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ABSTRACT

Glycosaminoglycans (GAGs) and collagen synthesis are predominant in articular

disc tissues. The effect of growth on the synthesis of both molecular species and the effect

of functional demands are poorly understood. Therefore, the main purpose of this

investigation is to cor¡elate GAG a:rd collagen synthesis in the articular disc due to growth

a¡d to mechanical stress.

Rat anicula¡ discs were studied histologically and biochemically. Ratios of newly-

synthesized type III collagen have been regarded as imponant parameters of collagen

metabolism during rapid tissue remodeling. A correlation was suggested between the

decrease in the ratio ofrype III collagen from the a¡icula¡ disc labelled in organ culture and

the decrease in growth of the ma¡dible. Disribution in the disc of [3Fll-proline revealed the

anterior and medial bands to have an intense collagen synthesis as evidenced by the silver

grains as compared to the posterior band. This panem appears unchanged with age.

The effect of age in GAG synthesis in the rat articular disc indicated that hyaluronic

acid (FIA), chondroitiqsulfate (CuS) and keratan sulfate/chondroitinosulfate (KS/CaS) were

the major GAG components of the disc. The variance of such f¡actions was conelated to

the pattern of growth as shown for collagen synthesis. HA and CuS peaked at 6 to 8 weeks

of age confirming this age period to be highly metabolic active. Preliminary in vito

stimulation of the loaded articular disc suggeted that under inte¡mittent stress the

fibrocartilaginous propenies of the disc may switch phenotype to a more cartilagi¡ous type

as evidenced by the increase in CuS synthesis. Ultimately, this relationship between force

and molecula¡ synthesis has a strong potential to explain the change in tissue behaviour in

the pathology of the a¡ticula¡ disc and during normal TÀ41 growth and development.
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1. Introduction

The temporomandibular joint is a bilateral srucure joining the mandibular condyle

with the a¡ticular facets of the temporal bones (Bell, 1990). This is a diarthroidal or

synovial joint, in which both surfaces are non-inervated and non-vascula¡ized (Moffet,

1984; Bell, 1986).

Synovial joints are always encapsulated structures with the presence of an

articulating disc or meniscus and of synovial fluid which confers a $eat deg¡ee of

articulating motion (Barnett et al., 7961; Wright er. al., 1973). This feature is divided

basically into two movements, rotation and sliding. Rotation is confined to the mandibular

condyle-articular disc portion (disc-condyle complex), while the sliding movement is

restricted to the articulation of the disc-condyle complex with the temporal bone (Bell,

1986; Bell, 1990). In addition to these basic movements are produced in many

combinations, since an ideal joint has to provide a wide range of possible modes of action

coordinated with a certain degree of stabiliry (Wrighr ef. a1.,1973).

The effect of specific stimuli may be an essential factor in the pathogenesis of

diseases of the temporomandibular joint. Yet the complex interdependence of some of the

factors involved prohibit complete understanding of this phenomena. such factors could be

determined by the structural and functional study of the major anatomical component as

well as their contribution to the model of the TM joint function and the deviations

responsible for TM dysfunctions. Although the disorde¡s and inte¡fe¡ences due to an

altered function in the normal a¡ticular disc structure are responsible for a high proponion

of the all TMJ complaints, second only to muscle disorders (Bell, 1990), the facro¡s

influencing the pathologic transformations that take place in the articular disc a¡e nor clea¡.

Therefo¡e, the objectives of this investigation are to clarify some of the above

mentioned aspecls and other possible interferences in the articula¡ disc, with organ culture



experiments and thereby to study the ultrastructural and functional behaviors of this

component, focusing in how it is affected by the age-related changes and mechanicaÌ

stimulations.

l. I. Anatomical Considerations of the Articular Disc

Articular Disc o¡ meniscus is an essential component of some specialized synovial

joints or articulations capable of a wide range of movements. These a¡e: the articulation of

the knee, w¡ist articulation, sternoclavicular joint, sometimes the acromioclavicular joint

and the temporomandibular joint (Wrigth et al., 1973). Menisci and discs are not

mo¡phologically synonymous, however both present simila¡ structu¡al and physiological

activities (Barnett et al., 1961). The complexity of such anatomical structure facilitates

articulating motion while supports a conside¡able load involved. This is partly due to the

canilaginous properties of this connective tissue and the arrangement of its intemal

components,

The a¡ticular disc is composed of a dense fib¡ous tissue which is non-innervated,

largely avascular (with the exception of the periphera-t areas), and also elastic tissue (Rees,

1954; Miles, 1962; Frommer, 1966; Silva, 1969; Wright et a1.,1973) with a scattering of

mature fibrocytic cells (wright et al., 1971). Also a few chondrocytes can be seen (Bell,

1986; Mills et al.,1988).

The overall contou¡ ofthe disc is of extreme imponance in the equilibrium of the

temporomandibula¡ articulation. The forces are disributed to form a self-centering effect on

the disc, resulting in its rotatory movement to bring the central thinner portion b€tween the

a¡eas under stress. once the pressure is ¡eleased, the disc space widens allowing the disc to

rotate to its thicker ponion to fill the space. \ hen the structural conformation is lost, the

disc changes its shape and loses this self-centering capability (Moffet, 1984). on rhe other



ha¡d, the shape of the disc not only prevents sliding movement between the disc and the

condyle without an excessive inhibition of this movement but also contributes to ¡educe

disc displacement (8e11, 1986).

Passively, the disc divides the joint cavity into two separate portions. Anteriorly,

the disc is attached to the superior head of the lateral-pterygoid muscle and posteriorly it is

complemented by a ioose connective tissue that attaches to the posterior edge of the articula¡

disc a¡d to the posterior portion of the TM joint capsule, called retodiscal tissue (Oberg er

al.,1971). Due to irs socalled elasticity (Griffìn er a/,, 1962; DuBrul, 1981), it is colnmon

to assume that this tissue holds the disc on the top of the condyle during the resring position

of the joint (lravell et a1.,1983). However, in the resting joint the main force in the disc is

applied anteriorly by the muscle tonus in the superior head of the lateral pterygoid muscle.

The¡efore, the shape of the disc contour is actually responsible for the prevention of

anterior displacement (Bell, 198ó). The disc shape was described to be highly generically

determined, as it shows the same basic structure (gross and microscopic obsewations) in

the newbom as in the adult (Strauss et al., 1960;Wong et a1.,1985), even though, the disc

sagittal contour in the newbom appears to be much less biconcave than in the adult

(Wright, 1976; Strauss et al., 1960). On the other hand, according to Osborn (1985), it is

apparent that the shape of the disc adapts to the compressional forces to which it is

subjected (Rees, 1954). The compression of the central portion of the disc was assumed to

be responsible for the biconcave shape of rhe anterior collagenous pan, as bone growth

occurs at the articula¡ eminence (Wright et al., 1976). Laterally the disc is connected to

collate¡al ligaments that a¡e attached to the medial and lateral poles of the condyle (Krog-

Poulsen et a/., 1957). These collagenous fibers are responsible for the passive restraint of

discal movement (Moffet, 1984). Consequently, the disc can rotate forward on the

condyle, but it is stopped from anterior or posterior displacement, as Iong as these

ligaments a¡e intact and functional.



1. 1. 1 . Articular Disc Development in Rodents

The first appearance of the articula¡ disc in rodents occurs at eighteen-days

insemination age and the fust clea¡ evidence of the fibrous ligament appears around the

nineteenth to twentieth-day insemination age with the form of granules or beads @urstman,

1966). Posteriorly, these granules get thicker separating into upper and lowe¡ laminae of

fibrous tissue. In the upper laminae many elastic fibers appear and extend to the post

glenoid area anterior to the tympanic bulla. The lower portion merges with the connective

tissue of the lateral pterygoid muscle before it insens posteriorly to the neck of the

mandible. A¡ound the twenty-fkst-day insernination age, it can be seen to be continuous

laterally with the anlage of the "capsular ligament" and medially with the connective tissue

around the fibers of the lateral pterygoid muscle (Cunat et al., 1956).

At birth the disc is formed by loose connective tissue and becomes more dense and

acellula¡ with age (Levy, 1949). At the age of two days, the disc is formed by few

collagenous fiber bundles increasing i¡ number about the fourth day. Around the fifth day

there is a great amount of width of the anterior and posterior margins, but the disc still

remains na¡¡ow centrally (Cunat et al., 1956; Weijs, 1975). The disc structu¡e is well

formed by the sixth day of age (I-evy , 1949), with a considerable numbe¡ of collagenous

and elastic fibers and cells which resemble chondrocytes (Cab¡ini and Eurasquin, 1941),

however, it is considered complete around seven days after binh (Furstman, 196ó). In the

lateral portion, the disc is five to six cell layers thick, narrowing to become indistinct

medially. The number of fiber bundles increases progressivety from the fifth to the thi¡tieth

day of life and the disc becomes a highly fibrous srrucrure (Cunat et a1.,1956) consisting

mainly of longitudinally oriented collagenous fibers (Cunat al a/., 1956; Weijs, 1975).

Similarly to the human a¡ticular disc, there aren't any nerve fibers in the rodent

disc, although the surrounding tissue contain these receptors (Frommer et al,, 1968).

According to Daniel (non published material, 1989), the rodent joint differs from that of



human in two points: (1) the rodent joint does not have a glenoid fossa and the portion of

the posterior attachment is diffusely spread and attached broadly to the temporal bone, a¡d

(2) the posterior end of the zygomatic arch also forms the lateral wall of the same bone.

L2. Arficular Disc and Temporomandibular Joint

The a¡ticular disc can be classified into a shock absorption stn¡cture. This is

possibly results from the resilient nature of the connective tissue that forms the disc which

helps to protect tlìe articular surfaces and increase the congruity between them, thereby

improving joint stability and facilitates the motion of the enti¡e articulation (tÃtnght et al.,

1971). However, the function of the temporomandibular disc is not known. As it was

stated (Jagger, 1980), is likely that it may include: (a) shock absorption, (b) component to

increase the congruity between a¡ticular surfaces, (c) component to allow the joint to

desc¡ibe a combination of diffe¡ent movements, (d) ball-bearing action, (e) weight

distribution by increasing the contact area between a¡ticula¡ surfaces and (f¡ component to

assistjoint lubrication by forming thin synovial fluid films. Biochemical studies indicated

that the a¡ticula¡ disc work as a desabilizer for the mandibular condyle during mastication

(Osbom, 1985; Nakano and Scott, 1989). All rhese features may be funher presenr ar the

same time and all a¡e related with joint function. If the disc is not adapted successfully

within the TMJ, a degenerative response of the joint may occur resulting from the

functional and other forces imposed upon it (Moffet, i984).

Alterations in disc configuration are not considered "degenerations" (Moffet,

1984), úey are classified in: (a) deformation, the passive change in structure rhat occurs in

response to compressive loading; (b) deterio¡ation, the change that occurs passively in

response to frictional movement; (c) perforation or fracture, resulting either from extensive

deformation or deterioration; (d) displacement, loss of structural contour resulting in the



alteration of disc-condyle relationship and (e) dislocation, gross displacement of the disc

from its original site with no apparent cellular changes @ell, 1986; Bell 1990).

1 .2. I . Impona¡ce of the Articula¡ Disc in TMD

The non-inflammatory disorders of rhe Tlvll are designated by the articular disc-

interference diso¡ders in which the articular disc is chiefly responsible for the symptoms

(Bell, 1990). This type of interference also predispose the joint to degenerative change, in

other \¡/ords, failure of nonpathologic adaptation of the disc rissues @ell, 1990) This is the

result of a high number of the cases which a¡e expressed with the presence or absence of

noises and pain (Solberg, 1986). Most interferences in the temporomandibular joint that

originate f¡om the articula¡ disc are due to: adhesions between the disc and the condyle,

change in the normal disc a¡atomy and disc displacemenldislocation.

Adhesions between the disc and the condyle can occur as a result of trauma,

surgery, infection o¡ rheumatoid arthritis, preventing normal rotatory movement. This

causes an irregular cycle with noises, skidding back and forth predisposing to degenerative

arth¡itis. The tenn "deformation" is used to indicate a change in configuration that occu¡s

passively in response to physical compression (Moffet, 1984). Discs that continue to be

compressed in one a¡ea, central or elsewhere, may become so thinned in the area that they

will have a perforation due to over compression, not to degenerative changes of the disc

tissue (Moffet, 1984). As a ¡esult of disc form alteration, the main damages consist of

roughening, thinning, perforation a¡d fra*ure. According to BeU (1986, i990) disc related

interferences are divided into: Class I, class II, class trI, class [V and class V groups.

The first interference occurs in the closed position of the joint as a result of

maximum intercuspation ofthe teeth, caused usually by a chronic occlusal disharmony ofa

kind and magnitude that displaces the disc-condyle complex. The resultant depend on the

degree of the disharmony, and may predispose to a class II interfe¡ence. Following the



intercuspation relationship, the second interference tales place immediately after the mouth

opening. The symptoms that characterize it are an initial sensation of sticking, followed by

a disc¡ete click and some discomfort. At this søge the articular disc is considerably affected

by the strain derived by this interference. If the articular disc loses its contour, it is an

indication of class III interference (Bell 1986), however, this particularity is not well

explained. The symptoms associated with a class III interference disorder appear during the

translatory cycle. The result of such interference may be momentary locking occurring from

catching of the articula¡ disc between the condyle a¡d the eminence. Excessive passive

interanicular pressure, lack of compatibility in the shape of articular surfaces and some

derangement or impairment of function involving the disc-condyle complex are the main

causes of class III interfe¡ence.

The interarticular pressure is usually increased in situations of emotional tension

and can be an activating factor for the other situations of discal interference. Structural

incompatibility is a result of many factors, especially trauma in the TMJ a¡ea; and

impairment of disc-condyle complex is related to the deviations of disc form as well as disc

dislocation/displacement and to the change in the proper mobility of this complex. Noises

and irregular movements are typical symptoms (or signs) of this abnormality (Solberg,

1986).

The dislocation/displacement are subdivided into functional displacement and

functional dislocations. The consequences that arise f¡om the fomrer are dependent on the

location of the destructive change in rhe disc (thinning of the posterior margin permits

functional displacement in an anterior direction and vice-versa) , extent of the discal

ligaments and the type of movement executed. The latter is a further consequence from the

former.

Class fV interference disorder orjoint hypermobility is a subluxation characterized

by a partial or incomplete dislocation of the a¡tioular surfaces of the joint, reached when the



disc can no longer rotate posteriorly on the condyle being limited by the condylar articular

facet (excessive opening of the mouth, usually on a habitual level). The last interfe¡ence,

namely, class V or spontaneous dislocation is a deficiency of a sharp contact of the

articulating surfaces during translatory cycle. Attributed to a sudden extra contraction ofthe

upper head of the lateral pterygoid muscle @ell, 1986), this a¡rerior disc displacement

frequently happens during yawning and when the muscles are fatigued by keeping the

mouth open too long (Travell et al., 1983).
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a Glvcosaminogly cans and Proteoglycans in Connective

Tissu e

Extracellular matrix consists mostly of water and a variety of polysaccharides and

proteins (Hukins, 1984; Alberts et al., 1989). These molecules are secrered locally and

assemble into an organized meshwork of fibers and ground substance that is largely

responsible for the biochemical and physical properties of connective tissue matrix, making

the tissue an ideal cushioning material that distributes the load to the bony surfaces. Among

extracellula¡ molecular complexes, soluble proteoglycans (pGs) together with insoluble

fibrous proæin collagen form the major structural elements of connective tissue (McDevitt,

1973). PGs are large ubiquitous molecules that are composed of a mixture of proteoglycan

subunits that together with a glycoprotein-link are usually found in the form of large

macromolecular ag$egates (Tsiganos et al., 1971). The individual polysaccharide chains

that form these complexes a¡e called glycosaminoglycans (GAGs) (Hardingham, i9g 1).

Due to the relative facility to extract PG molecules and the high GAG tissue content

in carrilage (Stockwell, 1979; Hardingham, i98l; Bayliss 19g4), rÏese complexes were

thought to be specific to that tissue (wight and Mechan 19g7) and most of the pioneering

sfudies on the structure and properties of pGs have been done in cartilage (Frazen, l9g4).

The concentration of these molecules in cartilage is large as compared to other tissues,

some 107o of the wet weight (Heinegard et al,, 1986), however the exracrion of pure

compounds is often an obstacle to PG study.

2,1, Structure and Morphology of GAGs and pGs

PGs play an important rore as part of the supporting matrix of connective tissue.

These substances are compounds of high molecular weight composed of a protein core

with glycosaminoglycans (GAGs) covalently bonded as a sequence of side chains.
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The structure of the GAG side chains consists of a hexosamine or amino sugar

(either N-acetylglucosamine or N-acetylgalactosamine), alternating with another sugar

which is uronic acid (either glucuronic acid or iduronic acid). Despite the fact that an

individual chain may have a mixture of u¡onic acids, the hexosamine will always be a

glucosamine or a galactosamine which are linked by alpha or beta glycosidic bonds (tlay,

1981; Silbert, i982; Albens et al., 1989). Because rhe hexosamine occurs as every orher

sugar, GAGs are more easily defined as long polysaccharides chains made up of

disaccharide repeating units (two sugar residues), which usually are very similar within a

single chain (Silbert, 1982). GAGs are negatively charged under physiological conditions.

The fixed, highly polianionic nature (due to negative charges of SO- and COO- mainly

(Stockwell, 1979)) provides the g¡ound substance with a great affinity to water which in

tum, provides the anicula¡ carrilage with physiochemical sriffness (Kempson et a1.,1970).

This anionic nature is associated with a cation, which in native state is predominantly Na+.

Cations such as Na+ are osmotically active and cause large qua¡tities of water to be trapped

within the matrix creating a swelling pressure that enables the tissue to withstand

compressive forces (Evered and Whelan, 1986; Hascall and Hascall, 1981).

Under physiological conditions, the conformation of GAGs is of long unbranched

chains, the so-called random coil conformations. This is due to their negative charge

density that creates a repulsion among them, making the molecule too inflexible to fold up

into compact globular structures that polypeptide chains typically form (Evered and

Whelan, 1986; Hascall and Hascall, 1981). Consequently, this arangemenr reduces the

number of probable conformations that a PG molecule could assume which increase

considerably the space that the molecule occupies in ¡elation to its mass (Wight and

Mecham, 1987) resulting in the formation of gels even at very low concentrations. The

nature of the three-dimensional netwo¡k of these gels also enables the rapid diffusion of

water-soluble molecules and the migration of cells through the canilage matrix (Maroudas,
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1973) exening a sieve effect on the metabolites transported to and from the cells

(Granstrom and Linde, 1973). GAGs chains are anchored to the protein core of PGs via a

neutral trisaccharide (Gal-Gal-Xyl) at the reducing end of the GAG chain (Hardingham,

1981).

Compounds of GAGs are related to one another a¡d they were classified according

on the basis of different disaccharide units (Hardingham, 1981), on the number and

location of sulfate groups and on the type of bonds between the sugars (Albens et at,

1989). This classification formed four major g¡oups (Alberts et al, l9B9). The first group

is composed by hyaluronic acid (HA) which is the only unsulphated GAG and is present in

large amounts in most tissues. The second group comprises chondroitinosulphate (CoS),

chondroitinusulphate (CuS) and dermatan sulphate @S) followed by the third group with

heparan sulphate (HS) and heparin (H) and the iast group with keratan sulphate (KS)

which is divided into KS I and KS II. Fo¡ a review of GAG classes see Saamanen (1989).

The moiecular weights of GAG chains va¡ies within a range of l-2 x 104, with the

exception of HA which despite being the simplest of all GAGs, ranges from 104 to 10?

(Toole, i982; Ba¡old, 1987). HA has been ¡elated to water conrent, and the levels of FIA

may indicate the degree of hydration of the particular tissue (Ioole, 1982).

Chond¡oitin sulfate ca¡ be classified into either CoS or CuS, according to the ester

group in the N-acetylgalactosamine unit (Roden, 1980; Carney and Muir, 1988).

Widespread throughout connective tissue, they may exist in many hybrid forms where both

types (CoS and CuS) may appear in the same or different molecule (Hoffman et al., 1956;

Bartold, 1987). Classified under the same group as CS, DS differs by the presence of a L-

Iduronic rather than D-glucuronic acid, however, the molecule may contain both types of

uronic acids (Habuchi et al., 1973., Bartold, 1987). HS and H have been the least studied

GAGs. The¡e are markedly strucrural heterogeneity in this group, such that they may be
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more well defined as a family of similar polysaccharides (Bartold, 1987). Structurally, HS

a¡d H a¡e the most complex group of GAGs (Lindahl and Kjellen, 1987).

KS was defined (Bartold, 1987) in two different types: KS I, typical of cornea a¡d

KS II, typical of connective tissues. Both forms have the same disaccharide sequence,

however, they differ in their linkage to protein (peptide fragments) and in the degree of

sulphation and galactosamine content (Carney and Muir, 1988). KS linkage to protein has

no neutral t¡isaccharide (Gal-Gal-Xy1), but is linked via an O-glycosidic bond between N-

acetylgalactosamine to serine or threonine (KS I) or via an N-glycosylamine linkage from

N-acetylgalactosamine to asp¿rrgine (KS II) (Hardingham, 1981; Bayliss, 1984).

The structure of PGs may be comprised of either one type of GAGs or may be

formed by several types of GAGs on rhe same protein core (Tsiganos and Mui¡, 1969;

Stockwell, i979; Silbert, 1982; Bartold, 1987). This variarion also happens in the

proportion of carbohydrate to protein over all the chains per core molecule (Banold, 1987).

PG molecules isolated from ca¡tilage have shown that a single PG subunit consists of one

core protein to \,vhich a¡e attached approximately 250 carbohydrate chains (Hunziker and

Schenk, 1987). From studies with enzyme and chemical degtadation, a model of the pG

subunit has been proposed (Heinegard and Axelsson, 1977) in which there are three

regions of the molecule: one constant region rich in KS chains; a more extensive va¡iable

CS-rich region containing other types of GAGs; and the FIA binding region conraining a

few short KS chains, which is also constant.

The common class of cartilage PGs forms very large aggregates in the extracellular

matrix, which may have 30 or more PGs that a¡e linked to a chain of HA, itself a GAG

(Hardingham a¡d Muir, 1972a). T\e size of the PG aggregate depends on the chain length

of the HA molecule, which can bind up to 100 PG molecules, creating very large

aggregates (MW of 2 X 108) (Hardingham, 1986). PG-HA interaction can be further

stabilized by the link protein (Hardingham and Muir, 1972) rvhich joins borh PG and FIA



together (Mui¡, 1981), and in physiological conditions it appears to be an ir¡eversible

process (Hardingham, 1 979).

Another common family of PGs is the small i¡rterstitial PG, which frequently

contain DS (Hascall, 1986). These molecules usually contain only small chains and a¡e

found in connective tissues with fibrillar collagen matrices which are probably associated

with specific sites along the collagen fibrils (Scott, 1986). Small pGs do not have

aggegation properties (Heinegard et al., 1987a). In addition, there are other pG

compounds, such as proteochond¡oitin sulfate and protodermatan sulfate (PDS) (Kresse, et

al., 1986) that have not ¡eceived too much attention. These are members of the class of

small PGs which are widely distributed in connecive tissues (Poole, 1986; Scott er a/.,

1989). PDS has been shown to be associated with the surfaces of collagen fibers (Scott,

1988; Naka¡o and Scon, 1989).

Aggregate PGs a¡e also called high bouyart density PGs and non aggregating pGs

are called low bouyant density PGs (fhonar and Kuettner, 1987). From the family of high

bouyalt density, there are two different types of PGs, one having a high content of CuS

and the otlrer one with a relatively increased amount of KS (Heinegard et al., l9ïla;
Frazen, 1984). Although most ofthe high weight PGs are aggregates, rhere are complexes

that do not form aggegates (fsiganos and Muir, 1969; Brandt and Mui¡, 1971; Stockwell,

7979; Frazen, 1984), and demonstrate and increased protein content (Heinegard and

Hascall, 1979). Generally, the protein core accounts for one tenth of the toral molecula¡

weight (Hascall and Riolo, 1972).

PG aggregation is suggested to have other functions besides of their once thought,

immobilization in the matrix. The destruction of aggregates can alter the physical properties

of the cartilage allowing the PG to diffuse in the tissue, which enables endogenous

collagenæe to remain activated in the matrix (Muir, l98l), once separate components of an
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aggregate are not inhibitory to mammalian collagenase as opposed to the stable link-

aggregates (Harper and Muir, 1981).

PG complexes contain other components, other than GAG chains, that have been

not as well cha¡acterized such as small chains of oligosaccharides (N- and O- linked) and

link proteins. The characterization of oligosaccharides is due to the amino acid ¡esidue to

which they bind in the protein core. N-linked is when the sugar moiety is bound to

aspargine and Olinked is when the sugar moiety binds to serine or th¡eonine residues. The

latte¡ has been suggested as primer molecules of KS II in various stages of completion

(Camey and Muir, 1988). The oligosaccharide chains are mosr likely too short to be

identifiable and are present in a rate of around 100 per core protein (Hunziker and Schenk,

i987). Their function is yet to be identifiable (Bartold, 1987), however, their abundance

accounts them as having an important role in the biosynthesis or srructwe ofPGs (Carney

and Muir, 1988).

PG are found spread out in all tissues and not only participate as supporring

structures but also as mediators of events that characterize development and various

diseases (Wight and Mechan, 1987). PC aggregation is an important feature of cartilage,

however, how this mechanism is important to ca¡tilage function is not known. It has been

suggested that ag$egation would immobilize PGs within the network of collagen fìbers

creating a large osmotic swelling pressure rendering cartilagenous tissues stiff and resilient

(Hardingham, 1986), therefore, enhancing their ability to resist compressive deformation

(Hardingham, 1979).

Due to the complexity, extensive variation, and location of most GAG complexes,

it is unlikely that single funcrions can be attributed to them (Gallagher et at., 1986).

Moreover, from different GAG molecules, few functions a¡e known or even suspected

(Poole, 1986). GAG chains play a central role in the regulation of the extracellula¡ marrix
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production and organization and have been reported as stabilizers to the differentiated stare

of cells (foole, 1982; Bronsson et al., 1988).

The most widespread GAC, FIA has been involved in several biological processes,

including a critical role in the aggregation of cartilage PGs (Hascall, 1986). The enzymatic

degradation of HA has been postulated to control cell migration and cell diffe¡entiation i¡
developing and remodeling tissues (Toole, 1982). When this migration ends rhere se€ms ro

be an increased proportion of hyaluronidase (enzyme that degrades HA, see Table II). This

could be correlated to the formation of a swelling gel to facilitate cell migration during

periods of development and cell repair rendering FIA with a role in tissue morphogenesis

Cloole, 1982; Lawent and Fraser, 1986). It has also been conelated with increased activity

in macrophages and granulocytes and with cooperation in extracellular matrix in cell

detachment (Laurent and Fraser, 1986).

CS-PG do not have an established role, but may perform an imponant function in

dissipating load applied to the tissue, since it is present in regions subjected to large

amounts of stress, such as cartilage and tendon (Vogel and Heinegard, 1985; poole, 1986).

The large amounts of CS in caflilage possibly indicates this GAG chain as an imponant

parameter in cartilage formation (Ioole, 1982).

DS is mostly distributed in the form of a small, interstitial pC (DS-PC) present in

the extracellular matrices of connective tissue (Heinegard et al., 1985). Among the

important biological properties rhar DS-PG have, they bind non-covalendy to collagen

fibrils and fibronectin and inhibit fibrilogenesis in vitro, as well as the adhesion of

fibroblasts to fibronectin. They also inhibit collagen fibril growth in vito (y ogel et a!.,

1984; Vogel and Trotter, 1987). Through the enhancement of gap-junctions rhey enhance

cell-cell corffnunication (Rosembrg et al., 1986).

Heparan sulfate proteoglycans (HS-PGs) may be firmly anchored to the plasma

membrane of all mammalian cells (Poole, 1986). This interaction is held by a prorein core
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that is inserted into the plasma membrane (Fransson et al.,1986). When present at the cell

surface it may regulate the cell-substrate adhesion and cell proliferation; it may also

pa"rticipate in the binding and uptake of extracellular components and in extracellula¡ matrix

formation (Hook et al., L984; F¡ansson et al.,7986; Poole, 1986). In addition, HS-PGs

have been reported to have a role in the control of cell growth (Hæk et al., 1984; Fransson

et al., 7986; Fransson, 1987).

Heparin as well as HS have been atributed a variety of biological functions, most

of which involving interactions wirh other mac¡omolecules. The best known example is the

blood anticoagulant activity, which depends on the H binding to antithrombin, a strong

protease inhibitor (Lindahl and Kjellen, 1987). Ir may also suppress the proliferation of

smooth muscle cells i¿ vivo, inhibit DNA and RNA synthesis, and produce qualitative

changes in the biosynthesis of both collagenous and non-collagenous proteins (Poole,

1986). Subgroups of PGs such as protochond¡oitin sulfate and PDS are involved in the

control of the orientation and growth of collagen fibers (Kresse et al., 1986; Scott and

Nakano, 1989), and the latter may have a role in inhibiting mineral deposition within the

collagen fib¡ils on the normally uncalcified tissues (Scon er a/., 1989).

2 ,2. Synthesis and Degradation of GAGs

In view of the complexity of these molecules, there is a vast literarure about GAG

synthesis and degradation. Nevertheless, it is not the purpose of this review to expose

details of very specific aspects of GAG synrhesis that would have little ¡elevance to this

project. For a more detailed review see Roden (1980), Silberr (1982) and Hardingham er

al. (1984).

All the GAGs are synthesized on â core protein primer, rvith the exception of FIA

(Spooner and Thompson-Pletscher, 198ó). The site of biosynthesis fo¡ HA has been
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determined to be the plasma membrane and the addition of sugars takes place at the

reducing ends of the molecule (Laurent and Fraser, 1986). GAG chains a¡e initiated from

sugar nucleotide precursors (Silbert, 1982) with the synthesis of a sugar bridge which is

carried out by the addition of N-acetylgalactosamine and glucuronic acid to the chain via

their UDP derivatives (Silbert, 1964). The uridine sugar nucleotide precursors form a

pyrophosphorylase type of reaction (Silbert, 1982) with UDP-glucose and UDP-N-

acetylglucosamine, which in tum form the 'puddling blocks' fo¡ polymer synrhesis (borh

can be fomred by a reaction of UTP with a sugar-1-P in the presence of homogenates from

proteoglycan-producing tissue). The two forms of nucleotide sugars are the products of the

two metabolic pathways which are converted where necessary to forms suitable for

inclusion in the various GAGs synthesized (Stockwell, 1979). UDP-glucose can be

oxidized to form UDP-glucuronic acid which can be decarboxylated to form UDp-xylose.

Both UDP-glucose and UDP-N-acetylglycosaminoglycan undergo epimerization ar the C-4

position to form IIDP-galactose and UDP-N-acetylgalactosamine respectively (Silberr,

1982). GAG sulphation occurs by the transfe¡ of a sulphate group from PAPS to the sites

on the GAG after the incorporation of the sugars (Silbert, 1973).

Synthesis of the O-Iinked GAGs (atl except FIA and KS), starts by the xylosilation

of serine residues in the core protein. The subsequent addition of xylotransferase,

galactotransferases I and II are going to form the linkage region, that serves as primer for

the addition of the particular hexosamine and u¡onic acid in each GAG chain (Spooner and

Thompson-Pletscher, 1986). Post-tra¡slarion modifications of the core protein and the

processing of O- and N-linked oligosaccharides happens further in the process when rhe

molecules undergo extensive modifications (Spooner and Thompson-Pletscher, 1986).

PG molecules are secreted into the pericellular environment as soon as they are

completed in the Golgi apparatus (Carney and Mui¡, 1988). Although pG are able to

ag$egate as soon as they are synthesized, there is some evidence that a maturation step is
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also required, to convert PG from an inactive to a fully active aggregating form

(Hardingham et a1.,1984). However, not all PGs are secreted into the matrix, since some

complexes remain atøched to the lipid bilayer. These types of PGs usually contain a small

number of GAG chains (Hook and Kjellen, 1984).

As summarized by Hardingham et al. (1984), rhe synrhesis, secrerion and

assembly of PG aggregates for cartilage is as follows: (1) synthesis and processing of

mRNA for PG protein core, (2) ranslocation of nRNA cistemal space of the RER Qikely

site fo¡ N-linked oligosaccharide t¡ansfer), (3) translocation f¡om cistemal RER to the

Golgi apparatus, (4) biosynthesis of CS, probably KS a¡d O-linked oligosaccharides, (5)

transport of completed PG to secretory vesicles and to rhe plasma membrane, (6) secretion

of PG into the extracellular space (probably already associated with link protein), (7)

secretion of HA through a different pathway and (8) assembly of PGJink protein with FIA

to form stable PG aggregates.

For PG and GAG degradation, the normal catabolic parhway of carbohydrate

moieties of PG occtus by a set of reactions that has been regarded to be the opposite of the

synthetic process (Roden, 1980), the mechanism of PG turnover is not clear. It has been

suggested that there is a probable degradation of the GAG moiety, but the degree that this

occurs is not kno\pn. Moreover, as studies indicate that some intact GAG ca¡ be found in

the urine, both mechanisms may exist concomitantly (Silbert, 1982). The enzymatic

degradation of GAGs o¡ PGs was first noted as a spreading factor (Siibert, 1982).

Experimental works were correlated with the in yivo situation suggesting that enzymes

simila¡ to the reponed spreading factor we¡e also present in GAG breakdown in yivo. Due

to the sructu¡e of PG aggregates, two major groups of enzymes are needed for

degradation. These are proteinases and glycosidases (Stockwell, 1979). In a stepwise

manner, the enzyme groups remove the glycosyl as well as sulfate groups starting from the
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non-reducing end of the molecule (Roden, 1980). The best defined GAG degrading

enzyme is hyaluronidase (Silbert, 1978; Roden, 1980).

Although endoenzymes ale capable of extensive fragmentation, they are not

capable of adequate de$adation alone due to the accumulation of the partially degraded

material in the mucopolysaccharidoses (Roden, i980).

2,3, Normal Distribution of GAGs in Connective Tissue

According to Hunziker and Schenk (1987) the extracellular matrix in connective

tissue is divided in two phases. The former is composed of a variery of insoluble fibers and

the latter is often called of amorphous ground substance, a homogeneous and transparent

layer. Comprising almost 957o of the content of nonfibrous dry-weight material, PG

complexes are the major components of the ground substance (Hunziker and Schenk,

1987). This concentration is vinually achieved in consequence of the existence of PGs in

an underhydrated state (around 20 to 40 mg/rnl). Such cha¡acteristics pose major p¡oblems

for aqueous chemical fixation of connective tissue which ¡educes the scope for study of

these mac¡omolecules (Hunziker and Schenk, 1987).

Collagen and PGs are the major components responsible for the unique

characteristics of the a¡ticular cartilage regarding reversible deformity, essential fo¡ its

function (McDevitt, 1973). In cartilage, PGs consist of a series of subpopulations which

differ in size and composition. Most of the PG content exists in the form of large

aggregates in the presence of a link componenr (McDevitt, 1973), forming an amorphous

gel (Sweet et al.,1977), and nonaggregating PGs make a small percentage of the total pC

content (Muir, 1980; Myers and Mow, 1983). In carrilage, these compounds are always

bound to protein (McDevitt, 1973). PG distribution in cartilage has been found to be

located mainly in the middle region, where about 907o of GAGs aggregate with HA
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(Maroudas, 1979). The GAGs of cartilage are CoS, C6S, KS and HA (McDeviu, 1973;

Stockwell, 1979, Camey and Muir, 1988), although there is a considerable variation

between different a¡eas of cartilage (silbert, 1978). In hyaline cartilage the most abundant

PC is a high aggregating species containing both CS and KS chains. The KS content is

mo¡e va¡iable and usually increase in proportion with age (Hardingham et al.,1986).

As reported by Scott et al. (1989), the type, concentrarion and distribution of pG

complexes in connective tissue reflect the load regimen that the tissue is exposed in vivo.

The ma¡ked heterogeneity of the ground substance in relation to the cell and the staining

techniques show a¡eas of basophilia and/or alternating zones of basophilia and acidophilia

around the cell. stockwell (1979), based on this finding, noted that the marix was divided

into zones more or less concentric to the individual cell or cell groups.

However, in normal cartilage the GAG content varies in distribution according

withthedepthofthesurface(Stockwell,7967;Lempergetat.,7974;Baylissera/., l9g3)

and topographically in different areas that are essential o¡ non-essential for a¡ticulation

(Bjelle, 1974). The total amount of GAGs range from 5 to lSVo of the dry weight of the

ca¡tilage. cS is the main component of carrrlage (50vo) and KS va¡ies from 4 to 20vo of the

total, while HA is less than lVa, which reflects the aggregation of CS-pG (Silbert, 197g).

In the a¡iculating areas of maximum contact there is more HA and much more KS than in

a¡eas of minimum conracr (Sweet eral., 1977). cs is predominanrly territorial while KS is

interterritorial, except in the deeper zones of older tissues when KS is present close to the

chondrocyte. Normally, the¡e is an increase in the amount of KS in the deeper layers of

ca¡tilâge (Hardingham et al., 1986) and PG complexes are increased in the middle zone as

compared to the a¡ticula¡ surface (Ratcliffe et a1.,1984).

There is a special group of PG molecules that can be present on the cell surface,

and the most predominant is HS as reported by spooner and rhompson-pletscher (19g6).
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Extracellula¡ matrix f¡om basement membranes is also rich in PGs, varying from CS, DS

and HA (Spooner and Thompson-Pletscher, 1986).

ln the articular discs, the cellula¡ matrix consists of sheets of collagen fibrils and

fibers dispersed in a sparse interfibrillary matrix, except in the immediate vicinity of the

canilage cells (Granseom and Linde, 1973) where PG complexes a¡d associated filaments

are found (Ghadially, 1978). In the central zone of the disc, the interterritorial matrix

consists essentially of dense frbrous tissue (Silva, 1969). This composite structure confers

the disc with a clearly fibrochondrocytic appearance and a considerable degree of flexibility

(Silva, 1969).

Fibrocartilage tissues differ from those of hyaline cartiiage. For instance,

approximately 50Vo of the total amount of GACsof the nucleus pulposus is KS and the rest

is mainly CS (Hallen, 1958). Habuchi et al. (1973) indicated that meniscal GAGs represent

a separate family, that may be specifically adapted to the funcrion of fibrocartilages.

Inte¡a¡ticular disc PGs have a smaller size and a larger amount of KS chains than the

articulü cartilage, however, they have the same capability of aggregation (Mui¡, l981).

Generally, PGs a¡e rather minor comþonents of fib¡ous connective tissues comprising less

than 7Vo of the dry weight of the tissue (Vogel and Heinegard, 1985).

Topographical distribution of GAGs is marked in the central part of the disc as

revea-led by a marked uptake of ¡3sS1 in both guinea pigs (Oberg, 1964) and in human

subjects (Kopp, 1976), however the main localizarion of the sulphated GAGs correspond

to the infero-posterior part of the TMj tubercle with the presence of molecules with

characteristics to CSIDS and KS (Kopp, 1976). By contrast, Mills ¿¡ ø/. (1988) found that

the distribution of GAGs is restricted mainly to the ânterior and posterior bands of the

¡abbit a¡ticular disc, with distinct populations of cus and KS. This is in accordance wirh

quantitative analysis of the GAG component from bovine a¡ticular disc Qllakano and Scott ,

1989). However, the major GAG components in the latter tumed to be CS and DS wirh
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smaller proportions of HA a¡d KS. On the other hand, Gransrrom and Linde (1973) found

that DS and FIA are the two major GAGs of the anicular disc. DS was found to be the

largest fraction in the rabbit, dog and monkey anicular discs, while HA was found to be the

major fraction in the rat disc. The analysis of the PG content of the rabbit menisci i¡dicated

that the sulphated GAGs consisted of CuS (72Vo), CaS (197o) and DS (57o) (l'/ebber et al.,

1984). Similarly, Adams and Mui¡ (1981) characterized the PGs of the canine meniscus,

finding CuS as the majo¡ GAG, followed by CoS and DS. KS was not detected in eithe¡

study.

The variation of PGs content in different tissues of different animals, may be due

to either differences in the weight-bearing role of the articulations or simple species

differences (Webber et al., 7984). Although, the variability of GAG concenrration in

different connective tissues subjected to different degrees of stress is not very distinct, the

proportion of small and large PGs in each fibrous tissue may be an important indicator of

their roles in producing and maintaining a functional matrix (Vogel and Heinegard, 1985).
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3. Çsfþsen PbJsþþsr

Collagen is the major protein found in all eukaryotic organisms (Miller, 1978)

estimated to account fo¡ 257o of the body protein content (Parry and Craig, 1988), that is

vital fo¡ the maintenance of the extracellular matrix @erg, 1986). These characteristics per

se ¡ende¡ the understanding of collagen physiology as a very important step for the overall

knowledge of connective tissue behavior (Parry and Craig, 1988).

The functional integrity of tissues such as bone, ca¡tilage and skin and the structure

of othe¡s such as blood vessels and most organs is dependent on the pattern of their

collagenous framewo¡k (Nimni and Harkness, 1988), since collagen is not only a family of

highly f,rbrous proteins (Albens et al., 1989) that contributes fo¡ the structure of connective

tissue, but also those structùes that are subjected to mechanical stresses. Collagen

molecules are very diverse, which may be account for the variation of functional demands

in different types of connective tissues.

3.1. Collagen Structure

Collagen molecules have been divided in many different types, and so fa¡ 11 have

been identif¡ed. Each collagen type is identified by an array of the 20 different s-chains

isolated. Each of these c,-chains is encoded by a different gene, which when combined

express different collagen types i¡ different tissues (Martin ¿r ai., 1985; Miller, 1988).

The monomeric unit of collagen is a triple-stranded helix made of three q,-chains

composed of about 1050 amino acids each (Miller, 1978). The collagen chains a¡e wound

a¡ound each other forming a regular superhelix to generate a ropelike collagen molecule.

collagen cr-chains are also called polypeptides due to the name of the linkage between

amino acids that is called a peptide bond (Alberts et al., l9B9). The triple-helix srructure

generates a symmetrical pattern of three left-handed helical chains, that can be slightly
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displaced to the right (Nimni and Harkness, 1988). The collagen types differ from each

other i¡ the primary sequence of thei¡ cr-chains, in the extent of their posttranslational

modifications, and their distribution in different tissues @erg, 1986).

The distribution and function of most of the collagen types is not very clear.

However, from all the known types, the types I, II, Itr and IV are the most widespread

(Alberts et al., 1989). The types I, II and III are connective tissue collagens and are also

called fibrilar or interstitial collagens, since they are apparent always located between the

cellular component of a given tissue or organ ffiller, 1978). Type IV collagen is present at

the basement membranes, forming a network structure (Berg, 1986). The other types of

collagen wi.ll not be included in this review.

Type I collagen is composed of two a,(I) and one or(I) chain and is found

widespread i¡ connective tissue. Type II collagen is typical of cartilage and has th¡ee

identical o,,(II) chains (Miller, 1973). T¡pe Itr collagen contains rkee idenricaì cr, (Itr) and

is found in skin and in anerial walls. Initially called foetal collagen, due to its abundance in

fetal tissue, qpe III collagen is often associated with tissues o¡ conditions that require fast

collagen turnove¡, such as during development and tissue repair (Uitto et al., 1989). The

last of the common collagens or type IV collagen has th¡ee identical o,(IV) chains and is

typical of basement membranes. The primary structure has been revised by Berg (1986)

and Uitto et al. (1989).

The most common collagen types, or fibrilar collagens are secreted by connective

cells, mainly fib¡oblasts into the extracellular matrix where they will form organized cable-

like structures, that are called collagen fibrils (Alberts et al., 1989). Among cell rypes that

synthesize collagen, chond¡oblasts and osteoblasts are specific for canilage a¡d bone,

respectively. The organization of the extracellular mafrix in connective tissue will be,

therefore, dependent on the interaction ofthe collagen fibrils that usually form fibers which

are disposed according to the functional requirements of the tissue.
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The most important and evident function of the collagen moiecule is to provide a

tensile mechanical resistance @arry and Craig, 1988). The maintenance of the shape of the

tissue is the most obvious mechanical function, since the special an-angement ofcollagen is

responsible for the resista¡ce of stretching forces that will tend to alter the tissues original

shape (Nimni and Harkness, 1988).

3.2, Biosynthesis and Degradation of Collagen

Biosynthesis of collagen is a complex process that involves several specific

i¡tracellula¡ steps @erg, 198ó). It is imporranr ro mention that the majority of i¡formation

of synthesis and degradation is available only for the well known ñbrilar collagens,types I,

II and Itr. As they constirute by far the most widespread collagen molecules, most of this

review will concentrate on these types.

Transcription from the collagen genes is followed by gene splicing to yield a

functional mRNA with approximarely 3000 bases, rhar are translated to the RER on the

memb¡ane bound ribosomes (Nimni and Harkness, 1988) that synthesize the larger

precursors that are called proochains (Olsen, 1981 ; Berg, 1986). These molecules are high

molecula¡ weight and can be also known as procollagen procrchain and they are

characterized by the presence of additional polypeptide extensions located at the amino a¡d

carboxyl terminal of the o-chains (Berg, 1986). These a¡e the signal peptide and the

propeptide sequences. The main function of the signal peptides is the recognition and

insertion of the molecule in the lumen of the ER.(Alberts et al., 1989), and has been shown

to be proteolytically removed coincidently with the transport into the lumen of the ER

(Palmiter et al., 797 9).

Collagen is also subjected to various posttrarslational modifications that are

numerous potential sites for regulating the amount of final product that becomes
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incorporated in the exrracellula¡ matrix (Berg, 1986). Following the modification of

procollagen in the lumen of the RER, these molecules a¡e sesreted via the secretory vesicles

of the Golgi apparatus (Berg, 1986). Secretion of collagen differs from the other secretory

proteins, since collagen is continuously secreted by the cell (tanakoff and Vassali, 1977)

as compared to other proteins that are secreted upon signal tra¡sduction mechanisms @erg,

1986). Collagen molecules must be in triple-helicai form to permit efficient secretion, and

therefore, any condition that prevents the attainment of this helicity ¡educes the rate of

secretion (Miller, 1978). After secretion, the procollagen molecules are proteolytically

sepa¡ated from the ami¡o- and carboxyl-terminal ends, so the chains can then assemble to

form the fibril arrangement (Uitro ¿r a/., 1989).

In the extracellular space, procollagen is transformed in tropocollagen molecules,

which requires the activity of at least two types of proteases (lr4iller, 1978). The subsequent

extracellular aggregation of collagen molecules does not occur as a result of a spontaneous

process, but by a regulated cellula¡ mechanism (Trelstad, 1982) and only occurs afte¡ the

modifications of procollagen into tropocollagen have been completed. Tropocoliagen or

only collagen molecules (ranging about 1.5 nm in diameter) will associate to form collagen

fibrils (Alberu et al., 1989).

After formation, collagen molecules display a remarkable resistalce to proteolysis

(Jeffrey, 1986; Stricklin and Hibbs, 1988). The incorporation of molecules inro fib¡ils and

the subsequent crossJinking further stabilizes the molecules, raising the denaturation

temperature of a single molecule from 40oC to more than 60oC (Kuhn, 1987). To deal with

this problem, a class of special enzymes called collagenases have been identified.

Collagenase types form a heterogeneous group of proteinases that pa¡ticipate in coliagen

degradation and they were classified according to thei¡ substrate specificity (Stricklin and

Hibbs, 1988). They are very widespread in mammalian tissues, and some tissues such as

skin contain natural collagenase in the extracellul matrix (Bomstein and Sage, 1980;
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Stricklin and Hibbs, 1988). Collagenase attacks collagen at specific sites in the molecule,

splicing it i¡to two fragments that will denatu¡e in physiologic condirions (Harris, 1978;

Jeffrey, 1986). Collagen øosslinking appears to reduce the degree of degradation, which

suggests that cross-linking plays a role in the mechanical stability of collagen and in the

regulation of collagen tumover in vr'vo (Nimni and Ha¡kness, 1988).

3.3. Collagen Distribution in Connective Tissue

From the common collagen types, type I collagen is by far the most abundant and

it can be found in skin, bone, tendon, periodontal ligament, dentin, fascia, placenø, blood

vessels, interarticula¡ discs and meniscus (Bomstein and Sage, 1980; Yen et al., 1989).

Collagenous tissues a¡e more likely to be organized in specific arrays disposed in order to

accommodate the physioiogical stesses thar are placed upon them (Baer et a|.,1988). The

disposition of such stresses will determine the orientation and organization of the collagen

network (Baer er a/., 1988).

The shear stiffness of tissues like cartilage and a¡ticular disc is given by the tensile

stiffness of collagen fib¡ils, since the arrangement of the fibe¡s is such that they are

stretched when the tissue is sheared (Myers et al., 7988). Collagen conrenr in cartilage is

highest in the superficial layer and declines with depth. This represents an inverse

co¡relation of collagen and cartilage (McDevitt, 1973). In hyaline cartilage, the collagen

fibers are relatively small in size and thick¡ess. They are often masked by an amorphous

ground substance in which they are embedded (Yasui and Nimni, 1988). Elecrron

microscopy shows a branching meshwork of fine collagen fibers without a cross-striation

pattern as compared with adult articular cartilage that contains la¡ge fibers.

In the the a¡icular disc it has been reported that the collagen content, as in other

fibrocartilages, may be exclusively type I or a combination of Type I and II collagens
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(Miller, 1978). The major constitution of the a¡ticula¡ disc is of a dense, packed

fibrocartilagenous network of type I collagen fibres that su¡¡ounds chondrocyte-like cells

and their matrices (MiUs ¿t al., 1988; Yasui and Nimni, 1988). Hirschmann and

Shutdewonh (1976) also described the pattem of collagen distribution in the a¡ticula¡ disc

as represented by its densely packed fibrils in a well defined band, which is characteristic

of that of type I collagen. Collagen comprises about 837o of the dry weight of the anicula¡

disc extracted f¡om bovine subjects (Nakano and Scott, 1989). Similar rissue such as the

intervertebral disc has been defined as a composite structue in which a gel-like nucleus

pulposus of type II collagen is contained within the concentric fibrous lamellae of the

annulus fibrosus (Baer et a1.,1988). However, the wall of the annulus is also composed of

collagen type I fibers whose morphology is sirnilar to that of the tendon (Baer ¿l ¿/., 1988).

The fib¡ocartilage of the annulus fibrosus was shown to contain both type I and type II

collagens (for review see Miller, i978).

In cartilage, collagen comprises 50Vo to 80Vo of the dry weight or 20Vo of the wet

weight as compared with the meniscus, where collagen comprises up to 90Vo of the dry

weighr or 20Vo to 25Vo oî the wet weight (Myers ør a/., i988).
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4 " worrnat nevetopmen
Tissue

The differences in functional requi¡ements of different stages in life could account

for major compositional changes closely related to maturity. Compositional changes could

be a more appropriate criteria of development or aging. As Thonar and Kuettner (1987)

pointed out, not all age-related cha:rges would play causative roles in the development of a

functional impairment.

Some of the age-related changes in cartilage have been related to the regimen of load

and stress applied to the a¡ticula¡ cartilage surface of a joint (Thonar et at., 1978). Even

though, the changes may reflect alterations of the level of synthesis of macromolecules that

constitute the extracellular matrix, it has been suggested that some of the changes may

result in modifications of these macromolecules (Thonar and Kuettner, 1987). The

alte¡ations in the net quantity of PG and their structure may either be the result of an

increased catabolism o¡ of a decrease in synthesis (Frazen, 1984).

4,I. Normal Development of GAGs and Collagen

The distribution of GAGs depends on age or degree of matrration (Lemperg et al.,

7974). There is some conrroversy regarding the concenrrations of individual GAGs.

Kaplan and Meyer (1959) reported an increase in KS associated \ryith the decrease in

concenEation of CS. On the other hand, Bollet and Nance (i966) noted no change with

age. According to Roughley el a/. (i981), PG monomer subunit and its CS decrease, while

the KS, oligosaccharide and protein contents increase. There seems to be a trend towards

an inc¡ease in the ratio of KS to glycoproteins and a decrease in CS (Kaplan and Meyer,

1959; Rosemberg et al., 1965; Bjelle et al., 1972; Hjertquist and Lemperg, 1972), an

increase in KS a¡d/or FIA (Bayliss and Ali, 1978; Bayliss and Ali, 1981) in the aging
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p¡ocess. After development the changes in GAGs are much slower a¡d most of GAG

molecules seem to stabilize (Camey and Mui¡, 1988), but it seems that the nonnal aged

canilage lacks the ability to bind to HA. PGs may not lose rheir ability to aggregate with

HA, which causes a decrease in extractability of PG with age (Bayliss and Ali, 1978,

Saamanen, 1984). Also, the age-related change parameters are not supposed to be

influenced by the degree of weight bearing in cartilage (Roughley et al., 1981).

Collagen fibril diamete¡ has been shown ro increase with age (Parry and Craig,

1988). Although, there is a relative variability of changes from collagen of diffe¡ent human

tissues and dono¡ animals, the type I collagen fibers remain relatively constant as the larger

fibers, while the smaller fibe¡s or collagen type Itr fibers tend to increase slightly (-uder et

al., L988).In fetal o¡ immature connective tissues, collagen is present in small and very

widespread bundles with relatively constant diamerer collagen fibrils (Parry and Craig,

1988). With advancing age, the pattem of collagen shows a more strictly organized

structu¡e with an increased amount of inter- and intra-molecular cross-links (Viidik, 1980).

ln cartilage, the collagen content progressively increases in the developmental phase

undergoing considerable organization to become in later stages a relatively inert fibrilar

network (McDevitt, 1973). The rario of PG/collagen decreases with maturation and age,

due mainly to an increase in collagen content (Saamanen et al., 1987). Collagen chemical

properties change with age. While soluble collagen tends to decrease, the amount of

insoluble collagen becomes increased (Nimni and Harkness, 1988). The process of normal

degradation is by itself a non-dependent age phenomena (Nimni and Harkness, 1988).

4 .2, Normal Mechanical Stress in Connective Tissue

Connective tissue which is subjected to pressure and shea¡ forces tend to develop

into a fibroca¡tilagenous tissue (Remagen and Morscher, 1984; Daniel and Mills, 1988).
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Nume¡ous stress analyses indicated that the stress history plays an important role in

controlling connective tissue biology (Caner, 1987).

In connective tissue, the ability to absorb the high loads takes place through the

¡etention and diffusion of water and is particularly related to PG and GAG molecules

(Myers and Mow, 1980). The amount of srress in which the chondrocytes are subjected to

regulates the synthesis and degradation of these components (Lohmander, 1988). As

reponed by Scon et al. (1989), the type, concentration and distribution of PG complexes

reflect the load regimen that the tissue is exposed ln vjvo.

There have been a number of studies of response of cartilage to mechanical load

and othe¡ aspects of its metabolism in tissue culture (De Witt et al., 1984). Most of the

works used isolated cultured chondrocytes from epiphyseal cartilage, focusing on the

changes of Ca** uptake and cyclic AMP levels (Rodan er al., 79i5: Y eldhuijzen et al.,

1979) and in rhe increase of l3H]-thymidine, [3sS]-sulphate and [3H] -glucosamine

incorporation (Van Kampen and Veldhuijzen, 1982; DeWitt et a1.,7984, Copray et at.,

1985; Veldhuijzen et al., 1985; Van Kampen et al., 1985; Saamanen et al., 1987).

Chondrocytes cultured in yito for up to 24 hours under continuous ioad showed an

increase in the incorporation of [35S]-sulphate and [3H]-glucosamine into GAGs and the

size of the PGs synthesized appeared to be slightly larger @e Witt e t al., 1984). According

to De Witt et al. (1,984), under the influence of the compression of the collagen network,

the chondrocytes would respond the same way as if compressed directly. Intermittent

compressive force applied for the same period of time described above (24 hours) in vitro

similarly resulted in increased PG synthesis and increased non-extractable PG component

which are finnJy anchored in the matrix ffan Kampen et al., 1985; Saama¡en et al,,l9B7).

This means that intermittent force improves the aggregating capacity of pGs and its

coherence capacity with othe¡ matrix components. The entrapment ofPGs in the collagen

network certainly plays a role, once more PGs were extracted when the tissue was minced
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before the extraction. Maaix production is enhanced in the initial response of the repetitive

a¡ticula¡ t¡auma which describes intermirtent type of force (Muir, 1977). Studies of

mechanical stress in condylar cuÎilage in vitro show that small loads may reflect alterations

that are not seen in cartilages subjected to higher forces (Thomas et al., 1984). In vivo

studies of cartilage show that there seems to be only a modest loss of GAGs and pGs as

compared with degenerated tissue (Sin et al.,1984).

The synthesis of GAGs and PGs also increased in tendons cultu¡ed in vitro wirh

mechanical load. Longer periods of load increase the synthesis of GAGs while shorter

periods stimulate DNA synthesis (Slack and Flinr, 1984). Although, the synthesis of

GAGs seems to increase in specimens with the application of mechanical stress, it will

return to its control level when the absence of pressure on the matrix is restored

(Schneiderman et al., 1985). The distribution of PG in tendon varies according to rhe

distribution of forces in the tissue. In parts of the bovine flexor tendon subjected to

tensional forces, PG molecules a¡e formed mostly by small DS chains (Vogel and

Heinegard, 1985), while in zones subjected to both compressive and tensional forces the¡e

is a considerable increase in large CS that have the ability to bind to HA (Vogel and

Heinegard, 1985; Vogel et al., 1986).In the fibrous proximal ponion of rhe bovine tendon,

the predominant PG was a small DS containing molecule, that comprised more than 887o of

the lotal PGs extracted, while the minor reporred was a CS-PG (Vogel and Heinegard,

198s).

4.2. 1. Health and Disease in Connective Tissue

PGs a¡e found in most of the matrices of all tissues providing not only support for

cells and tissue turgor but also participating as mediators of many events that cha¡acterize a

variety of diseases (Wight and Mechan, 1987). Degeneration particularly in cartilage,
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results initially in an increased r.vater content without any significant increase in the PG

content (Mankin and Lipiello, 1970). In general, collagen srabiliry is not as markedly

affected by pathological conditions as compared with PG complexes (McDevitt, 1973).

Ma¡oudas (1981) reported that a damaged collagen netwo¡k is often related to the basis of

cartilage degeneration and PG breakdown.

Abnormal mechanical stress in connective tissue may be responsible for

degenerations such as osteoa¡thritis in joint tissues (McDevitt, 1973). Osteoarthritis is a

very common joi¡t disease that is produced from va¡ious conditions, including injuries and

diverse pathogenic mechanisms. This alteration is often related to the aging process, where

the amount of physical stresses, generated by both weight bearing and muscle pull tends to

be transfo¡med by other factors or pathological conditions (McDevitt, 1973). In

osteoarthritis, the balance between destruction and repair determines whether or not the

changes are progressive (Ihonar and Kuettner, i987). Osteoa¡h¡itic canilage shows a less

stiff and weaker structure than the normal cartilage (Kempson et al., 1972) which is due to

the loss of GAGs, especially CS a¡d KS, which has a greater influence on the sriffness

component of cartilage (Kempson et a1.,7970). The meniscus of the knee in studies of

experimental osteoarthrosis in dogs, which were subjected to increased joint loadings,

showed an increased proportion of CuS in the cenral portion, a¡d HA in the lateral portion.

The changes observed differ from those of cartilage, suggesting that some degree of

meniscus repair may occur (Adams et al., 1981). The osteoa¡thritic canilage also has a

reduced capacity to resist water loss under a given applied pressure than normal cartilage.

As contradictory as it may seem, this is not due to a change in the quality of the pGs but to

a dec¡eased fixed charge (Maroudas et al., 1985). There have been suggestions that

senescence chondrocytes synthesize a PG that is less able to structure water that ¡esults in

tissue fragmentation such as in osteoa¡thritis (Ihonar and Kuettner, 1987).
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Cartilage loading has also been studied in thejoint tissues. The understanding of the

natu¡e of the phatological processes in thejoint is partialy dependent on the assessment of

the regulatory factors that maintain or restore a steady state metabolism ofpGs in cartilage

(Morales and Roberts, 1988). Generally, the proportion of GAGs and pGs tends to

increase in joints subjected to heavy weight bearing experiments (see saamanen, 19g9).

The aggregation of PGs in canilage may also be influenced by the mechanical stress. It

appears that PG aggregation is an irreversible process, and the tumover will either occur by

protetolytic attack (Hardinghøm,1979) or may be a result of an extemal mechanical stress.

saamanen (1989) reviwed the effects of running exe¡cise on the proportion of pGs a¡d

GAGs in the load bearing joints. Intensive exercise increase the percentage of pGs, as

compared to strenuous exercise that leads to injuries with an increase in cartilage fibrilation

and ¡eduction of PG content, PC aggregation a¡d PG size.

Pathologic mechanical stress may act similarly to joint immobilization. Joint motion

is fundamental for the integrity of the arricular cartilage, however, as palmoski ¿¡ ø/. (19g0)

observed in the knee aniculation, the absence of loading will lead to similar changes than

those of created in immobilized joint. systematic joint immobilization is associated wirh

signs of osteoarthrosis, cartilage surface defects (saamanen, 19g9) and degenerative

disease, such as massive intra-articul adhesions, cystis degeneration and possibly joint

fusion (Behrens et al., 1989). Among the alterations in the articular cartilage, the¡e is a

general decrease in the amount of uronic acid and an accumulation of water (saamanen,

1989). Studies in joint f,rxation have been divided due to the time thejoint is immobilized.

short term fixation does not have significant alterations for the most time @nneking and

Horowitz, 1972; Palmoski et al., 1979) as compared to long term fixation that generally

c¡eates an i¡reve¡sible alteration (Palmoski et al., 7979; Tammi et al., 19g3; Behrens et a/.,

1989). There is a va¡iation according to the type of fixation used and the species and age of

the animals used in the experimenrations (Langenskiold, 1979; Tammi et al., I9g7).In

36



partially immobilized joints, a decrease in the dry weight has been reponed @ehrens et a/.,

1989), mostly due to a decrease in the amount of PGs counteracted by a¡ incease in water

content. However, this type of fixation allowed a complete recovery of the normal joint

metablism as compared to externally fìxed joints that continued to deteriorate. Partially

immobilized joints also showed a slightly reduced than normal PG-HA binding (Saamanen

et al., 1987). Other investigators have observed that rhe PG synthesis is ¡educed in

immobilized joints a¡d fails to aggregate \ryith FIA (Palmoski et al., 1979; Pa-lmoski ¿¡ a/.,

1980; Tammi et al., 1983; Saamanen et al., 1987). Comparatively, the conralateral joints

that \,vere not subjected to fixation, were exposed to an increased load regimen and the

consequences were, for the most time, an increase in the hexuronate content and PG

synthesis @e witt et a1.,1984; Saamanen et al.,1987; Beh¡ens et a1.,7989). Joint fixation

suppons the hypothesis that few PG remain in the matrix if they are not able to form stable

aggregate complexes (Sandy et a1.,1978; Ratcliff er al.,1986¡' Beh¡ens et a1.,I999).These

results demonstrate that the constant sress applied in this experiment may be the initial

søge of molecula¡ breakdown in the articula¡ disc.

The correlation between mechanical force, organization and distribution of PGs and

collagen fibers is very important for normal equilibrium of the articular disc function. This

relationship is cha¡acteristically altered in cases of human disc displacement (Scapino,

1983; Blaustein and Scapino, 1986). Displacement of the disc resulted in extensive

collagen fiber remodelling and decreased GAG staining. The artificially created

envi¡onment of abnormal mechanical pressure causes the a¡ticula¡ disc to respond with an

intemal reorganization and biochemical changes to adapt to the new function (lvfulls et at.,

1988). Similarly, the posterior attachment of the disc ¡evealed fibrosis as a remodeling

effect caused by the abnormal compressive loading of the condyle (Scapino, 1983). The

same a-reas also had some evidence of hyalinization with the presence of some cartilage
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cells (Hall et al., 1984; Isberg and Isacsson, 1986) which were also scattered throughout

the tissue (Carlsson et al., 1968),

There seems to be a normal function of repair in long term organ culture, however,

the loss of PGs that fails to agg¡egate is not ¡ecovered (Verbruggen et al.,1985). This was

demonsÍated in the inc¡eased synthesis of GAGs in laree cartilage in vitro, which can then

be interpreted as a repair mechanism (Luyten er ø/., 1987). Although, the effect of repair in

cartilage can be enhanced by the application of passive motion (Shimizu et al., 1987),

studies i¿ viyo showed that repair tissue is of poor mechanical quality that does not

contribute appreciably to weight bearing (Nelson et a!., 1988). In cartilage from

osteoarthdtic joinß may not accumulate PG synthesis as evidenced by radioisotope studies,

which can be considered as a failure to repair (Luyten et a1.,1987).

Mechanical stress forces have been proven to enhance the strength ofwounds (eg.

ligaments and tendons) (Urschel et a\.,1988). This enhancement may also be the result of

an increased motion-induced enhancement of cellular nutrition (Gelberman et al., 7987).

This effect is also beneficial in wound healing of bone fracrures (Urschel et al., 1988) as

has also been described by Goodship and Kenwright (1985), who looked at the srimularion

of osteogenesis in bones subjected to intermittent forces. Although stresses are known to

influence the \tround tissue, the cells f¡om these tissues show distinct phenotypic

characteristics which do not seem to be the result of the environmental influences on the

cells @ronson et al., 1989).
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5. .I¿ Vi¡r¿ Organ Culture for the Study of the Articular Disç

Connective tissue matrix has been extensively studied. The early approaches to

explain the various components of this biological phenomena, ildependent of the animal

studied, presented the inherited variability of results that could not be "individually"

observed without the multifactorial relationship in the i¡¡ uívo experiment. Such limitation

of contolling all the in vivo factors, gave raise to more developed techniques, that were

able to isolate pans of the tissue (or explants) to be analyzed independent of the interference

of extemal factors that otherwise could account for the variability observed. These methods

we¡e denominatú; ln vitro.

With in vitro techniques or also called organ culture techniques, it is possible to

develop a more consistent experimentâl model for the testing of i¿ vívo theories. Aithough,

there is a vast applicability for in virra experiments, it is fundamental to determine wether or

not the changes observed in vito rcflect what is observed in vivo, and not only an anifact

caused by the procedures involved. From the original studies (for review see yen, 197g),

there has been a considerable amount of wo¡k in this field to establish vâriables such as the

medium necessary to maintain the viability of the tissue and the oxygen concentration to

which the culture is exposed.

To date, one of the best culture systems is that described by Troweil (1959), due to

its economy and efficiency. The use of the Trowell type organ culture dishes and the

establishment of a balanced conrinuous flow of oxygen (954a) nd carbon dioxide (5zo)

mixture by Yen and Melcher (1978) has created a consistent and reliable orga:r culture

technique for the study of different types of connective tissues, including periodontium

(Yen, 1978), interparietal surures (Yen et al., 1984) ard temporomandibular disc (yen er

al., 1989: Canalho et ø1., 1990).
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5. 1 . Molecular Turnover in Organ Culture

Organ culture can be used to study the various components of a particular tissue

under analysis. It is not intention of this review to deal with all the va¡iables that normally

would account for the connective tissue explant tumover, in this case. Therefore, only

collagen and PGs will be briefly described.

In organ culture, steady states of PG turnover have been reported after 5 days

(Hascall et al., 1983; Cømpbell et a1.,1989). However, the information abour rhe turnover

of PGs in organ culture is not very clear. The initial event in normal PG turnover is the

cleavage of the protein core between the binding region and the CS/KS chains of the

molecule. This constitutes a main step, once the survival of the PG in the ext¡acellular

matrix is limited, as it separates form the part that maintains the molecule attached in a¡r

aggregate form (Hardingham, i986). PG tumover was esrimated for cartilage as a fast

mechanism in young animals, varying from 5 to 10 days, and as a slow mechanism for

mature anima.ls, varying from 100 to 300 days (Maroudas, 1979; Hardingham et al.,l9ï4).

Collagen normal tumover in adult tissues is thought to be normally very slow

(Alberts et al., 1989). Collagen turnover is assessed by the analysis of hyp synthesis and

by the measurement of the activity of specific enzymes, such as proline and lysil

hydroxylases (Nimni and Harkness, 1988). The time required for the synthesis of a

complete c-chain was reported to be around 6.7 minutes Q.{imni and Harkness, i988).

5.2, Interaction between Collagen and Proteoglycans In Vítro

PG complexes do not exist in vivo as separate entities (Bartold, 1987). There is a

complex series of interactions that involve not only carbohyd¡ate chain-chain interaction but

also PG and cell surface, PG with HA a¡d PG with collagen, among orhers. Although, the

relationships among all PG interacions must be oorrelated, a more detailed description of
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all facto¡s will not be included in the present review. However, since PG and collagen are

the major components of connective tissue (McDevitt, i 973), thei¡ interaction seems to be

essential for a detailed understanding of both structu¡es.

The stability of the matrix and of the physico-chemical and mechanical properties

of cartilage depend of the maintenance of the integrity of the collagen network and the

immobilization of the PG-complex aggregates (Stockwell, 1979). The specific mechanisms

of the PG-collagen interactions may involve electrostatic forces (Muir and Hardingham,

1975, Obrink et al., 197 5) and forces thar are originared from the binding of the GAG's

acidic groups and the basic amino groups of collagen (Montes and Junqueira, 1988).

According to obrink (1974), sulphated GAGs formed electrostatic complexes with collagen

under physiologic conditions, while HA and collagen interacted by steric exclusion.

Possibly, PGs may also be associated with collagen indirectly via non-collagenous proteins

or glycoproteins (Stockwell, 1979).

In vítro expenments have greatly clarified collagen-PG interaction. However,

aqueous solutions ín vitro show fundamental diffe¡ences between those of functioning

tissues (Scott, 1986). The orientation of the ropocollagen molecules in vivo align to

produce fibers in a way that excludes PGs once they utilize an increased number of binding

sites which might otherwise associate with PGs demonstrating in vítro a fictitious pattem

Studies have shown that the small DS-PG has the unique capacity to inhibit the

development of collagen fibrils i¿ vitro (Y ogel et al., l9B4), and that collagen fibrils

formed in the presence of PGs are thinner (Vogel and rrotter, 1987) and at reduced rate

(Oegama et a|.,1,975) than those of formed in the absence of PGs.
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STATEMENT OF THE PROBLEM

In the incidence of non-inflamatory derangement in temporomandibular joints the

anicula¡ disc is mainly responsible for the signs and symptoms in the joint (Solberg, 1986;

BeIl, 1990). Although the temporomanibular disc is probably affected directly by

mechanical articulating forces, the basic disc mechanical properties and the biological

activities that determine these properties are poorly understood.

Due to the fast growth and remodeling of the TMI area, t¡e assessment of the

collagen synthesis may elucidate the metabolic state and change in cellular activity in

remodeling tissues (Bomstein and Sage, 1980; Gage et al., 1.990) while the analysis of

GAG complexes may clarify the role of the mechanical stimulations to the integrity and

funcrion of the a¡ticular disc.

Therefore, the purposes of this study are:

l. To study the synthesis of collagen in vi¡ro from the normal development of articula¡

disc of both mouse and rat. Collagen synthesis and distribution was determined in

animals of different ages in order to establish the profile of maturation of articula¡

disc development by monitoring type Itr collagen (Chapter Itr).

To determine the synthesis of newly-synthesized GAG molecules in vitro in the

normal development of the tat articula¡ disc (Chapter IV). These experiments were

used to determine the pattern of GAG changes and ultimately to estimate the most

suitable age periods for mecha¡ical stimulation.

To compare the synthesis of GAGs in the rat a¡ticular disc between animals of

selected ages using different regimens of mechanical stress in vitro (Chapter V).

The a¡ticula¡ disc behaviou¡ in such experiments may indicate a pattem of alteration

7

3.
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that will help to determine the modulation of cellular activity during the stages of

disc development.
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Chapter THREE

Effect of Age in Collagen

Synthesis In Vitro :

In Rat and Mouse



SUMMARY

Four Sprague Dawley rats were divided into two different age groups of 3, 4, 5, 6,

7, 8 and 9 and 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5 and 8 weeks, and received rhe

application of [3FIl-proline to determine the radioautog¡aphical distribution of silver grains

of collagen synthesis and [1aC]-glycine respectively to determine the pattern of proponion

of newly-synthesized type Itr collagen. The synthesis and distribution of collagen was also

characterized for the Swiss-Webster mouse articular disc in vítro. The explants from

animals aged 3, 4, 5, 6,7, 8 and 9 weeks were culrured for a period of 4 hours using [3Hl-

proline and animals aged 3, 4, 5, 6,7 , 8, 9, 10, i 1, 12 and 13 weeks were cultured with

[1aC]-g1ycine.

The purpose of this investigation was to compare the behaviour of the rat a¡ticula¡

disc with the mouse articula¡ disc that was subjected ro the same procedures. The pattem of

synthetic activity as demonstrated by the disposition of the silver grains showed to be very

similar in both rat and mouse, in which the articula¡ disc seemed to have an increased

pe¡centage of labeling in the anterior and medial bands as compared with the posterior

band, however, this must be confirmed by grain counting and statistical analysis. The

mouse articula¡ disc showed more labeling in the ventral region of the disc, but the same

feature could not be demonstrated in the rat disc.

The SDS-PAGE polyacrylamide gel electrophoresis and fluorographic

visualization of separated radio-labeled collagen bands determined that the highest

proportion of type III collagen was at 4 weeks of age for the mouse articul disc and

around 6 weeks of age for the rat disc. Thus, the analysis of the articula¡ disc from these

two different species demonstrated to be very simila¡, which is likely to be a reflection of

the pattern of mastication and overall functional muscle behaviour that is compa¡able for

both rat and mouse.
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INTRODUCTION

The derangement of the articular disc may be cause of many TMJ signs and

symptoms (Solberg, 1986; Beil, 1990). It has been suggested that predisposition of

derangement may be related to developmental problems of the articular disc (yen et al.,

19 89).

Among possible mechanisms the biochemical content of the anicula¡ disc may

provide information of the ability of discal tissues to resist derangement of perforation. The

latter is closely related to the regenerative capacity of the disc.as suggested by the variation

in fibril size of the collagen network, which is usually obsewable in either developing or

recently formed tissue @each et al., 1961; Ross et a1.,1967).

Despite that the articular disc has been extensively regarded as a very important

component of rMDs (solberg, 1986; Bell, 1990), to date little is known about the intrinsic

changes in the major structu¡al components of the disc. collagen, among other connective

tissue components, is an important structural protein of the disc, and the monitoring of

collagen formation due to normal development may clarify the behaviou¡ of the articula¡

disc during maturarion (cage et al., 1990). currently, the¡e is no data available on the

effect of age on the biochemical content of the articular disc.

In order to investigate TMJ normal structure, function and derangements, several

studies have been performed using a series of diffe¡ent species of animals such as rat

(Cabrini et a1.,7947; Cunat ¿, al., 1956: Frommer, 1966; Furstman, 1966; Koski, 1969;

Apleton, 1975; Perrovic et al, 1975; Katz et al., 1979; Buchner, 19g2; Koski, 19g2;

Petrovic et al., 1.983; Gazit et al., 1987; Kantomaa et at., lggg; Lekkas e¡ a/., 19gg),

mouse (l-evy, 1949; Frommer, 1964; Glasstone, 1971), guinea pigs (Silva, 1969), ¡abbits

(Barnett et al., 1963; Kantomaa, 1984a; Kantomaa, 1984b), monkeys (Cutler, 196g;

Zimmerman, i971; McNamara,7973; McNamara et al., 1974; McNamara et al., l9i5),

chick embryo (Murray, 1969), human fetus (Furstman, 1963; Van Dongen, 1977;.rÌ,/ong et
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al., 1985; Morimoto ¿¡¿l., 1987) and post morrem human material (Coleman et a1.,1955;

Oberg, 1971; Obery, 7973; Carlsson et al., 1974; Hansson et at., 197 6; Hellsing et al.,

1985). However, the big concern in animal research is to extrapolate these results to the

human subjects. McNama¡a (1975) has suggested the releva¡ce of the relationship between

experimental studies in rats a¡d monkeys compared to human in clinical orthodontics. In

addition, the induction of structural adaptation in the temporomandibular joint has been

reported in experimental studies of young rats (Petrovic et a1.,1975) and monkeys (stockli

et al., l97l; McNamara et al., 1975), as a response to altered funcfion. This suggests the

logic of considering that the same response may occur il man, since there is the evidence of

similar responses in both different labo¡atory animals (McNamara et al., 1975) with

ma¡ked differences in craniofacial anatomy (Angel, 1948; Zimmerman, 1971; McNamara er

al.' 197 4).It has been suggested that the histologic findings of such experimental animals

in both in vivo and in vi¡r¿ studies may be applicable to the human subjects. This is mainly

true for biological studies in which different experimental animals a¡e used.

The present study has focused on the histological evaluation ofcollagen distribution

in the articula¡ disc from rats and mouse and its changes due to normal development. The

a¡ticular disc was also studied biochemically by monitoring the changes in type III
collagen, to determine the pattern of disc maturation in order to establish baseline data for

funher study the effect of mechanical stress on the a¡ticular disc.
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MATERIALS & METHODS

1 . In Vitro Organ Cultures

The first part of this study selected Sprague-Dawley rats, i¡bred in our facility, that

were randornly divided in number of four for each of the following age groups: 3, 4, 5, 6,

7,8,9,10,11, 12 and 13 weeks of age for biochemical analysis and in age groups of 3, 4,

5, 6, 7, 8 and 9 weeks of age for histological analysis. The second pan of this study

selected swiss-webster white mice, inbread in our facility, that were randomly divided in

the numb€r of four foreach of the following age groups: 3,3,5, 4,4.5, 5, 5.5, 6, 6.5,7 ,

7.5, 8, 8.5 and 9 weeks of age for biochemical analysis and in age groups of 3, 4, 5, 6, 7 ,

8 and 9 weeks of age for histological analysis. The animals were anaesthetized with ether

(Mallinckrodt Inc., Paris, Kentucky) and kilied by cervical dislocation. The articular d"isc

and attached ligaments from both joints of each animal were carefully dissected through a

late¡al incision to expose the disc/condyle complex following the removal of the masseter

muscle. The removal of the anicula¡ disc f¡om the head of the condyle was precisely done

so as to remove the disc and small portions of both retrodiscal tissue and superior head of

lateral-pterygoid muscle, which were important for the orientarion of the different bands of

the tissue in vi¡ro.

Each articula¡ disc was washed in Waymouth's medium (Waymouth's 75211,

Grand Isla¡d Biological co., Grand Island, New York) and placed on special stainless

steel grids (Falcon #3014, Becton, Dickinson and Co., Oxnard, California) at the

gas:medium interface in Trowell type (Trowell, 1959) organ culture dishes (60 x 16 mm,

Falcon #3037, Becton, Dickinson and co., cockeysville, Maryland) with a gas mixture of

95vo oxygen and 5va ca¡bon dioxide humidified by bubbling through distilled warer. Each

organ culture dish contained 1 ml of Waymouth,s medium (Waymouth, 1959)

supplemented with 300 trgnvml of ascorbic acid, 330 U/ml of penicillin, 0.75 ¡rglml
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amphotericin B and 330 pglml streptomycin and su¡rounded by srerile distiled water. The

dishes were cultured at 37oC in a humidiJied incubator.

For biochemical analysis, following t hour incubation, 20 pCVml of [raCl-glycine

(Amersham Corporarion, Oakville, Ontario) with specihc acriviry of 52.2 mCy'mmol was

added to the cultu¡e dishes. After 3 hou¡s of cultu¡e in the presence of the isotope, the

explants were removed and placed in 1.5 ml plastic tubes (Eppendorf tubes, Baxter/Canlab,

lvinnipeg, Manitoba) following the carefully wash with 0.5 ml of fresh culture medium to

remove free isotopes and frozen at - 20oC.

For histologicai analysis, immediately after dissection the explants were placed in

cuitu¡e with 10 ¡rCVml of [3H]-proline (Amersham Corporation, Oakville, Ontario) with

specific activity of 60 mcVmmol in each dish. After 4 hours in cultu¡e the explants were

removed and placed in 70Vo phosphate-buffered formalin containing 0.5Va of

cetylpyridinium chloride or cPC (sigma chemical co., Sr Louis, Missouri) for fixation of

the tissue.

2, Histological Procedures

The explants were fixed in 107o phosphate-buffered formalin containing 0.5Vo of

cetylpyridinium chloride or CPC (Sigma Chemical Co., St. Louis, Missouri) for 24 hours.

Following fixation each articula¡ disc and attached ligaments were oriented longitudinally in

the anteroposterior direction in orde¡ to embed in paraffin blocs (Fisher Scientific,

vy'innipeg, Manitoba). The paraffin blocs were serially sectioned at 5 lrm of thickness and

mounted on glass slides (Corning Glass Works, Corning, New york) using albumin

(Fisher scientific, winnipeg, Maniloba) as fixarive. Prepared slides were incubated in a

60oc oven for a minimum of 6 hours (to permanently fix the sections onto the glass slides

with the removal of the excess of paraffin) and allowed to cool at room temperature. Every
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fou¡h slide was stained with Alcian Blue 8GX OR @4allinckrodt Inc., pa¡is, Kentucþ) at

pH of 2.5 according ro the method of Læv and Spicer (1964) a¡d examined under the

photomicroscope (Zeiss, west Gemrany). Randomly selected adjacent unstained sections

were processed for radioautography by the technique of Kopriwa and tæblond (1962).

The selected slides we¡e dewaxed, dipped in Kodak NTB2 emulsion (Kodak

Canada Inc., Brampron, Ontario) and exposed in the dark at 4oC fo¡ 2g days. The

radioautographs were developed with Dektol (Kodak canada Inc., Brampton, ontario),

fixed with rapid fixer (Kodak canada Inc., Brampton, ontario) and stained through the

emulsion with Haematoxylin and Eosin (Fisher scientific, winnipeg, Manitoba). stained

radioautographs we¡e assembled with cover slips (corning, coming Glass works,

Coming, New York).

Photomicrographs we¡e taken of selected autoradiographs by using a 35 mm

Panatomic-X fìlm (Kodak canada Inc., Brampton, ontario) which were subsequently

developed using Microdol (Kodak canada Inc., Brampton, ontario). Black and white

prints were made on Kodak Polyconoast Rapid tr RC paper with an enlargement of 6.5 X

of the original magnification. Prints we¡e developed with Kodak Dektol and fixed with

Kodak Fixer.

3, Biochemical Procedures

3. 1 . Peosin Extraction of Newlv-Synthesized Soluble Collagen

The frozen samples were allowed to thaw and therefore proceed to limited pepsin

digestion of each explant in orde¡ to solubilize the radio-labeled newly-synthesized

collagen. ln frst place, individual samples were digested wirh l ml of crystallized pepsin (2

X crystallized, Sigma chemical co., st. Louis, Missouri) solution of 0.lmg/rnl of pepsin

in 0.5 N acetic acid (sigma chemical co., st. Louis, Missouri) at 16oc for 12 hours. After
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the first digestion, the samples were centrifuged (Fisher Scientific Microcentrifuge Model

2354, Winnipeg, Manitoba), the supernatants were removed and the pellets were re-

digested with 0.5 mls of the same pepsin solution. Afte¡ 4 hours the samples were

centrifuged again and the supematants were pooled together with the initial exracts. The

pellets were washed with 0.5 mls of 0.5 N acetic acid and re-centrifuged. The final extract

was added to the previous digestions up to a volume of 2 mls and mixed thoroughly.

The mixtu¡e co¡responding to each sample was dialyzed (Spectra,/Por Membranes,

Spectrum Medical Institutes Inc., [.os Angeles, Califomia) against 0.1 N acetic acid for 2

days at 4oC. Following dialysis from each sample 100 ¡rl was removed and placed in mini-

scintilation vials with 5 m1s of scintillation cocktait (Aquasol, New England Nuclear,

Boston, Massachussets) and counted for ¡laCl in a liquid scintillation counter (Nuclear

Chicago Isocap 300, Searle Instrumentation, Toronto, Ontario). The remaining of the

samples were frozen at - 80oC and lyophilized for 24 hrs (-abconco Model Freeze-dryer 3)

at - 50oC in preparation for gel electrophoresis.

3.2. Separation and Ouantitation of Collagen a-chains

Collagen and procollagen cx,-chains were separated by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) on 20 cm slab gels to allow the analysis

of type III collagen. The method used was a modification of the original method by

Laemmli (i970) in which a delayed reduction srep was introduced using 7.57o cross-linked

separating gel, a 2.5Vo stacking gel and tris/glycine buffers (Bio-Rad Laborato¡ies,

Richmond, Virginia). Type I and III collagen s-chains were separated using the intemrpted

electrophoresis method of Sykes et al. (197 6).

Freeze-d¡ied samples were dissolved in 70 pl of reservoir buffer containing 2 M

ureù,2Vo SDS and 0.17o bromophenol blue (tracking dye) and were heated at 60oC for 30

minutes to denature the collagen. Samples were introduced to úe sample wells of the
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electrophoresis apparatus (Bio-Rad Laboratories Model Mini Protean II, Mississauga,

Ontario) and electrophoresis was performed at 130 volts unde¡ non-reducing conditions.

After t how, the samples were reduced by the addition of 20Va þ-mercapto€rha¡ol (Sigma

Chemical Co., St. Louis, Missouri) ro the sample wells to allow type III e-chains to

penetrate the gel. After 60 minutes of reduction, electrophoresis was resumed at 24 mNgel

until the tracking dye reached the base of the gel.

Fluorographic visualization of separated radio-labeled collagen bands in each gel

was performed by the dehydration with two washes of dimethyl sulfoxide (Fisher

Scientific, Fai¡ Lawn, New Jersey) and impregnated with 2,5-diphenyloxazole/dimethyl

sulfoxide @upont-New England Nuclear, Boston, Massachussets) as described by Bonner

and Laskey (L974). The gels were then placed on filter paper (Bio-Rad Laboratories,

Richmond, Virginia), dried on a slab drier @io-Rad Laboratories, Richmond, Califomia)

ard exposed to Kodak XRP- 1 x-ray fiLns (Kodak Canada hc., Toronro, Ontario) at - 80oC

for varying periods of time as indicated by the scintillation counts of the samples.

Individual tracks conesponding to one sample from the developed fluorographs

we¡e scanned at 550 nm with a spectrophotometer @io-Rad Laboratories Model 620 Video

Densitometer, Matsushita Electric Industrial Co. Ltd, Japan). The proporrions of type III
o-chains relative to the total of type I and type Itr ø-chains were calculated from integrator

(Bio-Rad Laboratories Model 33924 Integrator, Richmond, Califomia) readings. Finally,

the values obtained for the collagen ratios across age were subjected to statistical analysis

using a one-way analysis of variance with Tukey's multiple multiple comparison test.
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4. Study of Mandibular Growth

Thiny Sprague-Dawley male rats, inbred in our facility, were randomly divided in

number of three for each of the following age groups: 3, 4, 5,6,7, 8, 9, 10, 11 and 12

weeks of age. The animals we¡e anaesthetized with ether (Mallinckrodt Inc., paris,

Kentucky) and killed by cervical dislocation. The mandible was removed and measured

with precision calipers (Staedtler, West Germany) to reco¡d the normal growth for lhe

following dimensions: 1) Mandibular længht (ML), taken from the posterior border of the

condyle to the dento-alveolar-bone junction of the incisor; 2) Condylar Length (CL), taken

f¡om the most anterior to the most posterior point in the mandibular condyle and 3)

Condylar Width (CW), raken from rhe most lateral points in the mandibular condyle, as

shown in Appendix K, Figure K-1 (Bouvier andZimny,1987; Bouvier, 1988).
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RESULTS

The a¡ticular disc was well developed by 3 weeks of age. The silver grain

distribution of [3H]-proline labelling showed that the articular disc of borh mouse and ¡ar

have similar pattems of protein synthesis, as evidenced by the increased concentration of

labeiing i¡ the anterior and medial bands respectively (Figures III-1 to Itr-8), however, rhis

information has to be confrmed by grain counting and statistical evaluation. The amount of

collagen synthesis was demonstrated in the mouse a¡ticula¡ disc as well as the rat articula¡

disc (Figures trI-1 to III-8) as evidenced by ttre labeling of [3FIl-proline.

The percentage of type III collagen that incorporated [laC1-glycine in the mouse

disc showed to increase significantly at 4 weeks of age and persisted at a high ratio after

that age (Figure III-9), as shown by ANOVA analysis which compared the percentage of

type III collagen to the different age groups for both rat and mouse. The proportion of

newly-synthesized type trI collagen in the rat articular disc increased from 3 to 6 weeks of

age and peaked at7 and I weeks of age, decreasing after that, however, the mouse d.isc had

an increased percentage of type III as compared with the rat anicula¡ disc (Figure III-10).

on the other hand the rat disc did not show any significant age variation using the same

statistical analysis. The percentage of type Itr collagen from the mouse a¡d rat articula¡ disc

was summarized in table Itr-I.

Type trI collagen in the rat articula¡ disc was compared with the velocity cuwe of

the gowth of the mardible ând the¡e seems to be a conelation between mandibular growth

and collagen synthesis, since both yielded a similar pattern of growth up to the gth week of

life, when collagen decreases steadily (Figure ltr-l 1).
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Figure Itr-i: Radioautograph of c¡oss-section of the rat temporomandibular disc. Donor
age is 5 weeks. Explant cultured in vitro. Legeids are: A = anterior band, M
= medial band and p = posterior band. Haematoxylin and Eosin. X 12

Figure III-2: Radioautograph of cross-section of the mouse temporomandibular disc.
Donor age_is 5 weeks. Explant cultured in vitro. The legends are the same
as Figure III-1. Haematoxylin and Eosin. X 12
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Figure III-3: Magnification of rhe anterior band of the rat disc delineared by the single
a¡¡ows in Figure trI-l. X 205

Figure Itr-4: Magnifica_tijn of the medial band of the ¡at disc delineated by double arrows
in Figure Itr-1. X 205

Figure Itr-5: Magnification of the_posterior band of the rar disc delineated by the triple
a¡rows i¡ Figure trl-1. X 205
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Figure ltr-6: Magnifrcation of the anterior ba¡d of the mouse disc deli¡eated by the single
a¡rows in Figure III-2. Note that the proportion in labeling wai simila¡ to
the ante¡ior band of rhe rat disc. X 205

Figure III-7: Magnification of the medial band of the mouse disc delineated bv double
arrows in Figure lll-2. Similarly, the medial band of the moi¡se disc
appeared proportionally correspondent to that of the rat disc. X 205

Figure III-8: Magnification of the posterior band of the mouse disc delineated by the
triple arrovs in Figure III-2. Nore that there is a proponionally reduced
amount of silver grains in the posterior band of thé móuse disc ãs well as
that of the rat. X 205
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Figure Itr-9: Graph showing the percentage of type III collagen distribution in the rat
a¡ticula¡ disc as a ¡esult of normal devèlopment.

Figure trI-10: Graph showing rhe percentage of type III collagen distribution in rhe ¡at
a¡icula¡ disc compared to the mou'se articular ãisc as a result of normal
development.

Figure trI-li: Graph showing the percenrage of type IrI collagen distribution in the ¡at
a¡ticula¡ disc as a ¡esult of normal devèlopment añd the velocity curve of the
rat mandibula¡ growth. Note that dre collagen synthesis seemíto follow the
apparent peak of mandibular growth spun at 7 weeks of age.

Table Itr-I: Table of the percentage of type III collagen distribution in the rat a¡ticular
disc and i¡ the mouse articula¡ disc as a ¡èsult of normal development.
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DISCUSSION

The limited understanding of the pathological changes thar take place in the

temporomandibular joint has yielded a great deal of work to cha¡acterize the factors that

play a role in such functional alterations. To date, the anicular disc or meniscus articularis

has been regarded as one of the main factors that contribute to the establishment of

dysfunctions in abnormal temporomandibular joints (Bell, 1990). The articula¡ disc is a

biconcave structure that covers the head of the mandibular condyle and that is mainly

formed by bundles of type I collagen fibers (Gage et at,, 1,990), wirh a scattered

distribution of chondrocytes (silva, 1969), which have been defined as fibrochondrocytes

(Webber et al., 1985), and a¡e embeded in a PG matrix (Hardingham, 1979; Gage et at.,

1990). Due to the characteristics of the tissue, anicular disc as a fybrochondrocytic

structure has a potential capacity for adaptation and remodelling when subjected to altered

functional demands.

The fibrous structu¡e of the disc ¡esembles rhat of a elongated structure with a

compact distribution of hbers along the longitudional axis that are mainly composed of type

I collagen. This inherited characteristic gives the disc a high degree of resistance to

tensional forces, however, the presence of type trI collagen, which is typically found in

connective tissues that are more distensible (Bomstein and Sage, 1980; Gage et al., 1990),

may account for the stretching and degeneration of the articula¡ disc sructure. Type III

collagen is present in high proponions in newly-formed tissue or in areas with increased

cellular activity, a¡d the¡efo¡e establishes a pattem of remodellìng and degree of maturation

of the tissue studied (Bornstein and sage, 1980). The cha¡acteristics of the articular disc

clearly demonstrate that type III collagen forms an interaction with type I collagen, that can

vary through age and skeletal development.

Due to the limited data of the effect of age on the collagen synthesis from the

articular disc, a series of experiments we¡e undertaken to evaluate the paftem of adaptation,
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that the articular disc may undergo due to normal development as evidenced by the

assessment of the protein synthetic activity, both histologically and biochemically. In this

chapter, the a¡ticula¡ disc from the albino rat was analyzed for the distribution of collagen

synthesis and the proportion of type III collagen synrhesized in different ages and

compared with the articular disc in the swiss mouse using the same experiments to evaluate

the degree of comparison that the protein synthesis may be subjected to and if both animal

models can be related.

The monitoring of collagen formation due to normal development may clarify the

behaviour of the articula¡ disc. The observations in the mouse a¡icula¡ disc seemed to be

very comparable with the same results in the rat. The assessment of the silver grains

distribution revealed rhar rhe anterior and medial areas disposed longitud.inally in the

a¡ticular disc presenred the most relevant amount of labeling as compared to the posterior

area, for both the rat and the mouse, however, this information must be confirmed by silver

grain-counting and statistical evaluation. It seems that the functional demands for both

species are very simmilar and despite the proportional increased concentration of silver

grains in the rat disc, both models can be used interchangeably.

Type III s-chains appeared more concentrated in the mouse disc as compared to

the ¡at disc. The fast increase of type trI collagen synthesis in the ¡at seemed to be slightly

earlier than that of the mouse (Figure III-11), however, the curve of synthesis for both

animals remained high up ro 8 weeks of age.

The normal development of soft tissue structures does not seem to follow the same

pattem than that of calcified structures. The rate of bone growth appears highly increased

during the second and third weeks of life, decreasing rapidly after that (Massler and

schour, 1951). Although, it is speculative to affi¡m such differences since the proporrion

of type III collagen did not show significant cor¡elation with age, the pattern of changes

seems to reflect the remodeling capacity of the TMJ in rats (cunat ¿r al., 1956). The factors
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and control mechanisms that are responsible fo¡ the biomechanical and histological changes

during this period are unknown.

The analysis of the percentage of rat type III collagen showed a fast inc¡ease in

synthesis at the age of 7 weeks old (Figure trI-9), period that coincided with an appearant

mandibula¡ fast growth spurt (Figure-l2). According to Perovic et al. (197 5), the normal

gro.,vth of the albino rat never ceases, but it seems negligible after 110 days of life (or

15.71 weeks). At this stage, the synthesis of type trI collagen is to be expected to drop to

0, since the capacity of remodeling would have reached its maximum. The steady drop of

pe¡centage of type trI collagen at I \ryeeks of age (Figure Itr-9), which was also showed to

be just after the period of an apparant mandibular growth spurt, and the lowest drop at

week 13 may represent this observation. However, the large standard deviations in the

normal growth of the rat show a high variability among the ages studied. one explanation

may be the variation in the recovery of disc material during extraction procedures, which

can be minimized by calculating and correcting the loss of material throughout the

procedure.

The type Itr collagen synthesis from mouse disc was not studied at ages higher

than 8 weeks, therefore, it is speculative to affi¡m that a drop in synthesis simila¡ to the rat

disc would also occu¡ in the mouse. Although, the analysis of both tissues has revealed a

$eat deal of similarities and therefore it would be assumed that the same drop above

mentioned would occur, the lack of information on the mouse mandibular growth is a

lirniting factor, si¡ce the overall c¡aniofacial development in the mouse may not take place

at the same time than that of the rat. Independently, the analysis of the a¡ticula¡ disc from

both animals suggests rhat they are likely to have compatible mandibular movements and to

be exposed to the same pattern of muscle functional activity.
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CONCLUSIONS

Anterior and medial bands of articula¡ disc appear to have the most active sites of

protein incorporation at all ages for the rat as well as the mouse, however, this

information may be confirmed by grain-counting and statistical evaluation. Older

ages showed a generalized reduction in protein synthetic activity. Such distribution

may be the result of the functional demand to specific stress and strain mechanisms.

The significant increase of proportion of newly-synthesized type III collagen at 4

weeks of age for the mouse is very similar than at 3.5 weeks of age for the rat. The

tissue of both models demonstrated a high level of synthesis after that, until the 8th

week. Collagen rype III in the rat increases steadily up to 7 and 8 weeks of age

when it starts to decrease, showing the lowest level in animals of 13 weeks of age.

Type III collagen in the rat seemed to follow the same pattem as mandibular growth

until just after an apparant period ofthe mandibular growth spurt, which took place

in the rat at 8th weeks of age, when the percentage of collagen decreased steadily.

This observation may suggest that the a¡ticula¡ disc follows the same pattem of

matu¡ation that that of the overall craniofacial development.

The similar pattem of collagen synthesis a¡d distribution suggests that the albi¡o rat

and the swiss mouse are subjected to the same mastication pattern and overall

muscle behaviour.

The model for organ culture in vito that maintains the synthetic activity of the

a¡icula¡ disc can be used to further invesligate the metabolism of disc behaviour

when subjected to mechanical or ho¡monal stimulation.

4.

5.
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SUMMARY

The basic mechanical properties and the contributing biological activities that

determine pathologies such as articula¡ disc derangement cause poorly understood

structural changes in the disc. However, it is well kno\pn that the function of the tissues

under mechanical sfress, most often compressive load, is only maintained through the

balance of extracellula¡ complexes of PGs and GAGs (Hardingham , 1981; Saamanen,

1989). In this investigation, an organ culture model was used to cor¡elate the synthesis of

the various GAGs synthesizeÅ in vito with the normal growth and development of the

alticul disc of young rats to ptovide baseline data for future comparison with

mechanically stressed and pâthological disc tissues. The articula¡ disc was dissected from

male Sprague-Dawley rats of 3 to 12 weeks of age and labeled in culture with [3H]-

glucosamine for 24 hours. The radiolabeled samples were digested with pronase-E and

different GAG types were separated following ethanol and CPC precipitation. The

quaJitative assessmenr of GAG synthetic activity demonstrared that HA, C6S and KS/C4S

are the major GAG molecules of the rat ârticular disc. DPM counts/mg wet tissue suggested

a steady increase in HA and CuS at 6 and 7 weeks in the rat articula¡ disc respectively,

decreasing after that and KS/C.S appeared to be inc¡eased at 3 weeks of age showing an

inverse relationship as the animals aged. The overall percentage of each GAG type over the

total amount of isolated GAGs showed KS/C.S and C6S to vary signihcantly with age

although the pattems of change were sirnilar to the DPM counts per mg of tissue.

AU GAG types showed a significant interaction with the partem of changes due to

aging. The changes within groups seemed to be restricted to ages 3 and 5 to 7 weeks. From

these observations it appears that the articula¡ disc shows more characteristics of cartilage

as evidenced by the amounts of CuS and KS/C4S, during the mandibular growth spurt

within the ages 6 and 7 weeks (Figure K-2 and Table K-I in Appendix K). This rise in

cellular activity is also determined by the increased overall amounts of FIA that is typically
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corelated with areas ofintense cellular migration, suggesting that during ages 5 to 7 weeks

the rat a¡ticular disc is subjected to a mote drastic degree of remodeling. This data now

provides baseline data for furrher study on mechanical loading and trauma and articular disc

response.
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INTROÐUCTION

The main function of the a¡ticular disc is to serve as a cushioning material that

absorbs the high loads that a¡e applied by the bony surfaces (wrigth et al., l97l; saamanen

et al.' 7987). This is accomplished by rhe structural composition of the disc which

¡esembles that of cartilage (Silva, 1969; Kopp, 1976; Isberg and Isacsson, 19g6; Mills er

al., 1988), although its composition is mostly formed by a fibrous tissue (Miles and

Dawson, 1962; Frommer and Mon¡oe, 1966; Silva, 1968; Wright et at., lgi l) of collagen

fibers (Strauss et al., 1960; Dixon, 1962; Wong et a!., 1985; Mills er c/., 19gg). Despite

being not as abundant as collagen, the sparse extracellular matrix of the a¡ticular disc is rich

in PG, that are responsible for the compressional behaviour of a¡ticular disc function

(Hardingham, 1971; Adams and Muir, 1981).

The composition of connective tissue often represents its functional requirements

(Daniel and Mills, 1988). The differents types of loads that are applied ro the rissues will

establish the orientation and disposition of fibers and extracellular matrix. Tissues that are

subjected to compressional loads display a structure composed of bundles of collagen

fibers disposed in a parallel arrangement and a scant matrix while tissues subjected to

tensional stresses show an irregular arrangement of collagen fibers and an abundant

extacellula¡ matrix rich in PGs, ions and wate¡ @aniel and Mills, 19gg).

Although, the extracellular matrix is not the majo¡ component of the articula¡ disc

structure, the relationship ofthe loads and stresses applied to the disc are highly dependent

on the proper arrangement of the man'ix a¡d fibe¡s. Therefore, the monitoring of the normal

alteration of PGs and GAGs, the predominant complexes of the matrix, may suggest the

mechanisms of disc behaviour.

The structu¡e of the extracellular matrix in connective tissue endure considerable

change and remodeling during normal development due to tìe aging process. Even ifaging

is not necessarily an imposed process of impairment (Thonar and Kuettner, 19g7), it
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constitutes a biological process that progressively modifies the functioning and rhe

inter¡elation of the various components of a tissue (Bouissou and Pieraggi, 1988).

Age or degree of maturation are imponant to the distribution of GAGs in connective

tissue (Lemperg et al., 7974). Although, it is often difficult to draw the line between age

and maturation, some investigations reported a marked increased change in GAGs in the

fust two decades of life (lljenquist and læmperg, 1972; Ca¡ney and Mui¡, 1988). Among

the different GAG types, the rario of HA, KS and glycoproteins have been reported to

increase with age while CS have been reported to decrease (Kaplan and Meyer, 1959;

Rosemberg et al.,1965;Bjelle et a1.,1972; Hjenquist and tæmperg, 1972; Bayliss and Ali,

1978; Bayliss a¡d Ali, 1981). In general, any a-lteration in GAG conrenr is more marked

during development, due to the rapid changes that take place in the tissues (Camey and

Muir, 1988).

Matu¡ation of the articular disc not only affects the distribution of the GAG types

but also other factors such as ability to aggregare with HA (Bayliss and Ali, 197g,

saamanen, 1984) and the change in hydrodynamic size ofthe aggregate molecules (Frazen,

1984; Thonar and Kuettner, 1987).

Although, the mechanism of exÍacellula¡ aging is not completely understood, a

logical question to investigate was the patrern of changes in the extracellular composition

that can be due to the maturation and the possible correlations of such changes. To ¡educe

the variability of the in vivo study this investigaúon focused on the metabolic changes that

regulate the formation of the extracellular matrix complexes. The change in molecular

synthesis was studied due to normal development by using an organ culture system that

showed to maintain the viability of the tissue (Yen, 1978; yen et al., l9B4; yen et al.,

1989; Cawalho et al., 1990), allowing rhe measurement of the newly-synthesized

molecules. Therefore, the objectives were two fold: fi¡st to analyze the proportion ofGAG
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synthesized at different ages in the articula¡ disc of the rat and second to test the orga¡

cultu¡e model as a viable method for GAG synthesis in vino.
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MATERIALS & METHODS

1 . In Vìlro Organ Cultures

This study selected Sprague-Dawley male rats, inbred in our facility, that were

randomly divided in number of six for each of the following age groups: 3, 4, 5, 6,7, g,

9, 10, 11 and 12 weeks of age for the extraction and separation of pG complexes in

different GAG types and consequently biochemical analysis. The animals we¡e

anaesthetized with ether (Mallinckrodt Inc., Paris, Kentucky) and killed by cervical

dislocation. The articula¡ disc f¡om both joints of each animal was removed, its weight

carefully recorded a:rd 4 discs of each age were pooled together to constitute one i¡dividual

sample.

Each articula¡ disc was washed in Waymouth's medium (Waymouth's 75211,

Grand Isla¡d Biological co., Grard Island, New york) and placed on special stainless

steel grids (Falcon #3014, Becton, Dickinson and Co., Oxna¡d, California) at the

gas:medium interface in Trowell type (Trowell, 1959) organ culture dishes (60 x 16 mm,

Falcon #3037, Becton, Dickinson and Co., Cockeysville, Maryland) with a gas mixtu¡e of

95vo oxygen a¡d 57o carbon dioxide humidified by bubbling through distiled wate¡. Each

organ culture dish contained 1 ml of Waymouth's medium (Waymouth, 1959)

supplemented with 300 pgrry'ml of ascorbic acid, 330 U/ml of penicillin, 0.75 pglrnt

amphotericin B and 330 pg/ml streptomycin and surrounded by sterile distiled water. The

dishes were cultu¡ed at 37oC i¡ a humidified incubato¡.

For biochemical analysis, 5 pCVml of [3FI]-glucosamine (Amersham Co¡poration,

oakville, ontario) with specific activiry of 27 ci/mmol was added ro rhe culture dishes.

Arter 24 hours of culture in the presence of the isotope, the explants were removed, pooled

together in the number of four and placed in 1.5 ml plastic tubes (Eppendorf tubes,
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Baxter/Canlab, Winnipeg, Manitoba) following a careful wash with 0.5 n of fresh cultu¡e

medium to remove free isotopes and frozen at - 20oC.

2, Biochemical Analysis

2.1 . Isolation of GAG Comnonents

Samples of all the ages were incubated with 1 ml from solution of 10 mg of

Pronase-E (Sigma Chemical Co., St. Louis, Missouri) in 50 mls of distiled water for 4g

h¡s in a humidified incubator ar37oc. This procedure is a modification of the method of

Bronson et al. (1989). Following incubation the samples we¡e boiled for two minutes to

inactivate the enzyme, and the samples were centrifuged (Fisher scientific Microcentrifuge

Model 2354, Winnipeg, Manitoba) fo¡ the removal of the insoluble material which was

disca¡ded. The different GAG types were separate.d f¡om the supematant by precipitation

with the addition of 2 mls of cetylpyridinium chloride or CPC (Sigma Chemical Co., St.

Louis, Missou¡i) at concentration of lvo for 12 hours and placed in a humidified incubato¡

at37"C.

Following centrifugation (Jouan, Model CR 3000, Ontario) at 5oC and 3,000 rpm.

for 30 minutes the pellets (originat pellet material) were separated and frozen at - 20oC; the

supernatants were dyalized (Specra/Por Membranes, spectrum Medical lnstirutes Inc., l¡s
Angeles, Califomia) against distilled water for 2 days at 4oC, when they were removed and

frozen at - 80oC and lyophilized (Labconco Model Freeze-dryer 3) for 24 hours at - 50oC.

Lyophylized samples were re-suspended in 2 mls of 7Vo CpC in 0.02 M/L of NaCl and

incubated ovemight ar room temperature with the addition of 20 ¡rl of GAG carrier (sigma

Chemical Co., St. Louis, Missouri) mixture (4 mg/ml). Once more centrifuged (0-5oC and

3,@0 rpm. for 30 minutes) the supernatants were discarded and the pellets were re-

suspended in 1 ml of 2 M/L Nacl-Ethanol (100:i5)(v/v) and the polysaccharides were
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precipitated with the addition of 3 vls of cold Ethanol (commercial Alcohool Ltd., Toronto,

Ontario) for 2 nights at 20oC o¡ room temperature.

Once again centrifuged (0-5'C and 3,000 rpm. for 30 minutes) the supernatants

were discarded and the pellets were re-suspended in 1 rnl of distilled water with the

addition of 20 ¡rl of GAG ca¡rier mixture (a mg,/rnl) for 12 hrs at room temperature and rhe

polysaccharides were precipitated by the addition of 3 vls of cold ethanol for 2 nights at

20oC or room temperâture. Following centrifugation (0-5oC and 3,000 rpm. for 30

minutes), the supernatants were disca¡ded and the pellets were combined with the original

pelleted material to prepare the samples for acetate plate ele.trophoresis.

2.2. Analvsis and Ouantitation of GAG Components

combined samples and original pelleted material were collected by centrifugation

(Fisher Scientific Microcentrifuge Model 2354, Winnipeg, Manitoba), re-suspended in i0

pl of distilled water and labeled with a r¡ace of Phenol Red (sigma chemical co., st.

Louis, Missouri) as a marker for the acetate plate electrophoresis gel according to a

modification ofthe original articles by Cappellet¡ et al, (1979a and 1979b).

Aliquots of 2.5 pl of each sample Cellulose Acetate plates were separated for

elecEophoresis on cellulose acetate plates (Helena Laboratories, Beaumont, Texas). Each

plate (dimensions of ó x 7.5 cm) was soaked 2-3 sec. (dist. water) to 1.5 cm of one of the

borders along the smaller dimension. The opposite end was immersed in 0.1 M barium

acetate (Sigma Chemical Co., St. Louis, Missouri) buffer with pH of 5.0 (by acetic acid,

Fisher scientific, winnipeg, Manitoba) leaving a 2-4 mm band before reaching rhe warer

soak. Plates were removed and blotted before the application ofthe samples. The samples

we¡e then applied in tie water zone ofthe plate and loaded on the elecuophoresis apparatus

(Bio Rad Laboratories, Model 1405 Horizontal Electrophoresis cell, Mississauga,

Onta¡io).

76



The procedure is divided in three different stages. The first stage is the

electrophoresis run fo¡ about 2 to 3 minutes at 250 volts, until the samples align at the

interface water/unsoaked plate as a thin yellow line. The plate is then blotted, soaked in 0.1

M barium acetate with pH of 5.0 fo¡ 1 to 2 minutes and blotted again. The second

electrophoreric run is a longer stage for 9 to l2 minutes at 250 volts. Removed from the

apparatus, the plate is once more blotted and immersed in barium acetate buffer containing

25vo etha¡ol (v/v) for 2 minutes and blotted. The last stage is the electrophoretic run for 25

minutes at 250 volts. Following electrophoresis the samples were stained with 0.lzo alcia¡r

blue 8GX OR (Mallinckrodt Inc., Paris, Kentucky) at pH of 2.5 in 0.12o of Acetic Acid,

and destained with several changes of Svo acetic acid. Some of the plates were immersed in

opticlear solution (celman science lnc., Rexdale, ontario), blotted and dried by heated air

at 600c.

GAG standards were co-electrophoresed and the GAG bands were identified by

comparison of the migration distances with the reference standa¡ds and by selective enzyme

digestions of the polysaccharides (see appendix L). Radioactive bands were localized by

the slicing of each lane into 3 mm strips and placed into mini-scintillation vials with 5 mls

of scintillation cocktail (Aquasol, New England Nuclear, Boston, Massachussets) and

counted for [3H] in a liquid scintillation counter (Nuclear chicago Isocap 300, searle

Instrumentation, Toronto, Ontario).

3. Study of Mandibular Growth

Thiny Sprague-Dawley male rats, inbred in our facility, were randomly divided in

number of three for each of the following age groups: 3, 4, S,6,2, g, 9, 10, i1 and i2

weeks of age. The animals were anaesthetized with ether (Mallinckrodt Inc., pa¡is,

Kentucky) and killed by cervical dislocation. The mandible was removed and measured
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with precision calipers (staedtler, lvest Germany) to ¡ecord the normâl growth for the

following dimensions: 1) Mandibular Length (ML), taken from the posterior border of the

condyle to the dento a-lveolar-bone junction of the incisor; 2) Condylar Length (CL), taken

from the most anterior to the most posterior point in the mandibula¡ condyle and 3)

condylar width (cw), taken from rhe most lateral points in the mandibular condyle, as

shown in Appendix K, Figure K-i (Bouvier andZimny,1987; Bouvier, 1988).
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RESULTS

The effect of age in the newly-synthesized GAG molecules was evaluated by

monitoring the ratio between the percentage concentration of each GAG molecule

synthesízed and the total GAG molecules produced throughout the organ culture period. In

addition, the rate of synthesis of each molecule in each age group was determined by

evaluation of DPM counts per mg of wet tissue weight for each age group. Therefore, both

percentage and content of GAGs according to age were evaluated from rat a¡ticular disc

cultured i¿ vítro and were illustrated in rhe Figures ry-i, IV-2, IV-3 and IV-4. Among the

types of GAG studied, the qualitative assessment of GAG synthetic activity as shown by

the labeling pattern of [3H]-glucosamine, suggested that IIA, CuS and KS/C¿S were the

major fraction components of the articula¡ disc.

A one-way analysis of variance model was used to test whethe¡ o¡ not there we¡e

any significant differences between the synthesis of each GAG molecule as a function of

age during the normal development of the ¡at articulff disc. The results of the statistical

tests for percentage distribution showed that HA, KS/C4S and CuS each appeared to vary

significantly with age (lIA, KS/C4S, p<0.05), especiatly C6S (C6S, p<0.0001). In these

GAG groups that showed to vary with age, Tukey's multiple comparison tests were used

to identify which ages were significantly different from one another. KS/C.S appeared to

be simila¡ in all the extremes of the age groups studied. At both the ages 3 and 1 1 weeks

KS seemed to represent the highest fraction, which contrasted to 7 weeks of age when this

molecule showed the lowest concentration. cus appeared to increase at 6 week ofage and

to drop to its lowest level at 8 weeks of age. These concentrations were significantly

diffe¡ent from the other ages which did not show a big variation. Tukey's multiple

comparison tests showed that the age groups with the largest significant variability of GAG

types were 3,5,6 and 7 weeks. At age 3 weeks, HS molecules showed significant

difference from KS/C.S, C6S and DS. At age 5 weeks KS/C.S was different from CuS. In
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articular discs aged 6 weeks, KS/C¿S appeared to be distinct from CuS, at the same time

that cus and DS were signi-ficantly different than all the other types as evidenced in Figure

IV-3. This situation was also evident at 7 weeks of age.

The one-way analysis of variance test for content of GAG per mg of wet tissue also

suggested that KS/C.S, CuS and FIA concentrations varied with age (p<0.0001). KS/C.S

appeared to be increased at 3 weeks of age and dec¡eased after that. cus ard IIA increased

significantly at 6 and 7 weeks respectively where they showed the highest peak and

dropped significantly after that. The concentration of newly-synthesized molecules of DS,

HS and H did not show any signif,rcant changes with age. comparison of GAG synthesis

and the rate of mandibular growth suggested a correlation between the synthesis of KS/cos

and cus to the velocity ofthe apparent mandibular growth spurt, which in rats takes place

from ages 5 to 7 weeks (Appendix K). However, tests of correlation were not attempted to

determine the significance of that correlation. The synthesis of KS/coS decreased during

the mandibular growth spurt while cus peaked duri-ng the period of intense growrh

(Figures IV-5 and IV-6). HA also demonsrrate rhe same relationship as cus as shown in

Figure IV-7.

The was a significant interaction between specifìc GAC synthesis and age

(p<0'005). However, when the samples were tested with a two-way anaìysis of variance

model to determine if the differences over age were consistent for all the GAG groups, it

was evident that the heterogeneous molecules did not follow the same pattem of changes.

The mean values fo¡ the percent concentration and DpN4/mg with respective standa¡d

deviations fo¡ each GAG molecule for all age groups studied a¡e summarized in Table IV-I

and i¡ Table IV-II respectively.

Modified acetate plate electrophoresis showed a clea¡ and distinct separation of all

different known classes of GAGs, with the exceprion of KS and cos which migrated

together (Figure N-1 in Appendix N) and were therefore classified âs one group. However,
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enzymatic treaEnent of GAGs and GAG separarion (Figure J-l in Appendix I) showed that

the actual content of CoS was very low; therefore, the changes described above can be

accounted mostly for KS alone. This was due to the percentage of ethanol selected in one

of the buffers during the actual procedure (for more deøil see Appendix lrll.
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Figure IV- 1:

Figure tV-2:

Figure [V-3:

Figure IV-4:

Figure IV-5:

Figure IV-6:

Figure IV-7:

Table IV-I:

Table fV-II:

Graph showing the percenrage of GAG distribution in rhe rat anicular disc
as a result of normal development. Legends are: C'SI(S - chondroitino
sulfate/keratan sulfate, CuS - chondroitin6sulfate, DS - dermatan sulfate, HS
- heparan sulfate and H - heparin.

Graph showing the percentage of hyaluronic acid distribution in the rat
articular disc as a ¡esult of normal development. Legends is: HA -
hyaluronic acid.

Graph showing the DPN4/mg GAG content in the rat a¡ticular disc as a result
of¡ormal development. lægends are: CoS/I(S - chondroitino sulfate/keratan
sulfate, CuS - chondroitinusulfate, DS - dermatan sulfate, HS - heparan
sulfate and H - heparin. Note the increase in GAG content, mainly CuS and
DS at 7 week old animals.

Graph showing the DPWmg hyaluronic acid conrent in rhe rat articular disc
as a result of no¡mal development. lægends is: HA - hyaluronic acid.

Graph showing the DPlWmg C.SÆ(S content in the ¡at aÍicul disc as a
¡esult of normal development compared to the velocity curve of the rat
mandibula¡ growth. Legends are: C.S/XS Synt. - chôndroitinosulfate/
keratan sulfate synthesis and Mandibula¡ Inc. (mm) - mandibulai growth
increment. Note that the synthesis of CaS/KS decreases duriñg the
mandibular growth spuÌt.

Graph showing the DPlWmg C6S content in the rat a¡icula¡ disc as a result
of normal development compared to the velocity curve of the rat mandibula¡
growth. Legends are: C6S Synt. - chondróitinusulfate synthesis and
Mandibula¡ Inc. _(mm) - mandibular growth increment. Note thar although
the correlation of mandibular gro',vth ¡purt and CuS synthesis at age 7 anõg
weeks_appears significant, CuS synthesis did not iolllow the second peak in
mandibual¡ increment at I 1 weeks old a¡imals.

Graph showing the DPlt¡Vmg HA content in the rat a¡ticular disc as a ¡esult
of normal development compared to the velocity curve of the rat mandibula¡
growth. Legends are: HA Synt. - hyaluronic acid syntlesis a¡d Mandibula¡
lnc. (mm) - mandibula¡ growth increment. Note the correlation of
maldibular growth spurrand HA synthesis at age Z and 8 weeks. Similarly
to CuS synthesis, HA did nor follow the selond peak in mandibulai
increment at 1 1 weeks old a¡imals.

Table of the percentage of GAG distribution in the ¡at a¡ticular disc as a
¡esult of normal development.

Table of the DPNtVmg GAG content in the ¡at articular disc as a resulr of
normal development.
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DISCUSSION

Matu¡ation of connective tissue has demonstrated to be a complex process. The

effects of time dependent mechanisms such as aging in development and growth is notper

s¿ the establishment of an impairment process (fhonar and Kuettner, 1987), in spite of its

suggestion in the literatu¡e through studies of arth¡itis and induced osteoa¡h¡itis (Mankin

and Lippielo, 1971; Lust et a1.,7987; Adams e¡ al., 1981; McDeviu et al., l9g7).

However, it is well known that connective tissue's structural molecules vary with age

(Stockwell and Scott, 1965; Stockwell and Scott, 1967; Stockwell, i970). The presenr

study focused in this process through the assessment of the amount of GAGs, the

widespread group of molecules that participate actively in the functional behavior of weight

bâring structures such as bone and ca¡tilage, a:rd in this case the articulating disc &om the

temporomandibular joint. The proportion and amount of different types of GAGs were

demonstrated in the articular disc by extraction with protease, precipitation with cpc and

ethanol (Bronson et al., 1989) and separation of different GAG types in cellulose acetate

plates (Cappellen et al., 1979a and 1979b).

The temporomandibula¡ disc is composed mainly of fibrous tissue of collagen

fibers with some characreristics resembling carrilage (silva, 1969). The amounr of GAG

molecules accounts fo¡ most of the fîbrocartilagenous properties of the disc, and they have

shown to vary consistently in distribution (Kopp, 1976; Mills ¿¡ a/., lggg). Despite the

composition of the a¡ticular disc in relation to its GAG content has been reported in the

rabbit disc (Grandstrom and Linde, 1972; Mills et øl.,l9BB), rat disc, monkey disc, dog

disc (Granstrom and Linde, 1972) and bovine disc (Naka¡o and scott, l9g9) the variation

of these molecules as a result of age it is stili not clea¡.

Nakano and scott (1989) reported that the major GAG fractions of rhe bovine disc

were cus and DS with smaller proponions of HA and KS. similarly, Mills er a/. (19g9)

reponed that the disc is composed mainly of cus and KS. on rhe othe¡ hand, the anaìysis
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of the GAG content of the dog, rabbit and mon_key discs by G¡a¡rsrrom and Linde (1972)

described DS as the major portion a¡d in rat disc the major GAG was reportedly HA. In

this study, the amount of HA has proved to be the major fraction in the rat a¡ticular disc in

a1l the ages followed by cus. This variability may be explained by the intrinsic species

differences (Webber et al., 1986) in load-bearing TMJ function @anìel et a1.,1988), and

tìe methods for GAG separation. The va¡iation in composition and the high polydispersity

of GAG molecules may also play important roles in the analysis of GAGs in the different

tissues studied. According to Gransrom and Linde (1972), hybndizarion between CuS,

coS and DS, the variation in sulphation and the polydispersity of molecular weights can not

be determined by the isolate differences in GAG migration.

Molecules may be present in a reduced number o¡ be masked by the larger

aggregate complexes. soluble GAG molecules ca¡ be extracted at afate of gsqo of the total

tissue hexu¡onate for cartilage (Sajdera and Hascall, 1969), which also depends on the

methods of isolation and purification. Due to the difficulty in purifying and isolating GAG

from the collagen meshwork and PG aggregates, most of the studies have been qualititave.

PG aggregation not only immobilizes the PG complexes in the matrix, but the dissociation

of these large macromolecules enables endogenous collagenase to remain activated in the

matrix (Muir, 1981). The presence and concentration of small oligosaccharide chains and

link protein may also contribute to the selectivity of GAG exmction. The changes in the

molecular structure of GAGs and PGs in studies of aging and maturation of cartilage have

shown that in older cartilage the PGs are smaller, have shorter cs chains and have more

KS (Inerot et al., 1978; Bayliss and Ali, 1978; Roughley and White, 1980; Glant e¡ ø/.,

1986). These studies also suggested that in adult cartilage the heterogeneous and

polydisperse PG population represents more than one type of population with more than

one core protein.
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In the present investigation, only the newly-synthesized GAGs were measured by

the incorporation of ¡adioisotope labelling and separated using acetate plates

electrophoresis. The different GAGs were evidenced by co-migration of standards and

selective enzyme digestion (see Appendix J and N). The percentage ofeach fraction per age

group relative to the total amount of radiolabel incorporated into GAGs was recorded as

well as the GAG content in relation to the wet weight of each specimen. It was

demonstrated in all the ages studied that at 7 weeks there was a ¡elative increase in the total

amount of radioactivity in comparison to the other ages. HA appears to peak at 7 weeks,

decreasing after that. cus also rises at 6 and 7 weeks of age as well as DS. These ¡esults

are in agreement with studies of human anicular cartilage in which as cuS decreased with

age with a concomittant inc¡ease in KS and sialic acid @ougtrley et al., lgïl). The presenr

data failed to detect a progressive increase in the percentage of KS which seemed to be

increased at 11 weeks of age, decreasing after that. such differences may be partly due to

the variability of the i¿ vi¡ro ¡esults that a¡tificially represent a more complex in vivo

envi¡onment.

According to Camey and Muir (1988) the most pronounced changes in the content

of GAG molecules in human cartilage takes occur during the first two decades of life. After

the developmental phase of the tissue, the age-related changes in GAG content are much

slowe¡ as evidenced by the constant proportion of CuS (Anderson et al., 1964; Bollet and

Nance, 1966). In this study, by the comparison ofcus content in rats to the rat mandibular

growth rate, cuS seems to be highJy correlated with the period of fast growth of ages 6 and

7 weeks (see Figure IV-6). After thar, there is hardly any changes in CuS molecular

content,

GAG chains are very imponant in the maintana¡ce of the resistance and resilence of

connective tissue (Hardingham, 1981). However, from the known GAG types, few of

them have been clearly related to specific functions that could be correlated to the overall
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tissue behaviou¡. I{A has been involved in several biological processes, includ.ing a critical

role in the aggregarion of carrilage PGs (Hascall, 1986). HA is aiso known to play an

important role in temporal control of cell migration a¡d cell differentiation in developing

and remodeling tissues (fomida et a1.,1974; Toole, 1982; Bartold and page, 19g5), which

can be evidenced by the increase in hyaluronidase in non developing tissues (Alberts er a/.,

1989). This is an important evidence of the ¡ole of HA in tissue morphogenesis (Toole,

1982; Laurent and Fraser, 1986). In this investigation, the role of FIA in development can

be correlated with a period of fast growth of the rat mandible (Figure IV-7). However, it
can not be explained why the mandible growth seemed to peak at g weeks of age, when

FIA synthesis peaked at 7 weeks decreasing after that. This may reflect a mo¡e active role of

HA in the initial stages of development, where relatively immature GAGs are being

synthesized. According to Toole (1982), the sequences of HA were divided into a

morphogenic phase during which the cells accumulate by proliferation and migration ({A
production), and a diffe¡entiation phase, with more HA activity. In addition, Glant et al.

(1986) have found the presence of two populations of pGs as age related molecules,

divided in foetal type and adult type due to thei¡ chemical characteristics. However, in this

case it seems more like a substitution of molecular synthesis, in which both types car not

be found concomitantly.

The second most abundant GAG here or cuS has been related mostry with the

GAG chain that is directly involved in tissue resistant to mecha¡ical forces (I{ardingham,

1979; Daniel and Mills, 1988). c6s is abundantly present in cartilage. sweet et al. (1977)

reported an increased percentâge of cus in the growing zone of immature cartilage,

particularly in the a¡ea of minimum contact. This suggests that c6s may not change with

the increase in stress on the cartilage as evidenced by the areas of maximum contact.

Roughley et al. (1981) reported that the parameters responsible for producing the age-

related changes in canilage are not influenced by the degree of weight-bearing on the
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cartilage. Aithough, the type of cartilage studied and the species variability may account for

such differences, the mechanical stress such as mechanical compression induce cus to

increase (Daniel and Mills, i988). CuS has been shown to decrease in cases of

osteoarthriris (Matthews, 1953; Bollet and Nace, 1966), that seems to be related with the

severity of the process (Mankin and Lipiello, 1971). However, this finding may depend on

the region of the canilage studied. In rib cartilage, cuS seems to be unaltered @ollet and

Nance, 1966; Ma¡kin and Lippiello, 1971) while in hips cartilage it appearendy increases

(Mankin and Lippiello, 1971).

DS is usually present in connective tissue mostly in the form of a small, interstitial

PG (DS-PG) that is present in the extracellula¡ marrices (Henegwd et aL, 1985). This type

of GAG has been shown to bind non-covalently to collagen fibrils and fibronectin and

inhibit fibrillogenesis in vitro, as well as the adhesion of fibroblasts to fibronectin. DS also

inhibit collagen fibril growth in vitro (Y ogel et a!.,1984; Vogel and Trotter, l9g7; Scott,

i988; Nakano and Scott, 1989). It seems that the change of the amount of newly-

synthesized DS in the disc can not be fully understood based on these functions alone.

However, it seems logical that the vmiability of the weight bearing capacity of the disc in

different ages may reflect a stronger interaction of collagen fibers and pGs and that

possibly DS may exen a favorable effect in this type of mechanism. DS may not be

cor¡elated to the withstanding of mecharical compressive forces as cs, but to a means of

stabilizing the collagen network, since according to Nakano and scott (19g9), the

percentage ofDS in the aticular disc is simila¡ to skin and tendon, which are tissues that are

more subjected to tensional forces.

The total amount of the uronic acid as well as hexosamine and glucosamine content

were not evaluated here. Post-translational modifications, such as N-and o-linked

olìgosaccharides and the structure of link proteins were not accounted either. It is important

to keep ir mind that other age-related changes in PG su'ucture, GAc molecula¡ length, and
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degree of sulfation of GAG chaíns will complement the understanding of GAG

modification as a result of tissue remodeling. There seems to be more than one mechanism

by which age affects PG structure (carney and Muir, 1988), like a continuous variation in

the core protein, synthesis ofPG isoforms, altered peri- or extracellula¡ modifÏcations and

altered synthesis of ca¡bohydrate components.

The observations of this study have demonstrated that the GAG content in rhe

articular disc varies with age in a ¡elative linear pattem. Although very little is known about

GAG functions, it is possible to speculate that functional demands cause the articula¡ disc

to yield a cartilagenous phenotype at ages of intense cellula¡ activity as compared to a

fibrocartilagenous behaviour in the adult tissue, however, this information needs to be

confrmed with a histological analysis ofthe disc specific for cartilage tissue. The structu¡al

components of the a¡ticular disc that are demanded by the forces in which they are

subjected suggests a good model for studies of mechanical stimulation and disc

remodeling, which according to Nakano and scott (1989) may advance the understanding

of the relationship between chemical structure and biochemical function; this was

investigated in Chapter V.
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1.

CONCLUSIONS

IIA, CóS and KS/C4S were shown to b€ the major GAG fractions in the rat articular

disc.

The percentage of FIA peaked at 8 weeks of age while the conrent of DpM/mg of

wet tissue peaked at 7 weeks of age. After the age of 7 weeks there was a generally

reduced GAG synthetic activity as evidenced by the incorporarion of [3H]_

glucosamine. Similarly, both rhe percentage and the DplWmg content of CuS

appeared to peak at 6 and 7 weeks of age whereas KS/C.S showed a progressive

decrease in concentration in all the ages studied.

Our findings are agtee with similar results in the dog, rabbit, monkey and rat

articula¡ disc (Grandsrrom and Linde, 1972) and rabbit (Mills et al.,79gg) and

bovine articula¡ disc (Nakano and Scott, 1989). However, these studies were of

only specific age goups.

The increased proportion of GAG content at 6 and 7 weeks of age of the rat

articular disc may be correlated with the period of fast growth in the rat mandible.

This indicated that the ârticular disc undergoes a greater degree of remodeling and

functional demand during the same ages as a result of growth and possibly

stress/strain applied to the disc and disc ligaments.

Analysis of variance suggested a significânt interaction between GAG concentration

and aging (p<0.005). From all the age groups studied ages 6 and 7 weeks

demonstrated the largesr concentration of GAGs, pa¡ticula¡ly FIA and CuS.

Although the functions of diffe¡ent GAGs have been poorly characterized, there is a

suggestion that variable degrees of suÌfation and differences in ratios of GAG types

J.

5.
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1.

play importart roles in the overall tissue behaviour of pG aggregates. Further

investigations are, drerefore, also required of other pGs components (e.g. protein

cores, link protein, N- and O-linked oligosaccharides) during growrh and

development of the human TN4l tissues.

This method of organ culture of anicula¡ disc tissues that mai¡tain s),nthetic patrems

in vitro will permit future studies on control mechanisms using mechanical stress

for disc remodeling.

99



rÊf-{
tT

-{
þtO{-)A

r
ñr-1

È
rr

U



SUMMARY

Mechanical stress is important for the maintenance of connective tissue with

cartilagenous properties. The variation of mechanical pressure or tension affects the

underlying molecular structure that distributes itself according to the stimulus applied.

Fibrocartilage is closely related to hyaline cartilage functionally, in which there is a marked

change in polysaccharide content given by GAGs synthesis and aggregation in pGs.

The mechanism by which compressive mechanical stress affect polysaccharide

complexes was investigated in the a¡icula¡ disc with a modified organ culture technique.

Forty eight sprague-Dawley rats were divided into 4 different g¡oups comprising the ages

of7 and 9 weeks. Each group had 12 animals divided equally for both ages. In each group,

th¡ee animals were experimental a¡d one control. Each of the experimental groups followed

a different regimen of stress; 25vo,7 Svo and l00vo of stress out of rhe total sress period of

24 hou¡s. The stress was applied in an intermittent pattern for the conespondent duration of

each group within the total span of the organ culture. The mandible of each animal was

extracted and each hemi-mandible was dissected and carefully cleaned in organ culture

medium of all soft tissue, except the a¡ticular disc that ¡emained attached to the condylar

head. The explants we¡e then trimmed and mounted in special organ culture dishes with

flexible bonoms and incubated with [3Fll-glucosamine for the period of24 hours.

The application of stress was possible by using an apparatus that has the ability to

apply different vacuum pressuÍe regimens in the organ culnr¡e dishes with flexible boftoms.

under normal conditions, the vacuum pressure causes the bottom of the dishes to deform

in the direction of the applied pressure and the more vacuum applied, the more deformation

will result. Therefore, each hemi-mandible was placed in such a way that the a¡ticula¡ d.isc

was compressed by the condylar head and the bottom of the dish. During a period of

vacuum' the bottom of the dishes would deform releasing the pressure applied on the discs.
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By varying the time and frequency that the vaccum pressure was applied, it was possible to

represent different regimens of stress similarly to the normal joint in vivo.

Following culture, the samples were collected and digested with pronase-E, and

following precipitation with cPC and ethanol, the different cAGs were separared using

cellulose acetate plate gel electrophoresis. The percentage of each of the GAG types

showed a directly proportional increase with the amount of pressure applied. cuS was the

most abundant GAG and seemed to increase steadiiy with stress. on the other hand HA

and the other GAG types showed a progressive decrease with the inc¡ease in stress. The¡e

was no significant relationship between age and regimen of stress applied. Both ages

demonstrated similar results and 7 57a a¡d 1007o showed signifrcantly higher results for

CuS. As CuS is the major component of hyaline cartilage, the results of this study suggest

that compressive forces in the articula¡ disc may select for a more cartilagenous-like

propenies with respect to GAG content.
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INTRODUCTION

Anicula¡ disc behavior under pathologic situations is regulated by the degree of

adaptation of its molecular components and by the biomechanical properties of its

fibrocartilage constihltion, which in tum is due to the complex regimen of stress and strain

consta¡tly present in the temporomandibular joint.

The properties of all types of cartilage are relative to their composition.

Biomechanically, the most important component of cartilage is water which makes 60 to

807o of its volume allowing a large portion of the interstitial fluid to move freely under a

load or pressure gradient (Myers and Mow, 1983). The response to mechanical stress

applied to cafiilage is divided into rwo componenrs (Kempson, 1973). The first is an

instantaneous phase, which is independent of fluid flow, followed by a long phase, which

is due to fluid flow and accounts for the most change in shape (stockwell, 1979). The rate

of fluid expression relates with the magnitude of deformation and the stiffness of the

cartilage, and is dependent of the hydraulic permeability of the matrix, which is inversely

proportional to the PG concentration. This is in accordance with the concept of Newtonian

mechanics where the ¡esult of the deformation of a given material when subjected to

extemal mechanical stimuli depends on the intrinsic properties of the material as well as on

its shape (Myers and Mow, 1983).

water diffusion plays an important role in connective tissue mechanics (Fessler,

i960; Sokoloff, 1963; Myers and Mow, 1983). A model correlating e{uarions of stress

(force per unit of original area) and strain (deformation per unit of original length) with the

fluid and the solid component of cartilage has been creâted to explain time dependent

processes such as creep and stress ¡elaxation (Myers and Mow, 1gg3). The liquid diffuses

through the porous and permeable solid part of the tissue while the movement of the fluid is

¡estricted by frictional drag between water and the pore walls. This is the theory of a

biphasic material in which the stress changes with time when the material is externally
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deformed, until fluid motion ceases. on the other hand, when the material is externally

loaded the strain varies with time (Mow er ø/., 1980)

Cartilage matrix is responsible for resistance to compressive, tensile and shearing

forces. Stockwell (1971b) in studies of interrelationships ofcell density, cartilage thickness

and species size suggested that the amount of matrix per cell varies according to the stresses

applied by the block of cartilage tissue. The large loads applied to the cartilage surfaces are

not static, in other words, during the motion of the opposite sliding of articular surfaces the

magnitude and direction of the applied force is being altered.

PGs a¡e an important constituent of cartilage and are extremely compressed,

exerting a considerable swelling pressure which is resisted by the collagen network

(Maroudas, 1980; Mui¡, 1981). Applied load increase the internal swelling pressure,

through the inc¡ease of PG concentration offering a ¡esistance against fluid flow until an

equilibrium with the extemal applied force is achieved, when fluid movement ceases

(Myers et al.,1983). The relationship between resistance to fluid flow and pG content is

thought to be the result of f¡ictional interaction with the fine sm¡crure of GAG molecules

within PG aggregates (Maroudas, 1979). The loss of these complexes ¡esults in a tenfold

decrease in the compressive modulus (Stahurski et al., l9B1), which affects the hydraulic

permeability and therefore the load carrying characteristics of canilage (Myers and Mow,

1983).

Although' often correlated with pathology, mechanical influence is necessary to

stimulate the normal cartilage metabolism (Meickle, 1973; stutzman and petrovic, 1974;

simon,, 1977). A¡ticula¡ cartilage subjected to immobilization or alteration of normal

mechanical stress degenerates and becomes thin which is probably due to loss of *ui^,
since nume¡ous chondrocytes are found (collins et al., 1960). when compression is

present, together with immobitization, there is loss of metachromasia and canilage

thickness followed by chondrocyte degeneration and cartilage fibrillarion and erosion
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(Salter et al., 1960; Thompson and Bassen, 1970). Degeneration in carrilage is often

accompanied by fibrilation (Freeman and Meachim, 1979). Armstrong and Mow (19g2)

related the degree of degeneration with the compressive equilibrium modulus of huma¡

anicular cartilage, but no conelation was found. In addition, the diseased state ofcartilage,

mainly in its osteoarthritic form, has many effects on mechanical behavior with a

progressive weakness, lack of stiffness and increased permeability (Myers and Mow,

1983).

In general, mechanical wear and biological degradation will influence the

mechanical propenies of the tissue and breakdown will occur (Kempson, 1973; Armstrong

and Mow, 1982). Therefore, the correlation of the connective tissue matrices to their

particular properties and mechanical stress is an important step for the characterization of

abnormal function (Hukins i984). The present investigation attempted to determine the

changes in the pattern of newly-synthesized GAG molecules in two different ages of rat

articula¡ disc that were subjected to mechanical fo¡ces of different du¡ations.
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MATERIALS & METHODS

1. In Vitro Organ Cultures

This study selected Sprague-Dawley male rats, inb¡ed in our facility, that were

randor y divided into four different groups, each group consisting of twelve animals of the

ages 7 and 9 weeks. From the four groups, three we¡e experimental, namely; (1)

compressive force of short durauon (257o), (2) compressive force of long duration (752o)

and (3) continuous compressive force. The remaining group (4) served as the control

gfoup.

The animals we¡e a¡aesthetized with ether (Mallinckrodt Inc., paris, Kentucky) and

killed by cervical dislocation. Both hemi-mandibles of each animal were removed and

immediately transported to a laminar flow hood (Nuaire, Minnesota), where they were

placed on a petri dish (100 X 20 mm/Corning, Corning Glass Works, New york)

containing gro\ryth medium which consisted of Dubelco's minimun essential med"ium

(GibcoÆRL, Burlington, ontario), 400 u/rnl of penicillin G (Gibco Laboratories, Grand

Island, New York), 0.56 mg/ml of streptomycin sulphate (Gibco Laborato¡ies, Grand

Island, New York), 0.2 mg/ml of ascorbic acid (sigma chemical co., st. Louis, Missouri)

and 2.2 mg/nú of sodium bica¡bonate (Fisher Laboratory Chemical, Fair Lawn, New

Jersey). All the soft tissue was ¡emoved with the exception of the a¡icula¡ disc which

remained attached to the condyle through the lateral ligaments. The medium was sterilized

using a Millipore 0.22 ¡tm filter (Millipore corp., Mississauga, ontario). Each hemi-

ma¡dible was then carefully measu¡ed and sectioned to fit in the organ culture apparatus for

the application of artificial mechanical stress (see Appendix o, flrgure o-1). The sectioned

hemi-mandibles we¡e fixed to the lid of a specially modified organ culhre dish with flexible

bottoms (Flex I - Generic Type I collagen, McKeespon, pennsylvania) with the use of
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Cyanoacrylate cement (Instabond, Le Page, Boucherville, euebec) as shown in Figure V-

1.

Each modified organ culture dish contained 6 articular discs properly attached to the

hemi-mandibles in six separate wells (see figure V-2), each containing 1.5 mls of growth

medium. The placement of the explants was done in such a way that the a¡ticular disc had a

constant load applied in berween the condylar su¡face and the flexible bottom of the well

from the organ culture dish. In order to keep an effectively âctive load in the disc, a

standa¡dized weight (mean weight of 257.6 grams) was placed on top of the culture dish.

The mechanism of stress used in this study can be seen in Figure v-3 and the activated

sEess samples are shown in Figure V-2.

All dishes from all groups were cultured fo¡ 24 hours in a humidified incubator

(Nationa-l Incubator Model 4200, Portland, oregon) with an atmosphere of 5zo ca¡bon

dioxide at 37oc. The experimenral groups (1) and (2) were cultured under specified

regimens for the organ culture apparatus (Flexercell strain unit, Flex cell corp.,

McKeespon, Pensylvania). Group (1) regimen consisted of stress 7 5vo or the time and

relaxation 257o or the time in 24 hours as compared to the second group that consisted of

stress 257o of the time and relaxarion 757o of the time in the same period. The group (3)

had stress l00vo of the time, while the group (4) had no sr¡ess at all. All the sr¡ess

described from the apparatus mnged from 10 to 15 Kpa. The regimen for 25zo stress of the

total time of culture was of a cycle of 10 seconds of stress and 10 seconds of relaxation, in

a period of 30 minutes in every 2 hou¡s ofculture. Therefore, the total cycle was of a total

of 6 hours proponionally spaced in the total cultu¡e time. comparati vely, the 7 5vo regimen

of stress had the same cycle for a period of 90 minutes in every 2 hou¡s of culrure, wiih a

total amount of 18 hours proportionally spaced in the total culture time of 24 hours. In the

1007o stress group there was no relaxation periods, and the control group was maintained

without any stress. All the procedures were identical fo¡ both age groups studied (7 and 9

to7



weeks). For a detailed description of the method used and the application of the mechanical

stress jn vitro rcfer to Appendix O. The biochemical procedures for GAG labeling,

extraction and quantitation were described in the previous chapter.
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RESULTS

Mechanical stress applied to the ârticular disc in vitro has been observed to affect

the newly-synthesized GAG molecules. similarly to chapter IV, GAG molecules were

evaluated by monitoring the ¡atio of the percentage and by the inverse relationship of toøl

DPM counts per mg of wet tissue weight of each GAG synthesized over the total GAG

molecules produced throughout the o¡gan culture period. Therefore, both percentage and

content of GAGs according to age were evaluated f¡om rat a¡ticular disc culnred in vitro as

a result of the mechanical stress and a-re illustrated in the Figures V-4, V-5, V-6 a¡d V_7.

From the aging study that demonstrated the changes in GAG pattern (see chapter

IV)' the selected ages with the highest (7 week old samples) and the lowest amount of

synthesis (9 week old samples) were chosen to study a new model of organ culture, which

is able to test different mechanical stresses of diffe¡ent magnitudes and duration between

different age goups. This experiment used stress time periods of \vo (or control group),

25vo,75vo and l00vo (or consrant stress) from the total period of 24 hours. The

mechanism used is schematically depicted in Figure v-3. For a more detailed description of

the apparatus used refer to Appendix O.

A two-way analysis of variance model was used to determine the difference in

stress levels would infiuence GAG synthesis in both age groups studied. The results of

these statistical tests showed that the different regimens of mechanical stress had a

significant influence in the type of GAG thar was synthesized. The assessment of the [3É{-

glucosamine synthetic activity showed that the main cAG produced as a result of stress

was cus and HA for the more frequent ald less frequent stress regimens respectively. The

increase in stress levei was directly proportional to the increase in cus; therefore the niore

stress applied, the more CuS molecules were synthesized. KS/C4S and clearly FIA showed

that the increase in mechanical stress caused a dec¡ease in the amount of molecules
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synthesized. These results were similar for percentage of concentration of GAcs and

DPÀ4/mg content as illustrated in Figures V-4 to V-7.

At the end of the experimental penod of 24 hou¡s, the two-way analysis of variance

model i¡dicated that borh age groups did not appeared to have significant differences in the

mean values of GAG concenftation as a factor of the stress regimens used. Although,

newly-synthesized GAC types seemed to be unaltered with age correlated with stress, the

percentage concentration ofDS and HS appeared to be significantly changed in respect to

age, where they appeared increased in animals of 7 weeks of age. The GAG synthetic rates

also ¡evealed that Ds and HS were significantly altered in the age groups studied

(p<0.005). There was a non-significanr increase in CuS in the 7 week old specimens as

compared with the 9 week old ones in the constant stress group. This relationship was

somehow inverted in rhe 7 Svo group as shown in Figures v-4 and v-6. The percentage of

the total GAG was observed to be significant at the level of p<0.005 for KS/C.S, CuS,

HA, DS and HS and the DPlvVmg counts were significant only for KS/C.S and CuS.

Tukey's multiple comparison tests were used to determine if the the levels of stress

used determined the type of the GAG molecules that were synthesized. For each GAG

type, there seemed to be groups of stress levels that affected the molecula¡ synthesis. The

percentage ofKS/c4s, c6s and DS showed that the control group and.25vo stress formed a

similar group that contrasted with 7 57o and l00vo stress levels, suggesting a variance as 5

of GAG types as a factor of light and heavy forces. At the same time the percentage of FIA

showed that control group was different from the constant stress group and both were

different from 25vo and757o srress groups. The DPlvVmg for cus was simila¡ than that of

the percentage in which there seemed to be a distinct separation between frequency of force

applied. The mea¡ values of percentage and Dplwmg with respective standa¡d deviations

for each GAG molecule fo¡ both ages through all the seess regimens a¡e summarized in

Table V-I and in Table V-tr respectively.
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Figure V-1: Photograph 
_of the lid (L) of the organ culture dishes (Flex I - Generic type I

collagen, vlcKeesport,_ Pensylvañia) used in the stress experiment.'The
secrioned hemi-mandibles (M) were attached to a acrylic suipon (S) using
cyanoacrylate cement.

Figure v-2: Photograph of the organ culture dish (D) under the application of the
mechanical srress. On top of the dish a standard weiehf ('W) is placed to
obtain the desi¡ed stress. Note the deformation of thã boitom of the dish' indicated by the arrow.
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Figure V-3

Rat Temporomandibular Disc In Vítro Stress Model

Partial View With Vacuum - Non-stress

Schematic representation of the organ culture system for the study of the
response of the temporomandibula¡ disc to the application of mechanical
stress. In diagram A the articular discs (AD) are stressed by compression in
between the bottoms of each well of the dish and the condyle from the
sectioned hemi-mandibles (l\4). In diagram B the elastic bottoms of the wells
a¡e deformed by the application of vacuum pressure (arrows) in the system,
which in tum eüminates the stress applied i¡ the a¡ticula¡ discs.

Partial View Without Vacuum - Stress
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Figure V-4:

Figure V-5:

Figure V-6:

Figure V-7:

Graph showing the percentage ofGAG distribution in the rat aniculat disc
as a result of stress. The legends are:7wlC- 7 week old samples of thó
non-stress control group; 9w/C- 9 week old samples of the ìon_stress
control group; 71v125%- 7 week old samples of theþoup with stress 25Zo
of the total time in culture; 9wl25%o- 9 wèek old sam"ples'of the group *1if,
stress 25% of the total time in culture; jwl'|5Vo- 7 wéek old ,urn'pt"sif ttã
group with stress 757o of the total time in culture; 9w/75Va_ 9'week otã
samples of the group with stress 757o of the total time in culrure; 7w/læi*
7 week old samples of the group wirh srress l00Vo of the tótal iime in
culture (consranr stresÐ and-9 i\\Eo- g week old samples of tfre grãuf
with stress 1007o of the total time in culture lconstant sresi;.

Graph_ showing the percentage of HA distribution in the rat a¡ticular disc as
a. result of' stress. The^legends ue: 7w/C- 7 week old samples of the non-
stress contr^ol grolp; 9øC- 9 week old samples of the non_stress control
Soup;7w/25Vo- 7 week old samples of the group with stress 25Vo of the
qo¡{ time in culrure; 9w/25%o- 9 rieek old sariplei of the group with streii
257o of the total time in culture; 7wl'Ì5Vo- Z weik old su-"pt"r'òf tf,e group
with stress 75Vo of rhe total time in culture; 9w/7SVo- 9 weék old sarno'Í", n?
the g¡oup with stress 757o of the torai time in culture; 7w/l00Vo-7 tåÈ;id
samples of ¡he.g19qp with stress 1002o of the total rime i¡ cultu¡e lconstanì
stress) and 9wl1007¿- 9 week old samples of the group with stress'100Ø oi
the total time in culture (constant stress').

Graph showing the DPM/mg GAG content of the rat articula¡ disc as a
¡esult of stress. The legends are: 7w/C- 7 week old samples of itã nón_
stress control grolp; 9øC- 9 week old samples of the non-stress control
{oupi 7 w/25Vo- 7 week old samples of the group with stress Z5Vo of the
lo_tql ti{n9 in culture; 9wl25Va- 9 v)eeì<_old sañples of the group with stress
25Va of the total time in culrure; 7wl75Vo- 7 weik old ra.'ples'of the rrooowith stress 75Vo of the total time in cuttwe;9wÍ75Vo- S *"ék old iu;piåi oÍ
the goup with stress 75Zo of the total time in culture; Twll(ßVo- Z wett oi¿
samples of lhe.gnry with stress l00Va of the total time in culture fòónrt*istress) and 9Ø100Vo- 9 week old samples of the group with stress 1002o of
the total time in culture (constrnt stress).

Graph showing the DPWmg tIA content of the rat a¡ticula¡ disc as a resultot stress. Ihe l-egends are:1w/C- 7 week old samples of the non_stress

:gl,Tglerglp! lwÇ- O week old. samptes of the non^-stress control grouil
twl¿J. o-'l^week old^samples of the group with stress 25Zo of the totã timé
rn cuirure; 9w[¿J"/o- 9 week old samples of the group with stress 25Va of the
lo_t4 ti1g in culture; 7wt75Vo- 7 wei.k_old ,u-þl"s 'of the group with streis
7 5 Vo of the total time in culure; 9.w /7 l%o 

- e ytiet 9ta,^-ilài'ãf ti,ã Srãrïwith stress 7 57o of the total time jn culnre: 7w/t00To_ 7 deek ojd úåple's
of the group_with sress 1002o of ¡he total time in cultu¡e (constant strèss)
and 9wll007o- 9 week old samples of the group with strêss 1002o oflthé
total time in culture (constant srèss).

Table o-f the percentage of GAG distribution in the rat a¡ticular disc as a
result of stress.

Table V-I:
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Table v-tr: Table of the DPWmg GAC content in the rat a¡ticular disc as a result of
stress.
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DISCUSSION

The¡e is no evidence about the mechanism by which compressive and tensile

forces in v¿vo induce intemal changes in the articula¡ disc structure a¡d the extent this may

be responsible for the breakdown of the underlying tissue.

Most of the biochemical studies using mechanical forces have been done in

cartilage. This seems very reasonable since most of the structures directly under mechanical

stress have some degree of cartilagenous composition. The ability of canilage to absorb the

high loads that take place through the retendon and diffusion of water is particularly related

to PG and GAG molecules. As reported by scott er a/. (1989), the rype, concentrarion and

disribution of PG complexes, not only in canilage but also in connective tissue, ¡eflect the

load regimen that the tissue is exposed ln uivo.

PG molecules and PG aggregates possess a high viscosity and a large morecular

size that at the same time reduce their capacity to diffuse through the collagenous fibrillar

network of canilage retaining large amounts of water. The energy of the stresses in

cartilage is sto¡ed as potential energy, which is released upon removal of the stress. In

normal conditions, the cartiiage regains its original shape in a process that the elastic

capability of the PG complexes play a major role (McDevitt, 1973). In other words, pcs

indirectly modulate the stiffness of the collagen nerwork through the difference in the

osmotic pressure (Muir and Hardingham, 1975; Muir, i981). On rhe orhef hand, there

seems to be some evidence that the \.vâter content of cartilage from joins that are maximally

loaded is lower than that of canilage from other regions of the body that do not have strong

load pattems (Thonar et al., 7978). Reduction of the water content due to high loads is

caused by a reduction of PG and GAG synthesis which tends to normalize when the

extemal pressue was eliminated (Schneiderman et at., 19g6). From the known GAG

types' cuS is the main component of hyaline cartilage and has been highly conelated with

the application of mechanical srress (Hardingh am, 1979, Daniel and iv{ills, lggg). IIA and
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KS may also act as a biological absorbant to mechanical stress (Bartold, 1987; Saamanen et

al.' 1987).In fibrochond¡ocytic cells cultured in vito Pc synthesis also represented 87zo

of CuS flMebber and Hough, 1988).

However, quoting Mechan (1986): "To view regulation of matrix accumulation by

cells in isolation is almost certainly to see the process too narrowly", the analysis of tissue

culture by itself may not be sufficiently descriptive of the entire process. As compared with

tissue culture studies, the study of the intact structure in organ culture a-llows the study of

PGs and GAGs inte¡acting with collagen fibers. studies on mechanical stress of the knee

joint (Saamanen et al.,1987), demonstrated that the collagen content relative to the pG

portion, did not show any change with manipulation of forces applied to the articula¡

caftilage of the joint. This demonstrated that quantities of collagen and pGs are regulated

separately. while the content of non-extractable PGs decreases in the unloaded joint, it
increases in the heavily loaded contralateral side (rammi er al., 1983). This accumulation of

PGs was reported to be associated with an increase in GAGs that contain glucosamine,

particularly KS (Saamanen et al., 1987). This observation is in agreement with the

inco¡poration of radioisotope into newly-synthesized GAGs in this investigation which

suggested that the increase in mechanical pressure resulted in an increase in selected groups

of GAGs, such as cus a¡d KS. However, this relationship may indicate that the results

found in the group with 10070 stress is more pathological and may not be a condition likely

to occur in vivo. The results f¡om the 75vo stress group seemed to fepresent a more

physiologic in viva condition, as it could appear in cartilage of knee joints as a result of

running exe¡cise. According to saamanen (1989), intensive exercise inc¡eases the

percentage of PGs, as compared to strenuous exercise (similar to the l00vo stress grouþ of

this study) that leads to injuries wittr an increase in cartilage fibrilation and reduction of pG

content, PG aggregation and PG size. The use in future srudies of different times of stress
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regimens may allow a more accurate comparison between the degree of physiological

and/or pathological response in uirro.

Biomechanical studies suggest that the differences in intermittent and. constant

forces play an imponant role in normal growth of the c¡aniofacial structures and in

particular of rhe anicular surfaces of the temporomaldibular joint (perovic et at., 1975;

simon' 1977; copray et al., 1985a; Hinton et al., 1986). The four different regimens of

time a¡d stress applied to the rat a¡icular disc in this study suggested that the synthesis of

GAG molecules was dependent on the time that the force was applied in the culture. This

demonstrated a signifîcant influence in the type of GAG that was synthesized. The time of

stress could then be divided in no force varying in different degrees of intermittent to pure

constant folces,

synthesis of cuS appeared to be the result of the more constant fo¡ces while FIA

¡esulted f¡om more intermittent to no force at all. The composition of fibrocartilagenous

tissue in the anicular disc seems to ¡ender the disc with both cartilagenous and fib¡ous

behaviou¡s that must be cor¡elated to the long term stimulus that would generate tissue

breakdown, since long periods of constant forces inhibit matrix formation to stimulate

cellular proliferation. According to vogel et at. (19g6) the tendon rhat was subjected to

mechanical forces showed the GAG content to increase 3 to 5 times higher with 50vo of a

large form CS, therefore, demonstrating cartilage-like characteristics.

Autoradiographic studies of condylar cartilage under constant forces showed

considerable cellular proliferation with a fall in matrix production, whereas intermittent

pressue ¡esulted in a fall in cellular proliferation and an increase in matrix formation

(copray et al., 1985),as evidenced by the increased rate of [35s]-sulphate incorporation

into GAGs, due to an inoeased deposition of pGs in the pericellular matrix (veldhuijzen er

al., 1985). The synthesis of cus in both ages studied as a result of consrant stress

demonstrate that the disc has the capacity to adapt and remodei to a mo¡e cartilagenous
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composition. However, this must be confirmed with future experiments using histological

evaluation of the stressed samples.

The total duration of 24 hours of organ culture may not represent enough stress to

inhibit generalized matrix formation, as reported by copray et al. (1985). Although, this

study can not explain the inconsistency that the increased stress appe¿us to decrease the

synthesis of HA, which have been related to increase in the synovial fluid of patients with

TM disorders (Bjelle, 1975; Sweer ef al., 1977; Kivûanta, 1987b; Saamanen, 19g9),

constant stress may inhibit FIA synthesis through an independent mechanism. Analysis of

variance indicated that both age groups did not appeared to have major significant

differences in the mean values of GAG content among the stress regimens used. This is an

interesting observation since the ages of 7 and 9 weeks were chosen to conrrast the highest

and the lowest amount of GAGs synthesized without the application of stress respectively

(see Chapter [V, Figure IV-l, IV-2, tV-3 and tV-4).

According to these observations, the a¡ticular disc seems to undergo a remodeling

process when subjected to extensive mechanical stress. Although, the adaptability of the

a¡ticular disc is assumed to be very limited (Miller, 52; Ermshar, g2), Osbom (19g5)

suggested that the shape of the disc adapts to the compression forces to which is subjected

(Rees, 1954).

The mode of action of the forces is not known. However, the strain energy stored

within the collagen fibers of the loaded tissue can be ua-nsfered into a potential field formed

by the charged GAG components a¡d thei¡ electrostatic interaction with collagen fibrils

(Egan, 1987). Intermittent compression improves the exchange of nutrients and catabolìtes

(Marouâas, 197 4) nd,the increase in mechanical stesses causes a correspondent increase

in cellula¡ activity (urschel et al., 1988), however, this type of force will nor increase rhe

rate of transport of nutrients considerably above that which can be achieved by diffusion

alone, according to Ma¡oudas (1974). It has been hypothesized that stresses may affect the

t24



cells through mechanisms that are translated to the cellular level, but there is still a grear

deal of speculation on how the mechanical stimulus is sensed by the cell to develop a

particular response (urschel et al., 1988). The analysis of studies of second messengers

such as cyclic AMP showed it to increase after the application of the intermittent mechanical

hydrostatic pressu¡e (Veldhuijzen et al., 1979). Bourret and Rodan (1976) using

continuous compressive forces with an attempt to elucidate the mechanism of the translation

of the mechanical stimulus into cellula¡ signal, found a reduction in cAMp levels which

they attributed to an increased Ca+ uptake.

125



2.

1.

3.

CONCLUSIONS

The rat articular disc responded to rhe artifîcial mechanical stress by a change in

newly-synthesized GAG profile, which was demonstrated to be specific to the

regimen of stres s applied.

The major GAG molecules in the disc following sfess were CuS and HA. C6S

appeared to i¡ìcrease in regimens of consta¡rt stress, which may indicate that the disc

¡emodels to a more ca¡tilaginous phenotype to resist compressive forces. However,

this evidence must b€ conf,rmed in futu¡e experiments using histological evaÌuation.

On the othe¡ hand, HA seemed to decrease with the progressive increase of the time

of stress appiication. This suggests that under short periods of consta¡t stress, HA

synthesis is inhibited.

The¡e seemed to be no differences in response to mecha¡ical stress between the âge

groups studied. Analysis of variance showed that independent of the synthesis of

GAGs under no stress, both age groups responded to stress with the same pattern

of GAG synthesis.

The different stress levels under different time periods showed significant

variability (p<0.005) in the type of GAG synrhesized. For the synthesis of

KS/C4S, CuS and DS, stress could be divided into low, intermittent to no stress at

all, and constant st¡ess. HA synthesis was significantly (p<0.006) divided into

control, intermittent and constant stress ¡esponse g¡oups.

The variance in GAG synthesis to form different groups as a ¡esult of stress

indicates that each GAG molecule has its own pattem of synthesis. This reveals that

the articular disc controls its composition by the regulation of matrix deposition in

acco¡d¿nce to the envi¡onment to which it is subjected.

5,
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SUMMARY AND FUTURE STUDIES

synthesis of GAG molecules and collagen chains from the rat a¡ticular disc has

been shown in vítro. The observations resulted from the molecular synthesis of these

structures rended the articula¡ disc a dynamic pattem for remodeling:

1. The ¡esults of the distribution of collagen in the anterior and medial bands in the

disc possibly ¡esulred from the increased relationship of these areas to functional

activity as compared to the less prominent posterior band. The preliminary

investigation of the percentage of type III collagen confirmed the period of 7 to g

weeks as remodeling active in comparison to early age periods showing a

correlation with the mandibular growth spurt. Later periods of development showed

a drop in collagen synthesis.

HA and cus we¡e the main groups of newly-synthesized GAG molecures in vito tn

the ¡at articular disc. synthesis of GAGs seemed to peak in animals of 7 and g

weeks of age' demonstrating a good correlation with the appa¡enr mandibula¡

period of fast growth, more likely a growth spurt, that could explain the reason for

a high GAG synthesis. Ages 7 and 9 weeks were selecred for the application of

mechanical stress.

The synthesis of GAGs with the application of mecha¡ical stress i¿ ylrro showed to

be significant for the regimen of srress applied. The synthesis of CuS was highly

increased with stress in comparison with the other GAG types. It has been

speculated that this pattem of synthesis may indicate an increase in carrilaginous

properries in the disc, but it needs histological confirmation. Both age groups

studied did not show any singnificant difference in GAG synthesis.

3.
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This was a preliminary study in the analysis of the articular disc normal

development and metabolical response to mechanical sEess in yj¡ra. Possible future studies

may include:

t. study of the response of the normal development and mechanical stress on the

articula¡ disc by assessing the collagen and GAG distribution on the disc by grain

counting of histological specimens with the use of more specific techniques, such

as monoclonal antibodies, to identify collagen s-chains and GAG types within the

disc.

study of the effect of various levels and duration of mechanical stress on the

articula¡ disc by assessing collagen and GAG synthesis. The comparison of an

increased range of different levels of sEess of d.ifferent magnitudes may give

important insights in the relationship between physiological and pathological

anicular disc response.

study of the effect of mechanical stress in no¡mal development of the articular d.isc

from a larger range of age groups that those of used in this study.
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Appendices



APPENDIX A

A¡lic-ul¿¡ DisrEarlv Development inlhe lLlhino,n¿l

The study of the normal growth and developmenl of the temporomandibular joint was undertâken

in the albino rat to clarify the early changes t¡ât tåke pLace in the same joint with focus o the a¡dcular disc

eårly development. Both the TMI formation in rats and huma¡s have been describ€d in Chapter I.

MATERIALS & METHODS

Sprague-Dawley rats, inbred in our facility, were randomly divided in number of fou¡ fo¡ each of

the following age g¡oups: t I, 13, 15, l7, 19, 21,25 insemination days of age and newbo¡n animals for

histologicål analysis. The animals we¡e anaesúetized with ethe¡ (Mallinckodt Inc., pa¡is, Kentucky) and

killed by cervical dislocation. The enti¡e head of each animal was cårefu y washed in Waymouth's medium

(lVaymouth's 'l52ll, Gr¿u:,d Island Biologica.l Co., Gra¡d Island, New yorþ and fixed in l\Vo phosphate-

buffered formalin containing 0.570 of cetylpyridinium chloride or cpc (sigma chemicât co., sr. I¡uis,
Missouri) fo¡ 24 hours. The samples were decalcified with EDTA (pH ?.2) for 4 weeks and dehy&ated in

alcohools and chlo¡oform. Following fxation each explant was oriented antero¡nsteriorly in order to embed

in paraftìn blocs (Fishe¡ Scientific, Winnipeg, Manitoba). Histological procedures follow the ones indicâr€d

in Chapter IlI.

RESULTS & DISCUSSION

The assessment of the staining pattem in the temporomandibular ffêå revealed that the fìrst

appearance of the anicular disc took place at 20 days ins€mination age @igure A-1, A-2 and A-3). This is in

accordance with the wo¡k of Furstman (196ó), in which úe aflicular disc appeared as a fibrous ligament ar

the age of 20 to 21 dâys inseminaLion age. The antero-posterior orientarion of tÌ¡is hb¡ous ligament was

clearly defined i-n the ages older than 20 days. In the early ages it was possible to demarcaæ any differences

in anicula¡ disc bands which did not appear neârly until bùth. After lhat" most of the struct¡¡al composition

of úis ligament formed ove¡ lhe mandibuLar condyle showed linle change with development.
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Figure A-r: Radioautograph of c¡oss-section of û¡e rar lemporomandiburar joinl Donor age is 20 daysof inseminaûon. Explânr culnued i¡¡ u¿ra. æÅenãs u": c = .ô"¿yr., ï'= tl""i*ra tiàand D = anicular disc. Haematoxylin and Eosi; X l2

Figure A-2: Magnificadon of Figue A_1. Hâematoxylin ând Eosin. X g2

Figure A-3: Magnification of Figure A-2. Nore r.he ânþro-posterior disposition of úre fib¡es in theearty anicular disc. Iægends are; e = anterior uind, M = rn"fii ñà, Ë f;"äil;";
and C = condyle. Haemaroxylin and Eosin. X 20i 

-'-
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ÄPPENDIX B

Colla sen Srnlhrsis an d-DisÍihúion
from Rat Arficular Disc fn Vi¡ro and fn Viva

The synthesis and distribution of collagen was cha¡acterized in the rat aíicular disc in vitro utd, in

vivo, Although, i,l virru sludies are widely used, it is important to compare the consistency of the results

with simila¡ experiments ø vlvo that will more likely chalactet':¿€ the normal changes and synthesis that

tåke plåce in the anâtomical structure sûtdied.

Age'changes may be considered the result of the biological process that progressively modifies the

functioning ând the inteÍelation of the va¡ious components of a lissue @ouissou anrl pieraggi, lggg).

Although not all age-relaæd changes can be counted as causative roles of the development of an impairment

(Ihonar and Kuettner, 1987), aging consists of an eventual degenerative process that accounts fo¡ an

increased occlurence of diseases which a¡e frequently typical of advanced ages. The causes for fhis

phenomena are varied, but the regimen of load and stress applied to úe aÍiculat catiLage surface of a joint

have been relâted to age changes in ca¡tilagø (fhonat et a1.,1978).

The objectives of this investigation were to clariry some of the cellular changes and oúer possible

interferences in the articular disc, by isolating this sru ctwe in vitro and, in vivo. Among the mechanisms of
cellular adaptation, the synthesis of well known molecules help to determine t¡e behaviour of fhe tissue as

a ¡esult of the dist¡ibution and function of the same moleÆule. It is well known, that collagen is the main

exEacellular component in connective tìssue (Bomstein and Sage, 1980) and conse4uenûy, its hislological

and biochemic¿l analysis may help to elucidâte disc behaviou¡. Fo¡ visualization pur¡nses the articula¡ disc

has been divided anreroposteriorly in different areas or bands (thilander, 1964; Mills ¿¡ ¿1., lggg).

MATERIALS & METHODS

Sprague-Dawley rats, inb¡ed in our facility, were rardomly divided in number of fou¡ fo¡ each of
the following age groups of the ir¡ virrc study: 3, 4, s,6,7, 8 ând 9 weeks of age for his¡ologicâ! analysis.

The animals were anaesthetized wirh ether (Mallinckrodt Inc., paris, Kentucky) and killed by cervical

dislocation. The aficula-r disc and al.l.âched ligaments from both joints of each animal were carefully

dissected ürough a late¡al incision to expose the disc/condyle complex following úle removal of úre

masseter muscle. The removal of the a¡ticula¡ disc from the he¿d of the condyle was precisely done so as ro

remove Lhe disc and small polions of both retrodiscal tissue and superior heâd of lâreml-pterygoid muscle

which were important for the orientation of úe differenl bands of tl¡e tissue i¡ vjlro.
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In the irl vivo study, Spragüe-Dawley rats were randomly divided in number of fou¡ for each of the

following age g¡oups: 3, 5 and 7 weeks of age for histological analysis. The animals were also

ar¡.aesthetized with ether and injected witlr 10 ¡rcy'g þody weight) of [3trJ-proline (Amersham corporation,

Oakville, Ontårio) 'rith specific activfy of 60 mCVmmol. After 4 hours in culrure the animals were

reanaest¡ef.ized with ethe¡ (Mallinckodt Inc., Paris, Kentucky) and killed by cervical dislocation. The

temporomandibular joint from both sides was removed in bloc. The following orgarì culture and

histological procedures we¡e described in Châpter ltr.

RES ULTS

The qualitative assessment of protein synthetic activity as shown by labelling pattern of [3H]_

proline, suggested that there is a mo¡e acdve collagenous protein synúesis in vi¡ro in the anterior band and

medial regions of the aticula¡ disc as compâ¡ed wiú the posrerior band (Figrues B-2 and Figures 8-6 to B-

8), however, these patterns will have !o be confirmed by grain-counting and statistical evaluatìon. The j¿

vivo ¡esults seemed to show simila¡ results for the conespondent tissue explants thât were labeled in vitro.

DISCUSSION

The concept of normal development and remodeling of the a¡ticula¡ disc has been little stuclied.

AJthough the afücular disc is a homogeneous sgucture of flibrocarri.lage (Bell, 1986; Re€s, 1954; osbom,

1985; Gage et al., 1990), for visialization purposes the synthesis of molecules was classified antero-

posteriorly into three bands or areås, namely anterior, medial and posterior bands. Collagen disFibution in

úe anicula¡ disc of thê rat by the analysis of [3]IJ-proline labeling, wâs located at the anterior and medial

bands primarily. At the same time, the sâme areas âppear to contain increæed synthxis of GAG molecules

in the mouse a¡ticula¡ disc (refer to Appendix C). This observârion suggests that the synr¡esis of boúì

collagen and GAG molecules a¡e affected by stimuli taking plac€ concomiÞnúy.

Concluding, the description and corelation ofevents happening during growth and development do

not cleally explain the regulation and conkol mechanisms responsible for the histodifferentiation and

morphogenesis of the craniofacial sürctues. The monitoring of collagen metâbolism that is regulated

following a specific patter¡ of synthesis can, thereforê, contribute for the unde¡standing of the overall

mechanism of cellular interaction and protein synthesis through normal development and maturation. The

findings from this study prove lhat collagen synthesis can be maintained in tle rar anicula¡ disc ín vitro in a

system which is able to reproduce the developmenml changes that take place in the living tissue ¡¡ y/v¿.

This approach may have a súong potentiâl fo¡ the study of disc pathology.
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Figure B-l: Radioautograph of c¡oss-section of the rat temporomandiburar joint. Donor ase is 3
weeks. Explant cultured i¿ viyo. L€gends a¡e: C = condyle, T = temporal Uone, ÀI O¡sc
ânrerior ba¡d, M =disc media] band, p = disc posterior úand an¿ ci= c¡"oyia, caruage.
Haematoxylin and Eosin. X l2

'.!i:!.,.'.',)
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Figure B-2: Radioâutogmph ofc¡oss-se¡-tion of Iie rat lempo¡omandibular disc. Donor age is 3 weeks.
Explant culrued in vítro,I*,gends are: A:anterior band, M = .e¿i¿ tarã ar¿ Ë'=
posterio¡ band, X 12

¡rJ -;,,,. irM
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Figure B-3:

Figure B4:

Figure B-5:
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Figùe 8-6:

Figure B-7: Magnification of the medial band areå delineated between double arows in Figure B-2,
Note the amount of siver grains. X 205

Figure B-8: Magnificarion of the posterior band areâ detinearcd between triple anows Figure B-2. Note
the reduced labeling as compared !o l¡e Figües 8-6 and B_?. X 205
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APPENDIX C

G A G-Srnllesis ¿¡ùD i stri bution

from the Mouse Articular Disc Cultured fn Vitro and f¿ Vivo

GAG complexes we¡e studied in the rat âficulù disc biochemically as a result of the normal aging

process ard as a result of mechanical sress. The a¡ticular disc from the Albino Rat was compared to that of

the Swiss Mouse and both demonsüated to be very similar in not only the structure but also in the

synthesis and distribution of collagen (See Chapter III). In this Appendix the synthesis and distribution of

GAG molecules was sEìdied in the mouse articulâr disc Ðsing both the organ cultue in virra model and the

in vivo experimental procedure. The results of the both types of experiments were then compared.

MATERIALS & METHODS

Swiss-Webster tvhiæ mice, inbred in our facility, were randomly divided in numbe¡ of fou¡ fo¡ e¿ch

of the following age groups: 3, 5 and 7 weeks of age for histological analysis of the ia viva ex¡eriment and

in the age groups: 1,2,3,4, 5,6,7 and 8 weeks of age for hislologicål ânalysis of the rn vlno experiment.

In the fust group, the animals we¡e anaesthetized with ether (Mallinckodt Inc., Paris, Kentucky)

and injected with 5 pCi/g (body weight) of [35S]-sulfate (Amersham Corporalion, Oakville, Onrario) wirh

specific activity of 43 CVmg in e¿ch dish. Afæ¡ 4 hou¡s in culture the animals were re¿naestherized with

elher (Mallinckodt Inc., Paris, Kentucky) and ki[ed by cervicâl dislocation. The temporomandibular joint

from bolh sides was removed in bloc, carefully washed in Waymouth's medium (Waymouth's 75211, Grand

Island Biological Co., Grand Island, New York) and placed in fxative.

The animals f¡om the second group were ânaesthetized with ether (lvlallinckodt lnc., paris,

Kentucky) and killed by cervical disloc¿tion. The a¡ticula¡ disc and atfâched ligaments from bofh joinls of

each animal we¡e câ¡efully dissected though a lateral incision to expose fìe disc/condyle complex following

the removal of f¡e masseter muscle. The removal of the articula¡ disc ftom fhe head of the condyle was

precisely done so as to ¡emove the disc and small ponions of both retrodiscåI tissue and superior head of

laferal-ptery8oid muscle which werê important for the orientation of the different bands of the tissue i¡l

vitra. The following organ cuJhre and histôlogy procedues have been described in Chapter III.
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RESULTS & DISCUSSION

The qualitâtive assessment of the profsin synthetic activity as shown by t¡e silve¡ $ain paÍ.em of

[35S]-sulfate in the animals labeled i¡ viva showed to be very simila¡ fo¡ the conespondent tissue explanrs

of the animals labeled i¿ vi¡ra. The GAG distribution in the a¡ticula¡ disc seemed to corespond with the

pattern of labeling of collagen. 'lhe in vitro experimen! was also compared with the i¡ viva explants as

shown in the Figures C- I to C-8. The appearant coÍelâtion of GAG molecules with collagen in rhe anterio¡

and medial bands suggests that lhese areas of the articular disc may be influenced by an increåsed amount of
sÍess and remodeling thmughout the rodent aging and developmenL

Figure C-1:

Figure c-2: Radioautograph of cross-section of rhe mouse arricula¡ disc. Donor age is 4 weeks.
Explant cultured in vitra. Legends are: A = disc anterior bånd, M = disc medial band and
P = disc posterio¡ band. Haematoxylin and Eosin. X l2
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Figure C-3:

Figure c-4: Magnification of the medial band a¡ea delineatert by double arows in Figure c-1.
Haemaroxylin and Eosin. X 205

Figure C-5:
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Figure c-6: Magnificarion of the anterior band area delineated by single arrows in Figure c-2. Note
that the synthesis of collagen in vitro is simillar o iti in vr-r, countetpatt.-Hu"raro*yiin
a¡d Eosin. X 205

Figure c-7: Magnification of the medial band area delineâted by double arrows in Figure c-2.
Haemaroxylin and Eosin. X 205

'rt
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Figure C-8:
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APPENDIX D

Isolajion ¡¡d Ch a raclerizalio¡ of the,Arficular Disc Cejls Cultured In Vi¡ra

The anicular disc cells were isolaæd and evaluâted for chondrocyie châracterisdcs, The sguctural

composition of the anicular disc that covers the head of the ma¡dibula¡ condyle is mainly formed by

bundles of type I collagen fibers (Gage et al.,1990), with a scattered disrribution of chondrocytes (Silva,

1969), or fibrochondrocytes (Webber et a\.,1985), rhar are embeded in a pG matrix (Hardingham, 1979;

Gage et al., 1990). The presence of chondrocytes renders the hb¡ous structûe of úe a¡ticular disc an

increased potential for remodeling and regeneration through the progressive synthesis of PGs and collagen.

This pilot study âttempted to isolate and characterize the articùlâr disc cells as chondrocytes or
fibrochondrocytes in the albino ¡at anicular disc,

INTRODU CTION

Normal Chondrocyte Metabolism

The normal chond¡ocyte strücture is of an ovoid cell úaf. has ân iregular surface with projecring

cell processes, but the ove¡all shape can va¡y f¡om a spheroidal to a flaûened form. The shape, âs well as

other chùacteristics, can be altered by the type of cartilage, the position of the cells in the tissue fogether

wilfi the cell density and the age (Stockwell, 1979). Many of the chon&o€yte's features are very similar to

those of the other cells and ir is often difficult t¡ identify particular characte¡isrics precisely. However,

typical features of chon&ocytes are úe well formed ER, an extensive Golgi complex, prominent lakes of
glycogen ând large lipid droplets (Bâme¡tet al.,lg13tl,/.attrkas et a1.,1967; \ eiss, 196g; Silva, 1969).

The average size of úe chon&ocytes was stâted as ranging from 3040 pm (Bamett ¿, ø1., 1961),

however, most recen y the mean is accepted as l0 pm in mouse and 14 Fm in man (stockwell, 1971). The

diameter of chond¡ocyte is dependent on cartilage úick¡ess and perhaps cell density. Chon&ocyte size

increases during maturation of permanent cartiLage (Beneke, 1973). S¡ockwell (1929) cor¡elated ûìis finding

with the inverse relationship between tissue cellularity and cell size, since cell density falls during

matural.ion.

Resptation i-n normal canilage takes place by di-ffusion of oxygen over long dislalces. The rate of
glycolysìs and of tle respiration are in accordånce wiûr the oxygen tension and the concentration of glucose.

However, the slow metabolism of cartiJage is due !o its low celularity, l-107o of the tissue. It is logical ro

assume l¡at oxygen uülization varies direc y with cell density of tlre carr,ilage. The concept that cafilâge
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glows under neår anaerobic conditions leads to the idea that low oxygen tension is conductive of cell

differentiation (Hall, 1970). Conne¡tive tissue cells cultu¡ed unde¡ compressive sress in low oxygen

atmosphere differentiâte into cartilâge, while high oxygen atnosphere produces bone (Bâsseü and Henmann,

1961). t ow concenrarions of oxygen also increase the synthetic activity of cultüed chondrocytes (Nevo ¿t

al , l97Z), but concentrations inferior to 17o inhibit the percentage of sulphate incorporarion (Marcus,

1973; Brighton et al., 1974), chonùocyle oxygen consumption is greater where the oxygen þnsion is

high, since the cells of superlicial layer seem to have a higher utilization of oxygen than the deeper layers

(Stockweu, 1979), and it decreåses with advancing age.

In adult cfftilage, the chonùocyt€s are localized within the mat¡ix in cåvides termed lacunae and in

normal conditions is in direct conlâct rvith the pericellular surrounding marrix (Silberberg, 1968; Meachim

and Stockwell, 1972). However, r¡is condfion se€ms to be altered histologically, once the chondrocytes

appear shrank away from the matrix which according to Barîe'l et al. (1961) is due to a probable loss of tie
pericellul mâtrix (Meåchim and stockwell, 1972). From srudies in rabbits, Ghaclially and Roy (1969)

have suggested that this ani-ficial representation of the chond¡ocytes association to thei¡ lacunae is actually

â¡ a¡ea adjacent to the chondrocyte that contain few or no collagenous fibrils but does contå.ins some fine
granules. Supposedly this region would coincide with the human chondrocyte pericellular marix
(Stockwell, 1974). Several other studies with I¡ansmission electron microscope in various numbers of
different â¡imals including rats, dogs, ftogs and rabbits demonsrated some electron-dense materiâl within
the region of the pericellular matrix (shepard and Mirchell, 1976; Luft, 1971; Laros and cooper, 1972;

Green ard Fergunson, 1975). This indicates proteoglycans or the presenc€ of glycoprotein molecules (van

Sickle and Kincaid, 1976). similarly, the areå at the ci¡cumference of úe chondrocyte lacunae wirh a
concenÍation of collagen fibrils (szirmai, 1969), presumably protects mechanically the enclosed

chonúocyte (Meâchim and Sûockwe , 1972).

The chondrocyte is responsible for the marix production and maintenance, being irself uncler the

di¡ect influence of the marrix that it produces (Van Sickle and Kincaid, 1976).

t.1. Articular Cartilase Cells

The¡e is a common hererogeneily of chonùocytes among the area of articulat carrilâge as

demonsEated by enzyme histochemical studies @orfman, 1970; r ilsman anrl Van Sickle, 1971). Their
morphologic appea¡ance in the tangential layer is also heterogeneous (Ìveiss ¿, ø1., 196g). This potential

metabolic featue is a natu¡al result of the intrinsic heterogeneous composition ând the continuous

physiological tumover (Van Sickle and Kincaid, 1976).

In the electron microscope úe chondrocyæs have a trilaminû cell membrane, witì a few short cell

processes which are thought to be i¡volved in pinocyosis. The nucleus appears oval or elongated, being

t69



more rouìded in deeper zones and often shallow identations and undulations can be seen (Ghadially el ø1.,

1978). Nucleoli are not common, however they were correlaæd as a response to increesed metabolic activity
(Fuller ard Ghadially, 1972). As it would be expected, the number of mitochondria is increased in meÞbolic

more active chondrocytes, which also have best developed RER and Golgi complex. This is an inrlication

tha[ the major synthesis of the precursors of fibrillar and interfibrill mat¡ix is carried out in these

sfuctures P¡esence of filaments was reported ro dep€nd on age, increasing in cases of oste¡arlhriris and

injured canilage @uller and Ghadially, l9?2). Miüotubules are rùely seen as well as glycogen. ln the

deeper articular caíilage, however, tiere are large deposits of glycogen which increase in size with age

(Ghadially et al., 1976). Lipid is also presenr, not in rhe same amounr as the hyaline canilage, but

similæly, it is most prominent in the middle zone (Stockwell, 1979). The presence of intracellular lipids

was repo¡ted in chondrocytes of articular canilage (Stockwell, 1967) in man a¡d in a series of different

animals including rats (AndeÌson ¿, d1., 1964), pigs and rabbia (collins et at.,l96s). Dsspire of the lipid
content has be€n showed to increase with age in animals, there is still some conEoversies about the same

factor in mân (Stockwell, 196?; Van Sickle and Kincâid, 1976).

1.2. Fibrocanilage Cells ûntemfticular Disc and Menisci)

Fibrocafilage is ptesent in intervenebral discs, some articular carrilages, in the symphysis pubis

and in the insenion of some tendons in bones (Granstom and Linde, 1973),

The chondrocytes in this panicular üssue lend to be more rounded or ¡nlygonal (Ghaclially er al.,

1978, Daniel and Mills, 1988) and show a well.developed RER and Golgi complex. However, the cells of
rhe superficial zone of the tissue a¡e usually oval and fusiform. Other cell processes and strucû¡¡es are seen

in this tissue as in orher sites (Ghadially ¿, ar., 1978). some fusiform cells $at at light microscopy can be

mistaken fo¡ fibroblâsts, resembled zone I chonúocytes of articular cartilage (silva, 1969). However, most

of úe cells are large and many nest in pairs like hyaline cartilage (Mills €, a/,, lggg).

MATERIALS & METHODS

Ten Sprague Dawley rats were divided inlo two experiments. The first experiment utilized 2 groups

of 3 animals eâch, aged 2, 3 and 4 weeks old, whereås the seÆond experiment involved 2 groups with 2

animals eâch, aged 3 and 4 weeks old respectively. The animals were a¡aesthedzed with ether (Mallinckrodt

Inc., Paris, Kentucky) and killed by cervical dislocation. The joints were exposed in aseptic conditions.

Bofh aficular discs were surgically removed and immediately Eansported to a lamina¡ flow hood (Nuaire,

Minnesota), where they were placed on a pet¡i dish (100 X 20 mm/Coming, Corning Glass r orks, New

York) conøining growth medium which consisted of Dubelco's minimun essential medium (Gibco/BRL,
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Burlington, Ontario),400 Uþl of penicillin G (Gibco LåbÕrarories, Grand Island, New yorþ, 0.56 mg/ml

of streplomycin sulphate (Gibco Iaboratories, Grand Island, New York), 0.2 mg/ml of ascorbic acid (sigma

chemical co., st. Louis, Missouri) and 2.2 mglml of sodium bicarbonate (Fisher Laborâtory chemical,

Fai¡ Lawn, New Jersey), where all lhe soft tissue was removed. The medium was sterilized using a

Millipore 0.22 ¡rm filrer (Millipo¡e corp., Mississauga, onrario). The samples were washed ttuee times to

prepare for tissue cultule.

In the first experimenl the discs were minctd and placed in collagenase (Sigma Chemica] Co., St.

Louis, Missouri) ât a concentration of 0.095g/100m1 of distilled water according to the proc€dure of van

Kampen and Veldhuijzen (1982). The a¡ticular discs were digested 4 dmes (the first was discarded) of 30

minutes each that were combined and cenFifuged at 1500 rpm. The pellets were resuspended in I ml of
DMEM and after c€ll counting, 35 mm tissue culture plates were seeded at an aggregation concentrtion of 2

X 105 cells in a d¡op of 5 ¡il of medium.

In the second experiment. Lhe discs were cùefully divided in thre€ bands, namely: anterior, mediâl

a¡d posterior bands. The bânds of each age were divided in two groups, consisting of 1o) the regular

procedu¡e of cellula¡ migration f¡om the tissue attaching to the boíom of the dish, ancl 20) the coating of
lhe bottom of the dishes with collagen type I gel, prepared from vitrogen (collagen corp., palo Alto,
Califomia" USA) according o the manufactùer's direclions. The qncimens were then divided in dishes with

collagen ard without collagen, containing one bând of each age at least in one type of dish. The collagen

coating provided a three-dimensional afif¡cial matrix in which the üssue was imbedded prior !o fhe gel

solidilìcation. The sâme size ofdishes were used for the second experimenl

In both experiments, âfter bei¡g minced and placed ino the dishes, the specimens were fed wirh 2

ml of DMEM plus l07o of Fetal calf Serum @low Laboratories Inc., Missussauga, ont.) plus 5zo of
fungizone (Flow kboratories Inc., Missussauga, ont.) and maintâined at 37.c in a humidified atmosphere

of 5vo co2. After one weæk, the medium was replaced regularly every 2 days until the encl of the lime

period.

The cells were moniored with a phase contr-ast microscope (.{ikon, Japan) a¡d photomicrog¡aphs

were tâken of selected cultures by using a 35 mm panatomic-X hlm (Kodal canada Inc., Brampron,

ontario) which were subsequently developed using microdol (Kodak canacla Inc., Brampton, ontario). Black

and white prints were made on kodâk polycontrast rapid II RC paper wilì an enlargement of 6.5 x of the

original magnification. Prints were developed witl Kodak Dektol a¡d fued with Kod¿k Fixer.

R ES ULTS

The first experiment demonslrâted a fasl g¡owth rate with the cells resembling chondrocytes

(Figue D'l). After l4 days, rhe cells had formed an âggregate formation (Figure D-2) in culture and shorrJy
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after that, a const¿nt of growth rate was noted with the cells staning ø show signs of deterio¡ation with

visible signs of cell death. This may have be€n due io the low amount of medium that could not be changed

through the enrire culture time, even though, the high densily cultures were able !o support úe chonùocyte

cell growth fo¡ a short period of time. This experiment showed typical presence of chondrocyreJike or
fibrochondrocyte-like cells düing the whole culture period,

The cells in the second experiment took some lime to growth. After one week of culûue lhere we¡e

not enough cells to be sùbcultured ând no significånt observâLion was made. This situation changed only

after 3 weeks of the initial culnue when the dishes showed a considerable numbe¡ of chondrocyrelite cells

(FigureD-5) which appeared to be atfached to the bofl.om of úre dishes, forming groups in same a¡eas

tending to confluency, simila¡ to conluent areas in high density cultule (Figure D-3). At the same f.ime

tlere was a cle¿¡ evidence of the fibroblast-like cells population togetheÌ with the former (Figùe D4). The

frst gor¡p (wit¡out fhe collagen coating) of fhe second experiment was finished after 40 days of inirial
culttlfe witlìoul. enough number of cells to be subcultured. At this ûme there were black dots around the

medium and empty spaces among the cells which were f led p¡eviously. The collagen portion did not show

much difference and chondrocyte-like cells were found in both groups. Apparently, the cell migration

occu¡¡ed more intensively in lhe collagen coated bottom dishes in the beginning of the culture (after 3

we€ks) as is seen in Figure D-5. Following the end of the first. group, the second group was stilt healthy

and the cells we¡e followed with a considerable presence of chondmcytes and f¡brochondrocytes (Figures D-3

and D-6). This could indicâte ttìåt the gels protecæd the cells for a longer period of time, once úe tissue was

embedded into the gels creating a more simila¡ situation to úe molher tissue. The gels were nof digested

wiú collagenase due to the ¡educed number of cells in all of the dishes, and as a consequence, úe pieces of
minced tissue were kept inl¡ the gels which probably served as an extra protecüon for the chondrocyæ-li.ke

cells to grow.

After 7 weeks of initial cultu¡e there was a less marked presence of chondrocyte-like cells with an

increase in t¡e fibroblastic population. Now, clearly the¡e was lack of the partial confluency a¡d it was

evident from now on that tle cells would not increase the growth rate. Therefore, the remaining dishes we¡e

subcultured (same size of dishes) and the gels were disc¿rded, once there was evidence that the cells we¡s

attaching to the boÍom of the dishes and ûre gels were considerably ripped. This suggest that the gels also

prolect l¡e cells in order for them to migrare to the bonom of the dishes. The subculturing procedu¡e

sele¿ted the numbe¡ ofcells and t}tere wâs a reduction in chondrocyte-like cells (Figure D-7) with exceprion

of one of ùe dishes. After l0 weeks from the initial cultu.re Lhis part of the experimenr was also f¡nished,

since úe cells demonstrated a slow growtì rate and cel¡ death,
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DISCUSSION

The isolated populations of cells from the articula¡ disc has been studied in cultue. The primary

objectives of this pilot study were to evaluate the a¡licula¡ disc cells as regarded !o iJte possibility of
phenotype characterization, the isolation of different cell çropulations wirh its maintenance in high densiry

culture aggregates, the effect of cellula¡ migraLion and cellula¡ proliferation int,o collâgen gels ancl the

diffe¡ences of cultùres with collagen coâting gels dishes and regular culture botom dishes,

The ulrastruchne of the articular disc cells was suggesæd as that of proper chondrocytes, based on

the evidence Îrom in vivo and in vitro morphological, immunohistochemical and biosyntetic observaLions

(Silva, 1969; Isberg ând Isacsson, 1986; Mills et at., 1988). In addition, as evidenced by high

metachromasia and alcianophilic properties, the anicula¡ disc shows rich zones of grouncl substânce in

connection with chond¡oid cells (Silva, l96q; Kopp, 1976). AJthough, a big variation was nored, rhere is

evidence to affir¡m that the a¡ticula¡ disc has a[ least two "different" cell popuLations. According to Gharlially

et al (1978) andDaniel and Mills (1988), the chondroc¡es in this particular tissue rend to be mo¡e rounded

or polygonal and the cells of the superlicial zone a¡e usually oval and fusiform. Some of the fusiform cells

that at light microscopy can be misøken for fibroblasts, ¡esembled zone I chond¡ocytes of aÍicular ca¡tilage

(silva 1969). As a mâtter of fact, many of tlre chondrocyte's feåtues are very similar to those of the othe¡

cells and it is ofæn difficult to idendfy pânicula¡ châracteristics precisely.

Nevertheless, the present work can no! estâblish definite conclusions about the p¡edominance of
one particular population in one specific a¡ea of the disc, because the sample was small and fhe d.ifferent

ages contributed fo¡ the variation in the results, The f¡ndings included the presence of chondrocyte-like cells

in all the bands as well âs flibroblasr-tike cells, however, no au€mpt in conelating the observations with a

speciJic area can b€ made from úe dâta described here. Fu¡ther wo¡k is necessary to determine the means to

characærþp the bands individ',âtly.

It is known that the connective tissue cultuled cells tend to alter their châracteristics in an a¡tificial
environment and frequently the cellula¡ phenotype resulted from subsequent culture pâssages does not
resemble the original explant cells, In addition, the tissues have the abiliry to switch phenoty,pes iz vivo

@aniel and MílIs, 1988). In oùer wo¡ds, rhe flexibilir.y to modulâre rhe phenot'?e of a given cell under

compression ca¡ tra¡sform úe cell to allow it's adapration under a tensional envi¡onment, for inslânce.

After Úìe subculturing procedures, it was not possible to observe the same chondrocyticlike growth rate,

however Mills ¿, al. (1988) reponed úrat the chondrocyte-like phenoty,pe was stable in monolayer culture

through tfuee passages with a gradual change in fibrcblast-like phenotype. The aggegate formation of high

density cultures showed that under a specific environment the disc cells rerain the chondrocyte-li.ke

phenot'?e. This may reflect the natu¡al environment of canilagenous tissue (veldhuijzen er at., lgg1), in
which the cells develop and mainøin thei¡ function,
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It is assumed thar the t,?ical phenorype of chonùocytes from hyaline cartilage would be

represented as true chondrocytes and úey would act as such. According ûo Green (1971) the chondrocyres

grown in vitro are of two types: one with fusiform shape resembling fibroblasts and a more polygonal ones

more like hyaline carrilage chondrocytes. This finding is in agreement with fhe present work. sùch

conclusion may jeopffdize the assumption that both fib¡oblasts and chondrocytes are present in the aticular

disc. Rather two different types of chondrocytes ',vould be present and úei¡ phenoty!,ic expression is

provided by the fac! Úìat typicâl chondrocytês produce a methaccromatic extracellular marix while
fibroblasts do not do so. on the other ha¡d, this could only be a p¡oblem of nomenclature, once the

impo¡tant issue is fhat one type of cell would react more like a chondrocyte and the other more lile a

Ítbroblast. The latter as well as the former could be furthermore alte¡ed to a more t)?icâl fib¡oblasric form

as a resull of lack of function.

Although, the high density culture showed signs of viability for cell funcdon, úe shor term

cultu.re and the small amount of the sample make it difficult to monitor the articula¡ disc in respect to

function and molecular synñesis. In order to evaluâte this effect of lack of function, the aniculâr disc cells

could be cultivated in a constânt stressed environment, and not only the maintenance of cellula.r phenotlpe

and behavio¡ would be established but also the potential of cell pmliferation in úe stressed environment.

It is known fhat connective tissue cells cultu¡ed ø üîo yary úeir responæ m d-ifferent situations

of mechânical stress. The form ând metabolism of chondrocytes is a relative consequence of the mother

tissue envi¡onment. In a¡ricular cartilage, lhe cells of the superficial Iayer are flattened and discoidal with a

low rate of GAG synthesis (Maroudas and Evans, 1974) as compâred to the cells in d.eeper zones that have a

¡ound form with a high rate of marix p¡oduction.

The size of the dishes was an important factor fo¡ cellular subility. The growú mte was

considerably affeÆted by the apParent lack of support provided by the bigger dishes in monolayer culture,

which is in acco¡dance with Bronson ¿f al. (1989) that used smaller dishes wi¡i wells of 2 cm2 e¿ch. This

observation was cleatly cont¡astånt wit the high density cultües. It is evident that the smalt amount of
tissue placed in first instance into monolaye¡ culture was the responsible for the slow growth rate.

However, by increasing the amount of tissue present in a larger â¡ea a higher degree of infe¿tions and dssue

delerioration is likely to occur.

Both chondrocytic a¡d fibroblastic phenotypes a¡e alf.ered by the cutture medium and the serum

supplement (G¡een, l97l; webber ¿r al., 1985; webber ¿l ø1., 1988). Dubelcco's MEM grearly increase

sulphate incorporation into chondrocytes (Green, l97l; vr'ebber el al., 1985) with a slower growr¡ rate as

compared with F-12 (Webber ¿l ø1., 1988). It was suggested that the mediums played a selective role for
either types of subpopularions of côlls (Vy'ebbcr er al., 1985).

The incorporaLion of isotope was not the issue of úese pilot works. However, this culture was

basically a monolayer cultu¡e. It has been observed that aggregation of chon&ocytes in high-density
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cultu¡es, consisting of a well defined numbe¡ of cetls, rvas maintâined ín vitro with an inc¡ease in the

incorporation of P5sl-sulphate proving to be a more favorable system !o study the factors modulating the

behavio¡ of the chondrocytes (Van Kampen and Veldhuijzen, 1982) under intermittent compressive forces

(Veldhuijzen e¡ al.,1985). The condiLions of the culture considerably affected the synthesis of sulphated

PGs (Marsh et al., 1979i Van Kampen and Veldhuijzen, 1982; Ma¡sh et al., 1982: yeldhlijzen et al.,

1985). Although aggregate type of culture favou¡s cell behavior under mechanical stress, it was reponed úât
aggregal.es tended !o chânge chondrocyte surfac.e properties (Kuroda, 1963; Nordling, 1967).

Disaggregadon of cells in culûl¡e prior to the subculturing procedure may ¡esult in some damage

to lhe cell and in many cases to a considerable decrease in cell number. However, the method of
subculturing used in this study has been shown to be satisfacnry without a signihcant alæration from the

original culture (Nevo ând Dorfrnan, 1972; waymouth, 1974). In aclclition, the trypsin reatrnent apparently

does not âffett the biosynthesis of sulfated PGs, as long as there is a period of incubation in the gowth
medium prior to assay for synthesis Q.{evo and Dorfman, 1972; Marsh et at.,lggz). This suggests úat the

same model can be applied to the description of the marix production of a¡ticutar disc cells by using

mechânical stress.

It has been demonstrated in this wo¡k that úre mouse articular disc ând consequently the rat

a¡licular disc can be used as models for tissue culture. The amount of tissue required still has to be

determined, however, aggregaß high density cultures a¡e more indicated for the study of mecha¡ical

influences on the a¡ticula¡ disc. To this end, the density used is still dependent on the proper concentration

to support chon&ocyte viability for an increased amount of !ime, than that of fffs experiment.
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Figure D-i: Phase-contrast micrograph of a monolâyer culture from rat afljculù disc cells res€mbling
chondrocytes. Note the round morphology of the cells.

Figure D-2: Phase-conEast micrograph of a high density culture of ân aggfegatr formation f¡om rat
anicular disc cells.

Figure D-3:

17 6

cultu¡e from rat a¡ticula¡ disc cells





Figure D-7: Phase-conEast micrograph of a monolayer culture from rat anicula¡ disc cells resembling
fibroblasts. Note that most of the cells ¡esemble fibrobl¡srs_
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APPENDIX E

PíIoi SJu dy,to Ðetermine The Best Time le¡iod
for Clrsan Culture fn Vilro

This pilot study has investigated the most appropriate time period in which the organ cultu¡e í¡
vifro system was able to suslain GAG synthesis in the articular disc. The materials & methods used here

has be¡n extensively described in Chapters IV and V.

RESULTS & DISCUSSION

As shown in Figure E-1, the results have indicated that the time culture of the âficular disc

explants for 24 hou¡s has been successful in maintainig a more intense GAG synthesis, given by the

amount of GAG synthesis at the end of the respective time period.

Initially, the reason that this experiment has focused in two time periods only is due to the type of
organ culu]re used as well as the tu¡nover of GAGs in culture. The synthesis of colLagen in cultue has been

successfully studied in the cou¡se of 4 hours to several days using the same t'?e of organ culture model

described he¡e (non published material), however, the longe¡ t¡e time period the explânt is left in cultu¡e üe
less probability lhe in vitro system will reproduce the in vivo situation without a significant change in
phenotype. Therefore,43 fus has been Þlen as a maximum period for controll¡d in vito cultue, a¡d has

âlready shown signs of lack of function in the explants. Concluding, the time period of 24 hou¡s has been

determined as the time base for the study of GAG synl¡esis using the in vitro organ culture system in the

experiments of Chapter IV.
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APPENDIX F

PilolJtudr-lo Delerminelìæ lest Time Period

for Orpan Culfure with Mechanical Stress fr¡ Vilro

This pillot study has investigated the most appropriâte ûme period in which the organ cultu¡e in
vllra system was able to sustain GAG synthesis in tfie a¡ûcula¡ disc wirh the applicaúon of a.fl.ificial

mechanical stress. The mâterlals & methods used he¡e hâs been extensiyely described in Chaprers lV and V.

RESULTS & DISCUSSION

The time periods used in this experiment wêre 8, ?A and 48 hours. The explants used were f¡om

rats âged 7 we€ks old' Figure F-l shows that 24 hours was the time period in which the articula¡ disc was

able to maint¿in a higher paÉern of GAG syntlesis as compâred to the other rime periods. In the previous

Appendix (E), the same dme period had been selected for the normal organ culture ¡¡ vl¡ro. This

observation and Úre suggesrion tJrat under mechanical stress lhe aticulâr disc cells did respond differently,

the times of 8 and 48 hours have be.en incorporated and all time period samples used were proccessed

toget¡er. Based on the increâsed proponion of GAG molecules synthesized at time period 24 hours as

compared !o lhe oÛter ones, this variable was used as the time period standard lo all the sEess experimenß

of Chapær V.

Ftgure F-l
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APPENDIX G

Pilof Sfr¡dv fo Demôn.frâfp fhâf fhp fì¡cqn l-rrltrrro

wilh Mechânical Stress ¡n yitro is Capable of Mâintâining GAc Svnthesis

The objective of this pilot study wâs to demonstrate that the organ culu¡e modifiel to study the

effects of mechanical st¡ess in the a¡ticula¡ disc was able to maintain úe synthesis of GAG molecules fo¡

the period of the experiment.

MATERIALS & METHODS

Four Sprague-Dawley ras, inbred in oul facility, were anaesthetjzed with ether (Mallinckodt Inc.,

Paris, Kenn-rcþ) and killed by cervical dislocation. The mândible was dissecæd and prepared for the modified

organ culture as described in chapter v. In the beginning of the experiment, 5 pcvml of l3Hj-glucosamine
(Amersham corporadon, oakville, ontario) with specific activity of27 cy'mmol was cårefully added to úe
culture dishes. After 24 hours, the a¡ticula¡ discs were ¡emoved fiom rhe mandibular condyle (see enti¡e

procedure in chapter v), washed in waymoulh's medium (waymouth's ?5211, Grand Island Biological co.,
Grand lsland, New York) and fixed in 1070 phosphate-buffered formalin contâining 0.57o cetylpyridinium

chloride o¡ cPC (sigma chemical co., st, t¡uis, Missouri) for 24 hours. The histological procedures

have been described in Chåpter Itr.

RESULTS & DISCUSSION

The dist¡ibution of silver grains in the aficula¡ disc as seen in Figure G-l to G-3, demonstrates

that úe organ cultue system in vitto thal was modilied to allow the âpplication of mechanical stress is

capable of maintaining GAG syntlesis.
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Figure G-l:
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Figure G-2: Radioautogaph of c¡oss-section of the medial ba¡d of the rat temporomandibular disc.
Donor age is 5 weeks. Explant culffed in vitro.HaemaLoxyün and Eosin. X 205
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Figure G-3: Radioautograph of c¡oss-section of the posterior band of the rat lemporomandibular disc.
Donor age is 5 weeks. Explant cultu¡ed j¡ yfro. Note I'hât there is very litúe labeling in
this a¡ea, X 205
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APPENDIX H

Pilot Studv of GAG Svnthesis and Distribution
from Rabbit Articular Disc In yitro

GAG syntheric activity has be¿n studied in rat and mouse using organ culture experiments.

However, due to the high simila¡iries of t¡e rabbit and the huma¡ temporomandibulù joint (Mills er al.,

1988) this ânimal has be€n selected as an important model fo¡ TMJ studies. Therefo¡e, this piuot stùdy

attempts to show the viability of this organ culture system to maintain GAG synthesis in the rabbit

a¡ticula¡ disc.

Two New Zeland white rabbits aged 3 a¡d 7 weeks old were used in this experimenr. The

ext¡action and the proccessing of the arricular disc samples have been detailed described in Chapter IV.
AJthough, the pattem of GAG synthesis have been shown in Figure H-l, rhe limitted sample size does not

allow any significant conclusions.
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APPENDIX I

Comp¡riso¡ of tlHl -glucosami¡re and tssl-sulfate labeli¡g
i¡ lhgRat Articular Disc f¿ Vilro

The synthesis of GAG molerules i¡ vilro has been compâred using f3tlJ-glucosamine and [35S]-

sulfaæ labeling. In this experimenr, samples ûom animals aged 8 weeks old were used. The procedures used

have been already described in Chapter IV, V and Appendices E, F a¡d G.

RESULTS & DISCUSSION

Figure I-1 shows the compa¡ison of bofh types of labeling used he¡e. Both [3H]-glucosamine and

[35s]-sulfate demonsfated very simmilû pattern of labeling. As it was expecæd, FIA appe$ed decreased in

the sample labelled with [35s]-sulfate, since HA is t]re only GAG chain t¡at does not have sulfate groups,

however, the presence of HA in the same sample may indicate that the isotope was incorporated by labeling

of ofier negative radicals. simiia¡ facto¡ happened in the case of l3FI]-glucosamine labeling of cus, since

the hexosamine of this GAG chain is thought 10 be gâlactosâmine a¡d not glucosamine. Based on this

results, [3H]-glucosamine was picked as the choice iso¡ope.

Ft8urê I.1
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APPENDIX J

Enzvme Dis€slioff of GA Gs_S-ynlh€sized

from the Rat Articular Disc fn Vítro

Selective enzyme digestions of GAG synthesized in vitro have been used o identify the diffe¡ent

types of GAGS tllât were compared with the migration of purified stand¿¡d GAG mixture.

MATERIALS & METHODS

Samples sele¿ted from the previous experiments were used for seleclive enzyme digestions. Eåch

sample was digesæd with at leåst one different enzyme. The enzymes used were SÍeptomyces hyaluronidase

(Sigma Chemical Co., St. Louis, Missouri), chond¡oirinase ABC (Sigma Chemicat Co., St. Louis,

Missoui) a¡d keratanase (Sigma chemical co., st. l¡uis, Missouri). sFeptomyces hyaluronidase (from

Streptomyces hyalurolyticus) was prepared at a concentration of 3 pl,/ml in 0.15 M NaCl and 1.0 M NaAc

buffer at pH 5.0 @erolami, 1989), totalling 0.05 u/digesrion. The samples were digesred for t6 hours at

60oc. This enzyme removes hyalumnic acid. chond¡oitinase ABc (from Pr¿r¿zs valgarþ was prepared ât a

concennation of 2 ¡tJ,/ml in choncl¡oimase buffer (Benolami, 1989), orauing 0.05 U/digestion at pH 8,0 for
25 minutes ât 37oC. This enzyme removes chondroitinusulfate,.chondroitinosulfate and dermatân sulfate.

Keratanase (from Pseudomonas speciesl was prepared at a concentration of l0 ¡rVml in TRIS buffe¡,

totalling 0.05 U/digestion at pH 7.4 for 37oC. This enzyme removes keratan sulfate. Following digestion,

reactions were stopped by boiling and the samples were quickly frozen and lyophilized. All digested samples

were resuspended in standard mix and were separated using acetate alates gel elecEophoresis (for a complete

description of the procedues, refer to Chapler IV and Ð. Digested and non-degested st¿ndards ând cont¡ol

samples were run concomitântly. The standârd mixture used was com¡nsed of IIA (from bovine tracheae),

CuS (ftom shark cartilage), CoS (from bovine tracheae), DS (from bovine mucosa), HS (from bovine

intestinal mucosa), KS (from bovine comea) and H (from bovine lung).

RESULTS & DISCUSSION

Enzyme digestion of GAG organ culture samples are shown in Figures J-l to J*4. In the Figure J-

1, tie digestion of the samples with chond¡oitinase ABC reduced the synthesis of CoS considerably as

compared wiüì the confol sâmple. This was also observed for DS and CoS, allhough the slight difference in

experiment as compared to the conf¡ol sâmple suggests flrat lhe amount CoS in the original sample was
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very small, therefore, most of the variability fiom the ñrs[ band has been âtributed to KS alone. HA also

showed reduced synthesis in the sample feated with chondroitinase ABC. This may have been due to the

hig concentration of the enzyme and the variabiJity in pH (Benolami, 1989), however, based on previous

trials the proponional decrease was non signif¡cant.

The samples digested with keralanase showed reduced incorporation of KS as compared with non-digesred

sâmples Gigure J-1 a-nd J-3), while hyatu¡onidase showed reduced HA synthesis (Figures J-l and J4).

Figure J- 1:

DcA

w
#

Photograph illustrating the selective enzyme digestion in the GAG samples. Legends are:

4 = | week old sample Eeared wirh chond¡oitinase, nore thar CS and óS a¡e nõt visible;
B = 5 we¿k old sample treatcd with hyaluronidase, note that IIA appears less intense as
g-oJnparIl-lo rle other samples; C = 5 week old sample treated wirh leraranase, noæ rhar
KS a¡d CS have been dìgestld and D = slandffd GAG mixture.
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APPENDIX K

Normal Grovlh of fhe Man dible

and Condvle of the Albino Rât

The normal process of development ând aging of úe rat mandibular and condylar growl¡ has been

studied in animals ftom 3 to 12 weeks ofage.

MATERIALS & METHODS

Thirty Sprague-Dawley male rats, inbred in our facility, were randomly divided in number of th¡ee

fo¡ eech of the following age goups: 3, 4, 5, ó, 7, 8, 9, 10, a¡d 12 weeks of age, The animals we¡e

anaesthetized with ether (Mallinckodr Inc,, Paris, Kentucky) and killed by cervical dislocation. The

mandible was extracted and meåsured with precision calipers (Stâedder, Yr'est Germany) ro record the normal

growú for the following dimensions: 1) Mandibular Lengl¡ (ML), lalen ftom the posærior border of úre

condyle to the dento-alveola¡-bone junctionof the incisor; 2) condylar Iængth (cL), taken f¡om the most

anterior to l¡e most posterior point in the mandibular condyle and 3) condylar \vidth (cw), øken from the

most lateral points in the ma¡dibular condyle, as shown in Figure K-l (Bouvier af,d zirîny,19g?; Bouvier,

1988).

RESULTS & DISCUSSION

The mandibular growth of the albino ¡at is shown in Figure K-2 !o K4 and fhe values a¡e resumed

in Table Kl. The longitudinal growth of the mandible o¡ the mandibula¡ length dimension showed that

the¡e are basically two periods of fast growt¡, the frst between ages 3 and 4 weeks and the se¡ond between

ages 6 and 8 weeks (Figure K-2). Although, the growrh in lhe ffust period betwe€n ages 3 and 4 weeks is

significant, it is more likely to represent a fast difference in proportion from the very young ro úe
adolescent rat. On the other hand, the ages 6 !o 8 weeks rep¡esent a glowth spu¡t at lhe end ofâdolescence to

stan of adulthood. According to PeEovic (1985), the growth of the albino rat takes place in úr¡ee different

stâges; úe fisrt period from bi¡th o 20 days of age; the second period or period of fast growth, which goes

from 2l to 48 dâys ard the period in which most of the growth is completed, from 49 days to 120. perovic

(1985) also demonsü-¿ted úat in spite of the rat never stops growing, after I l0 days the appositional growth

is practically negligible. These ¡esults are in acco¡dance with the observalions from this study, since afrer 8

weeks or 56 days, the ra! mandible showod lirûe growth. on the same token, the condylar growth peâkcd at
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8 weeks, decreasing after that (Figüe K-3). The widl¡ ofthe condyle se€med to stabilize at 7 weeks of age,

and in animals older thar 10 week @igure K-4), it was reduced probably due a resorprive adaptation in the

TMJ. The data presented here indicates t¡at fhe period from 6 to 8 we€ks in the albino rat is more litely to
represent a drastic change in the normal rat mel.h.abolism,

Figure K-l

Lateral View of Rat Mandible

LEGEND:

ML - MandibuJar Lengllr

CL - Condylar Length

CW - Condylar Widü
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cw
Þ4

189



Flgure K-2
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Table K-I

Rat Mandibular Growth

Dimensions (mm) lYfl- (1) s-Q) C'rV (3)

Ase fweeksl Me¿n lDv st. uv. Me¿n 51. Dv

J

4

5

6

7

8

9

10

11

2.45

2.62

2.68

2.73

2.90

3.01

3.03

3.07

3.14

3.12

0.005

0.014

0.005

0.014

0.028

0.023

0.038

0.021

0.020

0.112

0.77

0.78

0.79

0.81

0.85

0.91

0.88

0.91

0.90

0.90

0.008

0.013

0.013

0.016

0.032

0.043

0.007

0.08

0.0u

0.012

0.121

0.15

0.i7

0.19

0.21

o.2l

0.22

0.19

0.19

0.20

0.004

0.010

0.010

0.015

0,0i8

0.012

0.008

0.008

0.008

0.013
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APPENDIX L

Wet Weisht oftfle Xât Alficutar Disc

This appendix recorded the wet weight of the a¡ticular disc from the albino rat, The same animals

. fiom the p¡evious Appendix (J) were used, The anicula¡ disc ftom each joint was removed and its weighr

carefully recorded. Similar to the mandibula¡ growth, the a¡ticular disc weight seems to increase rapidly

until 7 to 8 weeks ofage, continuing growing after tiat. The values are shown in Figure L-l.
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APPENDIX M

Photo€ranh of -Eluoro gIam lllusfatinq
Collagen Bands Senarated bv SDS-pAGE
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Figure M-l: Photograph of fluorogram illusraüng collagen bancrs separated by sDS-pAGE. Legends
are: (l) q(I)+ollagen, (2) chfl)-coltagen anrl (3) q([I)-co agen.
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A.PPENDIX N

Photosranh of ]Gel Jllustrating GAOjan ds

Separafed bv Acetate Plat¡l Gel Electnhoresis

Figure N-1: Photograph of gel illusrraring GAG standard bands separated by Acetate plate GelF.lectrophoresis. Legends are: A = standard GAGs, g = t"'r.tun ,ulfãt.,-C=
chondroitin.sulfâte,D=chond¡oirin¡sulfate,E=dermaransufate,f=ni¡u¡o"iól.iã,C
= heparan sulfate and H = hepa¡in.
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APPENDIX O

Elexercell Strain llnit for the Sturly

of Molecular Svnthesis /n Vilro

The cyclic strain regimen to which the organism is normally subjecred i/¿ y¡yo suggests thar

structu¡es like cartilage and ligament when studied vr'ithout any amount of strain can not be represent i¡'
vjfro the same environment that they are exposed i¡ vivo. Although, such an assumpf.ion is a consequence

of the tissue's demands, it is not always possible !o explore this t''pe of invesdgation. To reduce this gap

betwe€n strain exposed dssues and st¡ain non exposed ones, the use of the Flexercell SEain Unit provides a

useful approach to the study of fo¡ce apptic¿tion and deformadon in cell and organ cultu¡e.

The majorify of úe organs iz vivo are not always subjecæd to the same type or sEain magnitude,

however, all cell types will respond to the mecha¡ical srimulation tfuough similar mechanisms: a) rapid

responsê in se¡onds it may involve a membrane depolarization, ca**, Na* or K', or oúer ion flux changes,

elabo¡ation of cAMP or prosLaglandin E; b) in minutes or hou's it may involve morphorogic change,

change in F-actin distribution, transcription or translation ând c) long term response in hours, days or weeks

it may involve changes in the rate of cell division, the t'?e of extraceuular matrix formed or pathways in
diffe¡entiati on.

The Flexe¡cell Strain unit has been created and improved by Banes er al. (r9g5), and ir has been

undêr use since then. several wo¡ks by Banes ¿¡ a/. (1985) ând sumpio el al. (19g7, lggg) have described

this unit in detail. The cent¡al unit is composed ofa computer terminal IBM Pc compatible attâched to the

cenEal vacuum unit @igure O-1), which has i¡let a¡d outlet vacuum hoses at the ¡ea¡ of the instrument.

The vacuum hose is inserted through a vent hole in the fop of a conventional cell culfi'¡¡e incubator, in a
way to avoid distulbances in the incubato¡ envi¡onment. Inside the incubato¡ lhe vacuum hose athches to a
base plate o¡ the unit of the apparatus which consists of a vacuum system B,il.h g vacuum poru and a
gasket, which fits 8 flexible borrom praæs (see chapter v, for descriprion), as shown in Figure o-2. The
computer proglam cån then control all variâbles related !o frequency of the applied force æ well as du¡ation,
amplitude ând strain rates in the dssue or organ culture,
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