritic condylar cartilage because 
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GAGs bind to type-11 collagen (Goetinck et al., 1990). Loss, of GAGs in 

osteoarthritic cartilage may contribute to the fibrillation observ~d in the ADD 

model (Ali and Sharawy, 1994). Furthermore, the loss of GAGs could be 

attributable to the transformation of cartilage chondrocytes into 

undifferentiated mesenchymal cells under loading. The newly formed cells 

produce type-lcollagen instead oftype-11 collagen (Ali and Shara~y, 1995) and 
·, ' 

elastic fibers (Ali and Sharawy, 1993). 

In conclusion, the ADD animal model is a useful experimental method 

that simulates the loss of the shock absorber function of the TMJ disc. This 

results in pathological changes that mimic a condition knowq to occur .in 

human known as anterior disc displacement without reduction. This study 

provides evidence that surgical induction of ADD in rabbits leads to 

deg~nerative changes at the molecular, cellular and subcellular. levels in the 

articular cartilage of the mandibular condyle with the presence of no 

inflammatory changes. These alterations are comparable to those found in 

human ADD, the osteoarthritis of the human knee joint : and induced 

osteoarthritis in various animal models. The immunogold labeling technique 

with silver enhancement at the light microscopic level, and without silver at 

the electron microscopic level, provided an effective way to determine the 

localization and distribution of the extracellular matrix components in the 

articular cartilage of the mandibular condyle. This technique also proved to be 

an excellent approach for -quantitative immunocytochemical assessment of 

the macromolecular chang.es in extracellular matrix. Various proteinases, 

cytokines and growth factors are thought to be involved in the: degenerative 

and reparative changes in osteoarthritis, and their precise role in ;Osteoarthritic 

process awaits further investigation. 



V. SUMMARY 

The purpose of this study was to test the hypothesis rthat surgical 

induction of anterior disc displacement (ADD) in the rabbit cra:diomandibular 
I 

joints (CMJ) will lead to degenerative osteoarthritic changes detectable at the 

molecular, subcellular and cellular levels in the articular cartilage of the rabbit 

mandibular condyle. Ultrastructural features of the normal rabbit mandibular 
I 

condyle were compared to those of the experimental condylt1s two weeks 

following induction of ADD. The quantities of type-VI and -IX collagens, as well 

as the components of ca,rtilage proteoglycans, such as chondroitin-4-sulfate 

(C4S), chondroitin-6-sulfate (C6S), keratan sulfate (KS) and link protein (LP),, 

were measured using immunogold labeling· technique at the light and the 

electron microscopic l~vels. 

The right joint of each of 20 rabbits was exposed surgically,: and all discal 

attachments were severed except for the posterior attachment. ·The disc was 

then displaced anteriorly and sutured to the zygomatic arch. The left joint 

served as a sham-operated control. Ten additional joints were used as non

operated controls. ·Deeply anesthetized rabbits were perfused with 2% buffered 

formalin two weeks after surgery. The mandibular condyles were excised and 
I 

decalcified in ethylenediaminetetraacetic acid (EDTA). Paraffin embedded 

tissues were sectioned at 5 Jlm for light microscopic study, while ,water-soluble 

plastic embedded sections were used for electron microscopy. Sections were 

incubated ·in monoclonal antibodies directed against C4S, C6S, ~ and LP; and, 

in polyclonal antibodies against types-VI and -IX collagens. Afte~ incubation in 

the appropriate colloidal gold conjugated secondary antibodies, t~ssue sections 
I 

were studied with light and electron microscopes. In addition, immunostaining 

for proliferating cell nuclear antigen (PCNA) was performed on the paraffin 

embedded tissue sections, and the PCNA indices of control and, experimental 

condyles were determined. 

194 
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Pathological alterations were obvious in the experimental condyles, and 

appeared to be characteristic osteoarthritic changes. These include cartilage 

neovascularization, chondrocytic cell clustering, vacuolation, loss of 

extracellular matrix next to the chondrocytes, and an increase in numbers of 

apoptotic chondrocytes. Increased numbers of PCNA-positive cells in the 

osteoarthritic cartilage of the experimental group indicated , an active 

chondrocytic proliferation. Ultrastruc~ural changes in injured chondrocytes 

included increased amounts of RER and Golgi suggesting an increase in the 

synthesis and secretion of possibly degenerative enzymes with a decrease in 

the normal secretory products, such as proteoglycans and collagens. 

The results of the immunocytochemistry using colloidal gold conjugates 

both at the light and electron microscopic .levels showed statistically significant 

depletion of C4S, C6S, KS, LP, type-VI collagen and type-IX collagen in the 

osteoarthritic cartilage (P < 0.05). The declines in type-VI and -IX collagens 

and LP suggest a possible mechanism for the observed loss of integrity of the 

extracellular matrix. 

It is concluded that surgical induction of ADD in the rabbit CMJ leads to 

molecular, cellular and extracellular alterations in the articular cartilage of the 

mandibular condyle similar to those described previously in human ADD and in 

osteoarthritis of other synovial joints. The results of this study provide 

evidence that the loss of the shock absorber function of the disc, and the 

exposure of the condyles to overloading may cause the injured chondrocytes to 

secrete degenerative cytokines as indicated by the loss of proteoglycans, 

binding collagens and. LP. These molecular changes are expressed at the 

subcellular and cellular levels as osteoarthritis or degenerative joint disease. 
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