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ABSTRACT

Bone resorption by osteoclasts facilitates orthodontic tooth movement. However,

an adverse sequela of tooth movement is the possibility of inflammatory root

resorption. ln order to examine aseptic hard tissue resorption an investigative rat

model was developed using in situ freezing of the upper right molar by the

application of solid carbon dioxide to the tooth crown. Variations in duration and

frequency of application permitted the investigation of the cellular reactions

responsible for the progression and repair of resorption and periodontal healing

using tartrate-resistant acid phosphatase and succinic dehydrogenase enzyme

histochemistry and a concert of antibodies directed at specific osteoclast

antigens in control and osteoprotegerin-affected animals. In addition, an electron

microscopic investigation was undertaken to assess variations in the

morphological features of the resorptive cells in the experimental model systems.

The development of the model revealed a pattern of root resorption dissimilar to

previously reported patterns caused by orthodontic means. Hard tissue

resorption was generated by short-term freezing of molar crowns while ankylosis

was a feature of an intense, prolonged insult as well as in all osteoprotegerin-

affected rats. TRAP activity was found to be to be a useful clast cell marker but

not in areas of ankylosis where ED1 (a macrophage lysosomal marker) proved to

be more valuable. ED1 label indicated that macrophages or, at least, clast cell

precursors are more involved in hard tissue resorption than previously

considered, suggesting that odontoclasts are likely derived from the macrophage

lineage of clast cell differentiation.
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While osteoprotegerin inhibited osteoclastogenesis and resorptive activity in the

skeletal bones and periodontium of unfrozen control molars in rats, it did not

appear to inhibit ultrastructural signs of resorption in the frozen rat molars. ln

addition, TRAP activity was present but diminished while ED1 activity was still

evident in the resorptive areas. This study concluded that osteoclasts and

odontoclasts, while appearing to be similar cells, are possibly not the only cells

responsible for hard tissue resorption. Furthermore, the observation that

osteoprotegerin failed to prevent inflammatory resorption in the frozen tooth

model suggests that there are possibly other extraclastic mechanisms or factors

in this experimental model that influence resorption. Hence, the usefulness of

OPG as a potential inhibitor of hard tissue resorption and, in particular,

orthodontic root resorption remains to be established.
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SUMMARY

The resorption of hard tissues in the periodontium relies on the recruitment,

differentiation, maturation and attachment of odontoclasts and osteoclasts to

tooth and bone in a precise series of cellular events (Sasaki et al., 1989;

Roodman, 1996; Chambers, 2000; Väänänen et a|.,2000). Controlling factors

governing clast cell differentiation and activity may affect the formative and

functional processes at either the systemic or local level principally by osteoblast-

osteoclast interaction (Suda et al., 1992a; 1999). A recently discovered

osteoclast antagonist, osteoprotegerin (OPG), purports to interfere with

osteoclastogenesis by binding with an osteoclast (precursor) membrane-bound

receptor, RANK (receptor activator for nuclear factor kappa Þ), to subsequently

interfere with signal transduction of transcription messages (Simonet ef al. 1997).

The administration of OPG therefore competitively inhibits osteoclast activity and

so reduces the extent of bone resorption leading to osteopetrosis (Hofbauer ef

al., 1999a). lt might therefore be expected that a similar inhibitory effect would

operate on odontoclasts.

The concept that osteoclasts and odontoclasts are the same cells has been

accepted based on the morphological and functional similarity between the two

(Jones and Boyde, 1988). Both become multinucleate, form ruffled borders when

actively ingesting hard tissue and produce a number of secretory products by

which these cells might be identified (Athanasou and Quinn, 1990; Athanasou ef

al., 1991; Athanasou, 1996). However, to date, no direct comparisons have been
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made between the two cell types, despite the fact that a number of studies have

examined odontoclastic root resorption in various model Systems.

Animal models developed to examine the dental resorptive process have mainly

relied on the application of a noxious stimulus to a tooth (Cvek and Lindwall,

1985; Lindskog et al., 1987a). A cold thermal stimulus has previously been

applied to the periodontium (Wesselink ef a/., 1986; Tal and Stahl, 1986) but has

not been applied directly to the tooth crown in order to mimic the aseptic

periodontal inflammation seen in orthodontic root resorption.

Solid carbon dioxide as dry ice (BOC Gases, Adelaide, Australia) was applied to

the crowns of 106 Sprague-Dawley rats for varying durations and times.

Dissected and processed tissues were examined histologically using

haematoxylin and eosin stain and enzyme histochemistry using succinic

dehydrogense and tartrate-resistant acid phosphatase, immunohistochemically

using a barrage of antibodies directed against osteoclast antigens, and

ultrastructurally using the transmission electron microscope. ln addition, 32 of the

rats were injected with OPG (Amgen lnc., California, USA) at a dose of 2.5 mg/kg

of body weight and subsequently examined under the above regime.

Results indicated that freezing of the rat molar crown was an effective way of

initiating a sterile inflammatory change in the periodontal ligament (PDL) that led

to resorption of periodontal hard tissue surfaces. Root resorption appeared

maximal 7 d after the insult and the initiation of repair was evident after 14 d.

Multiple freezing episodes and longer duration times increased the extent of the

tissue disruption and saw the onset of an ankylotic union between tooth and
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bone. The ankylotic union was seen in all OPG-affected rats at minimal exposure

times

Enzyme histochemistry using succinic dehydrogenase was successful only for

large and multinucleated clast cells. This further indicated that the citric acid

(Kreb's cycle) pathway that utilizes the dehydrogenases, functions in the mature

clast cell and is possibly related to the production of digestive enzymes. After 14

d as repair of the damaged teeth occurred, succinic dehydrogenase activity was

stitl evident in bone and on bone surfaces as normal metabolism and

physiological tooth drift were re-established.

Tartrate-resistant acid phosphatase staining was evident in the thermally

damaged PDL. Staining involved mononuclear and multinucleated cells within

resorption lacunae on hard tissue surfaces and within the PDL but not in areas of

ankylosis. Both osteoclasts and odontoclasts and their related mononuclear cells

appeared to stain similarly.

Success with immunolabelling techniques was largely limited to ED1 antibody

which identified macrophage lysosomal activity. Results indicated that there was

a high level of macrophage and clast cell activity in the frozen PDL and

resorption lacunae. FuÍhermore, the presence of inflammation within the PDL

suggested that odontoclasts might originate from a macrophage lineage rather

than from other cell lines.

Ultrastructural evidence suggested that large, multinucleated cells without ruffled

borders were intimately involved with hard tissue resorption lacunae. These cells
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did not possess the morphological characteristics associated with a fully

functioning clast cell. lt is suggested that these cells are either clast cell

precursors that had yet to differentiate fully or macrophages with hard tissue

resorptive capacity. Previous studies have associated macrophages with

resorption (Mundy et al., 1977; Alvarez et al., 1991 ; Brudvik and Rygh, 1993a,b;

Lassus et al., 1998; Faust, 1998; 1999) but mainly in an inflammatory role. lf

macrophages are involved with root resorption, the differentiation of odontoclasts

from a macrophage lineage is supported in preference to other haemopoietic

stem cell lineages.

OPG was found to inhibit hard tissue resorption in rats at a dosage of 2.5

mg/kg/d administered on alternate days. lnterestingly, OPG did not inhibit the

inflammatory experimental resorption initiated in this study. lt was hypothesized

that the PDL inflammation induced by the cold thermal challenge to the molar

crown produced mediators and cytokines (such as TNF-o) that had the ability to

stimulate clast cell differentiation and antagonize the effects of OPG perhaps in a

dose-dependent way. Since hard tissue resorption appeared undiminished, it

was further considered that OPG as a possible inhibitor of inflammatory

resorption was unlikely to have any beneficial effects or role in aseptic resorption

associated with orthodontic tooth movement.
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CHAPTER 1

INTRODUCTION

The current study develops an animal model system to investigate the cells

responsible for aseptic root resorption in the periodontium and their behaviour

following administration of OPG. The following review examines the

periodontium, osteoclasts and odontoclasts, root resorption, and experimental

resorption models.

1.1 The periodontium

Bartold (1995) described the periodontium as a highly vascular collection of

discrete and unique connective tissues, each of which conferred their individual

structural properties on the overall tissue morphology. The two principal soft

tissues consist of the gingival and periodontal connective tissues while cementum

and bone comprise the two hard tissue components. After facilitating eruption,

collectively these tissues provide homeostatic mechanisms for the support and

nourishment of teeth whilst at the same time facilitating physiological drift of the

dentition (Berkovitz, 1990; McCulloch, 1995; Bartold, 1995). Furthermore, a

healthy, functioning PDL is vital for the orthodontic movement of teeth which is

aided by the ability of the component tissues to remodel under the influence of

applied forces (Sandy et al., 1993; Davidovitch, 1996). Beertsen et al. (1997)

contended that, while each of the tissue systems comprising the PDL possesses

a unique architecture, composition and function, the extracellular matrix, fibrous

proteins and cellular components all have similar characteristics.
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1.1.1 Periodontal fibres

1.1.1.1 Collagen

Using histological and transplantation techniques, Grant and Bernick (1972)

revealed that the formation and organization of the periodontal ligament arose as

a response to the developing dental follicte. Previously, Ten Cate (1969) and

more recently Ten Cate (1996) described changes occurring within the dental

follicle that were associated with the onset of tooth root formation and the

development of the fibre groups of the PDL. These fibres appear as loosely

structured collagenous elements which become orientated and more densely

packed as the eruptive position of the tooth changes (Grant and Bernick, 1972).

According to Melcher and Eastoe (1969), the collagen fibres serve to attach the

tooth to its surrounding bone and to act as support during function. Under light

microscopy, collagen has been largely identified in discrete bundles. However,

due to technical problems associated with histological preparation, Melcher and

Eastoe (1969) and Sloan et al. (1976) questioned the precise arrangement of

these fibrous bundles. The view that collagen exists as gingival, crestal,

horizontal, oblique and apical fibre groups was accepted even though it was

unclear whether they extended right across the PDL space (Grant et al., 1972).

Zwarych and Quigley (1965) and Shackleford (1971a,b) showed that collagen

fibrils ramify from fibre to fibre, that fibres branch with frequency and that many of

the fibrils are, in part, not orientated to form fibres. Hay (1991) and Sloan et al.

(1993) explained this concept according to the types of collagen within the

ligament and the other functional demands placed on this tissue component.

ln order to perform their supportive and cushioning function, morphological

descriptions by Melcher and Bowen (1969) revealed thatthe collagen fibres are
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embedded in cementum and alveolar bone. Cohn (1972a,b) provided histological

evidence to suggest that some principal collagenous PDL fibres pass as Sharpey

fibres through the alveolar process of many animal species leading to the

concept that there may be continuity between the fibre systems of adjacent teeth.

Furthermore, buccally and lingually, a continuity between fibres of the PDL and

those of the gingivae and periosteum is thought to exist. Histological and

autoradiographic studies by Burnett (1978) and Dreyer and Sampson (1984)

have cast doubt over the concept of transalveolar fibres.

Although collagen is principally considered to be a structural component of the

PDL, Hay (1991) suggested a role in tissue adhesion. Collagen types l, ll, lll, and

lV have been shown in vivo to provide a substratum for cell adhesion and

together with collagen-mediated effects on cell growth and differentiation, there

may be a tissue requirement for cell adhesion to collagen. ln addition,

Postlethwaite and Kang (1976) and Postlethwaite et al. (1978) determined that

types l, ll, and lll collagens are chemotactic for fibroblasts and monocytes. lt was

further reported that the distribution of collagen varies considerably between

tissues as well as under differing developmental and pathological conditions. Gay

et al. (1978) and Narayanan and Page (1983) showed that, during inflammation

and wound healing, an increase in type lll and lV collagen occurs.
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1.1.1.2 Oxytalan, Elaunin and Elastin Fibres

Fullmer (1959) demonstrated oxytalan and elaunin fibres in the PDL by

employing special oxidative histological techniques for visualization. Sims (1975;

1976) reported that these fibres form a three-dimensional network linking tooth

cementum to the peripheral periodontal blood vessels and, later, Chavrier et al.

(1988) showed that oxytalan fibres are the likely precursors of elastin fibres. Ross

(1973) described mature elastin fibres as comprised of microfilaments, some of

which are embedded in an elastin core. Johnson and Pylypas (1992) indicated

that grouped elastin microfibrils appear indistinguishable from elaunin and

oxytalan. However, Rosenbloom (1993) reported that elastin fibres are only found

in the PDL of certain species and tooth types.

The function of oxytalan fibres has not been fully determined but, because of a

marked anatomical correlation in the distribution, direction and branching patterns

of oxytalan fibres and blood vessels, Chantawiboonchai et al. (1998) suggested a

specialized physiological role within the PDL. As the oxytalan fibre system

provides coupling between neural mechanoreceptors and the microvascular bed,

Sims (1983) hypothesized that the oxytalan fibre meshwork forms part of a

proprioceptor system for the regulation of PDL vascular flow.
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1.1.2 Gells of the periodontal ligament

Unlike many other connective tissues, the PDL has been identified as a highly

cellular structure. Berkovitz and Shore (1995) suggested that the cellular

components might be classified as having synthetic, destructive, or epithelial

characteristics.

1.1.2.1 Synthetic cells

Berkovitz (1990) and Beertsen ef al. (1997) indicated that the synthetic cells of

the PDL comprise fibroblasts, osteoblasts and cementoblasts.

o The fibroblast

Ross (1968) reported that fibroblasts are found between the collagenous fibres of

the PDL and are the most common and functionally important cells. As the

producers of the fibrous and matrix components, their appearance is essentially

governed by the surrounding tissues. Beertsen et al. (1974) described a variety of

shapes depending on the cell's position within the PDL and the plane of histologic

section. lt has been generally agreed that these cells are either fusiform or

tripolar in nature with long fine processes, or stellate with numerous short

cytoplasmic processes (Berkovitz, 1988). Beertsen et al. (1997) further described

these cells as orientated parallel to the PDL collagen fibres and interconnected

with one another by numerous gap- and adherence- type of junctions. Shore and

Berkovitz (1979) reported a single nucleus as appearing like a flattened disc with

a smooth outline. Multinucleated fibroblasts which, according to Sasaki and

Garant (1993), arose by fusion of mononuclear cells or by faulty division, have

been reported in the aged PDL. At the ultrastructural level Garant and Cho (1979)

revealed that fibroblasts contain the necessary polarized cytoplasmic organelles
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involved in the manufacture and degradation of proteins associated with the

enzymes, fibres and matrix of the PDL.

¡ The osteoblast

Osteoblasts are derived from mesenchymal precursors in a complex series of

differentiation steps involving a transcription factor termed core binding factor a1

(Cbfa1), othenruise known as osteoblast-specific transcription factor-2 (Osf2) or

runt-related transcription factor-2 (Runx2) (Wise et a1.,2002). Ducy et al. (1997)

and Ducy (2000) showed that Cbfal binds to and governs the expression of

multiple extracellular matrix genes in osteoblasts and Cbfal overexpression can

induce osteoblast-specific gene expression in fibroblasts and myoblasts.

Osteoblasts within the PDL, like osteoblasts elsewhere in the body, line the

surfaces of (alveolar) bone. Holtrop (1990) described them as a sheath or layer of

plump cuboidal cells aligned closely together between Sharpey fibres over a layer

of osteoid on the bone surface. ln addition, he observed that active cells reacted

intensely to basic stains due to an abundance of ribonucleic acid (RNA) located

in an eccentrically placed nucleus. However, inactive osteoblasts, resting

osteoblasts, or bone lining cells contain very little cytoplasm and change to an

elongated shape parallel to the bone surface. At an ultrastructural level, Schenk

et al. (1993) described these cells as similar to fibroblasts as they contain

prominent rough endoplasmic reticulum, mitochondria and vesicles. ln addition,

they possess a more extensive Golgi apparatus and numerous and prominent

microtubules and microfilaments. Roberts ef al. (1987) identified cells that might

be osteoblast precursors beneath the osteoblastic bone layer. The precursors

possess reduced cytoplasm and fewer organelles, and appear to be related to
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blood vessels. As differentiation progressed, Saffar et al. (1997) described an

unusual migratory pattern in which these cells move away from the surface of

bone into the body of the PDL before assuming a functional position. Holtrop

(1990) stated that cytoplasmic processes allow bone-forming cells, whether they

were early or late in their differentiation or functional life, to maintain

communication with each other and so provide a functional network. Mariotti

(1993) detailed the important role of osteoblasts in the production of bone matrix

components, such as collagenous and non-collagenous proteins in the form of

osteocalcin, osteonectin, osteopontin, matrix gla protein, plus numerous other

phospho-, sialo-, and glyco-proteins. Of significance, however, Chambers and

Fuller (1985) and Greenfield et al. (1999) ascribed an important role for

osteoblasts in the regulation of the osteoclast and its bone resorptive activity.

¡ The cementoblast

Diekwisch (2001) indicated that early cementogenesis arose from follicular

mesenchymal cells which penetrate Hertwig's epithelial root sheath. Thesleff

(2000) reported that these processes were controlled by genes affecting

signalling pathways, and Runx2 has been identified as a principal controlling

factor of cementoblastogenesis (Gaikwad et a\.,2001).

Bosshardt and Selvig (1997) reported that cementoblasts line cementum in much

the same fashion as osteoblasts line bone. ln addition, their arrangement is more

irregular compared with osteoblasts and their appearance is highly dependent on

their activity. According to Yamasaki et al. (1987), cementoblasts are often

indistinguishable from fibroblasts and these authors suggested that cemental

cells contribute to tissue matrix production within the PDL. Yamamoto et al.
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(1996) described these cells ultrastructurally as having wing-like processes that

partly encircle the principal collagenous fibres of the PDL. Moreover, it was

revealed that microtubules and collagen secretory granules within the cell

processes are orientated specifically for the secretion of intrinsic and principal

collagen fibres. However, Bosshardt and Schroeder (1996) stated that virtually

nothing was known about cementoblast origin, differentiation and cell dynamics

during normal development, repair and regeneration. Tenorio et al. (1993) further

suggested that cementoblasts and osteoblasts share many phenotypic

characteristics and therefore may be derived from the same progenitor cells.

Although cementoblasts and osteoblasts both express major osteoblast markers,

the responses of these cells to collagen 1, osteocalcin (OC) and bone

sialoprotein (BSP) genes clearly differentiates the two cell phenotypes (Pavlin

and Gluhak-Heinrich, 2001). In addition, Lindskog ef al. (1987b) showed that

cementoblasts do not appear to respond to parathyroid hormone in the same

manner as osteoblasts.
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r Epithelial Gells

Ten Cate (1969; 1996) provided evidence suggesting that remnants of Hertwig's

epithelial root sheath remain as aggregations of epithelial cells within the PDL.

Brunette et al. (1979) described these cells as unique because, unlike other

epithelia in the body, the epithelial cell rests in the PDL are surrounded by

connective tissue cells. Hamamoto et al. (1991) stated that the cell rest structure

is supported by a basement membrane containing laminin which was considered

to play a role in the formation, differentiation and maintenance of the epithelial

rest. ln routine histological sections, Valderhaug (1974) described epithelial rests

as clusters of cuboidal cells located closer to the cementum than alveolar bone.

Wesselink and Beertsen (1993) showed a change in distribution with age as the

number of cells decreased with time. Furthermore, higher concentrations of cells

were reported in the apical region in the young, but with age the distribution

became more cervical and gingival (Reeve and Wentz, 1962). Spouge (1980)

contended that the epithelial cells serve a function that remains undetermined.

However, Brice et al. (1991) suggested that they are possibly involved in

reparative cementogenesis, while Lindskog et al. (1988b) indicated that they

might play a role in the maintenance of the periodontal ligament space

1.1.2.2 Destructive cells

Osteoclasts and odontoclasts have been identified as the prime cells involved

with bone and tooth resorption (Domon et al., 1998; Greenfield et al., 1999).

Comprehensive reviews of these cells are presented in later sections.
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1.1.3 Gementum

Although a hard tissue structure, Bosshardt and Selvig (1997) considered

cementum to be a part of the periodontium. Cementum lines tooth root dentine,

provides attachment for periodontal ligament fibres and is a highly responsive

tissue. Nevertheless, Bosshardt and Schroeder (1996) recorded that it was one

of the least-known mineralized tissues. Because cementogenesis and periodontal

fibre attachment occurs at the same time, Bosshardt and Schroeder (1996) found

that a cellular distinction between the two processes was difficult. Lindskog and

Blomlöf (1994) provided evidence suggesting that osteoblasts, as well as

cementoblasts, might contribute to cementum formation, particularly in reference

to reparative cementum.

Birkedal-Hansen et al. (1977) considered cementum to be similar to dentine and

bone and characterized equal proportions of inorganic and organic content.

Selvig and Selvig (1962) indicated that bone is comprised of 70Vo inorganic salts

whereas cellular cementum contains only 460/o. ln addition, Butler et al. (1975)

reported that collagen type I is found in bone while collagen type I and a small

percentage of collagen type lll is present in cementum. Although difficulties

existed in obtaining suitable quantities of cementum for analysis, research

directed at the non-collagenous protein content by Somerman ef a/. (1990; 1991)

identified at least three RGD-associated adhesion proteins, bone sialoprotein,

tenascin, osteonectin and proteoglycans. Bartold et al. (1988; 1990) confirmed

the presence of hyaluronan, dermatan sulphate and chondroitin sulphate and,

further, showed the distribution of the proteoglycans to be closely associated with

cementoblasts. However, Hammarström ef al. (1996) reported that the precise

biochemical composition of cementum remains obscure in relation to other
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periodontal tissues as does the precise mechanism of formation of both cellular

and acellular cementum. A review of the origin of cementum by Hammarström ef

a/. (1996) reported increasing evidence that the epithelial sheath of Hertwig plays

a significant role. However, Ten Cate (1997) indicated that there is also evidence

implicating dental follicular cells in the development of acellular cementum.

Additional evidence suggests that cellular cementum might be derived from cells

that are extrinsic to the periodontal ligament (McCullough ef al., 1987; Lang et al.,

1 995)

1.1.4 Blood vessels

Berkovitz (1990) indicated that blood vessels comprise a substantial proportion of

the periodontal ligament in contradistinction to other connective tissue systems.

Estimates vary, but Sims (1980) determined that 11o/o of human PDL volume is

occupied by vascular elements but a range of 1-20o/o accounted for species, site

and tissue preparation variables. Johnson and Pylypas (1992) showed that, at

the light microscope level, the PDL appears to be more vascular in the apical

region and less so towards the cervical and gingival regions. Ultrastructurally,

Weekes and Sims (1986), Lee ef al. (1990) and Lee ef al. (1991) revealed a

complex network of vessels with a distribution that varies across, as well as

along, the length of the PDL. Although the main entry for vessels is from the

apical area, Kindlova (1965) described a considerable collateral circulation

through alveolar bone and gingivae which adds to the nutritive and hydrostatic

tooth supporting mechanisms of the vascular bed.
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1.2 The osteoclast

Roodman (1996) described bone resorption as a lifelong physiological process,

initially involved with the processes of growth and modelling and continuing as

remodelling of the mature skeleton. The main cellular agent involved in the

removal of bone has been identified as the osteoclast, and extensive reviews, as

well as entire books, have been written on this unique cell (Arey, 1920;

Chambers, 1980; 1985; 1988; 2000; Hall, 1975;1991; Pierce et al., 1991; Rifkin

and Gay, 1992; Zaidi et al., 1993; Baron, 1995; Athanasou, 1996; Roodman,

1996; Greenfield et al., 1999; Lerner, 2000; Väänänen et a1.,2000; Suda et al.,

2001). Lucht (1972a;1980) described the osteoclast as a large multinucleated cell

usually containing between 10 and 20 nuclei. Meunier et al. (1980) indicated that

osteoclasts are uncommonly seen in bone, but might be located either on

endosteal surfaces within Haversian systems or on periosteal surfaces. However,

osteoclast numbers have been shown to increase at sites of active bone tumours

(Roodman, 1996).

1.2.1 The origin of osteoclasts

Kölliker (1873) is credited as the first to identify an association between the

osteoclast and bone. lt is currently believed that this multinucleated cell is derived

from the pluripotential haemopoietic stem cell and remains the principal cell

involved in bone resorption (Burger and Nijweide, 1992).

Early reports by Arey (1920) suggested that osteoblasts possessed the dual

capabilities of osteogenesis and bone resorption. This impression was based on

histological evidence of the close relationship between osteoblasts and

osteoclasts. Arey (1920) further suggested that osteoblasts were mononuclear
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precursors that coalesced to form the multinucleated osteoclasts. Subsequent

parabiotic research by Walker (1972; 1973) indicated that osteoclasts are of

haemopoietic origin. Osteoporosis was found to be cured when affected mice

were joined in parabiotic union with normal littermates. Additional experiments by

Walker (1975) using parabiotic rats, one of which was exposed and the other

shielded from irradiation, demonstrated that osteoclasts form in and are derived

from bone marrow tissue from the protected animal. This important finding was

utilized by Coccia et al. (1980) in the management of infantile and juvenile

osteopetrosis by bone marrow transplantation. Further transplantation studies by

Kahn and Simmons (1975) using quail-chick chimeras revealed that osteoclasts

are host derived and clearly indicated that osteoclast precursors are present in

marrow, spleen and also detectable in circulating peripheral blood.

While there is general agreement that osteoclasts form from mononuclear cells of

extraskeletal origin (Marks, 1983), debate exists as to whether this originating

stem cell is part of the mononuclear phagocyte system. Zambonin-Zallone et al.

(1984) showed that circulating blood monocytes fused to form osteoclasts in

tissue culture and osteoclasts have differentiated from proliferating bone marrow

mononuclear phagocytes in vitro (Burger et al., 1982). Whereas monocytes have

been shown to be capable of causing bone resorption (Mundy et al., 1977),

transplantation studies have revealed a bone marrow (Ash ef a/., 1980) and/or a

splenic (Marks and Walker, 1981) origin for the osteoclast precursor. By

examining cell surface antigens, Oursler et al. (1985) determined that osteoclasts

share certain determinants with multinucleated giant cells and monocyte derived

macrophages.
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ln contrast, Chambers and Horton (1984) demonstrated the uniqueness of

osteoclast resorption by the incubation of monocytes, macrophages,

inflammatory polykaryons and myeloid cell lines on slices of human cortical bone.

A scanning electron microscopic examination determined that none of the above

cells produced a detectable change in the sudace of bone and it was therefore

concluded that mononuclear phagocytes are unable to function as bone

resorptive cells. However, Quinn et al. (1996) altered the experimental conditions

and incubated mouse and rat monocytes, macrophages, spleen and marrow

haemopoietic cells as well as foreign body macrophages and macrophage

polykaryons, with UMR 106 osteoblast-like cells on bone slices in the presence of

1,25-dihydroxyvitamin Ds. lt was noted that numerous tartrate-resistant acid

phosphatase-positive cells formed in these co-cultures and extensive lacunar

resorption was observed on bone surfaces. Quinn et al. (1996) reported that a

bone-derived stromal cell element is necessary for the differentiation of

monocytes and macrophages into osteoclast-like cells capable of bone

resorption. Quinn et al. (1996) also suggested that osteoclasts are members of

the mononuclear phagocyte system.
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1.2.2 Osteoclast morphology

A schematic representation of the morphologic features of the osteoclast appears

in Diagram 1.

Bone biologists have described osteoclasts as large, multinucleated cells found in

resorption bays (Howship's lacunae) on the surface of bone (Kölliker 1873; Arey,

1920; Hancox, 1972; Barnes, 1987; Holtrop, 1992). Under high power light

microscopy, infoldings of the plasma membrane termed "ruffled borders" are

observed in close contact with the hard tissue surface. The dramatic and

revealing ultrastructural appearance of the ruffled border was first described by

Scott and Pease (1956) as a complex series of finger-like cytoplasmic folds and

projections. Väänänen (1996) described the ruffled border as the true resorptive

organ of the active osteoclast and was further reported as an ultrastructural

feature not seen in other giant cells (Lucht, 1972a; Holtrop and King, 1977; Gay,

1992). Väänänen et al. (1990) contended that the ruffled area was formed by the

fusion of intracellular vesicles whose membranous proteins matched those

present in the osteoclast's plasma membrane. Baron et al. (1988) suggested that

the ruffled border was a specialized form of lysosomal membrane based on the

localization of a mannose-6-phosphate receptor and a lysosomal proton pump.

However, Akamine et al. (1993), using an immunocytochemical label for a

lysosomal sialoglycoprotein, considered that the ruffled border proteins are more

consistent with endosomal rather than lysosomal membranes. Holtrop and King

(1977) reported that bone resorption and degradation of bone matrix occurs in a

resorptive compartment beneath the ruffled border, as a result of the cellular

release of proteolytic enzymes and hydrogen ions.
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On either side of the ruffled border, Lucht (1972b; 1980) reported an organelle-

free area of cytoplasm assocated with a poftion of cell membrane that is in

intimate contact with the hard tissue surface.Gay (1992) suggested that this

intimate contact created a sealing zone which anchors the osteoclast to bone via

specific adhesion molecules collectively termed integrins. This adhesion zone

effectively isolates the resorptive compartment from the extracellular environment

and so creates a resorptive micro-environment. The adjacent intracellular

cytoplasmic clear zone was shown to contain actin-like filaments (B-actinin, talin,

vinculin) but was devoid of organelles (Marchisio ef al., 1984).

The remaining cytoplasm of the osteoclast contains the necessary intracellular

organelles to fulfil its digestive functions. Lucht (1980) reported extensive

endoplasmic reticulum involved in protein (enzyme) synthesis in company with

ribosomes, occurring singly or as polyribosomes. Perinuclear Golgi bodies were

identified for vesicle production and numerous mitochondria provided the cell's

energy requirements. Gay et al. (1983) and Baron et al. (1985) revealed that

osteoclast mitochondria are associated with adenosine triphosphatase (ATPase)

release as a by-product of the conversion of water and intracellular carbon

dioxide to H* and HCO¡- ions under the catalytic action of carbonic anhydrase ll.

Lucht (1972b) identified numerous intracellular vesicles carrying secretory

products towards the ruffled border and in the transcytotic process of moving

bone dissolution products through the cell towards the basolateral membrane for

excretion into the extracellular space (Baron et a\.,1988; Salo ef al., 1997). Apart

from a role in cell adhesion, the clear zone filaments were hypothesized by

Teitelbaum et al. (1997) to act as intracellular guides for the vacuolar transcytotic

process. Multiple nuclei were seen but it was other unique features of the
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osteoclast such as the ruffled border and intracellular organelles that

distinguished this cellfrom other polykaryons

Scanning electron microscopic studies by Jones and Boyde (1977) and de St

Georges et al. (1989) revealed the complexity of the osteoclast's plasma

membrane. Prominent microvilli or pseudopodia were located over the central

portion of the cell and were associated with excavation cavities. de St Georges ef

al. (1989) believed that, in the resorptive areas, osteoclasts appeared to be

connected to adjacent cells and suggested the formation of a functional

syncytium. Because of their pseudopodia and observations using time-lapse

video photography (Kurihara, 1988), osteoclasts were reported to be highly motile

cells that contracted when exposed to calcitonin or prostaglandin E2 (Chambers

et al., 1985a).
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1.2.3 Mechanisms of resorpt¡on

The process of bone resorption requires a series of events leading from the

differentiation and recruitment of mononuclear osteoclast precursors, to their

multinucleation and attachment to the hard tissue surface, before the removal of

the inorganic and organic hard tissue components (Loutit and Nisbet, 1979;

Chambers, 1985; Marks and Popoff, 1988; Suda et al., 1992a). Many studies

have identified the osteoblast as the principal regulator of resorption (Rodan and

Martin, 1981; Chambers, 1980; McSheehy and Chambers, 1986; Greenfield ef

a/., 1999).

Vaes (1988) and Delaissé and Vaes (1992) reported that osteoclasts have the

capacity to digest mineralized matrices such as bone, mineralized cartilage and

dentine. Burger et al. (1984) revealed that an initial step in the sequence of

events leading to bone digestion is the formation of the osteoclast from

mononuclear progenitor cells from the monocyte lineage. Fusion of the

mononuclear precursors to form osteoclasts at the site of resorption is followed

by attachment to the bony surface which is facilitated by membrane-bound

integrins and bone-associated proteins (Lakkakorpi et al., 1991; Horton et al.,

1991; Helfrich et al., 1992). Chambers et al. (1985b) suggested that osteoblast-

derived collagenase (MMP-1) plays a prime role in facilitating osteoclast

attachment by the degradation of surface osteoid. Pretreatment of bone with

mammalian collagenase predisposed surface tissue to osteoclastic resorption

which lead to the concept that the layer of osteoid acts as a protective barrier

against osteoclastic contact with the underlying, resorption-stimulating bone

mineral (Chambers et al., 1985b). ln between episodes of resorption, Chow and

Chambers (1992) showed that the surface of bone is largely covered by a layer of
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non-mineralized collagen fibrils which have the effect of making bone resistant to

osteoclastic attack. ln addition, it was shown that cells isolated from the tissues in

close apposition to bone and subsequently seeded on to bone slices possess the

capacity to render the mineralized surface accessible to osteoclasts. Chambers

et al. (1984;1985b) and Chambers and Fuller (1985) concluded that bone needs

to be cleared of non-mineralized collagen prior to osteoclastic attack, and fufther,

that bone-tissue derived osteoblast-like cells have the capacity to strip the

suface of bone of its collagenous fringe. Meikle et al. (1991; 1992) suggested

that osteoblasts are responsible for the removal of non-mineralized collagen and,

further, indicated that collagen elimination depends on the activity of matrix

metalloproteinases (MMP) which are manufactured and secreted by the

osteoblast.

Further evidence implicating the involvement of osteoblasts in bone resorption

was provided by Jilka (1989) and Delaissé and Vaes (1992) who demonstrated

that the incubation of osteoblast-like cells with parathyroid hormone (PTH) results

in a decreased amount of non-mineralized collagen. lt was established that PTH

stimulates the breakdown of the investing collagenous layer by increasing the

activity of PTH-sensitive cells such as the osteoblast, and possibly the fibroblast.

Everts et al. (1992) indicated that enzymes other than MMPs, of which

collagenase is a member, are possibly involved in bone resorption. The cysteine

proteinases (cathepsins B and L) were shown to play a crucial role in the

digestion of phagocytosed fibrillar collagen. This involvement was supported by

Reynolds and Meikle (1997) who examined the role of MMPs and cysteine

proteinases in mediating pathophysiological bone resorption and found that both
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groups of enzymes play a part depending upon the environmental pH. Delaissé

et al. (2000) reviewed the various proteinases ¡nvolved in bone resorption and

indicated that they may be of importance in determining the site of bone

resorption and possibly whether bone formation will eventuate.

1.2.3.1 Osteoclast recruitment

Väänänen (1996) stated that the determining factors governing sites of resorption

are largely unknown, as are the factors guiding osteoclast precursors to

resorptive sites. Mangham et al. (1993) suggested that complement mediates the

recruitment of mononuclear osteoclasts whereas Kukita et al. (1997) believed

that macrophage inflammatory protein-1ø plays an attracting role. Osteoclasts

are seen in the vicintiy of osteoblasts producing macrophage inflammatory

protein-1c which lead Kukita et al. (1997) to believe that this chemokine is

involved in haemopoiesis as well as bone remodelling. Alternatively, Hentunen ef

al. (1995) suggested that human osteogenic protein-1 in combination with

l,25,dihydroxyvitamin Da has a profound effect on osteoblastic growth as well as

the recruitment of osteoclasts as judged by vitronectin receptor and carbonic

anhydrase activity. Blavier and Delaissé (1995) used proteinase inhibitors to

show that MMPs play a major role in determining where and when osteoclasts

attack bone. lmportantly, tumour necrosis factor receptors types 1 and 2 are

found to differentially regulate osteoclastogenesis (Abu-Amer et al., 2000) while

interleukin-1 and tumour necrosis factor, by stimulating the inflammatory process,

lead to osteoclast recruitment and bone resorption (Assuma et a|.,1998). Rody ef

al. (2001) established that osteoclast recruitment also occurs at sites of PDL

compression as a result of orthodontic tooth movement due to the likely release

of local mediators. Suda et al. (1995) suggested that osteoclast recruitment is
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more likely to be related to local factors which Zaidi et a/. (1993) established are

governed by hormonal, cytokine, growth and colony-stimulating factor interaction.

Once at a site of resorption, a complex multistep series of events occurs which

Lakkakorpi and Väänänen (1996) described in terms of osteoclast attachment

and polarization, the formation of a sealing zone followed by active bone

resorption, and finally cell detachment and death.

1.2.3.2 Osteoclast attachment

Teitelbaum et al. (1997) described the physical intimacy between the osteoclast

and bone as essential in order to create and isolate an acidic extracellular

resorptive microenvironment. According to Baron ('1995), the most striking and

unique feature of the osteoclast cytoskeleton is found at the site of cell contact

with the substratum. Baron (1995) identified these specialized sealing areas as a

prominent peripheral ring of filaments containing F-actin, orientated parallel to the

plane of the substrate. ln addition, numerous punctate structures of F-actin

filaments orientated perpendicular to the substratum have been described and

termed podosomes (Marchisio et al., 1984). Marchisio et al. (1987) reported that

podosomes occur in cells of monocytic origin and also in cells that have been

transformed by src, fps and abl oncogenes. Furthermore, Teti et al. (1991)

indicated that podosomes contain other proteins which have been associated

with sites of cell-substratum and cell-cell interaction. These were spatially

described as rosette structures surrounding podosome cores. Teti ef a/. (1991)

also identified several tyrosine kinases and substrates localized to focal

adhesions and to the sealing zone in osteoclasts.
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A dynamic view of the attachment of osteoclasts to bone matrix was provided by

Kanehisa et al. (1990) who described highly motile cells with few podosomes

located mainly at the cell's leading edge. Upon osteoclast attraction and

attachment, Kanehisa et al. (1990) and Lakkakorpi and Väänänen (1991)

observed an increase in the number of podosomes arranged in a peripheral ring.

The establishment of a seal results in the replacement of the punctate

podosomes by two concentric protein rings of vinculin and talin that surround a

central zone of F-actin. Baron (1995) suggested that these observations provided

a distinction in time and in specific cell-matrix interactions between a motile cell

and one that stops at a prospective bone-resorbing site.

According to Baron (1995), the mediation of cell-substratum interaction at the

interface between the osteoclast and bone is facilitated by proteins of the integrin

family. Nesbitt et al. (1993) described integrins as heterodimeric molecules

containing a and B subunits which, when combined, have specific, receptor-like,

extracellular binding sites that recognize the Arginyl-Glycyl-Aspartyl (RGD)

sequence. Ruoslahti and Pierschbacher (1987) ascertained that the RGD

sequence represents a core ligand for all members of the integrin family and,

furthermore, found that the amino acid sequence surrounding this motif

determined which integrin would recognize and bind to a specific matrix protein.

Nesbitt et al. (1993) showed that osteoclasts express multiple integrin proteins,

some of which are involved in cell adhesion to bone matrix. Teti ef al. (1989a;

1991) identified several RGD-bone matrix proteins, of which collagen type l,

osteopontin, and bone sialoprotein are the most likely candidates to fill the

integrin-binding role. The important use of integrins in osteoclast attachment and
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function was shown by Fishet et al. (1993) who demonstrated that several RGD-

containing proteins inhibit bone resorption in vitro and in vivo.

1.2.3.3 Osteoclast polarization

Lakkakorpi et at. (1989) and Lakkakorpi and Väänänen (1991) determined that

osteoclasts experience strict organization of their cytoplasmic elements during

resorptive activation. They become more highly polarized via changes in their

plasma membrane morphology (Väänänen and Horton, 1995; Väänänen, 1996)

with the sealing area of cell attachment to bone separating the ruffled border and

the basolateral membrane into distinct basal membrane specializations. Salo ef

al. (1996) suggested that there are at least two functionally different basal

membrane domains and the intervening central area is postulated to be involved

w1h the transcytotic movement of degraded bone products. Salo ef al. (1997)

found that both organic and inorganic bone degradation products are transported

in vesicles through the osteoclast and liberated into the extracellular environment

via the specialized and polarized basal membrane area. Nesbitt and Horton

(1997) and Mostov and Werb (1997) also reported the transcytosis of proteins

liberated from mineralized matrix to the basolateral membrane for extracellular

release. Baron (1989b) described an intracellular polarization of organelles which

accumulated adjacent to the basolateral region of the cell away from the ruffled

border and sealing zone. These polarized organelles synthesized the lysosomal

enzymes and vesicles for vectorial transport towards the resorptive compartment.



lntroduction 43

1.2.3.4 Dissolution of bone mineral

The crystalline salts comprising the inorganic component of bone are calcium and

phosphate in the form of hydroxyapatite (Buckwalter et al., 1995). Blair et al.

(1986) reported that osteoclasts degrade bone mineral and collagen with

temporal asynchrony suggesting that the inorganic phase is removed prior to

collagenolysis. Bone mineral dissolves in a low pH environment and the acidic

nature of the resorptive lacunae was demonstrated by Fallon (1984a,b). Blair ef

at. (1989) showed that the ruffled border of actively resorbing osteoclasts

contains a vacuolar-type of proton pump involved in the acidification of the

resorptive compartment. According to Baron (1995), protons are pumped across

the ruffled border into the sealed extracellular microenvironment via a complex

ionic-balance process requiring co-ordinated electrogenic ion pumps, ion

channels and electroneutral ion exchangers to maintain cytoplasmic pH. ln

addition to protons, Teti et al. (1989b) and Salo et al. (1996) indicated that the

ruffled border plasma membrane expresses chloride channels that are an

essential requirement of the acidification process.

Teitelbaum et al. (1997) summarized a series of intracellular processes that

produce the protons for exchange. Cytosolic hydration of carbon dioxide to

carbonic acid is catalysed by mitochondrial carbonic anhydrase ll (Hall and

Kenney, 1985a,b). This is followed by dissociation of carbonic acid to produce

protons and bicarbonate ions. The protons are secreted into the resorption

lacunae in an energy-dependent manner while at the basolateral surface

opposite the resorbing zone, the bicarbonate ions are exchanged for chloride

ions to maintain homeostasis (Teti et al., 1989a,b). ln addition, Ravensloot et al.
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(1995) found that intracellular pH recovery was assisted by a Na*-H* exchange

process.

Baron et al. (1988) considered that the osteoclast is similar to acid-secreting

epithelial cells found in other areas of the body such as the gastrointestinal tract

and the kidney. However, Wang and Gluck (1990) demonstrated subtle

differences in vacuolar-type ATPases in chicken osteoclasts compared with

kidney intercalated epithelial cells suggesting that the osteoclast proton pump is

pharmacologically unique.

1.2.3.5 Removal of organic matrix

The organic matrix of bone consists predominantly of type I collagen and non-

collagenous matrix components comprising structural glycoproteins,

proteoglycans and specific bone-related proteins (Buckwalter ef al., 1995; Robey

1996). Meikle (1997) indicated that organic matrix contains numerous growth

factors which provided bone with a remarkable ability to repair and regenerate

itself. ln contrast, dentine contains type I as well as a small percentage of type lll

collagen. Matrix components include glycoproteins and proteoglycans of a similar

nature but not identical with those of bone (Mjor, 1984). An odontoblast-produced

phosphoprotein and dentine sialoprotein appear to be specific for dentine (Butler,

1998). Cementum also has a similar organic composition compared with bone

but an adhesion molecule and a growth factor possibly remain unique to this

material (Saygin et a|.,2000)

Väänänen (1996) stated that an understanding of the removal of matrix proteins

is as far from clear but that several major classes of lysosomal proteolytic
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enzymes are likely to be involved. Meikle (1997) divided these enzymes into four

groups; namely, matrix metalloproteinases (MMPs) and serine, cysteine and

aspartic proteinases. MMPs are qualitatively and quantitatively the most

important, because they function at neutral pH and are apparently capable of

digesting all of the bone matrix proteins (Meikle, 1997). Murphy and Reynolds

(1993) reported that biochemical and clonal studies subgrouped MMPs into

collagenases, gelatinases and stromelysins, all of which are active on matrix

components synergistically and with broad specificity.

ln 1993, Delaissé et al. demonstrated the presence of collagenase in rat

osteoclasts and in their resorption lacunae using immunohistochemistry.

Similarly, Okamura et al. (1993) showed that odontoclasts are capable of

expressing mRNA for collagenase. ln contrast, Fuller and Chambers (1995) were

unable to find mRNA for collagenase in rat osteoclasts, despite its presence in

other bone cells. Reponen et al. (1994) and Okada et al. (1995) also reported

that MMP-2 and MMP-3 are not found in osteoclasts, and that possibly MMP-9 is

expressed at mRNA and protein levels, but not in the resorption lacunae. Okada

et at. (1995) revealed MMP-9 as an enzyme localized exclusively in osteoclasts

and perhaps involved in the degradation bone collagen below the ruffled border

in concert with cysteine proteinases. Multinucleated giant cells from

osteoclastomas and osteoclasts from patients with Paget's disease were repoÉed

to have high levels of MMP-9 activity (Wucherpfennig et al., 1994) while

Roodman (1996) indicated that MMP-9 is expressed early in osteoclastic

differentiation.
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Etherington (1972) noted the ability of cysteine proteinases (cathepsins I

caspases) to degrade type I collagen in an acidic environment and suggested the

involvement of these enzymes in bone resorption. Subsequently, Kirschke et al.,

(1982) and Goto et al. (1993; 1994) identified a number of cysteine proteinases in

intracellular lysosomes located in osteoclasts as well as in their resorption

lacunae. Burleigh et al. (1974) demonstrated that cathepsin B1 degrades

collagen in solution at an optimal pH of 4.5-5.0 and also degrades insoluble

collagen at a pH lower than 4. ln addition, collagen degradation by cathepsin L

was five times faster at a pH of 3.5 compared with higher pH levels and its

specific activity was five to ten times greater than that of cathepsin B (Kirschke ef

al., 1982). That these enzymes directly and effectively participated in the

degradation of bone matrix was shown by Debari ef al. (1995) and lnui ef a/.

(1997) who employed a general cysteine proteinase inhibitor (E-64) and a

selective cathepsin L inhibitor (Z-Phe-Phe-CHNz). These cysteine protease

inhibitors reduce resorption pit formation by osteoclasts in a concentration-

dependent manner. The inhibition of resorption by the other cysteine proteinase

inhibitors utilized by Delaissê et al. (1980; 1984) provided direct evidence for the

importance of these enzymes in bone resorption where they are able to function

in the acidic microenvironment beneath the osteoclast where neutral

collagenases (MMPs) cannot (Meikle, 1997).

Murata et al. (1991) suggested that cathepsin L was the main cysteine proteinase

responsible for bone collagen degradation since the epoxysuccinyl peptide

inhibitor, CA074, specific for the inactivation of cathepsin B, failed to inhibit bone

resorption. Kakegawa et al. (1993) supported the contention that cathepsin L was

the principal proteinase involved in resorption by inhibiting this enzyme with
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chymostatin or pig leucoctye cysteine proteinase inhibitor. Resorption lacuna

formation on ivory slices was completely blocked and cathepsin L activity in

osteoclasts was reported to be much higher than other cathepsin varieties.

However, more recently, lnaoka et al. (1995) cloned human cysteine proteinase

(cathepsin K) which was shown to be predominantly expressed in osteoclasts,

although not exclusively (Goto et al., 1994). Goto et al. (1994) identified

cathepsins B, D and L as important in the breakdown of extracellular matrix

during osteoclastic bone resorption and therefore possible markers for resorptive

activity.

1.2.3.6 Removal of degradation products

Väänänen (1996) observed that breakdown products from the resorptive process

need to be continuously removed from the extracellular resorptive compaftment.

As there is no experimental evidence to support leakage of material through the

sealing zone, he suggested that vesicular transcytotic passage through the

osteoclast is the most likely pathway. Nesbitt and Horton (1997) used confocal

microscopic analysis to show that released matrix proteins, including degraded

type I collagen, are endocytosed along the ruffled border and transcytosed

through the osteoclast to the basolateral membrane. Earlier ultrastructural studies

suggested that bone mineral may be phagocytosed by osteoclasts (Pierce,

1989a) and subsequently removed in the low pH of lysosomes as degradation

products are transcytosed. The transcytotic mechanism was supported by Salo ef

al. (1997) who reported that bone degradation products, both organic and

inorganic, are transported in vesicles through the cell to the middle of the

basolateral membrane domain where they are released into the extracellular
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space. Mostov and Werb (1997) suggested that the osteoclast is similar to

epithelial cells in this metabolite transport mechanism but that the process was

significantly more complicated. These authors considered that the endocytic and

exocytic processes are dissimilar to those previously encountered in other cell

types and require a specialized area of the osteoclast basolateral membrane.

1.2.3.7 The fate of osteoclasts

Lakkakorpi and Väänänen (1991) showed that osteoclasts are able to pass

through more than one resorption cycle but their fate is uncertain once resorption

had ceased. Väänänen (1996) considered that a mechanism exists to remove or

destroy multinucleated cells in situ. Hughes et al. (1995) studied the effects of

bisphosphonates in vitro and in vivo and discovered a 4- to 24- fold increase in

the number of apoptotic osteoclasts. This lead to the suggestion that osteoclasts,

formed by the aggregation of mononuclear cells rather than by mitosis, were

removed by apoptosis. Confirmation was provided by Kameda et al. (1995) who

examined osteoclast death ultrastructurally and in a culture system, and showed

that the majority of cells exhibited morphological nuclear changes, DNA

fragmentation, and biochemical changes similar to those found in apoptosis in

other cell systems.

Savill (1997) indicated that similar mechanisms have been implicated in the

clearance of eosinophils, lymphocytes and monocytes and in the resolution of the

acute inflammatory response. A study by Yuan et al. (1993) revealed that the

activation of proteolytic enzymes, including the cysteine proteinases, is a

characteristic featu re of apoptosis.
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An alternative concept to apoptosis is multinucleated cell fission back to

mononuclear constituents which, according to Väänänen (1996), has heretofore

been considered improbable for osteoclasts. However, using an in vitro

osteoclast differentiation model and fluorescent markers injected into mature

multinucleated cells, Solari et al. (1995) demonstrated that mononuclear cells bud

from their giant cell parent. Furthermore, it was shown that the newly budded

mononuclear cells are able to later coalesce to re-form multinucleated cells.

Solari et al. (1995) concluded that our understanding of the ultimate fate of

osteoclasts is, at best, confused.

1.2.4 Osteoprotegerin and the regulation of osteoclasts

Greenfield et al. (1999) indicated that the control of osteoclast activity and hence

hard tissue resorption is of primary importance in the overall regulation of bone

metabolism. Many controlling factors have been identified including hormones,

cytokines, growth factors, ions and arachidonic acid metabolites. With the notable

exception of calcitonin (Hattersley and Ghambers, 1998), the majority of these

factors operate on osteoclasts via surface receptors on osteoblasts acting as

intermediaries (Orlandini ef al., 1995). Extensive reviews have been written by

Osdoby et al. (1992b), Mundy (1989; 1993a,b; 1996), Heymann et al. (1998),

Greenfield et al. (1999), Suda et al. (1999), Manolagas (2000), Hofbauer et al.

(2000), Chambers (2000), Khosla (2001) and Duong and Rodan (2001).

A summary of regulatory factors involved in clast cell activity is presented in

Table 1.
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Factor Stimulatory lnhibitory Reference

Hormones
Amylin + Alam ef a/. (1993)

Androgens + Bellido ef a/. (1995)

Calcitonin + Zaidi ef a/. (1991)

Calcitonin gene-
related peptide

+ Alam et al. (1991)

Glucocorticoids + Delanv et al. (1994)

Oestrogen + Oursler ef a/. (1993)

Parathyroid hormone + Talmaqe (1967)

PTHTP + Moseley and Gillespie (1995)

Thvroid hormone + Mundy et al. (1979)
1,25(O{\zvitamin Ds + Reichel ef a/. (1989)

Gytokines and
Growth Factors
Bone morphogenic
proteins, BMP

+ Udagawa (2002)

Colony stimulating
factors, CSF-1

+ Hattersley et al. (1991a)

Endothelin-1 + Tarquini ef a/. (1998)

Epidermal growth
factor, EGF

+ Tashjian ef a/. (1986)

Fibroblast growth
factor, FGF

+ + Shen ef a/. (1989)
Chikazu et al. (2001\

Granulocyte
macrophage colony
stimulating factor,
GM-CSF

+ Kurihara ef a/. (1989)

lnsulin-like growth
factor, IGF-1

+ Mochizuki et al. (1992)

lnterferon- y, lF-y + Gowen ef a/. (1986)

lnterleukin-'1, lL-1 + Lorenzo et al. (1987)
lnterleukin-4 + Shioni et al. (1991\
lnterleukin-6 + Peters ef a/. (1996)

lnterleulin-8 + Fuller ef a/. (1995)

lnterleukin-10 + Burqer and Daver (1995)

lnterleukin-'11 + Manolaqas and Jilka (1995)

lnterleukin-18 + Udaqawa et al. (1997)
Kinins + Lerner et al. (1987\
Macrophage
inflammatory protein
1-cr, MIP-1o

+ Choi ef al. (2000)

Nitric oxide + Maclntyre ef a/. (1991)
Platelet-derived
qrowth factor, PDGF

+ Canalis ef a/. (1989)

Prostaqlandins + Akatsu ef a/. (1991)
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Factor Stimulatory lnhibitorv Reference
Transforming growth
factor alpha, TGF-cr

+ Tashjian ef a/. (1986)

Tissue inhibitors of
metalloproteinases,
TIMP

+ Sobue et al. (2001)

Transforming growth
factor ß, TGF-ß

+ Udagawa (2002)

Tumour necrosis
factor, TNF-c¿

+ Kobayashi et al. (2000)

Tumour necrosis
factor ß, TNF-B

+ Bertolini ef a/. (1986)

Substance P + Lotz et a/. (1988)

Vasoactive intestinal
peptide, VIP

+ Hohmann ef a/. (1983)

Druqs
Bisphosphonates + Fleisch ef a/. (1969)

Genes
ADAMS + Choi ef al. Q001)

Table 1. A list of stimulatory and inhibitory factors associated with osteoclast
activity.

Recent literature has described a newly discovered regulator of clast cell activity

termed osteoclast differentiation factor / osteoprotegerin ligand (ODF/OPGL

/RANKL) and its antagonist osteoprotegerin / osteoclast inhibitory factor (OPG

/OCIF). Hofbauer et al. (1999a,b; 2000) indicated that many of the above-listed

regulatory factors operate via stimulation of the RANKL/OPG system that links

the osteoblast with the osteoclast.

1.2.4.1 Osteoprotegerin

A schematic diagram of the RANKL/RANK/OPG interaction between osteoblasts

and osteoclasts appears in Diagram 2.
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Simonet et al. (1997) and Tsuda et al. (1997) almost simultaneously identified a

novel secreted glycoprotein that regulates bone resorption, and they termed it

osteoprotegerin. lt was reported to be a member of the tumour necrosis factor

receptor superfamily that was able to cause a profound but non-lethal

osteopetrosis in transgenic mice. Also reported was its coincident decrease in the

later stages of osteoclast differentiation. Simonet et al. (1997) considered that

OPG might act as an important and significant factor in the regulation of bone

mass and therefore could be a useful adjunct in the treatment of osteoporosis

and increased osteoclastic activity. Tsuda et al. (1997) independently isolated the

same protein which they termed osteoclastogenesis inhibitory factor (OCIF). By

the cloning of a complimentary DNA of human OCIF, Yasuda et al. (1998a)

ascertained that OCIF and OPG were identical. Recombinant OCIF and OPG

specifically acted on bone tissues to increase bone mineral density and bone

volume associated with a decrease in active osteoclast number in normal rats.

Yasuda et al. (1998b) further reported that OCIF/OPG blocked the usual

interactions between osteoblasts (or bone marrow-derived stromal cells) and

osteoclast precursors by interrupting the signalling through OCIF/OPG cell

binding sites.

Tan ef al. (1997) identified a new member of the tumour necrosis factor receptor

family termed TNF receptor-like molecule (TR1) and also found it to be identical

to OPG. In a co-culture system, osteoclast formation was inhibited, as was pit

formation and bone resorption in organ culture of foetal mouse long bones. For

simplicity, Suda et al. (1999) proposed that the term OPG be adopted for

molecules that include OCIF and TR1.
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While the structure of OPG was described by Simonet et al. (1997) and Yasuda

et al. (1998a), its physiological roles were outlined by Mizuno et al. (1998) and

Bucay et al. (1998). These authors showed that OPG-deficient mice suffered

from severe osteoporosis and accelerated osteoclast development and function.

This, in turn, reduced the strength and mineral density of bones. In a

histomorphometric examination of tibial and vertebral bone in OPG-deficient

mice, Bucay et al. (1998) reported that both the osteoblast and osteoclast sudace

areas were increased and concluded that OPG is a physiological regulator of

bone formation in the postnatal animal. Furthermore, because OPG inhibited the

terminal stages of osteoclast development but did not affect the development of

osteoclast precursors, the osteoporosis in OPG-deficient mice was considered to

be most likely due to dysfunction in osteoclast recruitment and activation.

An additional development by Emery et al. (1998) was the report of a tumour

necrosis factor related ligand (TRAIL) that induced apoptosis upon binding to its

death domain-containing receptors. lt was further reported that OPG bound to

TRAIL which then blocked the osteoclastogenesis inhibitory activity of OPG in

coculture. The results of Emery et al. (1998) suggested a potential cross-

regulatory mechanism involving OPG and TRAIL which may also participate in

the regulation of osteoclastic bone resorption.

Yasuda et al. (1998a) purified and molecularly cloned OPG and also reported the

expression cloning of a ligand for OPG from a complimentary DNA library of

mouse stromal cells. These authors verified that this protein ligand found on the

surface of osteoblasts and stromal cells is a member of the membrane-

associated tumour necrosis factor ligand family which induces osteoclast
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formation from its progenitors. From cell culture experiments, Yasuda et al.

(1998b) determined that the membrane-bound protein is an osteoclast

differentiation factor (ODF) which had previously eluded identification but was

known to exist. ODF was thought to provide an essential signal to osteoclast

progenitors to induce differentiation into osteoclasts, and it was found to be

identical to TRANCE / RANKL which enhances T-cell growth and plays an

important role in the regulation of the immune system.

Lacey et at. (1998) were also successful in the molecular cloning of a ligand for

OPG from an expression library of myelomonocytic cell line and ascertained that

the OPG ligand (OPGL/RANKL) was identical to ODF. When a soluble form of

OPGL was administered to mice, hypercalcaemia was induced despite little

change in the numbers of osteoclasts. The results indicated to Lacey ef a/. (1998)

that OPGL stimulates osteoclast function as well as differentiation. Research by

Kong et at. (1999) succeeded in producing OPGL knockout mice which exhibit

osteopetrosis with total occlusion of bone marrow spaces within endosteal bone.

Osteoclasts were lacking but normal osteoclast progenitors were present and

able to differentiate into functionally active osteoclasts in a co-culture with

osteoblasts or stromal cells.

Molecular cloning of ODF/OPGL by Wong et al. (1997) provided suppoding

evidence that this molecule was identical to TRANCE and RANKL of the TNF

ligand family. TRANCE was cloned during a search for apoptosis-regulatory

genes in T-cell hybridomas and was shown to activate the c-Jun N-terminal

kinase enzyme in these cells.
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Anderson et al. (1997) cloned a new member of the TNF receptor family termed

RANK from a cDNA library of human dendritic cells. ln searching for a binding

molecule of RANK, these authors cloned RANK ligand (RANKL) from thymoma

cells and found it to be identical to TRANCE. The various members of the TNF

receptor superfamily interacted with signalling molecules to activate nuclear

factor kappa beta (NF-rB) via c-Jun N-terminal kinase (JNK) pathways. Darnay ef

al. (1998) characterized the intracellular domain of receptor activator of NF-rB

and determined that RANK interaction with a TNF-receptor-associated factor

(TRAF) was necessary for NF-rB activation but not for activation of the JNK

pathway. Wong et al. (1998) indicated that the TRAF family of signal transducers

mediated NF-rB activation via the TRANCE receptor. This was shown to be a

critical step in the differentiation and activation of dendritic cells and osteoclasts.

Wong et al. (1998) suggested that RANKL/TRANCE directed differentiation and

activation of osteoclasts through RANK by stimulating NF-rB through TRAFS.

The nomenclature at the present time appears confused and incomplete. An

attempt to clarify terminology was provided by Suda et al. (1999) who indicated

that ODF, OPGL, TRANCE and RANKL are the same molecules important for the

development and function of osteoclasts. RANK appears to be the

transmembrane signalling receptor for ODF/OPGL/TRANCE/RANKL.

OCIF/OPG/TR1 is a soluble receptor for ODF/OPGUTRANCE/RANKL and

appears to function as a decoy receptor. lt was further indicated that these TNF-

related ligands and receptors have a diverse range of functions and effects on

cells other than osteoclasts and osteoblasts.
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ln order to standardize the nomenclature for the new tumor necrosis factor

members, the American Society for Bone and Mineral Research President's

Committee on Nomenclature recommended the names of receptor activator of

NF-rp (RANK) for the membrane receptor, RANK ligand (RANKL) for the ligand

and OPG for the decoy receptor (The American Society for Bone and Mineral

Research, 2000). This nomenclature will be followed hereinafter and is outlined

below in Table 2.
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Structure Proposed nomenclature Other nomenclature

Ligand RANKL

Receptor activator of NF-

rB ligand

ODF

Osteoclast d ifferentiation

factor

OPGL

Osteoprotegerin ligand

TRANCE

TNF-related activation-

induced cytokine

Receptor RANK

Receptor activator of NF-

rp

Decoy receptor OPG

Osteoprotegerin

octF

Osteoclastogenesis

inhibitory factor

TRI

TNF receptor-like

molecule'1

Table 2. Accepted current nomenclature for the tumour necrosis factor family

of receptors (The American Society for Bone and Mineral Research, 2000).
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Horowitz et al. (2001) and Khosla (2001) published comprehensive reviews of the

tumour necros¡s factor family of receptors and ligands, including a summary of

their possible influence in a range of medical conditions, However, to date, little

research has appeared in the literature regarding the relationship between OPG

and the dentoalveolar complex. Shiba et al. (2000) examined the changes in

expression of secreted proteins (SPARC/osteonectin and OPG/OCIF) by aged

periodontal cells and found no change was found in the levels of OPG/OCIF

mRNA with cellular ageing but increased levels of SPARC. Through

determinations of cell population doubling, these authors suggested that an

impairment in periodontal ligament repair with ageing was possibly due to a

decrease in the proliferative ability of the cells involved while the increase in

SPARC expression might be explained by changes in cellular metabolism.

Rani and MacDougall (2000), in an examination of odontoblasts and osteoblasts,

detected OPG, RANKL and M-CSF mRNA in both cell types. ln a co-culture

system, it was determined that odontoblast and dental pulp cell lines inhibited

osteoclast formation from spleen and bone marrow precursors. lt was concluded

that dental cells possess the ability to regulate osteoclastogenesis and bone

resorption by the balanced secretion of stimulatory RANKL and M-CSF as well as

inhibitory OPG.

Despite the many recent publications examining OPG and bone resorption, little

research has been performed on the relationship between dental resorption and

the presence of OPG. Sakata et al. (1999) used reverse transcriptase

polymerase chain reaction techniques to determine that OPG/OCIF synthesized

by dental mesenchymal cells regulates the resorption of dental hard tissues. One
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of the aims of the current study was to examine the effects of OPG on the cells

involved in an experimental dental resorptive and repair model.

1.2.5 ldentification of osteoclasts

Apart from the uniqueness of the calcitonin receptor (Hattersley and Chambers,

1989a; 1998), traditional methods of osteoclast identification have relied on

enzyme histochemistry and immunolabelling to distinguish this cell from other

multinucleated giant cells (Athanasou, 1996). Apart from unique morphological

differences, Athanasou and Quinn (1990) reported that osteoclasts contain a

number of phenotypic features that enable their detection.

1.2.5.1 Osteoclast enzyme histochemistry

1.2.5.1.1 Tartrate-resistantacid phosphatase

Yam (1974) described the acid phosphatases as a class of enzymes that

catalyse the hydrolysis of phosphate esters in an acid environment. Martland ef

al. (1924) first demonstrated phosphatase isoenzymes in erythrocytes and bone

based on their respective pH optima. Erythrocyte phosphatase activity was

optimal below a pH of 7 whereas the phosphatase of bone had an optimal activity

at a pH of 9. After surveying a variety of enzyme sources, Kutscher and Wolbergs

(1935) identified an elevated concentration of acid phosphatase in a number of

tissues but particularly the prostate gland. Since that time, elevated serum acid

phosphatase activity has been considered a diagnostic marker of prostatic

cancer. Abu'l-Fadl and King (1949) distinguished prostatic acid phosphatase from

erythrocyte acid phosphatase by an inhibitory effect on L-tartrate. For diagnostic

reasons, the tartrate-sensitive acid phosphatase was referred to as the "prostatic
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fraction" whereas the tartrate-resistant acid phosphatase has often been

overlooked.

Lucht (1971) showed immunohistochemically that osteoclasts conta¡n high levels

of acid hydrolases which Hammarström ef al. (1971) and Chen et al. (1979)

recognized as acid phosphatases. Acid phosphatases were also identified in

Gaucher cells by Li et al. (1973) and in hairy cells by Lam and Yam (1977), and

further, appeared so closely related that they were considered to be antigenically

identical. However, Vaes and Jacques (1965), Wergedal (1970) and Anderson

and Toverud (1977) distinguished two different types of acid phosphatase in

bone, one of which is sensitive, and one that is resistant, to the activity of tartrate.

The term purple acid phosphatase was also applied to this class of enzymes

which, according to Vincent and Averill (1990), makes them readily

distinguishable from other mammalian acid phosphatases. This terminology

arose because acid phosphatase isolated from bovine spleen was shown to

migrate as a purple band on electrophorectic gels by Glomset (1959). The metal

stoichiometry was established by Campbell ef al. (1978); however, at that time,

the exact structure of the metal chromophore remained undetermined. Antanaitis

and Aisen (1983) and Doi et al. (1988) reported that these enzymes existed in

two forms, one containing an oxidized, catalytically inactive purple diferric centre

and the other containing a reduced, enzymatically active, mixed-valent pink iron

centre. Resonance Raman investigations by Averill et al. (1987) indicated that the

pink or purple colour arose from a tyrosine phenoxide to ferric iron charge

transfer band.
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Ek-Rylander et al. (1991) considered that purple ac¡d phosphatase was a

member of the TRAP group, all of which possess the ability to catalyze the

hydrolysis of phosphate esters. lt was further considered that TRAP plays a vital

role in the regulation of physiological levels of inorganic phosphate and possibly

in regulating the activity of certain phosphorylated proteins. Robinson and Glew

(1981) considered that TRAP likely serves a catabolic function rather than a

regulatory role as a phosphoprotein phosphatase.

Further electrophoretic differentiation of tartrate-sensitive from the tartrate-

resistant acid phosphatase was performed by Lam et al. (1973). Moss (1986)

showed by polyacrylamide gel electrophoresis (PAGE) under non-denaturing

conditions at acidic pH that there are five major bands of acid phosphatases in

tissues and body fluids. Band 5 was revealed as consisting of an acid

phosphatase resistant to inhibition by tartrate but Ramponi et al. (1989)

determined that there are at least two tartrate-resistant acid phosphatases which

do not migrate in the PAGE system but are expressed in the cytosol of

mammalian cells. Furthermore, Clark et al. (1989) showed that band 5 tartrate-

resistant acid phosphatase is highly enriched in osteoclasts which caused Minkin

(1982) to regard it as a marker for these cells. Using organ cultures of newborn

mouse calvaria, Minkin (1982) stimulated bone resorption in vitro by the addition

of parathyroid hormone or 1,25(O1)zvitamin Ds. Tartrate-resistant acid

phosphatase activity was largely found over osteoclasts while tartrate-sensitive

activity was associated with other bone cells.

Whereas Wergedal and Baylink (1969) reported the distribution of acid and

alkaline phosphatase activity in undemineralized sections of rat tibial diaphysis
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was on endosteal-resorbing surfaces, Hammarström ef al. (1971) revealed that

the activity was present in osteoclasts and extracellularly in the lining of

resorption lacunae. ln addition, Reinholt et al., (1990) located tartrate-resistant

acid phosphatase (TRAP) in osteoclast lysosomes, Golgi bodies, extracellular

channels of the ruffled border and in the resorptive compartment. The

ultrastructural immunolabelling by Reinholt et al. (1990) further localized TRAP to

bone surfaces facing the ruffled border of osteoclasts and more diffusely in

adjacent bone areas. TRAP was not seen related to osteoblasts nor their

adjacent bone.

Lundy et al. (1988) disputed the lack of acid phosphatase activity in osteoblasts

and reported that osteoblasts and osteoclasts, but not fibroblasts, stain for

fluoride-sensitive acid phosphatase activity in chicken bone. However, the activity

of acid phosphatase in osteoblasts appeared to be sensitive to the concentration

of fluoride. Furthermore, van de Wijngaert and Burger (1986) reported TRAP

presence in a subset of bone marrow mononuclear cells which Baron et al.

(1986) considered as osteoclast precursors. An increase in the number of

marrow TRAP-positive cells was detected prior to the formation of osteoclasts to

the point where Udagawa et al. (1990) considered that even mature monocytes

and macrophages were capable of differentiating into osteoclasts under a

suitable microenvironment established by bone marrow-derived stromal cells.

Evidence that TRAP was associated with bone metabolism was provided by Zaidi

et al. (1989) who showed that the immunological inhibition of TRAP was able to

prevent bone resorption confirming that the enzyme was involved in the

resorptive process. Vaes (1968) had previously suggested a relationship by
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demonstrating that TRAP activity in osteoclasts and bone resorpt¡on was

increased after treatment with parathyroid hormone. A spectrophotometric assay

of serum TRAP levels established by Lau et al. (1987) was considered a clinically

useful marker of bone resorptive activity. lncreased TRAP activity and increased

blood serum levels were shown to occur during bone growth (Chen et al., 1979)

and in a number of disease states (Whitaker et a\.,1989; Lau ef al., 1987; de la

Piedra et a\.,1989).

Because of its association with bone resorption, Andersson et al. (1989) believed

that TRAP was a useful marker for osteoclast ontogeny and function. ln addition,

Andersson and Marks (1989) considered that tartrate-resistant acid ATPase was

a valid and useful cytochemical label for osteoclasts which had the additional

benefit of leaving bone surfaces unstained. Further, Andersson et al. (1986) and

Andersson and Marks (1989) suggested that tartrate-resistant nucleotide tri- and

di-phosphatase (TrATPase), as members of the TRAP family, were more specific

osteoclast markers that provided the energy for acidification of the bone

resorptive microenvironment. However, it was further revealed that TRAP is

present in other tissues and is not unique to osteoclasts (Bianco ef a/., 1988;

Reddy et a|.,1993).

1.2.5.1.2 Succinicdehydrogenase

Barka and Anderson (1963) described succinic dehydrogenase as a readily

soluble iron flavoprotein that catalyses the reversible oxidation of succinic acid to

fumarate. Walker (1961) reported succinic dehydrogenase as a member of a

group of oxidative enzymes involved in the Krebs citric acid cycle which is known

to be active in osteoblasts and osteoclasts. Their studies revealed intense
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dehydrogenase presence in osteoclasts which indicates high levels of citrate and

lactate production by these cells. Burstone (1960) similarly found high succinic

dehydrogenase levels in osteoclasts and concluded that the Krebs citric acid

cycle is involved in the resorptive process.

Hess et al. (1958) reported that most dehydrogenase activity is present in

mitochondria. Rustin et al. (1997) verified the mitochondrial involvement by

revealing that inborn errors of the Krebs cycle result in a number of mitochondrial

diseases mostly affecting the neuromuscular system. ln addition, Blanco et al.

(19S8) reported succinic dehydrogenase activity in skeletal muscle fibres, while

Levrat et al. (1991) indicated that tumour necrosis factor is important in the

activation of mitochondrial succinic dehydrogenase.

Fullmer (1964) examined the dehydrogenases in rat developing bone via

histochemical techniques requiring the use of tetrazolium salts as hydrogen ion

acceptors. His results indicated that all bone cells possess a fully functioning

citric acid cycle, pentose cycle and the capacity to metabolize fatty acids and

carbohydrates. lt was further discovered that osteoclasts exhibit greater

enzymatic activity compared with osteoblasts or osteocytes.

Gibson and Fullmer (1966) found particularly strong dehydrogenase reactions in

osteoblasts, osteocytes, osteoclasts, cementoblasts and fibroblasts in a study

which assessed the reliability of various methods of localizing dehydrogenases in

the PDL. Osteoclasts were found to label intensely for many dehydrogenases

after demineralization in 4o/o EDTA and cryostat cutting of frozen specimens.

Takimoto et al. (1966) detected succinic dehydrogenase in osteoclasts following
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experimental tooth movement ¡n rats. Osteoclasts were revealed on the

periodontal surface of the pressure side and also on the marrow surfaces of the

tension side. ln addition, Lilja ef a/. (1983) studied the histochemistry of enzymes

associated with tissue degradation incident to orthodontic tooth movement. The

findings of this study indicated that lactate dehydrogenase activity is not affected

by low orthodontic forces; however, under high forces, a zone of lactate

dehydrogenase and acid phosphatase inactivity is seen in the most compressed

areas of the PDL. Lilja et al. (1983) considered, along with Takimoto ef a/. (1966),

that dehydrogenase labelling of osteoclasts is a useful marker of bone resorptive

activity.

1.2.5.1.3 Garbonic anhydrase ll

Minkin and Jennings (1972) and Hall and Kenny (1985a,b) associated high levels

of carbonic anhydrase ll (CA ll) with bone resorption and considered that this

enzyme is useful as an osteoclast identifying marker. Simasaki and Yagi (1960)

first identified carbonic anhydrase in osteoclasts which was later located

throughout the cytoplasm and associated with the inner surface of the ruffled

border (Anderson et al., 1982). However, Zaidi et al. (1993) indicated that other

acid secreting cells of the body exhibit CA ll activity and therefore questioned its

uniqueness as an osteoclast marker.

Tong et al. (1994) employed more sophisticated reverse-transcriptase

polymerase chain reaction (RT-PCR) techniques to distinguish osteoclasts from

macrophage polykaryons and showed that osteopontin mRNA, carbonic

anhydrase ll, and a calcitonin receptor are present in osteoclasts. Additionally, it
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was demonstrated that mRNA's associated with the osteoblast phenotype, such

as a¡kaline phosphatase and osteocalcin, are absent.

1.2.5.1.4 Miscellaneousenzymes

Dorey and Bick (1977a) used the ultrastructural histochemical distribution of aryl

sulphatase in the rat periodontal ligament as a marker of osteoclast activity. lt

was noted that this enzyme is localized specifically in osteoclasts and in

perivascular macrophages but not in macrophages associated with bone

formation. This finding was interpreted as providing a potential marker for

osteoclast differentiation from macrophages or as an indication of the ability of

macrophages to modulate their enzymatic complement in response to the

environment. Macrophages were therefore identified as a significant participant in

bone remodelling by Dorey and Bick (1977b) who further isolated cellular sites of

glycosaminoglycan hydrolysis by the localization of a key enzyme, N-acetyl-beta-

glucosaminidase in the rat periodontal ligament. Reaction product is seen in

osteoclasts, osteoblasts, fibroblasts and macrophages in areas of bone formation

as well as resorption.

1.2.5.2 lmmunolabelling of osteoclasts

The immunobiochemistry of osteoclasts was investigated by Osdoby et al.

(1992a) in an attempt to clarify the developmental relationship between

circulating mononuclear cells, macrophages and osteoclast precursors in

haemopoietic tissues. An incomplete biochemical and molecular characterization

of the mature osteoclast had previously impeded understanding of the unique

capabilities of this bone-resorbing cell.
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lmmunolabelling research by Horton et al. (1984) determined that osteoclasts fail

to express granulocyte-monocyte, common leucocyte or other haemopoietic

determinants thereby prompting the suggestion that osteoclasts were

antigenically effete. The monocyte antigens, lvly-7, MCS.2 and DüHL60.4,

detected on osteoclasts by Horton et al. (1984) are also expressed by tissues

outside the haemopoietic system. At the time, these findings created doubt that

osteoclasts were specialized bone-resorbing macrophage-derived giant cells and

supporled an hypothesis that they were the end-product of fusion of an

unidentified circulating mononuclear cell type whose lineage was separate from

those originating from the conventional multipotential haemopoietic stem cell.

Horton et al. (1985a) impl-emented monoclonal antibody techniques to examine

the relationship between osteoclasts and other bone marrow-derived cells in an

attempt to determine whether osteoclasts arose from a separate cell line. By

innoculating mice with osteoclasts from osteoclastomas, these authors were able

to produce hybridomas secreting osteoclast-reactive monoclonal antibodies,

several of which were shown to recognize membrane antigens, whereas others

reacted with cytoplasmic determinants. Horton et al. (1985a,b) further reported a

number of antibodies that showed no cross-reactivity with macrophages and

therefore provide a means of differentiating between macrophages and

osteoclasts. They concluded that these antibodies would prove useful in the

identification of osteoclasts in tissues and in the separation of their circulating

precursors.

Horton and Chambers (1986) developed a series of monoclonal antibodies that

reacted specifically with human osteoclasts in foetal bone and also with a range
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of neoplastic and non-neoplastic bone lesions. Several of the antibodies reacted

with non-human osteoclasts suggesting possible experimental routes for the

isolation and subsequent study of osteoclasts and their precursors. Furthermore,

these authors suggested that the retention of some osteoclast antigens during

phylogeny might indicate their functional importantance in the regulation of

osteoclast activity.

lmmunolabelling performed by Athanasou et al. (1988a) examined the

monoclonal antibody, anti-L-35, and its reactivity in a wide variety of tissues. Anti-

L-35 is known to react with human osteoclasts in foetal and adult bone as well as

display high specificity for cells of the mononuclear phagocyte system. A high

number of other tissues failed to label which lead Athanasou et al. (1988a) to

conclude that monocytes, macrophages and osteoclasts contain common cellular

antigens.

Further studies by Athanasou ef al. (1986; 1991) attempted to identify surface

antigens that might be specific for osteoclasts. These authors showed that

monoclonal antibodies against human ßr- and B3- integrins, as well as human

macrophage-associated CD68 antigen, react with osteoclasts from several

animal and avian species. Avian osteoclasts react with CD11al18 and CD14

which are absent from human osteoclasts. Furthermore, Athanasou and Quinn

(1990) revealed that Fc receptors were absent from osteoclasts in contrast to

macrophage polykaryons.

Continuing work by Athanasou ef al. (1988b,c) compared the antigenic

phenotype of human foetal osteoclasts with that of human tissue macrophages
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and polykaryons in foreign body lesions. A large number of monoclonal

antibodies directed against myeloid antigens were used and the results showed

that osteoclasts express a restricted range of macrophage-associated antigens

including CD13, CD15a, CD44, CD45, CD54, ICAM-1, CD68 and CD71.

Moreover, it was reported that the above antigens are found on macrophages

and macrophage polykaryons both of which also strongly express CD11a,b,c,

CD14, CD18, CD31, CD36, CD37, CD39 and CD43. Athanasou ef a/. (1988b,c)

suggested that the presence of some macrophage-associated antigens on

osteoclasts was consistent with their origin from the mononuclear phagocyte

system. However, it was considered that the numerous differences in antigenic

phenotype between osteoclasts and macrophage polykaryons indicated that their

development and differentiation were not identical. lt was further suggested that

these differences should provide a method of distinguishing the two cell types in

normal and diseased tissues, thereby supporting the earlier conclusions of

Horton et al. (1985a,c).

Athanasou et al. (1991) identified osteoclasts in routinely processed bone

specimens by using monoclonal antibodies directed against leucocyte common

antigen (LCA) (PD7126,2811), CD68 (KP1), and gpllla (Y2151) but not against

HLA-DR (CR3/43 and Ta11B5). lt was shown that mononuclear cells on

resorbing surfaces and occasionally against or near resting bone surfaces exhibit

a similar pattern of reactivity, thereby providing further support for a phagocytic

osteoclast precursor.

Monoclonal antibodies developed against osteoclasts associated with

osteoclastomas (giant cell bone tumours) identified two antibodies termed 23C6



lntroduction 71

and 13C6 which were found to react with the vitronectin receptor (Horton et al.,

1985b). Athanasou (1996) also indicated that osteoclasts reacted with the ß¡-

chain of the vitronectin receptor (CD51) as a member of the integrin family of

glycoprotein membrane antigens. Originally, Horton et al. (1985b) and Horton

and Davies (1989) believed that 23C6 was specific for osteoclasts but

subsequently Athanasou et al. (1990), Athanasou and Quinn (1990) and

Athanasou (1996) repoded that there is no convincing evidence of a cell-surface

antigen that is osteoclast specific. Kukita et al. (1989) and Athanasou et al.

(1990) also found sites of vitronectin immunoreactivity, detected with 13C6 and

23C6, on macrophages and macrophage polykaryons.

Kukita and Roodman (1989) developed a monoclonal antibody termed Kn22

which reacted with osteoclasts and osteoclast precursors but is also found to

react with cells early in the macrophage lineage. Kukita et al. (2001) further

described a cell surface antigen which is considered to be a reliable

immunological marker for identifying osteoclast precursors in rats. The Kat-1

antigen was immunohistochemically and ultrastructurally detected on

mononuclear cells which share the same morphological features as

preosteoclasts. Additionally, Kukita et al. (2001) assessed the relationship

between the Katl-antigen and the calcitonin receptor and determined that almost

100% of mononuclear cells in culture possess both characteristics. However, a

significant number of calcitonin-positive mononuclear cells do not express the

Katl-antigen which indicated to Kukita et al. (2001) that subpopulations of

preosteoclasts exist.
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Nelson et al. (1991) characterized two monoclonal antibodies (211D and 312G)

raised against human osteoclastomas by hybridizing spleen cells of osteoclast-

immunized mice with plasmacytoma cells. These monoclonal antibodies showed

specificity for membrane determinants on osteoclasts present in frozen sections

of foetal bone. Furthermore, they showed no reactivity with either rabbit or rat

osteoclasts, suggesting that they recognized unique epitopes on human

osteoclasts.

Osdoby et al. (1992a) and Collin-Osdoby et al. (1995) repoded an osteoclast-

specific monoclonal antibody termed, 121F, which was described as a 200+ kDa

glycoprotein located in the osteoclast plasma membrane with an associated

peptide region highly homologous to superoxide dismutase. Because high levels

of superoxides were released by osteoclasts resorbing bone, it was believed that

the glycoprotein served in a novel way to protect the osteoclast from the lethal

effects of superoxides generated during extracellular matrix resorption of bone.

The current use of monoclonal antibodies that attempt to identify osteoclasts was

summarized by Athanasou (1996). Because there is no evidence of an

osteoclast-specific cell-surface antigen (Athanasou et al., 1990), this author

recommended the use of the leucocyte common antigen (CD45) as well as other

macrophage and granulocyte antigens including CD13, CD15, CD68 and CD54.

These were recommended for the detection of osteoclasts and their precursors in

routinely prepared histological specimens of human material (Athanasou, 1996),

and were therefore considered for use in the present study.
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. KP1 (CD68)

At the third Workshop on Leucocyte Differentiation Antigens several antibodies

were grouped together based on their pan-macrophage activity. Antibodies coded

Y21131,Y1182A, EBM11, Ki-M6 and Ki-M7 all precipitated an antigen of 110 kDa.

KPl antibody reacted with the same antigen but was also shown to label

macrophages in paraffin-embedded tissue. This entire group of antibodies was

classed as anti-CD68 by the Fourth Workshop (Micklem et a|.,1989). Pulford ef

al. (1989) described KP1 as a new monoclonal antibody raised against a

lysosomal fraction of human lung macrophages. lt was able to recognise a

fixation-resistant epitope in a wide variety of tissue macrophages such as Kupffer

cells, splenic and lamina propria macrophages as well as granulocyte precursors

and osteoclasts. Tests on routinely processed samples of normal and reactive

lymphoid tissues reveal a broad reactivity with cells of the monocyte-phagocyte

lineage (Pulford et al., 1989).

Evidence for the low specificity of KP1 as a histiocyte/myeloid marker was

supplied by Tos et al. (1993) who examined KP1 expression in benign neural

tumours. All tumours examined showed strong granular cytoplasmic positivity for

KPl.ln particular, Schwann cells reacted more positivelywhich Tos ef a/. (1993)

suggested was attributable to a high lysosome content. This finding supported

previous evidence by Tsang and Chan (1992) who also questioned the specificity

of macrophage reaction with KP1. These authors and Facchetti ef a/. (1991)

performed immunohistochemical studies of non-histiocytic tumours (granular cell

neoplasms and melanomas) that were rich in cells containing lysosomes. All

reported positive immunostaining in tumours unrelated to the mononuclear
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phagocyte lineage thereby suggesting that KP1 might be more appropriately

viewed as a marker for lysosomes rather than for cells of histiocytic derivation.

Sismanidou et al. (1996) used KP1 as one of a panel of selected

immunohistochemical markers to study resorption and regeneration of

periodontal tissues incident to orthodontic human tooth movement. Two

populations of KP1-positive cells were identified in association with resorption

areas. The first consisted of mononuclear cells located at a distance from the

tooth surface, and the second were a multinucleated cell population in resorption

lacunae in close contact with the tooth. The mononuclear cells were found in

clusters with uniform staining for KP1 throughout their cytoplasm while the

multinucleated cells stained preferentially in that part of the cell closest to the

dentine sudace. Sismanidou et al. (1996) suggested that the KP1-positive cells in

the periodontal ligament might represent either precursors of odontoclasts or

phagocytic scavenger cells of the macrophage lineage.

As KP1 has been shown to be one of a number of antibodies that recognise the

CD68 antigen (Micklem et al., 1989), it has been used to identify the CD68

antigen on mast cells (Horny et al., 1990) and in neoplasms that have a high

histiocyte, granulocyte or giant cell component (Warnke ef al., 1989; Watanabe ef

al., 1997; Chang et a\.,2000; Femiano et a\.,2001). The ability of KP1 to identify

a wide variety of tissue macrophages therefore allowed Athanasou ef a/. (1991)

to successfully use the antibody to label osteoclasts in routinely-processed

human tissues.
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o Gysteine prote¡nases (catheps¡ns)

As described in an earlier section, cysteine proteases have been implicated in

bone matrix degradation by osteoclasts (Delaissé et al., 1980; 1984). Delaissé ef

al. (1991) identified cathepsins B, L and a cathepsin L-like 70 kDa proteinase via

a cell fractionation procedure of mouse calvarial tissue. Multiple forms of

cathepsin B were isolated from human osteoclastomas by Page et al. (1992)

whereas Sasaki and Ueno-Matsuda (1992;1993) used a polyclonal antibody and

immunoelectron microscopy to localize cathepsins B, G and L in both osteoclasts

and the sub-osteoclastic resorption zone. Goto ef al. (1993) similarly employed

light microscopy of semi-thin cryosections immunolabelled for cathepsins B, D,

and L, and reported that cathepsins B and L are localized within osteoclastic

granules or vacuoles and also within the resorption lacunae. However, although

cathepsin D is found within the osteoclast, it is not seen in the resorptive

compartment suggesting that cathepsins B and L are directly involved in bone

matrix degradation. Subsequent studies indicated that cathepsin L is the main

cysteine proteinase responsible for the degradation of bone collagen during

resorption (Murata et al., 1991)

Various authors have described the immunohistochemical localization of

cathepsin L in liver (li et al., 1985) and kidney (Bando et a|.,1986; Yokota et al.,

1988). No reports were found of its immunolocalization in dental tissues.

. The vitronectin receptor

Athanasou et al. (1988b) indicated that osteoclasts express several antigens that

are also involved in platelet aggregation and adhesion. ldentified and named the

vitronectin receptor (CDs1) and a glycoprotein llla (gpllla), they are described as



lntroduction 76

members of the integrin family of membrane antigens which are involved in cell-

to-cell and cell-to-matrix adhesion (Hynes, 1987; Ginsberg et al., 1988). Hynes

(1987) described integrins as non-covalently associated alpha (o)- and beta (Ê)-

subunits in the form of crlB- heterodimers of which the vitronectin receptor is

designated integrin p3. Horton and Davies (1989) suggested that the vitronectin

receptor and other matrix receptors might be involved in osteoclastic function as

mediators of osteoclastic adhesion to bone, cell motility and bone resorption.

Furthermore, Davies et al. (1989) identified an "osteoclast functional antigen"

(OFA) which was determined to be biochemically and functionally related to the

vitronectin receptor. The OFA is an abundant surface antigen in human and

animal osteoclasts that is characterized by monoclonal antibodies 13C6 and

23C6 (Horton et a\.,1991). Davies et al. (1989) further characterized the OFA as

a member of the cell adhesion receptor family that recognizes Arg-Gly-Asp

(RGD) containing peptides.

ln order to determine whether osteoclasts express other membrane receptors for

matrix proteins, Quinn et al. (1991) analysed the antigenic phenotype of

osteoclasts for the presence of integrins and other platelet-associated antigens

involved in adhesion. lt was revealed that osteoclasts and foreign body giant cells

expressed the cr-chains of the vitronectin receptor as well as reacting strongly

with other antibodies against fibrinogen, fibronectin and vitronectin.
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. EDI

A panel of three monoclonal antibodies considered to recognize cells belonging

to the monocyte/phagocyte system in rats were termed ED1, ED2 and ED3 by

Dijkstra et al. (1985). According to these authors, ED1 recognizes a cytoplasmic

antigen in monocytes and most macrophages, but ED2 and ED3 are specific for

membrane antigens. This enabled discrimination between different macrophage

subpopulations which was confirmed by Beelen et al. (1987) who examined the

different stages of macrophage differentiation.

By using cytochemical and immunolabelling techniques that monitored

peroxidase activity, Beelen et al. (1987) determined that ED1 recognizes almost

all members of the mononuclear phagocyte system, including blood monocytes,

peritoneal macrophages, alveolar and tissue macrophages, and osteoclasts, and

was subsequently considered a general monocyte/macrophage marker in rats.

ED2 recognizes a membrane antigen found at a later stage of macrophage

differentiation while ED3 only recognizes a particular macrophage found in

lymphoid organs. Since that time, Damoiseaux et al. (1989) isolated several

additional monoclonal antibodies (ED4, ED7, EDB and ED9) raised principally

against gran ulocyte subpopu lations of macrophages.

While early work localized ED1 to the macrophage cytoplasm, Damoiseaux ef a/.

(1994) revealed that the antigen is located on both the cell surface and on

cytoplasmic granules in the form of lysosomes. The antigen appeared to be a

heavily glycosylated protein of 90-110 kDa molecular weight. Harms ef a/. (1990)

was able to use ED monoclonal antibodies to identify glycosyl receptors in

macrophage subpopulations in the spleen and lymph nodes. Furthermore,
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Damoiseaux ef al. (1994) showed that the amount of ED1 expression is related to

the phagocytic activity of the particular cell type.

The heterogeneity of the macrophage population in the gastro-intestinal tract in

the rat, was demonstrated by Sminia and Jeurissen (1986) by using ED1, ED2

and ED3. ln addition, Sminia and Dijkstra (1986) used tissue labelling with these

antibodies to investigate the origin of osteoclasts in embryonic rat bone

primordia. ED1-positive cells were found in the perichondrium/periosteum of

developing bone and started to infiltrate the primordia when the cartilage became

hypertrophic. As bone formed, multinucleated ED1-positive cells were detected in

marrow cavities. Because monocytes and macrophages shared a common

antigen with the large multinucleated cells, it was concluded that osteoclasts

were derived from blood monocytes.

Jäger et al. (1993) used ED1 and ED2 to analyse the role of the mononuclear

phagocyte system in orthodontic rat tooth movement. Using routinely processed,

paraffin-embedded sections and the avidin-biotin-peroxidase-complex (ABC)

technique, they showed that only ED1 proved suitable as it identified both

mononuclear and multinucleated cells within the periodontal ligament. Akamine ef

al. (1994a) studied the nature of macrophages in experimentally-induced

periapical lesions (apical periodontitis) in rats using a non-specific esterase and

ED1. Macrophages were seen in control sections near regularly arranged

osteoblasts and near detached osteoblasts at the initiation phase of bone

resorption. ln addition, numerous macrophages were widely distributed

throughout the periodontium at the activation phase of bone resorption. However,

macrophages were rarely seen near bone-forming sudaces and were localized in
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the micro-abscesses at the start of bone formation. Akamine et al. (1994a)

suggested that macrophages play an important role in activating osteoclastic

bone resorption and in the inhibition of complete repair in bone remodelling.

An additional study by Akamine et al. (1994b) indicated that macrophage levels

increase rapidly after initiation of the periapical lesion and remain high for 60 d.

After 90 d, plasma cell populations increase and tissue repair begins to occur.

The results suggested that macrophages have a close relationship to bone

resorption and that plasma cells might participate in tissue repair rather than in

the development of periodontal lesions.

o Leucocyte common antigen (LCA)

Thomas (1989) described the leucocyte common antigen (LCA) as a group of

high molecular weight glycoproteins uniquely expressed on the surface of all

leucocytes and their haemopoietic progenitors. Members of this group differ in

both protein sequence and carbohydrate structures and are expressed in

leucocyte populations in specific patterns. The literature refers to LCA under

different names including T200 (Trowbridge and Mazauskas, 1976), 8.220 for the

B cell form (Coffman and Weissman, 1981), the mouse allotypic marker Ly-5

(Komuro et al., 1975), and more recently CD45 (Cobbold et al., 1987) which

remains the most accurate and widely used descriptive title.

The antigen has been localized to the cell membrane of leucocytes including

thymocytes, lymphocytes granulocytes and macrophages and carries much of

the carbohydrate of these cells. The abundance of carbohydrate allowed

Trowbridge et al. (1975) to easily detect LCA using polyacrylamide gel
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electrophoresis (SDS-PAGE) of lymphocyte membranes, while Ralph et al.

(1987) described a number of structural variants. The function of LCA rema¡ns

obscure but studies using antibodies to LCA have implicated this family of

antigens in lymphocyte activation (Seaman ef a|.,1981).

Because early reports by Horton et al. (1985b) failed to detect LCA on

osteoclasts, it was considered that osteoclast precursors were not derived from

multipotential haemopoietic stem cells. Furthermore, it was believed that

osteoclasts were unlikely to be members of the mononuclear phagocyte system.

Athanasou et al. (1987a) examined foetal and adult osteoclasts for the presence

of LCA using a large panel of anti-LCA monoclonal antibodies, and showed that

LCA is located on the surface of osteoclasts in specimens of fixed and decalcified

osteoarthritic bone, as well as in bone imprints and cryostat sections. The

intensity and pattern of osteoclast reactivity was similar to foreign-body type of

macrophage polykaryons in inflammatory lesions. Consequently, Athanasou ef a/.

(1987a) considered that osteoclasts and their precursors are derived from the

multipotential stem cell that produces peripheral blood leucocytes and argued

against their origin from a separate stem cell.

The leucocyte common antigen has also been used as a diagnostic discriminant

between haemopoietic and non-haemopoietic neoplasms in paraffin sections.

Kurtin and Pinkus (1985) employed antibodies PD7126 and 2811 to show that

haemopoietic neoplasms are consistently highly reactive for LCA, whereas non-

haemopoietic neoplasms are unreactive. lt was concluded that LCA is an

effective cell marker to enable the differentiation of tumour types.
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o CD13

The CD13 antigen, oraminopeptidase N, is recognized as a 150 kDa membrane

glycoprotein located on most cells of myeloid origin and is principally used ¡n the

identification of the myeloid leukaemias (Griffin et al., 1981). ln addition, CD13

has been shown to be present on fibroblasts, endothelial cells, bone marrow

stromal cells, osteoclasts and epithelial cells of renal tubules and intestinal brush

borders (Koch et a\.,1990; 199f ). Athanasou et al. (1991) reported that CD13 is

expressed by macrophages and provides an identifying mechanism for clast

cells.

. CDlS

The CD15 antigen is a 220 kDa carbohydrate structure also known as the X-

hapten located in cell membrane glycoproteins and glycolipids and also in

paranuclear granules. CD15 is described as a granulocyte-associated antigen but

is also found on eosinophils and to a lesser degree on monocytes. Hsu and Hsu

(1994) reported that the antigen is thought to play a role in inflammation and in

the mediation of phagocytosis and further, is useful in the identification of

Hodgkin's disease. As a granulocyte marker Athanasou et al. (1988c) employed

this antigen in the identification of clast cells and their precursors. These authors

considered that clast cells and macrophages shared many immunolabels.
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1.3 Root resorpt¡on

Whereas deciduous root resorption is a normal physiological phenomenon

associated with natural exfoliation (Sahara et al., 1992), permanent tooth root

resorption is invariably associated with pathological situations (Hammarström

and Lindskog, 1985; Tronstad, 1988; Andreasen, 1988; Pierce, 1989a,b). Internal

resorption of dentine from within the dental pulp has been shown to be

associated with trauma and infection (Wedenberg and Lindskog, 1987).

Additionally, an undesirable problem facing the clinician is the treatment of

external inflammatory root resorption subsequent to trauma (Andreasen and

Andreasen, 1992).

Andreasen (1988) and Andreasen et al., (1990) described several types of

resorption based on the PDL reaction. lnflammatory resorption was observed if

large, active resorption lacunae are present along with an intense, usually

pulpally-derived inflammatory response, and replacement resorption is noted if

ankylosis occurs. The site of the resorption may vary from apical, lateral to

cervical dependent of the type and aetiology of the resorptive process (Vlaskalic

et al., 1998). lnvasive cervical resorption may be observed subsequent to dental

trauma, tooth bleaching, orthodontic treatment or other factors detailed by

Heithersay (1999a,b).

Root resorption is an unfavourable sequela of orthodontic tooth movement first

reported by Ketcham (1927). The application of tooth moving forces and their

mechanotransduction by the tissues and cells of the PDL results in a sterile

inflammatory response that facilitates bone resorption and deposition in the

direction of movement (Davidovitch, 1991). The tissue damage and cellular
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breakdown, w¡th the subsequent release of inflammatory mediators and cytokines

produce in a complex series of destructive and reparatory events that often leads

to the loss of root structure. Comprehensive reviews of orthodontic resorption

have been written by Linge and Linge (1991), Brezniak and Wasserstein

(1993a,b; 2002a,b), Vlaskalic et al. (1998) and Bosshardt et al. (1998).

The cells implicated in root resorption have been identified as clastic in nature

since they have been identified as large, multinucleated and possessing

properties similar to the osteoclast (Addison, 1976).

1.3.1 The odontoclast

Based on the identification of the osteoclast and odontoclast cell types as both

resorptive, located in Howship's lacunae and possessing similar cytological

features, Jones and Boyd (1988) stated thattherewas no reason to believe that

the cell types differed except in their relative substrata. These authors reported

that multinucleated odontoclasts are polarized with respect to dental tissues and

possess a ruffled border within an annular clear zone that is closely adherent to

mineralized tissues. Wesselink et al. (1986) described odontoclasts as capable

of having two ruffled border areas that resorbed bone and tooth surfaces

simultaneously. Accordingly, Jones and Boyd (1988) suggested that if an

odontoclast was defined as an eukaryotic cell that is capable of resorbing

mineralized dental tissues, "osteoclasts became odontoclasts with alacrity".

Addison (1976; 1978a;1978b; 1979;1980) examined odontoclasts and

osteoclasts in a number of species-comparative studies. In a quantitative

investigation of odontoclasts from resorbing roots of human primary teeth
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subjected to dehydrogenase and acid phosphatase, Addison (1978a) showed

that the mean number of nuclei per odontoclast was 7.8 (SD t 4.8) with a median

of 6.4. This author suggested that the median is a more important measure of

central tendency as the distribution of cells with varying numbers of nuclei is

asymmetric with a positive skew. ln addition, it was revealed that 5% of

odontoclasts have 15 nuclei or more which led to the conclusion that there is an

optimum size for maximum resorptive efficiency. Addison (1978a) further

considered that the size of the odontoclasts might significantly affect the cell's

ability to form an effective ruffled border system.

Another comparative study by Addison (1979) examined the enzyme

histochemical characteristics of human and kitten odontoclasts and osteoclasts.

Enzyme profiles suggested that odontoclasts have similar properties and

metabolic functions to those of osteoclasts and that species differences appear to

be minor. Addison (1979) further contended that both odontoclasts and

osteoclasts are rich in enzymes concerned with energy production, particularly

phosphatase activity, as well as those related to catabolic functions. Consistent

with this finding was the further observation that large numbers of mitochondria

and lysosyme-like organelles are present in both cell types.

In a laterstudy, Addison (1980) described the effects of lowdose PTH on feline

odontoclasts and, in particular, on the number of odontoclast nuclei. PTH

administered intravenously was found to have a dramatic and almost

instantaneous effect on increasing numbers of nuclei. Addison (1980) did not

offer an explanation for the increase in number of nuclei but noted that
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parathyroid efract was able to affect cells involved in act¡ve resorption by

stimu lating dehyd rogenase activity.

Earlier ultrastructural studies by Freilich (1971) examined the effects of PTH on

both the fine structure of odontoclasts and on their acid phosphatase activity. lt

was determined that active odontoclasts possess cytoplasmic processes that

enter dentinal tubules, and that acid phosphatase is present both intra- and extra-

cellularly. However Freilich (1971), by using a modified Gomori acid

phosphatase reaction, determined that the subcutaneous administration of PTH

increased the number of extracellular dense bodies showing acid phosphatase

activity but did not appear to influence intracellular phosphatase activity. Freilich

(1971) considered that the identification of odontoclasts might therefore be

possible by the localization of certain plasma proteins. Subsequently,

immunofluorescent staining by Okamura et al. (1980) demonstrated albumin, cr-

antitrypsin, u2-HS glycoprotein, transferrin and several immunoglobulins in the

cytoplasm of odontoclasts and also within human dentine.

Odontoclast research has mainly utilized the physiological resorption of

deciduous teeth as an experimental model. Matsuda (1992) conducted an

ultrastructural and cytochemical study of odontoclasts gathered from trypsin-

treated dentine and cemental surfaces. Extensive ruffled borders were described

along with multiple phagosomes containing tannic-acid stainable amorphous

inclusions. lt was further noted that odontoclasts did not phagocytose collagen

fibrils but they exhibited acid phosphatase activity. Matsuda's (1992)

observations led to the conclusion that odontoclasts resorb the non-collagenous
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component of the dental organic matrix via the release of hydrolytic enzymes and

have the capacity to demineralize hard tissue by H*- K*- ATPase activity.

Sahara et al. (1994), employing a similar model, expanded Matsuda's (1992)

study and reported that odontoclasts are capable of resorbing the superficial non-

mineralized layer of predentine. Light and electron microscopy indicated that, as

root resorption was nearing completion, multinucleated cells were observed

between degenerative osteoblasts on the predentine suface of the coronal

dentine. These cells had the same ultrastructural characteristics as odontoclasts

and excavated resorption lacunae in the non-mineralized dentine, ln addition,

histochemical demonstration of tadrate-resistant acid phosphatase activity

revealed intense staining in intracellular lysosomes. Sahara et al. (1994)

concluded that multinucleated odontoclasts are capable of resorbing non-

mineralized predentine matrix in vivo, probably in a similar fashion to the manner

in which they resorb demineralized dentine matrix.

Domon et al. (1994) reported the existence of a mononuclear odontoclasl in vitro,

but these authors were uncertain as to its existence in vivo. Using an exfoliating

deciduous tooth model and an azo dye for detecting TRAP activity, results

indicated that TRAP activity was present in both multinucleated and mononuclear

odontoclasts. Ultrastructurally, a smaller ruffled border area was observed on the

mononuclear cell leading Domon et al. (1994) to conclude that cells with ruffled

borders and clear zones may be identified as odontoclasts or osteoclasts

irrespective of the number of nuclei.
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Okamura et al. (1993) employed in situ hybridization techniques to identify

collagenase-producing cells and to determine the role of collagenase in root

resorption of deciduous teeth. A digoxigenin-labelled, non-radioactive RNA probe

detected collagenase mRNA expression in odontoclasts, macrophages,

fibroblasts, odontoblasts and cementoblasts around bovine resorbing tooth roots.

ln addition, TRAP activity and interleukin-1 mRNA expression was also observed

in odontoclasts, fibroblasts and macrophages leading Okamura et al. (1993) to

conclude that collagenase produced by odontoclasts might play a role in dentine

collagen degradation and that interleukins could be an impodant factor in

promoting root resorption.

Sasaki and Uneo-Matsuda (1992) demonstrated cathepsins B and G in

lysosomes, vacuoles and within the extracellular channels of the ruffled border in

odontoclasts using ultrastructural immunogold labels. The presence of these

proteolytic enzymes suggested to the authors that they are of prime importance

in the intra- or extra-cellular degradation of collagen and other non-collagenous

matrix proteins in the resorption of deciduous teeth.

Histological and histochemical observations of deciduous teeth by Sahara et al.

(1992) determined that odontoclastic resorption usually occurred at the pulpal

surface of coronal dentine, and in a specific time-related pattern. During

physiological root resorption, coronal pulpal tissue retained its normal structure

until root loss was almost complete. Multinucleated odontoclastic resorption was

seen to proceed from predentine to dentine on the pulpal surface at the cervical

areas of the crown before spreading towards the pulp horns.
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Further research by these authors examined the cytodifferentiation of

odontoclasts during root resorption (Sahara et a/., 1996). ln this light and electron

microscopic study, odontoclasts differentiated from TRAP-positive mononuclear

cells which were presumed to originate from circulating progenitors. Ruffled

borders, clear cytoplasmic zones and multinucleation occurred only after contact

with the substrate surface. Sahara et al. (1996) confirmed that odontoclasts

resorb predentine before dentine and suggested that the processes are similar to

those responsible for the resorption of bone. lt was also noted that the end of the

resorptive process was characterized by loss of the odontoclast ruffled border

and detachment from the resorbed surface.

Shigeyama et al. (1996) examined resorption at the cemento-enamel junction in

feline teeth by using specific antibodies and immunohistochemical analyses to

localize adhesion molecules associated with mineralized tissues.

Osteoclast/odontoclast numbers were increased in resorptive lesions, bone

sialoprotein (BSP) and osteopontin (OPN) were identified in tissues, and a

complementary clast cell surface receptor (integrin au 0s) was linked to these

molecules. Shigeyama et al. (1996) considered that OPN was localized to

resorption fronts and reversal lines whereas BSP was localized to reversal lines

only. Odontoclasts were found in juxtaposition to mineralized surfaces not

associated with OPN and the cell surface integrin receptor, oyp3, wâs localized to

odontoclastic sudaces. Shigeyama et al. (1996) concluded that this integrin

receptor is involved in the resorptive process and facilitates the attachment of

clastic cells to their substrate.
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Dentinoclast as a term has been used to describe multinucleated clastic cells that

resorb dentine and they have been isolated from rat molars and cultured

successfully by Pierce and Lindskog (1989) and Gilles et al. (1994). Pierce

(1989a) suggested that osteoclasts and dentinoclasts were possibly

indistinguishable cell types and that both resorb mineralized substrata. Pierce

and Lindskog (1987; 1989) showed that dentinoclastic tooth resorption in vitro

may be controlled by the early administration of calcitonin and prednisolone or

exacerbated by the introduction of hydrocortisone. Scanning electron microscope

evidence indicated that all substances inhibited dentoclast spreading and

attachment and hence resorption. Pierce and Lindskog (1989) considered that

the direct effect of steroids on resorption was one of inhibition but that local

secondary effects might moderate a systemic in vivo effect.

Lindskog and Pierce (1988) showed that dentinoclasts spread and colonize

surface dentine in a time-related fashion. Scanning electronmicroscopy at

predetermined time intervals determined that dentinoclasts follow a general

pattern of attachment and spreading on solid substrata. Lindskog and Pierce

(1988) produced a spreading model characterized by filopodial exploration of the

substrate surface, cell enlargement and gradual disappearance of the filopodial

fringe before final adaptation and active resorption are seen.

Pierce and Lindskog (1987) provided evidence for direct inhibition of

inflammatory root resorption by the use of a corticosteroid/antibiotic paste. The

culture of isolated dentinoclasts with a steroid paste inhibited cell spreading

which suggested that the intrapulpal in vivo application of a steriod paste could
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arrest inflammatory root resorption by the detachment of dentinoclasts from the

root surface

'1.4 Models of root resorption

Experimental models for the study of bone resorption are numerous and

principally based on osteoporosis in humans (Frost and Jee, 1992) and in normal

and ovariectomized animals (Kalu, 1991, 1995; Jee ef a/., 1993). The use of a

dental model for the study of root resorption has also involved human

investigation (Barber and Sims, 1981) and numerous animal studies. The

examination of root resorption accompanying the exfoliation of primary teeth has

provided a physiological model for both tooth and bone resorption (Sasaki et al.,

1988a; Sahara et aL.,1996).

Sasaki et al. (1988a), Sahara et al. (1993) and Sahara et al. (1996) examined the

cells and resorptive processes in extracted deciduous teeth using light and

electron microscopic morphological, enzyme histochemical and

immunocytochemical techniques. Their studies revealed the dominant role of the

odontoclast in the removal of calcified dental tissues.

Pathological inflammatory root resorption has been simulated by Andreasen

(1980a,b; 1981b) by the extraction and replantation of teeth. Ocherse (1959)

indicated that the incisors of the vervet monkey are easy to extract and similar to

human teeth, and these animals were used by Andreasen (1980b; 1981b) as a

human-like model system. Reimplantation of an incisor after extraction and thirty

minutes of drying, simulated the clinical situation of avulsion, and offered a

reliable inflammatory resorptive model that histologically revealed a number of



lntroduction 91

dental aspects of clastic cell activity (Andreasen, 1975 1987; Andersson et al.,

1987). Andreasen (1975) and Andreasen and Kristerson (1981a) outlined a

number of periodontal ligament reactions which could result 8 wk after the

procedure. These were described as (1) no root resorption, (2) resorption and

repair with cementum, (3) active resorption with inflammation, and (4) ankylosis.

It was further determined that the period of time that the tooth was out of the

mouth and allowed to dry has a significant effect on the histological response

(Andreasen, 1980a; 1980b). ln addition, the trauma of tooth removal affected the

results with a slow traction causing minimal resorption by tearing the periodontal

ligament fibres rather than by creating a crushing injury (Andreasen and

Andreasen, 1992).

While the trauma of the extraction process and the drying of the tissues

determined the type of resorptive response, Andreasen and Kristerson (1981b)

attempted to control the resorption process by performing endodontic therapy on

the extracted teeth prior to reimplantation. According to these workers and

Andreasen (1981a), pulp removal prevented the development of inflammatory

resorption but left ankylosis and surface resorption as the possible procedural

sequelae. These responses were further related to the extent of cell death along

the PDL where it was revealed that larger areas lead to ankylosis and smaller

areas tended to repair. Andreasen (1981a) and Andreasen and Kristerson

(1981a) explained this finding by a more complex and competitive healing

process involving bone marrow-derived cells entering the large areas of injury

and producing the ankylotic response. The smaller areas of cellular death

appeared to be managed by more limited local response. As a result of
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Andreasen's (1980a,b; 1981a,b) research, a reliable resorpt¡on model was

developed in monkeys that could control the efent and type of response created.

The extraction-reimplantation model was further utilized by Lindskog ef a/. (1983)

and Blomlöf et al. (1987) who, in addition to extracting incisors in monkeys

(Macaca fasicularis) deliberately caused fuilher damage to the PDL and root

surfaces. Scraping of root-adhering tissue or the mechanical drilling of

experimental cavities in root sudaces prior to the quick reimplantation of the tooth

exacerbated the resorptive and reparative responses. After 8 wk, reparative

cementum was observed within the traumatic defects but was easily separated

from the previously denuded dentine. However, firm reparative cementum

attachment was established to dental cementum at the periphery of the

resorption cavities. Lindskog et al. (1983) further observed that over the

experimental period the reparative cementum did not fill the root surface cavity in

the reimplanted teeth and there appeared to be a corresponding adjustment in

alveolar bone morphology in order to maintain the width of the PDL. The

surrounding tissue contained many epithelial and endothelial cells and it was

therefore hypothesized that these cells contributed to the integrity of the PDL and

prevented ankylosis and resorption of the tooth root.

The application of mechanical forces to teeth has provided models of aseptic root

resorption in both animals and humans (Barber and Sims, 1981; Langford and

Sims, 1982). Langford and Sims (1981) reported that orthodontic forces can have

dire consequences with respect to tooth root integrity and severe resorption may

lead to tooth loss. Davidovitch (1991) established that many factors were

involved with the generation, extent and prognosis of root resorption as a result of
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orthodontic tooth movement. Tooth movement was achieved by Rygh (1977;

1984; 1992) via the cementation of an orthodontic finger spring to the incisors of

rodents in order to apply a lateral force to the molars. Williams (1984) and

Brudvik and Rygh (1993a;b) altered the mechanical design to allow a coil spring

attachment between the two groups of teeth. This resulted in approximation of

the incisors and molars and therefore permitted a study of the PDL cellular

changes and the resorption-repair mechanisms of tooth and bone (Brudvik and

Rygh, 1 994b; 1 995a).

A simpler tooth movement system was designed by Yen et al. (1992) who

stretched an "alastic" orthodontic module between the anterior and posterior teeth

of mice in order to generate tooth movement. More complicated systems were

developed by Clark et al. (1991) who constructed a complex extra-oral extrusion

device that extended intra-orally to contact the first molars. This device was

capable of delivering an axial load of constant magnitude for a short period of

time which allowed Clark et al. (1991) to examine the periodontal vasculature

under stressed conditions.

Magnets in intra-oral holders have also been an effective way of generating

extrusive or intrusive orthodontic forces. Crowe (1989) and Weir (1990)

investigated the combined effects of endodontic therapy and orthodontic

extrusion on marmoset incisors but for differing periods of time. Their efforts

attempted to duplicate a clinical situation in which traumatic tooth fracture

(Andreasen, 1981a) was managed by these combined techniques. Magnets

embedded in the fractured marmoset incisor and in the metallic holder cemented

to the other teeth supplied the extrusive load. lmportantly, these studies revealed
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that long term stabilization and review of the periodontal ligament structures

indicated a return to normal of the previously challenged tissues.

Apart from mechanical trauma delivered by otthodontic mechanisms, other root

resorption models have aided research. Cvek and Lindvall (1985) examined the

use of hydrogen peroxide as a bleaching agent for human teeth that had

previously been subluxated or luxated through injury. lt was suggested that

damage to the periodontium caused by the chemical irritant might result in

healing or ankylosis of resorptive areas. When complicated by bacterial

contamination, progressive root resorption associated with persistent

inflammatory change was evident in the periodontal tissues. Chemical irritation

was also employed by Wedenberg and Lindskog (1985) who studied internal

resorption of monkey incisors. The teeth were opened, injected with Freund's

complete adjuvant and either sealed or left open to the oral cavity. Following

varying observational periods and employing a variety of detection systems,

macrophage-like cells were observed colonizing the walls of the pulp chambers

and tartrate-resistant acid phosphatase activity characteristic of hard tissue

resorbing cells was evident in pulp tissue. From this study, Wedenberg and

Lindskog (1985) proposed that internal tooth resorption is transient or progressive

in nature depending on the continuity of the insult.

Birkedal-Hansen (1973) used instrument luxation techniques to study external

root resorption pattern in rats. Surface root resorption of the mandibular molars

occurred primarily on the sides where pressure was exerted over a 3-wk period.

During that time, resorption increased considerably and no definitive evidence of

repair was observed. Hellden (1972) created a resorptive area by drilling into the
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vestibular root surfaces of human teeth in situ. Cementum repair was seen after

23 d, indicating the ability of the PDL to heal following a severe traumatic event.

A modification of Hellden's (1972) technique was used by Nakane and

Kameyama (1987) who mechanically injured the rat PDL by inserting a flat,

needle-like instrument into the gingiva and cervical periodontal ligament of

maxillary molars. Root resorption developed from day 1 and increased over the

observational period. These workers concluded that mechanical injuries to

human gingivae accidental or incidental to dental treatment may cause resorption

of the adjacent root surfaces.

Thermal insult has also provided a model for the study of root resorption.

Wesselink et al. (1986) studied the processes leading to the resorption and

ankylosis of teeth by the local application of liquid nitrogen to the outer surface of

the mouse lower jaw causing freezing of the incisor teeth and surrounding

tissues. Subsequent light and electron microscopic examinations revealed

periodontal ligament cell death followed by repopulation by fibroblasts and

macrophages. Seven to 12 d following cold exposure, root resorption and some

ankylosis was seen.

Tal and Stahl (1986) modified the freezing technique by using a gas expansion

micro/cryoprobe that generated temperatures of -81'C. The tip of the cryoprobe

was placed directly on exposed buccal bone over the roots of rat first molars after

reflection of the gingivae. Early tissue changes reported were similar to those

described byWesselink ef a/. (1986). However, root resorption was marked at 5

to 7 wk in conjunction with reparative cementum and areas of ankylosis.
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Dogs were used as the experimental animal by Tal et al. (1991) who froze the

buccal plate over canine teeth. A cryoprobe freeze-thaw cycle was repeated

three times and the tissues histologically examined at t h, 48 h and 30 d.

Although the 1-h specimens were indistinguishable from controls, by 48 h, the

cellular elements of the PDL could not be identified but inflammatory response

was minimal and the collagenous framework of the PDL formed a continuum

between bone and cementum. By 30 d the frozen periodontal ligament did not

differ significantly from surrounding tissues and neither bone resorption nor

ankylosis was seen in the experimental sites. This differed from earlier reports by

Wesselink and Beertsen (1988) in which extensive root resorption was detected

subsequent to a cold thermal insult.
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CHAPTER 2

AIMS

2.1 Justification

Resorption in the dentoalveolar apparatus is a complex and only partially

understood process. Alveolar bone is normally resorbed as teeth erupt into the

oral cavity (Wise, 1998) or move under the influence of either physiologic

migration (Picton, 1976) or an orthodontic force (Davidovitch, 1991). Skeletal

bone in health undergoes appositional and resorptive processes of growth and

calcium homeostasis that are governed by metabolic, physiologic and functional

needs (Frost, 1989). Bone may also be lost due to disease, as occurs with tooth

loss, periodontal disease, or with local and systemic bony pathologies, including

the common debilitating condition of osteoporosis in the elderly (Christiansen,

1991 ; Marcus, 1996).

Even though much research has been undeftaken (Reitan, 1974; Rygh, 1977;

Bosshardt et al., 1998) and comprehensive reviews have been published in the

orthodontic literature (Brezniak and Wasserstein, 1993a,b;2002a,b; Vlaskalic ef

a/., 1998; Mah ef a\.,2000), the current lack of understanding of root resorption

as an adverse consequence of tooth movement, persists. Neither predisposing

nor initiating factors, or factors that might control this undesirable sequela of

orthodontic treatment have been fully determined. Recently hypothesized as

being of importance is the possibility of a systemic propensity due to pre-existing

inflammatory medical disorders (Davidovitch et al., 2000), or a genetic or

individual biological susceptibility. Mechanical factors related to the type,
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magnitude and duration of the applied force have also been shown to be of

significance (Linge and Linge, 1991; Sandy et al., 1993).

Once initiated, the prevention and control of root resorption remains an important

and major goal of dental science. While considerable attention has been given to

the minimization of force delivery to physiologically acceptable levels,

pharmacological agents also have been employed to influence the implicated

inflammatory process. lnflammatory inhibitors such as steroid hormones (Ross ef

al., 1994) and non-steroidal anti-inflammatory drugs (Park et al., 2000) and

osteoclast inhibitors including the bisphosphonates (Cecchini and Fleish, 1990;

Sato ef a/.,2000) and bafilomycin A1 (Sundquist et al., 1990) have been

administered to both experimental animals and patients, but only with equivocal

success.

Although pathological resorption of permanent teeth is rare, evidence to date

indicates many similarities in the mechanisms of pathological resorption of both

bone and dentine. The inflammatory bone resorption that facilitates tooth

movement is considered to be a similar process to that which results in resorptive

damage to the teeth (Jones and Boyde, 1988). That there is not more root

resorption due to mechanical stress is fortuitous and beneficial to orthodontic

practice. Considered to be of a protective nature within the periodontal ligament

(PDL), is the cellular blastic layer lining hard tissue surfaces (Andreasen, 1988),

and lining layers of unmineralized osteoid or cementoid matrix (Jones and Boyd,

1988; Tronstad, 1988). Elevated levels of matrix metalloproteinases in cementum

(Morris et al., 1993) or the presence of a cementum anti-invasion factor

(Lindskog and Hammarström, 1980; Wedenberg and Lindskog, 1987) have also
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been cons¡dered to be local protective factors. The epithelial cell rests of

Malassez have also been suggested as a protective barrier preventing the

vascular ingress of clast cells (Spouge, 1980). Despite the lack of detailed

knowledge on the nature of this protection, it is apparent that root resorption is

initiated when these factor(s) break down or are overcome.

The cells responsible for root resorption, odontoclasts, have been reported to be

morphologically similar, if not identical, to osteoclasts (Furseth, 1968; Freilich,

1971; Nilsen, 1977; Lucht, 1980) but do not appearto reach the size or nuclear

numbers of their osseous counterparts. Research to date indicates that both cell

types share similar enzymatic properties and resorb hard tissue in a similar

fashion by producing large surface pits or lacunae as they move between sites of

resorption. However, little work has been done to examine the relationships

between odontoclasts and osteoclasts, and establish whether they are

phenotypically the same cells.

Examination of the PDL at sites of inflammatory root resorption often reveals

simultaneous alveolar bone and root resorption occurring on either side of the

inflamed ligament. The dentoalveolar complex therefore becomes a useful

system for the study of mineralized tissue resorption. Most of the different types

of resorption seen therein are the result of one or more of a concert of

aetiological factors, causing similar resorptive processes mediated by similar

clastic cells. Hence, by studying one of these situations, valuable information

applicable to the other types may be gained and data relevant to the

pathogenesis of dentoalveolar resorption revealed. ln order to further research

these mechanisms and increase our understanding of normal and pathological
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hard tissue resorption and remodelling in the dentoalveolar complex, a reliable

yet simple animal model of hard tissue resorption in the periodontium would be

advantageous. Not only would this allow a comparison between the

contemporaneous and allied processes of root and bone resorption, but the study

of basic clastic cell functions may offer the possibility of exploring therapeutic

interventions for all pathological dentoalveolar resorptions, for which there are

currently no ideal preventive nor management regimes.

As most of the orthodontic models used to examine aseptic root resorption and

the accompanying cellular activity have been cumbersome, a simple model

based on the application of a cold thermal insult directly to the tooth may be a

way of conveniently creating resorptive activity in the PDL that would allow for

the study of clast cell behaviour. Unlike bone resorption, currently there is no

clear understanding of the cellular processes and mechanisms involved in root

resorption, Most researchers believe that osteoclasts attack cementum and

dentine with the same zeal as they resorb bone (Jones and Boyd, 1988) although

there are clear differences between the structure and composition of the two hard

tissues (Saygin et a|.,2000).

Furthermore, control of the root resorption process would assist in minimizing the

hard tissue destruction and so preserve tooth integrity. ln this regard, a recently

discovered bone resorption inhibitor, osteoprotegerin, may be useful in

preventing dental resorption. This study aims to assess the effects of

osteoprotegerin on odontoclasts in a new model of aseptic root resorption.
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2.2 Aims of the study

The aims of this study are:

1. To develop a reliable, reproducible and predictable model of aseptic

dentoalveolar resorption in the rat.

2. To investigate the cellular reactions responsible for the progression and

repair of resorption and periodontal healing in this model, using light and

electron microscopy, light microscopic immunocytochemistry and enzyme

histochemistry.

3. To identify the cells responsible for tooth root and bone resorption

(odontoclasts and osteoclasts), with particular emphasis on characterising

the odontoclast and establishing its relationship to the osteoclast, using

transmission electron microscopy and light microscopic

immunocytochemistry.

4. To use the dentoalveolar resorption model to study the effects of an

osteoclast inhibitor (osteoprotegerin) on osteoclast and odontoclast

activation using light microscopic immunocytochemistry and transmission

electron microscopy.

5. To examine the use of osteoprotegerin as a possible mechanism for the

therapeutic management of dental resorption seen as an adverse sequela

of orthodontic treatment.
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2.3 Null Hypothesis

The prevention and management of osteoporosis by the administration of

osteoprotegerin has proven to be beneficial in animal model systems (Simonet ef

al., 1997; Bucay et al., 1998). A similar effect in a dental model would have

profound implications for tooth longevity in situations where orthodontic or

periodontal osteolytic inflammatory stimuli are acting.

The null hypothesis being investigated in this study states that

"Osteoprotegerin, as a clast cell inhibitor, prevents osteoclastogenesis and

hence root resorption in an experimental rat model that utilizes a cold

thermal stimulus".
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CHAPTER 4

MATERIALS AND METHODS

3.1 Materials

A total of 106 male Sprague-Dawley rats were used throughout this project.

Seventy-four animals were used in the first phase of the study involving the

establishment of the resorption model and accompanying immunolabelling and

electron microscopy examinations. The remaining 32 rats were used in a

resorption inhibition experiment involving OPG. Each animal weighed between

250 and 300 g and was aged between 8 and 10 wk, at which time their dentitions

had fully developed with minimal root hypercementosis (Schour and Massler,

1971). The rats were divided into experimental groups of 6 or 8 animals for the

various procedures. All were fed a diet of commercially manufactured standard

rodent pellets (Parastoc Feed, Ridley AgriProducts, Murray Bridge, Australia) and

water ad libitum, and were housed in the Animal House facility of the Medical

School of The University of Adelaide. Approval for the experimental procedures

was provided by the Ethics Committee of The University of Adelaide under ethics

numbers S/28l954, B,C, D, E and 50/6 1 /96, B,C, D.
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3.2 Methods

3.2.1 Anaesthesia

A pilot experiment was conducted in order to determine the most appropriate

anaesthetic to stop all reflex activity and keep the animals unconscious for at

least t h during and after the various procedures. lt has been reported that the

thaw following tissue freezing is a painful procedure (Gage, 1982) and an attempt

was made to keep the rats as comfortable as possible.

The anaesthetic pilot study involved freezing the upper right first molar of 6 rats

with dry ice (CO2, -81"C) for 10 min. Two animals were sacrificed by carbon

dioxide inhalation at periods of 2,7 and 14 d after the thermal insult and their

maxillae dissected out and processed for routine histological examination.

The anaesthetics trialed with their recommended dosages are presented below.

The anaesthetics used were:

1. Saffan (alphaxalone/alphadolone acetate, Pitman-Moore Australia Ltd.

North Ryde, Australia), injected intramuscularly at a dosage of 12 mg/kg of

body weight.

2. A combination of xylazine (3 mg/ml) and ketamine (10 mg/ml, Parke-

Davis, Caringbah, Australia) injected intraperitoneally.

3. Nembutal@ (pentobarbitone sodium, 60 mg/ml, Boehringer lngelheim Pty

Ltd, Artarmon, Australia) injected intraperitoneally at a dosage o120 mg/ml

per 100 g of body weight.

4. A combination of Hypnorm@ (fentanyl citrate, 0.315 mg/ml and fluanisone

10 mg/ml, Janssen-Cilag Ltd., High Wycombe, Buckinghamshire, UK) and

Hypnovel@ (midazolam hydrochloride, 5 mg/ml, Roche, Berne,
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Switzerland). The two drugs were diluted 1:1 with sterile water for

injection, combined, and then administered intraperitoneally at a dosage of

2.7 mllkg of body weight.

3.2.2 Thermal insult

Following weighing and Hypnorm@/Hypnovel@ anaesthesia, individual rats were

placed on their back on a specially constructed rack. The mouth was propped

open by metal rings looped around the upper and lower incisors. The rings were

individually attached by elastic bands to the supportive rack so that there was a

diametrically opposite pull on the incisors which gently stretched the mouth open.

The tongue was placed into the lower ring and therefore protracted from the

operative field. A small spatula was used to retract the right cheek and so expose

the upper right first molar. The restraining rack and retracting mechanism allowed

one operator to perform the experimental procedures.

The upper right first molar was frozen for varying periods and frequencies by the

continuous application of customized pellets of dry ice (COz at -81'C, BOC

Gases, Adelaide, Australia) held in tweezers. Large tubular pellets provided by

the manufacturer were quartered using a sharp chisel producing smaller pellets

with diameters approximating the crown size of the rat upper first molar, Care

was taken to apply the dry ice to the occlusal aspect of the teeth and to avoid

contact with surrounding soft tissues. Following the application of cold, the

tissues thawed slowly under anaesthesia and the animals allowed to recover.

The upper left first molar was left unfrozen and served as a control. A schematic

representation of the freezing process appears in Diagram 3 below.
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Dry ice

Ml M2

Diagram 3. Schematic representation of dry ice application to the rat
upper first molar crown drawn approximately to scale. Mr -
first molar, Mz - second molar, Ma - third molar
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3.2.3 Sacrifice

The animals involved in pilot studies were sacrificed in an enclosed chamber by

carbon dioxide inhalation. The jaws were immediately dissected out and placed

in appropriate fixative.

Subsequent experimental groups were sacrificed during the following perfusion

fixation procedures.

3.2.3.1 Carotid perfusion

ln order to adequately fix the jaws a perfusion technique via the carotid arteries

was performed. Animals were anaesthetized with Hypnorm@/Hypnovel@ as

previously described. Surgical anaesthesia was determined by the loss of both

plantar and corneal reflexes. Each animal was placed on its back in a dissecting

tray and a subdermal incision was made obliquely along the medial surface of

the right hind limb. The skin was reflected and the overlying fascia was blunt

dissected to expose and clear the femoral vein. An injection of heparin B.P.

(David Bull Laboratories, Mulgrave, Australia) was administered intravenously at

a dose of 0.02 ml/100 g of body weight (Appendix 1).

A carotid cannula was assembled prior to experimentation (Appendix 2). lt was

flushed with heparin to avoid undesirable coagulation of blood entering the

tubing. The dissection of the neck and the isolation and cannulation of the right

and left carotid arteries required 2 operators and was performed according to the

following procedure.
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The rostral end of the sternum was palpated and a horizontal subdermal incision

was made to 15 mm e¡ther side of the midline with curved dissecting scissors. A

midline vertical incision was made to the level of the hyoid bone. The overlying

fascia was dissected away in the midline with care taken to avoid the large

external jugular veins (Greene, 1971). Using a fine pair of curved scissors, the

fibres of the sternohyoid muscle were blunt dissected in the midline in a vertical

direction to reveal the trachea beneath. The sternohyoid muscle was retracted

with tweezers while the carotid bundle was located lateral and deep to the

trachea. The fine beaks of the curved tweezers were hooked beneath the bundle

and the vagus nerve was carefully separated. Two black silk sutures were

passed around the carotid artery and loosely tied,

lsolation of the right carotid artery preceded the left. The 2 sides of the cannula

were taped to the sides of the animal with micropore adhesive so that the tips of

the cannula were at the level of the neck dissection. The passive positioning of

the cannula prior to insertion into the vessel helped to minimize difficulty and

ensured an uneventful procedure.

The right carotid aftery was elevated and held taut by rostral and caudal tension

placed on the silk sutures by an assistant. The length of artery exposed

measured approximately 10 mm. Using iris scissors, a fine, incomplete oblique

cut was made in the vessel approximately 3-4 mm from the caudal end of the

exposure. Before shock and vasoconstriction of the vessel occurred, one beak of

a fine pair of tweezers was inserted into the lumen of the partially severed vessel.
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Neck dissection and identification
of left carotid artery

b. lsolation with silk ligatures

c. lnsertion and tying off of cannula

a

Figure l. Diagrammatic procedures for carotid cannulation'
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The tweezers were closed so that the artery was firmly held and the tweezer tips

acted as guide for the insertion of the cannula. Once inserted, the cannula was

tied in place by the tightening of the rostral silk suture around both the vessel and

its inserted cannula. The caudal silk suture was tied around the vessel to occlude

the blood flow (Fig. 1).

The same procedure was followed for the left carotid artery while syringe

pressure was maintained on the heparin within the cannula in order to prevent

the back flow of blood. With both carotid arteries tied and occluded, rapid

draining of the perfused fixative was achieved using the following procedure:

Working quickly, a horizontal incision at the caudal end of the sternum was made

to expose the upper abdominal cavity just below the diaphragm. Lateral relieving

incisions in an axillary direction allowed reflection of the rib cage, and dissection

of the diaphragm exposed the heart and great vessels. The vena cavae were

identified and cut using a fine pair of curved scissors. Once venous return had

been severed, 20 ml of fixative was injected through the cannula into the carotid

afteries. A mouth prop was placed into order to assist later dissection of the jaws

in the fixed head. Once perfusion had been completed, the maxilla and mandible

were dissected out and immersed in fixative for a further 24 h.

The procedures took approximately 45 min in total per rat.

3.2.3.2 Cardiac perfusion

When fixation of both the head and the body organs was required, cardiac

perfusion of fixative was employed using the following method.
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After anaesthesia and the administration of heparin via the femoral vein as

previously described, a long midline vertical incision was made from the neck to

the abdomen. Additional relieving incisions were made into the axillary area and

the skin and superficial fascia reflected to expose the underlying thoracic and

abdominal muscles. The thoracic cavity was entered by sharp scissor dissection

at the caudal end of the sternum and at the level of the diaphragm. With sharp

forceps, the rib cage was vertically bisected in the midline and the two halves

reflected outwards to expose the beating heart. The superior and inferior vena

cavae were clamped and cut so that there was no venous return and immediately

50 ml of fixative was slowly injected into the left ventricle of the heart. On

completion of perfusion, the maxilla plus the required abdominal organs (spleen,

liver, kidney, gut) used as immunolabelling control tissues, were dissected out

and placed in the appropriate fixative for 24 h.

3.2.4 Fixation

The fixative solutions employed were dependent upon the ultimate processing

and viewing techniques for the tissues. The aim of fixation was to preserve the

tissues as closely as possible to their life-like state for optimum microscopy

and/or immunolabelling.

For electron microscopy, rats were perfused and the jaws immersed in

Karnovsky's fluid (Karnovsky, 1965, Appendix 3). For light microscopic

immunocytochemistry, Zamboni's fixative (Zamboni and De Maftino, 1967;

Appendix 3) or neutral buffered formalin (Appendix 3) was employed.
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3.2.5 Decalcification

All specimens and tissues were decalcified prior to further processing. The aim

was to remove the inorganic content from the tissues and leave the organic

component for histological review. The type of decalcifying solution employed

depended on the subsequent tissue preparation and experimental protocol. For

the rapid removal of inorganic salts "Decal" (lnstitute of Medical and Veterinary

Science, Adelaide, Australia), a combination of ethylenediaminetetra-acetic acid

(EDTA) and hydrochloric acid (Appendix 4) was used. Decalcification of the

tissues for immunocytochemistry protocols used 4% EDTA in phosphate buffer

(Appendix 4). For electron microscopy,4o/o EDTA in 0.06M cacodylate buffer and

25% glutaraldehyde (Appendix 4) was used. Determination of the completion of

decalcification was established via radiographs of the specimens taken before

and after the procedure. In the case of "Decal", decalcification generally occurred

in 4-5 d but EDTA in the various buffers took up to 5 wk. All decalcification

procedures were undertaken at 4"C with constant stirring, and the decalcifying

solutions were changed daily.

3.2.6 Tissue processing

3.2,6.1 Histology and immunocytochemistry

After decalcification, light microscopy specimens were washed in phosphate

buffered saline (Appendix 3) and excess tissue was trimmed with a scalpel from

the maxillae and teeth. The tissues for examination were placed in 70% alcohol

before automatic processing in a Shandon Citadel 2000 automatic tissue

processor (Shandon lndustries, Pittsburgh, Pennsylvania). Dehydration through

graded alcohols was undertaken before paraffin wax impregnation (Appendix 5).

Specimens were embedded in paraffin wax using a Reichert-Jung Histostat with
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care to orientate each maxilla so that sectioning would occur in a coronal plane

and permit viewing of both experimentally frozen and control molars.

Paraffin blocks were mounted in a Leitz 1512 Microtome and ribbons of 5 pm

sections cut. Sections were floated on a water bath thermostatically set at 37"C

and two or three sections at a time were lifted on to aminopropyltriethoxysilane

(APT) coated, labelled glass slides (Appendix 6). The slides were allowed to air

dry. Every tenth slide was stained with Mayer's haematoxylin and eosin

(Appendix 7) to check for orientation and the suitability of adjacent slides for

immunolabelling.

3.2.6.2 Transmission electron microscopy

Decalcified tissues were washed in three 30 min rinses of 0.06M sodium

cacodylate buffer (Appendix 3). Under an Olympus stereo dissecting microscope

and using a No. 15 scalpel blade, excess tissue was removed from the maxilla.

The right and left dental arcades were removed by an excision in the sagittal

plane adjacent to the palatal aspect of the teeth and parallel to their long axes.

The right and left first molars were sectioned longitudinally into thirds in the

bucco-palatal plane. Each resulting specimen contained part of the tooth crown

and root plus the investing periodontal tissues. Specimens were maintained in

0.06 M sodium cacodylate buffer in labelled glass vials.

LR White resin was used as the embedding medium (London Resin Co., London,

England). Specimens for routine transmission electron microscopy were post

fixed in osmium tetroxide, dehydrated through graded alcohols and progressively

infiltrated with resin (Appendix 8). The processed tissue was placed in gelatin
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capsules half-filled with resin before complete filling and sealing to prevent air

contact. Capsules were placed in a 60"C oven for 24 h to allow polymerization to

proceed to completion. Tissue blocks were removed from their capsules, placed

in individual, labelled plastic vials and stored at room temperature until required.

3.2.7 Tissue sect¡on¡ng and staining

3.2.7.1 Resin embedded material

Glass knives were prepared using an LKB knife maker Type 780 18. Specimen

blocks were secured in a Reichert specimen holder chuck and mounted in a

Reichert-Jung Om U4 ultra-microtome. A mesa was prepared with a No. 11

scalpel blade and 1 trrm sections were cut using the glass knife and collected in a

water bath. The sections were flattened with chloroform vapour and placed onto

clean glass slides using a wire loop and dried on a 60"C thermostatically

controlled hot plate. For orientation, sections were stained with 0.05% toluidine

blue solution and 1o/o borax (Appendix 7) at 60'C for 30 s. Sections were jet

washed with millipored, double distilled water and allowed to dry. They were

subsequently viewed in an Olympus EHT light microscope in order to check

specimen orientation and ensure that both the tooth and surrounding alveolar

bone were present. Serial sections were collected from the tooth cervical and

interradicular areas, and, where areas of interest were encountered, small mesas

were prepared for silver sectioning using glass knives so that as much tissue as

possible was preserved.

Sections in the silver interference range (approximately 750 nm) were cut using a

diamond knife (RMC-HD Scientific Supplies, Bayswater, Australia) at a knife

angle of 6". Silver sections were collected on clean 3 mm, 150 square mesh
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copper grids which were subsequently stored on Whatman grade 1 filter paper in

labelled, plastic petri dishes until needed. Selected sections were stained with

uranyl acetate and Reynold's lead (Appendix 9) and viewed in a Philips CM100

electron microscope operating at 80 KvP. Digital electronmicrographs of

specimens were generated by a MegaView ll high resolution digital camera (Soft

lmaging System GmbH, Munster, Germany). lmages were stored in a Tagged

lmage File Format (.tif file).

3,2.7.2 TRAP enzyme histochemistry

A pilot study was conducted to determine the optimum histochemical protocol for

demonstrating TRAP in paraffin sections. Sections of maxillae showing areas of

physiological bone resorption as determined by orientational haematoxylin and

eosin (H&E) staining were used. Various methods requiring different types of

couplers were employed to stain for TRAP activity. The following methods were

evaluated:

Method l. The first method used a kit developed by Sigma-Aldrich Chemie

GmbH, Deisenhofen, Germany. The reagents included: naphthol AS-Bl

phosphoric acid at 12.5 mg/ml in N,N'-dimethyl formamide as a substrate, Fast

Garnet GBC salt at 15 mg/capsule as a coupler, L (+) tartrate buffer at 0.67

mol/L, and acetate buffer at 2.5 mol/L. The solution pH was 5.2 when diluted as

indicated below:
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Materials TRAP solution Control solution

37oC Distilled water 44.0 ml 42.0 ml

Acetate solution 2.0 ml 2.0 ml

Naphthol AS-Bl solution 2.0 ml

TaÍrate solution 2.0 ml 2.0 ml

One capsule of Fast Garnet GBC salt was added to each beaker and stirred on a

magnetic mixer for 60 s. Solutions were rapidly filtered through Whatman No. 54

paper into separate staining jars, each of which contained 5 slides. Slides were

incubated for 2 h at 37'C in the dark. After incubation, solutions were decanted

and slides rinsed in water for 10 min before being stained with 1% Fast Green

FCF (Sigma-Aldrich) for 5 min and mounted using DePeX (BDH Laboratories,

Poole, United Kingdom).

Method 2. The second method used Burstone's complete medium, as

described by Cole and Walters (1987) and modified by Farrell et al. (1990).

Naphthol AS-BI phosphate substrate (Sigma-Aldrich) was used as the substrate

(Janckila et al., 1978) along with acetate buffer at 0.1-0.2M. Fast Red Violet LB

salt (Sigma-Aldrich) served as the coupler. Tartrate L (+) and other solutions

were prepared as indicated below:
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Material TRAP solution Control solution

Acetate (0.2 M) 50 ml 50 ml

Fast Red Violet LB 70 mg 70 mg

Tartrate L (+) (0.67mo1/L) 1ml 1ml

Naphthol AS-Bl (1 2.5m9/ml) 1ml

10% MnClz 0.25 ml 0.25 ml

Media were filtered into acid-clean Coplin jars and incubated with slides for 2 h at

37"C. Following incubation, counterstaining was performed as described in

Method 1.

Method 3. The third method for demonstrating TRAP was performed with

hexazotized basic fuchsin using the modified technique of Goldberg and Barka

(1962). TRAP solutions comprised the following:

50 ml of 2% sodium acetate.3H2O, pre-warmed to 37'C

3ml of hexazotized basic fuchsin (see below)

2ml of 0.67mol/L L (+) tartrate solution (Sigma-Aldrich)

2ml of 12.5 mglml naphthol AS-Bl phosphoric acid (Sigma-Aldrich)

Thefinal solution was poured into Coplin jars, each containing 10 slides. Control

solutions were prepared by omitting the substrate naphthol AS-Bl phosphoric

acid solution and increasing sodium acetate solution to 52 ml. Slides were

incubated for 2 h at 37"C, after which solutions were decanted and slides

washed for 10 min in running water and left to air dry. Slides were counterstained

with 1% Fast Green FCF (Sigma-Aldrich) for 5 min, washed in running water for 1

min, and dried before being mounted using DePeX. Sections were studied under

the light microscope for evidence of TRAP stained cells.
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Hexazotized basic fuchsin solution was prepared by mixing equal volumes of

basic fuchsin solution (Sigma-Aldrich) and 4o/o sodium nitrite solution (NaNOz).

Basic fuchsin solution was prepared by dissolving 800 mg of basic fuchsin in 16

ml of distilled and 4 ml of concentrated (36%) hydrochloric acid. This was mixed

well on a heated plate until dissolved and subsequently filtered. An equal volume

was mixed thoroughly with sodium nitrite solution immediately before use.

3.2.7,3 lmmunolabelling of sections for light microscopy

Antibodies employed in the study were either raised against osteoclasts,

macrophages or monocytes/granulocytes, and comprised:

a

a

o

o

a

a

KP1 antibody (Zymed, San Francisco, USA, Appendix 10)

Anti-cathepsin L antibody (Santa Cruz Technologies, Santa Cruz, USA,

Appendix 11)

ED1 antibody (Serotec, Oxford, United Kingdom, Appendix 12)

Anti-CD13 antibody (Dako, Carpinteria, USA, Appendix 13)

Anti-CD15 antibody (Dako, Carpinteria, USA, Appendix 14)

Anti-CD4S antibody - Anti-Leucocyte common antigen (Serotec, Oxford,

United Kingdom, Appendix 15)

Anti-CD61 - p3 integrin receptor antibody (Serotec, Oxford, United Kingdom,

Appendix 16)

Anti-carbonic anhydrase ll antibody (Serotec, Oxford, United Kingdom,

Appendix 17)

AE1/AE3 antibody (Cell Marque, Austin, USA, Appendix 18) - a cytokeratin

marker for epithelial tissues

o

o

a
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A detailed account of the immunolabelling protocol is found in Appendix 19.

lmmunological procedures followed the avidin-biotin peroxidase complex (ABC)

technique (Signet, Dedham, Massacheusetts, USA) which is schematically

presented in Diagram 4 below. Five micron sections on silane-coated glass slides

were dewaxed and placed in a solution of HzOz in methanol in order to block

endogenous peroxidase activity. A pilot study was undertaken to establish the

most suitable method of antigen retrieval either by trypsin digestion of sections

for 3 min at 37"C, or by microwaving specimens in citrate buffer at pH 6.0 for 15

min (Wu et al., 1992, Appendix 20). Treated sections were washed in phosphate

buffered saline prior to incubation in normal horse serum for 30 min. After further

washing, slides were incubated with the primary antibody overnight. Successive

incubations in biotinylated linking or secondary anti-mouse antibody (30 min) and

streptavidin peroxidase (1 h) occurred prior to the application of

diaminobenzidine (DAB) as a peroxidase substrate (Appendix 21). Slides were

washed between each stage before a light counterstaining with haematoxylin and

mounting in aquatex (Merck, Darmstadt, Germany). Negative controls were

provided by sections to which primary antibody had been omitted and positive

controls were provided by sections of rat spleen, liver, gut or kidney according to,

and depending on, the nature of the primary antibody used.

Except where manufacturers provided antibodies diluted for immediate use (for

example, KPl,Zymed), all supplied concentrated antibody solutions were titrated

to determine optimal concentrations for label visualization. Solutions were diluted

with phosphate buffered saline (Appendix 3) in a chequerboard approach

beginningwith a 1:1 dilution and progressing through 1'.2, 1:5, 1:10, 1:50, 1:100,

1:250, 1:500, 1:1000, 1:5000 and 1:10000. Antibody titrations were monitored
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over varying time periods beginning at t h, and then progressing through 2 h, 4

h, 8 h, 12 h (overnight) and finally,24 h (Appendix 22).

lmmunologic reaction was determined by the microscopic appearance of brown-

coloured diaminobenzidine substrate attachment to the antigen-antibody

complex. The site of the label was dependent on the specific location of the

antigen in the cell that is a component of the cell membrane or of the cytoplasm.

ln the latter case, the entire cell labelled diffusely.

All immunolabelling procedures were performed at least twice in order to

minimize the possibility of experimental error affecting the results. ln addition,

positive and negative control tissues were verified by the Bone Laboratory of the

lnstitute of Medical and Veterinary Science, Adelaide, Australia,
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ooo

Biotin

Enzyme

Avidin-biotin
perox¡dase complex

(Strept)avidin

Antibody

A Antigen

Diagram 4. Schematic representation of the antigen-antibody reaction
utilized in this studY.
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3.2.8 Photography and image capture

Histological slides were viewed under an Olympus BH2 microscope to which a

35mm camera was attached. An automatic control unit (Olympus PM-10)

provided consistent exposure of 35mm Kodak Ektachrome 64T EPY 135-36 slide

transparency film at an ASA of 64 and a reciprocity of 2. A light balancing

tungsten filter (LBT) provided colour balance. Areas of interest were

photographed at lens magnifications of 10,20 and 40 times with a photo

eyepiece magnification of 2.5 times. This resulted in 25,50 and 100 times

magnifications of the original view in the final slides.

Slide transparencies were scanned using Adobe Photoshop 5.OLE software on a

Canon FB 12005 scanner with an FAU S10 transparency adaptor at a resolution

of 600 x 600 dots per inch. Scanned images and electronmicrograph image files

were imported into Adobe Pagemaker 6.5 where they were arranged and

annotated without digital enhancement before being printed using an Epson 760

colour injet printer on Epson S041140 photo quality paper.
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3.3 Experimental studies

The experimental procedures employed are summarized in Table 2 below

Table 2. Summary of experimental procedures

3.3.1 Experiment I - To determine the effects of freezing of the tooth

crown on per¡odontal tissues.

The upper right first molar of 8 rats was frozen by a 10 min application of dry ice.

Two rats were sacrificed at each period of 2,7, 14 and 28 d after the insult and

tissues were processed for routine histology.

3.3.2 Experiment2 - To determine optimal freezing time.

The upper right first molar of 8 rats was frozen by a 20 min application of dry ice.

Two rats were sacrificed at each period of 2,7, 14 and 28 d after the insult and

tissues were processed for routine histology.

Experiment No. of
animals

Duration of
COz

aoolication

No. of
applications

Days
sacrificed

LM TEM TRAP Succinic
dehydro-
qenase

lmmuno-
labelling

OPG

Anaesthesia þ 10 min 1 7
1 I 10 min 1 2.7.14.28
2 8 20 min 1 2.7.14.28
3 8 20 min 3 2.7.14.28
4 16 10 min 3 7.14
5 8 20 min 1 7

þ 8 10 min 1 plus
mechanical
insult

7

7 12 10 min 1 2.7.14
8 32 10 min 1 7
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3.3.3 Experiment 3 - To determine optimal number of applications

of freezing med¡um.

The upper right first molar of 8 rats was frozen 3 times over the period of 1 wk by

a 20 min application of dry ice. Two rats were sacrificed at each period of 2,7 , 14

and 28 d after the insult and tissues were processed for routine histology.

3.3.4 Experiment 4 - To determine and assess resorption and repair

mechanisms using immunohistochemistry, enzyme histo-

chemistry and ultrastructural evaluations.

The upper right first molar of 16 rats was frozen 3 times over the period of 1 wk

by a 10 min application of dry ice. Rats were sacrificed at either 7 or 14 d after

the insult and the tissues were processed according to protocols required for

later tissue examination. Two rats at each time frame were used for routine

histology while the other 12 were sacrificed by and during the fixation procedure

via carotid or cardiac perfusion of fixative. Four animals at each time frame were

fixed using Zamboni's fluid (Appendix 3) and specimens retrieved were used for

light microscopic immunocytochemistry and TRAP enzyme histochemistry, while

2 animals were fixed for ultrastructural examination using Karnovsky's fluid

(Appendix 3) at each of the 7 and 14 d periods.

3.3.5 Experiment 5 - To assess the effect of a single prolonged

thermal insult using enzyme histochemistry, immunohisto-

chemistry and ultrastructural evaluations.

The upper right first molar of 8 rats was frozen once by a 20 min application of

dry ice. All rats were sacrificed during perfusion fixation at a period 7 d after the
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insult. Six animals were fixed with Zamboni's fluid for enzyme histochemistry and

immunohistochemistry while the remaining 2 animals were fixed with Karnovsky's

fluid for transmission electron microscopy.

3.3.6 Experiment 6 To determine the combined effects of

mechanical and thermal insults to the periodontium.

The upper right first molar of 8 rats was frozen once by a 10 min application of

dry ice. ln addition, a mechanical insult was delivered by a sterile, sharp probe,

forcibly insefted into the periodontal ligament space and scraped along the

cementum surface. All rats were sacrificed at a period of 7 d after the insult and

the tissues processed for routine histology.

3.3.7 ExperimentT - To determine succinic dehydrogenase activity

in the periodontium after cold thermal insult.

Resorption was generated in the teeth of 12 rats by a 10 min application of dry

ice to the upper right first molar. Four rats were sacrificed by carbon dioxide

inhalation at time intervals of 2 d,7 d and 14 d. The maxillae were immediately

dissected out and placed, without fixation, in 10% EDTA as a decalcifying

solution (Appendix 4). The solution was continually agitated and changed

regularly until decalcification was completed after approximately 14 d.

Decalcified maxillae were trimmed of excess soft tissue and attached to a

cryostat chuck using cryo-embedding medium (O.C.T. Compound, Miles

Laboratories, lllinois, USA). Specimens were left to freeze for before sections 20

¡rm thick were cut on a Kryostat 2000 (Leitz, Germany) at -25"C and placed on

silane-coated glass slides. Slides were stored in a freezer until required.
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Selected slides were stained for succinic dehydrogenase activity using the

method of Takimoto et al. (1966) (Appendix 23). Slides containing sections were

incubated for 45 min at 37"C in a substrate medium for succinic dehydrogenase

(Appendix 23). Sections were fixed in 10% neutral buffered formalin (Appendix 3)

for 30 min prior to washing in distilled water and mounting in aquatex. No

counterstaining was used.

3.3.8 Experiment 8 - To determine the effects of osteoprotegerin on

the resorption model.

This procedure used osteoprotegerin (FcOPG, Amgen, Thousand Oaks,

California, Appendix 24) in an effort to determine its effect on the dental

apparatus and investing tissues in the model resorption system. The upper right

first molar of 32 rats was frozen with pellets of dry ice for 10 continuous min. This

was designated as day 1. On days 1, 3 and 5 after freezing of the tooth, a 2.5

mg/kg dose of osteoprotegerin was administered subcutaneously.

Sacrifice and dissection of maxillae and selected long bones (femur and tibia)

occurred on day 7. Tissues were prepared for light and electron microscopic

histology, light microscopic immunolabelling, and TRAP staining as previously

described.
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CHAPTER 4

RESULTS

4.1 Animals

The 106 animals used in this study survived the application of the cold thermal

stimulus, gained weight, were active and remained free of stress during the

observation periods. They appeared to suffer no lasting ill effects from the

experimental procedures except for the occasional rat that had right side facial

swelling. This was likely related to inadvertent dry ice contact with the buccal

mucosa during the experimental procedures. The swelling subsided within 24 to

36 h and the animals quickly returned to normal activity and function. lt was

noted that facial swelling was usually observed in animals that sustained multiple

thermal insults. In addition, sloughing of gingival marginal tissues was also

occasionally associated with multiple applications of dry ice.

4.2 Results of method trials

4.2.1 Anaesthesia

The results of the pilot anaesthetic study in Table 3 below indicated that the

Hypnorm@/Hypnovel@ combination was excellent at providíng swift surgical

anaesthesia with muscle relaxation that permitted experimental procedures to be

performed without duress to the animal or the operator. A single dose of

Hypnorm@/Hypnovel@ was adequate to maintain anaesthesia during the various

operations and for a sufficiently lengthy period of time thereafter. This allowed

tissues to recover and thaw thus minimizing any immediate and short-term



Results 128

discomfort to the animal. This drug combination had the additional benefit of

being reversible by naloxone hydrochloride (0.4 mg/ml, David Bull Laboratories,

Mulgrave, Australia) administered subcutaneously at a dose of 0.1 mg/kg in the

event of anaesthetic complications. No anaesthetic complications were

encountered with Hypnorm@/Hypnovel@; however, the other anaesthetics trialed

caused difficulties and inconsistencies in anaesthesia onset, depth and duration

when used at recommended dosages and often additional dosages were

required. Because of its efficiency, safety and reliability Hypnorm@/Hypnovel@

anaesthesia was used throughout all of the main experimental procedures in the

current project.

Table 3. Results of pilot anaesthetic study indicating the efficacy of

Hypnorm@/Hypnovel@ for producing swift and prolonged surgical

Animal Weight Anaesthetic Dose Duration of
anaesthesia

Comments Sacrifice

1 2609 Hypnorm +
hypnovel

0.7 ml 120 min Swollen face
Recovered at
24 hr

At2d

2 258q Nembutal 0.4 ml 130 min Minor swellinq AtTd
3 2609 Saffan 0.26 +

0.3 ml
150 min Respiratory

ditficultv
AT14d

4 2629 Rompun +

Ketamil
0.05 +

0.075 +

0.05 +

0.05 ml

85 min Onset delayed At14d

5 2609 Hypnorm +
hvpnovel

0.8 ml 90 min Onset delayed At2 d

6 2659 Saffan 0.3 +
0.3 +
0.2 +
0.2 +
0.2 +
0.2 +
0.2 m

Unable to
anaesthetise

Animal
deferred to
following day

- gtven
hypnorm
0.7m1

AtTd

anaesthesia
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4.2.2 Pilot study of TRAP enzyme histochemistry

Method I using Fast Garnet GBC salt as a coupler produced a light, reddish,

granular, poorly localized precipitate that was difficult to observe under light

microscopy. Method 2 using Fast Red Violet LB salt as the coupler produced a

fine purplish reaction product, which was also hard to distinguish under light

microscopy. Localization of the precipitate was vague and imprecise.

The third option employed in Method 3 using hexazotized basic fuchsin proved to

be the coupler of choice. lt yielded a fine granular red reaction product which was

readily visible under light microscopy. This method was therefore chosen to

detect TRAP activity in selected sections from specimens prepared in the main

experimental proced u res.

4.2.3 Antigen retrieval techniques

The two antigen retrieval techniques used were dependent on the

recommendations suggested by the manufacturers of the antibodies. Enzyme

digestion by trypsin was less destructive to the tissues and appeared to

adequately unravel the cross-linking of the aldehyde fixatives and so expose

some antigens under examination. Microwave retrieval methods using citrate

buffer did not lead to enhanced results for the antibodies tested. The prolonged

heating of tissue sections in buffer caused tissue loss from slides unless prior

subbing of slides was adequate. The protocol for APT subbing (Appendix 6) was

altered to reduce the time of alcohol washing and therefore leave a heavier film of

APT on each slide. While this improved tissue adherence, immunologic reaction

was not noticably enhanced.
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4.3 Results of experiment studies

4.3.1 Experiment I - Single 10 min episode of freezing.

To determine the effects of freezing of the tooth crown on

periodontal tissues.

4.3.1.1 Light microscopy

A. Control teeth

The histology of the rat molar and its investing periodontium noted in control

unfrozen molar teeth is presented in Figure 2. The orientation of the principal

fibres of the periodontal ligament was clearly visible as they coursed from the

alveolar bone surface to the tooth root. The orientation of these fibres appeared

dependent on their level of hard tissue attachment (Fig. 3). Near the alveolar

crest, fibres ran from bone in a slightly upward direction towards the tooth before

running more horizontally and then more obliquely as sections were viewed

further down the periodontal ligament towards the root apex. The principal fibres

associated with the appositional bone surfaces were large in size and appeared

to form from the aggregation of smaller fibres. Principal fibres adjacent to

resorptive bone surfaces appeared smaller, finer and less aggregated (Figs. 3

and 4). ln haematoxylin and eosin stained sections the majority of cells within the

ligament appeared to be ovoid fibroblast-like cells interspersed with blood

vessels, and the occasional small cluster of epithelial-like cells adjacent to the

root surface (Figs. 4 and 5).

Alveolar bone exhibited both appositional and resorptive changes. A single layer

of lining cells was evident on buccal-facing appositional bone surfaces which

were relatively smooth in nature (Fig. a). An irregular outline and bone resorption
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lacunae were found on palatal-facing bone surfaces, often in association with

multinucleated cells (Fig. 6).

lnterradicular alveolar bone contained osteocytes, a few trabecular spaces and

exhibited a compact appearance characteristic of woven bone (Fig. 7). The

interradicular bony surfaces appeared similar to the cribriform plate lining the

outer alveolar walls. Buccal-facing bone surfaces were relatively smooth yet

punctured by the insertion of large principal (Sharpey) fibres. The depth of fibre

penetration into bone was variable and appeared to terminate at darkly staining

reversal lines that ran at regularly spaced intervals parallel to the bone surface

(Fis. 7).

Palatal-facing interradicular bony sufaces possessed a rough irregular outline.

Principal fibres did not show obvious bony penetration but appeared to make

surface contact. lnterrupting fibre attachment were resorption lacunae exhibiting

the occasional presence of multinucleated cells (Fig. 6). The cementum lining

root surfaces was covered by a single layer of cells interspersed with surface

fibre attachments (Fig. 5). The roots were covered by a fine layer of intact

acellular cementum except in the apical region where an increased thickness of

cellular cementum was seen (Fig. 8). Shallow surface resorption lacunae and

related multinucleated clast cells were occasionally seen on tooth root surfaces

(Fig. 9). These were, however, infrequent, and were situated more apically. They

were not observed in every control section.

The dental pulp presented a fine connective tissue reticulum with a lining layer of

darkly staining elongated odontoblasts adjacent to dentinal surfaces. Many blood
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vessels were apparent within the tissue stroma which also contained numerous

connective tissue cells along with some macrophages and lymphocytes (Fig. 10).

Pulp stones were commonly seen.
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Figure 2. Experiment 1, light
microscopy (LM), haematoxYlin and
eosin (H&E), magnification x10. Coro-
nal control section of a control
unfrozen rat first molar showing two
roots and investing periodontium.

Figure 3. Experiment 1, LM, H&E,
magnification x1 00. Principal periodon-
tal fibre orientation and Sharpey fibres
(arrow) entering appositional alveolar
crestal bone in control unfrozen peri-
odontium.

Figure 4. Experiment 1, LM,
H&E, magnification x100. Control
u nfrozen appositional buccal-faci ng
bone surface with a single layer of lining
cells (arrows). Periodontal ligament
cells appear ovoid and orientated with
fibres. bv - blood vessel
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Figure 5. Experiment 1, LM, H&E,
magn¡fication x1 00. Control unfrozen
periodontal ligament and cementum sur-
face with a layer of lining cells (arrows). bv
- blood vessel

Figure 6. Experiment 1, LM, H&E,
magnification x1 00. Control unfrozen
palatal-facing bone surface showing
resorption lacunae and multinucleated
cells (arrows).

Figure 7. Experiment 1, LM, H&E,
magnification x50. Control unfrozen
appositional alveolar bone surface with
penetrating PDL (Sharpey) fibres ending
in reversal lines. Osteocytes (arrows)
are apparent in bone along with the
occasional marrow space.
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Figure 8. Experiment 1, LM,
H&E, magnification x25. Photomicro-
graph showing the control unfrozen
molar interradicular area and an in-

crease in cementum thickness towards
the apex.

Figure 9. Experiment 1, LM, H&E,

magnification x100. Control unfrozen tooth
root showing resorption lacunae into den-
tine (arrows).

Figure 10. Experiment 1, LM,
H&E, magnification x1 00. Photomicro-
graph of control unfrozen pulp tissue
indicating a fine vascular connective
tissue reticulum and a prominent
odontoblastic layer (arrows).
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B. Experimental teeth

Two days after the application of dry ice to the upper right first molar no overt

signs of root resorption and clastic cell activity were seen on the root surfaces

except for small areas near the root apices. At the level of the alveolar crest the

periodontal ligament exhibited signs of disorganization, fibre disaggregation and

a mild degree of hyalinization. Swollen cells showed signs of freezing injury but

no significant inflammatory infiltration was evident (Fig. 1 1).

At day 7, shallow resorption lacunae were visible along the external surfaces of

the root but were mainly concentrated in the interradicular and cervical areas.

Large multinucleated cells appeared in association with the resorption bays on

both cementum (Figs. 12and 13) and bone surfaces (Fig. 1a). The periodontal

ligament fibres and cells showed marked disorientation and more extensive

areas of hyalinization were present (F¡g. 15).The cells of the periodontal

ligament appeared to be fewer in number and the odontoblasts lining the pulp

chamber undenruent necrosis and were obliterated (Fig. 16).

Fourteen days after freezing, dental resorption lacunae appeared larger and

more widespread. Multinucleated giant cells were still in evidence (Fig. 17), while

active resorption and osteoclasts were present in the adjacent bone (Fig. 17).

Partial or incomplete cellular cementum repair was observed in resorption bays

(Fis. 18).

At day 28, active root resorption was absent and few clast cells were seen.

Complete repair of the previous resorption lacunae was observed with cellular

cementum filling the defects (Fig. 19).
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Figure ll. Experiment 1 , LM,
H&E, magn¡fication x50. Photomicro-
graph taken 2 d after 10 min of dry ice
application showing mild disruption and
areas of hyalinization (x) in the frozen
interradicular PDL. No significant in-
fl ammatory infiltration was detected.

Figure 12. Experiment 1, LM, H&E,
magnification x50. Photomicrograph of
frozen tooth showing resorption lacunae
and odontoclast activity (arrow) in the
interradicular area 7 d after 10 min of
thermal insult.

Figure 13. Experiment 1, LM,
H&E, magnification x100. Higher power
photomicrograph frozen tooth showing
an odontoclast in the dental resorption
lacunae shown in Fig. 12.
Multinucleation is clearly apparent.

/
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Figure 14. Experiment 1, LM,
H&E, magn¡fication x1 20. Photomicro-
graph of a molar frozen for 10 min
showing an osteoclast with at least 7
nuclei in a bone resorption lacuna.

Figure 15. Experiment 1, LM, H&E,
magnification x50. Photomicrograph of
PDL 7 d after 10 min of freezing showing
more widespread hyalinization (x) and
resorption lacunae (arrow) in the cervical
area of the tooth adjacent to the alveolar
crest.

Figure 16. Experiment 1, LM,
H&E, magnification x1 00. Photomicro-
graph of the pulpal effects of 10 min of
freezing resulting in obliteration of the
odontoblast layer and disruption of the
cellular and connective tissue stroma.
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Figure 17. Experiment 1, LM, H&E,
magn¡f¡cation x50. Resorptive activity in
tooth and cervical alveolar bone 14 d

after 10 min of freezing. Odontoclastand
osteoclast presence is evident as well as
hyaline change.

Figure 18. Experiment 1, LM, H&E,
magnification x1 00. Photomicrograph of
molar root 14 d after 10 min of freezing
showing partial and incomplete repair
(arrow) of resorption bay in interradicular
site.

Figure 19. Experiment 1, LM, H&E,
magnification x100. Photomicrograph of rat
molar 28 d after 10 min of freezing showing
cellular cementum repair of previous
resorption bay (arrows).

llr¡'.,



Results 140

A.

4.3.2 Experiment2 - Single freezing ep¡sode - 20 min.

To determine optimal freezing time.

Light microscopy

Gontrol teeth

4.3.2.1

Results were similar to those described in experiment 1

B. Experimental teeth

Experimental teeth subjected to longer freezing times generally showed more

extensive injuries. Greater disruption in the form of hyalinization within the

periodontal ligament was observed and the areas of resorption were more

pronounced but still largely confined to the cervical third of the root (Fig. 20).

Fourteen days after freezing for 20 min, some areas showed a cessation of

active resorption and a reduction in clast cell presence. Cementum deposition

was noted in many resorption lacunae and an ankylotic union was often seen in

the interradicular area (Fig. 21). Twenty-eight days after molar freezing active

resorption appeared to have ceased, repair of resorption defects had occurred,

but ankylosis persisted.

4.3.3 Experiment 3 - Multiple freezing episodes - three times ol 2O

min.

To determine optimal number of applications of freezing

medium.

Light microscopy

Gontrol teeth

4,3.3.1

A.

Results were similar to those described in experiment 1
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B. Experimental teeth

Multiple freezing episodes over a period of 1 wk produced a similar sequence of

resorptive events compared with the single freezing insult. The discernable

difference was the extent of the resorptive changes which extended further down

the PDL in the 7 and 14 d animals. The resorptive effects involved interradicular

and cervical areas as well as the upper one third of the tooth root (Fig. 22) and

the lacunae appeared to be more numerous. Clast cell presence was also noted

in the neighbouring alveolar bone. By 28 d, repair of the majority of the previous

extensive resorptive lacunae appeared to be completed
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Figure 20. Experiment 2, LM,
H&E, magnification x50. Extensive
cerv¡cal resorption and PDL hyaliniza-
tion in a rat7 d after being subjected to
a longer molar freezing time of 20 min.

Figure 21. Experiment 2, LM, H&E,

magnification x25. Photomicrograph of
interradicular area 14 d after prolonged

freezing insult. While areas of resorption
are still present (arrow) ankylotic union
has occurred.

Figure 22. ExPeriment 3, LM, H&E,

magnification x50. Multiple freezing epi-
sodes and sacrifice after 7 d revealed more
extensive resorptive lacunae extending
further down the tooth root. Osteoclast
activity was also evident in neighbouring
alveolar bone.
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A.

4.3.4 Experiment 4 - Multiple freezing ep¡sodes - sacr¡f¡ce at 7 and

14 d.

To determine and assess resorption and repair mechanisms

using immunohistochemistry, enzyme histochemistry and

ultrastructural eval uations.

Light microscopy

Gontrol teeth

4.3.4.1

Results for control teeth were similar to those described in experiment 1

B. Experimental teeth

Multiple freezing episodes over the period of 1 wk with animal sacrifice 7 d later

produced dental resorption and clast cell activity in the interradicular and cervical

areas which involved the cervical third of the root (Fig. 23). Adjacent to active

resorption, ankylosis was observed in the interradicular region in several animals.

Intense inflammation and bony sloughing was a rare finding (Fig. 24).

The examination of tissue 14 d after 3 thermal insults over the period of 1 wk

revealed more extensive injuries but the resorptive/repair response provided

mixed results. In many animals clast cell activity occurred on dental (Fig. 25) and

bony surfaces while, at the same time, repair of previous resorption lacunae was

apparent. Ankylosis was also a frequent observation in the interradicular area

(Figs. 25,26 and 27) and, in some instances, the ankylotic union appeared to be

quite widespread (Fig. 27). An additional finding was pulp necrosis and abscess

formation in two animals (Fig. 28). The latter was accompanied by an increased

number of clast cells resulting in substantial resorption of root structure and

communication between the pulp and periodontal ligament (Fig. 29).
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4.3.4,2 TRAP enzyme histochemistry

A. Gontrol teeth

TRAP-positive cells were absent in the stained control sections in which the

substrate was omitted, but were present in sections incubated in TRAP medium.

TRAP activity was demonstrated by fine red granules in the cytoplasm while

nuclei, TRAP-negative cells and background matrix stained green. TRAP-positive

cells were routinely found in association with lacunae on hard tissue surfaces. In

unfrozen sections, infrequent and isolated TRAP activity was apparent on root

surfaces but a line of TRAP positive cells was seen on bone sudaces relating to

the direction of physiological tooth drift (Fig. 30). More resorption and TRAP

activity was noted in the apical area of teeth and surrounding alveolar bone

compared with the interradicular crestal region (Fig. 31).
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Figure 23. ExPeriment4, LM,

H&E, magnification x1 00. Photomicro-
graph of extensive alveolar crest and
cervical resorption extending down root
surface in a rat molar 7 d after multiple
freezing insults.

Figure 24. ExPeriment 4, LM,

H&E, magnification x50. Photomi-
crograph of a bonY sequestrum in
the PDL after multiPle freezing
insults and 7-d sacrifice. Sur-
rounding inflammation is evident.

Figure 25. ExPeriment 4, LM, H&E,
magnification x1 00. Photomicrograph of
rat interradicular region 14 d after 3 freez-
ing episodes showing odontoclast activity
(arrow) adjacent to an area of ankylotic
union.
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Figure 26. Experiment 4, LM,
H&E, magnification x100. Ankylosis in

the interradicular area of a rat molar
after freezing 3 times for 20 min and
sacrifice 14 d later.

Figure 27. Experiment4, LM,
H&E, magnification x100. Obliquely
cut interradicular section showing
extensive ankylosis forming a bony
bridge between adjacent roots of a
rat molar after being subjected to
multiple cold thermal insults and
sacrifice 14 d later.

Figure 28. Experiment4, LM,
H&E, magnification x50. Photomicro-
graph of rat molar after multiple freezing
insults and 14-d sacrifice showing pulp

abscess formation with inflammatory
change resulting in massive root
resorption and clast cell activity.
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Figure 29. Experiment 4, LM, H&E,
magnification x100. Many large clast cells
(arrows) lining a resorbing root secondary
to a pulpal abscess in a molar subjected
to multiple freezing insults.

Figure 30. Experiment 5, LM, Fast
Green, magnification x25. Photomicro-
graph of unfrozen control interradicular
area revealing TRAP stain distribution
(arrows) in direction of tooth drift.

Figure 31. Experiment 5, LM, Fast
Green, magnification x1 00. Photomicro-
graph of periapical PDL of unfrozen
control molars showing positive TRAP
reactivity in resorption lacunae.
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B. Experimental teeth

Experimental sections showed positive TRAP staining along bone surfaces

undergoing resorption particularly at the crestal level adjacent to the root

furcation (Fig. 32). A line of positively-labelled cells covered the alveolar crest

(Fig. 32), extending down the wall of the interradicular bone (Fig. 33), in addition

to lining marrow cavities (Fig. 32). TRAP activity was also noted in resorption

lacunae of affected teeth (Fig. 3a) and occasionally in the periodontal ligament at

a distance from tooth and bone (Fig. 35).

Many of the resorption lacunae in experimental teeth contained small TRAP-

negative cells in addition to collagen fibres extending from the PDL to the base of

the lacunae. Several lacunae were in the process of repair, with reparative

cementum being laid down in the base of the resorption bay. Associated with a

small number of lacunae were either mono- or multinucleated TRAP-positive

cells. Most TRAP-positive cellular activity was located at the cervical areas of the

molar as well as in the interradicular crestal area (Fig. 36).

Teeth that had been subjected to severe thermal insult and had subsequently

undergone ankylosis revealed no TRAP activity in and around the ankylotic areas

(Figs. 37 and 38). Weak TRAP-positive staining seen in isolated cells within the

PDL but the overall lack of stain in ankylotic areas was a consistent finding in

sections from animals exhibiting hard tissue union (Figs. 39 and 40).
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Figure 32. Experiment 4, LM, Fast
Green, magnif¡cation x50. Photomicro-
graph of interradicular area of molar
frozen for 7 d showing TRAP activity on

bone sudace and in marrow spaces.

Figure 33. Experiment 4, LM, Fast
Green, magnification x1 00. Photomicro-
graph of frozen alveolar bone showing
TRAP activity in multinucleated
osteoclasts situated in resorption lacu-
nae.

Figure 34. Experiment 4, LM, Fast
Green, magnification x1 00. Photomicro-
graph of frozen molar resorption lacu-
nae showing positive TRAP reaction of
odontoclasts.
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Figure 35. Experiment 4, LM, Fast
Green, magn¡fication x1 00. Photomicro-
graph of PDL and alveolar bone of a
frozen molar showing TRAP staining of
clast cells and a cell in the PDL (arrow).

Figure 36. ExPeriment 4, LM, Fast
Green, magnification x50. Photomicro-
graph of TRAP stain distribution in the
interradicular PDL and resorption lacu'
nae of af¡ozen molar.

Figure 37. Experiment 4, LM, Fast
Green, magnification x50. Photomicro-
graph of interradicular area of frozen rat
molar showing ankylotic union but no
TRAP staining.
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Figure 38. Experiment 4, LM, Fast
Green, magnification x50. Photomicro-
graph of cervical area of frozen rat
molar showing little TRAP activity.
lsolated mononuclear cells show posi-
tive staining (arrows).

Figure 39. Experiment 4, LM, Fast
Green, magnification x50. Photomicro-
graph of interradicular area of a frozen
rat molar revealing ankylosis and no
TRAP staining.

Figure 40. ExPeriment 4, LM, Fast
Green, magnification x100. Higher
power photomicrograph of Fig. 39
showing ankylotic union and no TRAP
activity.
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A

4.3.4.3 lmmunolabelling

. KPI antibody

lmmunollabelling control tissue sect¡ons

Anti-CD68 as the KP1 antibody was used to reveal macrophages in tissues and

specifically Kuppfer cells in the liver (Pulford et al., 1989). A positive staining

reaction was seen in sections of rat liver. However, the label appeared to be

extracellularly located and formed radiating lines from hepatic vessels (Fig. a1).

The brown label was patchy in its distribution throughout the sections but

appeared in association with central blood vessels of hepatic lobules (Fig. 42).

The vascular nature and the normal histological features of the lobulated liver

stained with haematoxylin and eosin are presented in Figure 43.

Negative control sections of rat liver to which KP1 antibody had not been applied

also labelled with a similar patchy distribution but to a less intense level (Fig. 44).

Staining again appeared to be related to vessels in a radiating fashion.

Positive control sections of human skin (IMVS positive control tissue) revealed

weakly staining cells in the dermal layers (Figs. 45 and 46).

No label could be detected in rat spleen (Fig.47), gut or kidney

Control teeth - unfrozenB.

No labelwas detected in the PDL of unfrozen rat molars.



Results 153

C. Experimental teeth - frozen

No label was detected in the PDL of frozen rat molars (Figs. 48,49\.Inconsistent

and weak labelling was observed in the necrotic dental pulp



Results 154

Figure 41. Experiment4, LM, tryPsin
antigen retrieval, haematorylin, magnifica-
tion x25. Photomicrograph of staining
reaction of KP1 in liver section. Label ap-
pears to radiate from hepatic lobule vessels.

Figure 42. Experiment4, LM, tryPsin
antigen retrieval, haematorylin, magnifica-
tion x50. Higher power photomicrograph of
Fig. 41 revealing the extracellular deposi-
tion of stain.

Figure 43. Experiment4, LM, H&E,
mag nification x50. Photomicrograph of
control liver histological section revealing
normal hepatic structure.
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Figure 44. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x50. Photomicrograph of
negative control liver section. No KP1

antibodywas applied but label is evident
in a radiating pattern.

Figure 45. Experiment4, LM,

microwave antigen retrieval, haematoxy-
lin, magnification x25. Photomicrograph
of KP1 antibody label in human skin as a
positive control tissue revealing macro-
phage distribution.

Figure 46. Experiment4, LM,
microwave antigen retrieval, haematoxy-
lin, magnification x50. Higher power
photomicrograph of Fig. 45 showing
KP1 and macrophage distribution in
skin.
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.rf.l.Figure 47. Experiment4, LM,

trypsi n ant¡gen retr¡eval, haematoxyli n,

magn¡f¡cation x50. Photomicrograph of
spleen sect¡ons. No KP1 labelwas
apparent.

Figure 48. Experiment4, LM, tryPsin
antigen retrieval, haematoxyl in, mag nifica-
tion x50. Photomicrograph of dentaldistri-
bution of KP1. No labelwas noted in the
periodontal ligament of a frozen molar but
some stain in the necrotic dental pulp.

Figure 49. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x100. Higher power phot-
omicrograph of Fig.48 showing frozen
molar PDL and only a minor reaction in

dentalpulp.
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. ED1 ant¡body

A. lmmunolabelling control tissue

As a macrophage marker, the EDl antibody produced a positive DAB brown-

stain reaction localized in the cytoplasm of the cells in the tissues examined.

Sections of spleen as haemopoietic tissue were used as positive immunologic

controls and brown DAB-staining cells were seen in the haemopoietic areas that

surround lymphoid cell germinal centres (Fig. 50). At higher magnification, the

positive marker was identified in the cytoplasm of the labelled cells (Fig. 51).

Negative control tissue was provided by sections of spleen to which ED1

antibody had been omitted but all other labelling steps completed. Brown staining

was not seen in any areas of the spleen (Fig. 52) irrespective of the antigen

retrieval method.

A positive ED1 reaction was identified in isolated cells of the rat kidney. This

reaction was limited to cells between nephron glomeruli and appeared less

intense compared with that seen in spleen tissue. The brown immunolabel

appeared associated with the cytoplasm of the affected cells (Fig. 53).

Negative labelling controls using kidney sections, to which ED1 antibody had

been deleted from the immunolabelling protocol, showed no reaction (Fig. 54).

No ED1 stain was seen in unfrozen molar sections that were used as negative

immunologic controls (Figs. 55 and 56). The omission of ED1 antibody from the

immunolabelling procedures resulted in the detection of no immunologic reaction

on tooth or bone surfaces. ln addition, sections of experimentally frozen rat molar
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which were used as immunological negative controls failed to stain when ED1

primary antibody was om¡tted from the staining protocol (Fig. 57).

However, positive ED1 staining was evident in all liver sections irrespective of

whether ED1 antibody had been added (Fig. 58). Both positive and negative

control sections labelled.
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Figure 50. Experiment4, LM,

trypsin antigen retrieval, haematoxylin,
magnification x50. Photomicrograph of
ED1 staining in a positive controlsection
of rat spleen.

Figure 51. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x100. A higher power
photomicrograph of positive rat spleen
tissue revealing the cytoplasmic distri-
bution of the ED1 label.

Figure 52. Experiment4, LM,
haematoxylin, magnification x1 00.
Photomicrographs of sections of rat
spleen processed via trypsin enzyme
(a) or microwave (b) retrievaltech-
niques but omitting ED1 as the Pri-
mary antibody. No evidence of label-
ling is apparent.
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oìFigure 53. Experiment4, LM,

trypsi n ant¡gen retrieval, haematoxylin,
magnification x1 00. Photomicrograph
of section of rat kidney showing posi-
tive reaction to ED1 antibodY.

Figure 54. Experiment4, LM,
trypsi n ant¡gen retrieval, haematoxylin,
magn¡fication x1 00. Photomicrograph
of section of rat kidney to which pri-
mary antibody had not been added. No
label is evident.

Figure 55. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x50. Photomicrograph of
an unfrozen rat molar used as an immu-
nolog¡c control. No ED1 antibodywas
applied and no staining is apparent in

the PDL.

Figure 56. Experiment4, LM,
trypsin antigen retr¡eval, haematorry-
lin, magnification x1 00. lmmunologi-
cal ED1 controlwithout antibodY
applied. No labelis evident in bone
or in trabecular spaces.
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Figure 57. Experiment 4, LM,

trypsin antigen retrieval, haematoxylin,
magnifi cation x50. Photomicrograph of
negative immunologic control of
interradicular area of a frozen molar to
which ED1 antibody had not been aP-
plied. No ED1 reaction is seen in the
PDL nor ankylotic area.

Figure 58. ExPeriment 4,

LM, trypsin antigen retrieval, haema-
toxylin, magnification x1 00.
Photomicrographs of sections of rat
liver showing weak positive labelling
reactions when primary ED1 antibody
is added (a) and also when the Pri-
mary antibody is omitted as a negative
control (b).
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B. Control teeth - unfrozen

ED1 labelling, identified by a brown diaminobenzidine (DAB) stain, was apparent

in the PDL of unfrozen molars. The label was seen in mononuclear cells that

appeared to be sparsely scattered throughout the ligament (Fig. 59). Larger

positively-staining cells were seen on hard tissue surfaces that appeared to be

undergoing resorptive activity (Fig. 60). Resorptive activity occurring towards the

apical region of the tooth also attracted a positive label in a clastlike cell as well

as mononuclear cells in the vicinity (Fig. 61). Nuclear identity was preserved in

cells with positive reactivity as staining only involved the cytoplasmic components

(Fig. 60). ED1 label was detected on interradicular alveolar bone surfaces in

addition to marrow endosseous sudaces (Fig. 62).
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C. Experimental teeth- frozen

ED1 labelling in the PDL surrounding a frozen rat molar was more widespread

and intense compared with control unfrozen teeth. Brown DAB stain was seen on

tooth root and bone surfaces as well as within the PDL and bone marrow spaces.

Strongly staining mononuclear cells were evident in the periodontal ligament

particularly in association with inflammatory change (Fig. 63). Areas of

inflammation were surrounded by ED1-positive cells.

ED1-positive cells that appeared to be in intimate contact with hard tissue

surfaces were associated with large resorption lacunae. Most label reactivity was

noted in the interradicular region (Fig. 63) where strongly staining cells lined

lacunae on the interradicular surface of the rat molar (Fig. 64).

Rat PDLs that showed an ankylotic change as a result of the experimental

procedures presented a unique distribution of label. Within the ankylotic union

little label was seen except in developing marrow spaces (Fig. 65) but there was

greater reactivity in adjacent PDL tissue. A strong line of label identified cells on

the surface of interradicular alveolar bone at both the crestal level and more

apically (Fig. 66). Areas of adjacent inflammation were also seen to incorporate

label.

Magnified views of the cells lining the surface of bone revealed both

multinucleated as well as mononuclear contributors to the resorptive process

(Fig. 67). Simifarly, large ED1-positive cells in dental resorptive lacunae displayed

a multinucleated appearance (Figs. 68 and 69). Resorption lacunae that were

apparently undergoing repair contained no evidence of ED1 activity but



Results 164

mononuclear cells in the neighbouring PDL exhibited label (Fig. 70).

lnterradicular alveolar bone marrow spaces contained positively labelled

megakaryocytes in abundance (Fig. 71).
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Figure 59. Experiment4, LM,
trypsin antigen retrieval, haematoxyli n,

magnifi cation x50. Photomicrograph of
an unfrozen rat molar indicating ED1

activity largely involving mononuclear
cells (arrows) in the PDL.

Figure 60. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x1 00. Photomicrograph of
an unfrozen rat molar revealing ED1

activity in the interradicular area. ED1
positive cells are visible on the crestal
bone and also on the tooth surface.

Figure 61. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x1 00. Photomicrograph of
an isolated ED1-positive clast cell (ar-
row) adjacentto a resorption lacuna
towards the apicalarea of an unfrozen
molar. Sparse and weak positive stain-
ing is also seen cells in the surrounding
PDL.

t tl¡
¡ 'ic

t
1.. -.ø__ 

G

,í,.1..
'.. l\-! r"

ì

,
J

o



Results 166

Figure 62. Experiment 4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x100. ED1 activity in

unfrozen alveolar bone. Label is seen in

large cells (arrows) located on bone
surfaces as well as marrow endosseus
surfaces.

Figure 63. Experiment 4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x50. Photomicrograph of
frozen molar PDL showing ED1 label.
Label is concentrated around an area of
inflammation 1x¡ but hard tissue surface
cells are also labelled.

Figure 64. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x50. Photomicrograph of
interradicular region of a frozen rat
molar indicating ED1 activity in dental
resorptive lacunae.
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Figure 65. Experiment 4, LM,
trypsin ant¡gen retrieval, haematoxylin,
magnification x50. Photomicrograph of
frozen molar exhibiting ankylosis and
adjacent ED1 label.

Figure 66. Experiment 4, LM,

trypsin antigen retrieval, haematoxylin,
magn¡fication x50. Photomicrograph of
a frozen rat molar showing ankylotic
union and adjacent PDL. ED1-positive
cells line the surface of interradicular
bone and also reveal macroPhage
involvement within the PDL.

Figure 67. Experiment 4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x1 00. Photomicrograph of
ED1 distribution as a line of activity on
the bony interradicular wall of a frozen
molar.
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Figure 68. Experiment 4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x1 00. Higher powered
photomicrograph of Fig. 63 showing an
ED1-positive multinucleated cell in a
resorption lacuna in a frozen rat molar.

Figure 69. Experiment 4, LM, trypsin
antigen retrieval, haematoxylin, magnifica-
tion x100. Photomicrograph of ED1 distri-
bution around ankylotic union of a frozen
molar. A large positvely-stai n i ng mu lti nucle-
ated cell is present in an adjacent
resorption lacuna.

Figure 70. Experiment 4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x1 00. Photomicrograph of
a repairing resorption lacuna in a frozen
molar showing no ED1 label except in
scattered cells within the adjacent PDL.

la

,t.rf,
\

tll^,-
lor :,

rli:'ïl
¿ î'].ri

!

ê'$I'I

t 3Ér
.1.','

a a., t-'

a

Y,
,tf' J,l

,l
,rç
J t''
I

¿.
â

'F¡
/ì t-,", " .

a

t

a'r, t

jç



Results 169

Figure 71. Experiment4, LM, tryPsin
antigen retrieval, haematoxylin, magnifica-
tion x100. Photomicrograph of haemopoi-
etic marrow tissue of interradicular alveolar
bone of a frozen molar. ED1 label is seen
in megakaryocytes.

|l

1



Results 170

. Anti-GD4S antibody (Anti-leucocyte common antigen)

A. lmmunolabelling control tissue sections

Sections of rat spleen and lymph node (Fig.72) used as positive control tissues

failed to label with anti-LCA antibody irrespective of the antigen retrieval method

and the antibody titre employed.

B. Control teeth - unfrozen

ln the unfrozen dental tissue an inconsistent pattern of label was seen. The PDL

on one side of the molar root displayed label whereas the other side did not. The

maxillae were embedded and cut in transverse (coronal) section and it was

apparent that the stained ligament areas were associated with resorptive bone

surfaces. Periodontal ligament associated with appositional bone surfaces was

devoid of LCA label (Fig. 73)

C. Experimental teeth - frozen

Sections of PDL from frozen experimental teeth revealed heavy diffuse label in

the cervical and interradicular areas. Label was noted in many cells and also in

the efracellular areas in the region of the inflammatory damage. Areas of

ankylosis were also surrounded by intensely-labelled tissues and cells. Heavy

label was seen associated with the hard tissue surfaces adjacent to the ankylotic

areas (Fig.7Ð.

A high level of background staining was evident in sections from frozen molars

(Fig. 73). This, coupled with the failure of the positive lymphoid tissue to react,

made the diffuse distribution of the anti-LCA label questionable.
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Figure 72. Experiment4, LM, tryPsin
antigen retrieval, haematoxylin, mag nifica-
tion x50. Photomicrograph of a section of
rat lymph node used as a positive control
tissue for CD45. No label is evident.

Figure 73. Experiment4, LM, tryPsin
antigen retrieval, haematoxylin, magnifica-
tion x25. Photomicrograph of anti-CD45
distribution in unfrozen rat periodontal
tissues. Note the unique distribution of the
label.

Figure 74. Experiment4, LM, tryPsin
antigen retrieval, haematoxylin, magnifica-
tion x50. Photomicrograph of anti-CD45
label distribution in the PDL of a frozen rat
molar. Label is diffuse but concentrated
around the ankylotic inflammation and in
larger resorptive cells on the cementum
surface. Considerable background label is
evident.
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o Anti-CDl3, anti-GDl5 antibodies

Extremely weak labelling of periodontal tissues occurred with anti-CD13 and anti-

CD15 antibody as myeloid cells markers (Figs. 75,76). Mononuclear cells

appeared to be labelled at sites of hard tissue resorption but a meaningful

interpretation became uncertain due to the unreliable nature of the label.

lnterpretation was further clouded by the weak labelling of rat spleen sections as

positive control tissue.

o Anti-cathepsin L, anti-CD61 and anti-carbonic anhydrase ll

antibodies

Anti-cathepsin L (Fig.77), anti-CD61 and anti-carbonic anhydrase ll antibodies

failed to positively react with any of the tissues examined. Antigen retrieval by

trypsin enzyme digestion or microwaving techniques in citrate buffer failed to

affect visualization. Similarly, altering the titres of the antibodies provided no

assistance.

. AEI/AE3 antibody

As a pan-cytokeratin marker, AEl/AE3 strongly labelled epithelial tissue in frozen

and unfrozen sections of rat molar PDL prepared following the fixation,

decalcification, antigen retrieval and labelling protocols employed by this study

(Fig. 78, 79). No label of significance was detected in the PDL.

The overall summary of the results of the immunolabelling is presented in Table 4

below
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Antibody Frozen molar Control molar +ve tissue
control

-ve control

KP1 + +

Anti-
Gathepsin L
EDI +++ +++ +++

Anti-GD13 +- +-

Anti-GD15

Anti-GD45
(Anti-
leucocyte
GOmmon
antiqen)
Anti-GD61

Anti-Garbonic
anhydrase ll
AEl/AE3 +

(surface
epithelium)

+
(surface

epithelium)

+
(surface

eoithelium)

Table 4. Tabulated results of the antibodies tested
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Figure 75. Experiment4, LM, m¡crowave
retr¡eval, haematoxylin, magnification x50.
Photomicrograph of weak CD13 labelwithin
the frozen rat PDL. Large cells in resorption
lacunae revealed some activity but interpreta-
tion was inconclusive.

Figure 76. Experiment4, LM, micro-
wave retrieval, haematoxyl in, mag nification
x100. Photomicrograph of frozen rat peri-
odontium showing weak labelling for CD15.

Figure 77. Experiment4, LM, micro-
wave retrieval, haematoxylin, magnification
x100. Photomicrograph of frozen rat peri-
odontal tissues indicating a lack of labelling
with anti-cathepsin L antibody.
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Figure 78. Experiment4, LM,
trypsin antigen retrieval, haematoxylin,
magnification x25. Photomicrograph of
section of unfrozen rat molar labelled with
AE1/AE3 in orderto check labelling
protocol and tissue preparation tech-
niques. Strong epithelial label was evi-
dent.

Figure 79. Experiment4, LM,
trypsi n antigen retrieval, haematoxylin,
magnification x100. Higher power phot-

omicrograph of Fig. 78 showing epithe-
lial labelling and also a sparse light
staining in PDL cells.
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4.3.4.4 Transmission electron microscopy

A. Control teeth ultrastructure - unfrozen

The width of the periodontal ligament in the cervical area appeared to be

relatively uniform. Although, its dimensions were difficult to accurately determine

due to the differing levels and planes of sectioning they were of the order of

approximately 100-150 pm. Tooth dentine was covered by a layer of mineralized

cementum, which in turn, was covered by a layer of non-mineralized pre-

cementum (Fig. 80). The non-mineralized layer appeared to be less than 1 pm in

thickness and was seen to contain bundles of collagen fibrils orientated parallel

or at right angles to a lining cellular layer and the cemental surface (Fig. 81).

The cells near the root surface were seen to be relatively flat, and to line the

cemental surface in a monolayer (Fig. 81). These cells possessed a large,

rounded nucleus with a reduced amount of cytoplasm and fewer organelles (Fig.

82). Few cellular processes were evident and the lining cells were surrounded by

collagen fibrils (Fig. 82). Further from the root sudace cells were seen to be

elongated or spindle shaped with increased cytoplasmic organelle content.

Organelles were more readily and clearly visible and mainly comprised

mitochondria and endoplasmic reticulum. Multinucleated cells, macrophages and

macrophage-like cells were seldom seen near the cervical or interradicular root

surfaces. When they were observed, they appeared singly and adjacent to the

root surface (Fig. 83). Their nuclear size accounted for the majority of the cell's

volume with little cytoplasm and no ruffled borders seen.
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Resorption lacunae were not routinely evident, but when encountered, did not

appear to be active in nature. Resorption bays contained mononuclear cells and

collagen fringes (Figs. 84 and 85).

A little further apically the collagenous precementum layer became more

pronounced as its width increased (Fig. 86). Collagen appeared in clumps

orientated parallel and transversely to the hard tissue surface. Cells and their

nuclei were more elongated (Fig. 87) and at higher magnification showed little

cytoplasmic content (Fig. 88).

The pulp tissue of control unfrozen teeth presented an organized ultrastructural

appearance. Cuboidal odontoblasts lined the pulp chamber (Fig. 89) and a

connective tissue reticulum supported cellular, neural and vascular elements (Fig.

gO). Myelinated and unmyelinated nerve fibres were in abundance. Cellular

elements within the pulp chamber were round or cuboidal in shape with similarly

shaped nuclei.
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Figure 80. Experiment 4, transmission electron
microscopy (TEM), uranyl acetate and Reynold's
lead, magnification x11 00. Electronmicrograph of
interradicular cementum surface of unfrozen molar
showing a single layer of lining cells.

Figure 81. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1950.
Electronmicrograph of lining cells (cementoblasts) and
collagenous precementum orientated between cells
and cementum surface of an unfrozen molar.
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Figure 82. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magn¡fication x1450.
Electronmicrograph of cementum lining cells on
unfrozen molar. Cells show large nuclei, reduced
cytoplasm but few cell processes. Collagen fibrils
(arrows) separate the cells.
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Figure 83. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x3400.
Electron microg raph of multinucleated macrophage-
like cell adjacent to cementum surface of an unfrozen
molar. Organelle-rich cytoplasm showed no border
ruffling.
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Figure 84. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnif¡cation x1100.
Electronmicrograph of an unfrozen molar showing an
inactive resorpt¡on bay apparently undergoing repair.
No multinucleated cells are evident but mononuclear
blast-like cells are plentiful.

Figure 85. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1950. Higher
power electronmicrograph of Fig. 84 showing heavy
collagen deposition in the repairing lacuna.



Results 181

Figure 86. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnif¡cation x1450.
Electronmicrograph of root surface distant to
furcation area of an unfrozen molar showing pro-
nounced precementum layer of collagen fibril bun-
dles.

a1

Figure 87. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x5800.
Electronmicrograph of an unfrozen molar showing an
elongated nucleus of lining cell over collagen fibrils
as a fibrous fringe.
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Figure 88. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x7900. Higher
powered electronmicrograph of Fig. 87 revealing a

reduced cytoplasmic content of the elongated cell.
The collagen fringe is evident. Magnification x7900
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Figure 89. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x2600.
Electronmicrograph of pulp tissue in an unfrozen molar
indicating the odontoblastic layer and a fine vascular
reticulum.

Figure 90. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x2600.
Electronmicrograph of unfrozen pulp tissue showing
blood vessel and nerves in a connective tissue reticu-
lum.
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B. Experimental teeth ultrastructure - frozen

An ultrastructural examination of the periodontal ligament 7 d after the application

of the cold thermal stimulus to the rat molar revealed disorganization and

disruption (Fig. 91). Periodontal cells appeared fewer in number while cell size

and shape were highly irregular. Lining cells were absent from the cemental

surface (Fig. 92, 93) and the surrounding collagen fibres appeared disorientated

(Fis. e4).

No pre-cementum layer was noted on root surfaces but shallow cemental surface

indentations were seen. Many of these scalloped areas did not appear to have

any cellular involvement (Fig. 92) and were consistent with the acellular areas of

hyalinization. Other resorptive areas contained large cells adjacent to the root

surface (Fig. 95). The cells contained numerous vacuoles and organelles but

presented an appearance inconsistent with resorptive activity. No ruffled borders

or clear cytoplasmic zones were seen in these large cells. Other large vacuole-

filled cells were seen at a distance from the cemental sudace along with collagen

fibre disarray (Fig. 96).

Resorption lacunae contained multinucleated cells adjacent to the cementum

surface (Fig. 92, 97). These cells were irregular in shape with numerous

cytoplasmic processes. No evidence of ruffled borders was observed in all of the

sections examined. Nuclear number varied up to a maximum of six per cell in any

section. Often multinucleated cells showed signs of polarization with organelle-

free regions apparent but often not orientated towards apparent hard tissue

surfaces (Fig. 97, 98). Many cytoplasmic vesicles were seen along with the

i ntracellu lar organelles.
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Other multinucleated cells, in close relationship with cementum, were associated

with surface cavitation (Figs. 99, 100). These cells did not appear to be firmly

attached to the hard tissue suface or possess a ruffled border in the observed

sections. Cytoplasmic contents showed signs of polarization away from the

cementum surface. Neighbouring cells of the ligament were either few in number

(Fig. 99) or showed signs of degeneration and the loss of cytoplasmic contents

into the extracellular spaces (Fig. 98).
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Figure 91. Experiment 4, TEM, uranyl acetate and
Reynold's lead, magnification x1 450.
Electronmicrograph of the PDL of a molar subjected to
freezing revea¡ing no lining cell layer and fibre disrup-
tion.

B

Figure 92. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1100.
Electronmicrograph of the PDL surrounding a frozen
molar showing no cell lining layer. A multinucleated
cellwith vacuoles (arrow) is present.
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Figure 93. Experiment 4, TEM, uranyl acetate and
Reynold's lead, mag n ification x1 450. Electron microg raph
showing periodontal d isorgan ization fol lowi ng molar freez-
ing.

Figure 94. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x3400.
Electronmicrograph of disorganized PDL of frozen
molar showing relative cellular paucity. A single cell is
evident but the overall picture is one of disruption and
disorientation.
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Figure 95. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x5800.
Electronmicrograph of large cell adjacent to the ce-
mentum surface of a frozen rat molar. The cell con-
tains vacuoles and organelles but morphologically
presents few signs of resorptive activity.
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Figure 96. Experiment 4, TEM, uranyl acetate and
Reynold's lead, magnification x3400.
Electronmicrograph of a large vacuole-filled cell in the
PDL surrounding afrozen rat molar. The cell is some
distance from the cementum surface.
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region

Figure 97. Experiment 4, TEM, uranyl acetate and
Reynold's lead, magnification x1 950.
Electronmicrograph of cementum surface of a frozen
rat mo¡ar with adjacent multinucleated cells. Organelle-
free areas are apparent as clear regions of cytoplasm.
Magnification x1950
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Figure 98. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x7900.
Electronmicrograph of multinucleated cell adjacent to
cementum surface. The cytoplasm reveals clear areas
free of organelles (arrow).
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Figure 99. Experiment 4, TEM, uranyl acetate and
Reynold's lead, mag n ification x4600. Electron m icrog raph
of large multinucleated cells associated with resorbing
cementum surfaces of a frozen rat molar.

Figure 100. Experiment 4, TEM, uranyl acetate and
Reynold's lead, magnification x7900. Higher power
electronmicrograph of Fig. 99 showing the multinucleated
cell and cavitation of the cementum surface. The cell's
cytoplasmic contents appear polarized away from the
tissue surface and no ruffled border is apparent.
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. Bone surface

The surface of bone was indented with resorption bays presenting two different

appearances. Larger areas of resorption containing a variety of cells were seen

(Fig. 101). There was evidence of multinucleated cell involvement; however, cells

did not appearto be actively resorbing bone (Fig. 102). No ruffled borders were

obvious nor polarization seen. Mononuclear cells were present in the resorption

bays in close association with the hard tissue surface. Many of the resorption

bays were repairing with evidence of bone deposition in association with a

reversal line (Fig.103). However, an examination of nearby areas revealed bone

resorption and multinucleated cells (Figs.104 and 105). Cells were in intimate

contact with the surface of bone (Fig. 105) and were accompanied by small

mononuclear cells. The mononuclear cells appeared to be in contact with the

bone-resorbing multinucleated cells by fine membranous processes (Figs. 104

and 105). Cells in the resorption lacunae were surrounded by collagen fibrils and

cellular debris (Fig. 106).

Other bone surfaces showed mononuclear osteoblast-like cells in close

apposition to one another (Fig. 107). Deposited bone matrix as bundled collagen

was seen on the hard tissue surface and surrounded these cells. The occasional

multinucleated cell was evident (Fig. 108). Clusters of blast-like cells, some with

indented nuclei were in close approximation to newly laid surface osteoid (Figs.

109 and 110).
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Figure l0l. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magn¡fication x2600.
Electronmicrograph of a bone resorption lacuna with
multinuclear cell profiles present. This section re-
veals no border ruffling, clear zones nor intimate cell
contact with the hard tissue surface.

Figure 102. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x5800. A higher
power electronmicrograph of cell with multinuclear
profile seen in Fig. 101. The cell is largely surrounded
by collagen fibrils but is adjacent to another large cell
that has a high mitochondrial content. N - nucleus
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Figure 103. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1950.
Electronmicrograph of frozen crestal bone surface
indicating past signs of resorption and a reversal line
No multinucleated cells are apparent and collagen
arrangement is disrupted. Magnification x1 950

Figure 104. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x3400.
Electronmicrograph of a multinucleated cell in bone
resorption lacuna. ln intimate contact with the large
cell are smaller mononuclear cells with extending
processes. N - nucleus
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Figure 105. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x3400.
Electronmicrograph of multinucleated cell in bone
resorption lacuna. An adjacent cell (C2) bears similar
morphologic features and is in close approximation
with the bone sudace. Magnification x3400, N - nu-

cleus

Figure 106. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x4600.
Electronmicrograph of frozen molar showing multinu-
cleated cell surrounded by collagen fibrils and cellular
debris. N - nucleus
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Figure 107. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1950.
Electronmicrograph of frozen molar showing a multinu-
cleated cell surrounded by mononuclear cells lining the
surface of bone. Bone cells appear to be laying down
collagenous matrix. N - nucleus

Figure 108. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x4600.
Electronmicrograph of frozen molar showing a multi-
nucleated cell in close relation to bone forming mono-
nuclear cell. Different staining characteristics of the
cytoplasms are apparent as are differences in intrac-
ellular content. Magnification x4600, N - nucleus
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Figure 109. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magn¡f¡cation x1950.
Electronmicrograph of bone lining cells over an oste-
oid layer on the surface of bone adjacent to a frozen
molar. Magnification x1 950

Figure ll0. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x2600.
Electronmicrograph of blast cells with indented nuclei
over osteoid layer on alveolar bone surface adjacent
to a frozen molar.
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. Bone marrow

The haemopoietic tissue contained in alveolar bone marrow spaces was

surrounded by large multinucleated cells that lined the endosteal suÉaces (Fig.

111). Large cells were also seen interspersed with the haemopo¡et¡c elements

distant to the bone surfaces.

. Ankylosis

Ankylosis was a feature of many specimens examined. There appeared to be

almost a seamless union between tooth and bone (Fig. 112). Bone could be

distinguished by the entrapment of cells and dentine was identified by the

localization of tubules. The entrapped cells appeared to be undergoing

degeneration (Fig. 113). The occasional multinucleated cell was seen caught in

the ankylotic area (Fig. 114). Collagen of the newly laid bone was not observed in

discrete bundles but appeared to be haphazardly arranged.

. pulp

The effects of a cold stimulus on the dental pulp resulted in a highly damaged

and disorganized tissue. The odontoblastic layer was obliterated and the other

cellular elements exhibited necrosis and lysis (Fig. 115). Connective tissue and

vascular structures were also disrupted with the extravascular deposition of blood

cells apparent. The tissue contained many spaces that were partly filled with

disgorged cellular products.
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Figure lll. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magn¡fication x620.
Electronmicrograph of marrow space in alveolar bone
near frozen rat molar revealing a layer of giant cells
lining the endosteal surface.

Figure 112. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1100.
Electronmicrograph of an interradicular area of anky-
losis (arrows) affecting a frozen molar.
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Figure ll3. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnif¡cation x1950. Higher
power electronmicrograph of ankylotic union (arrows)
with entrapped degenerating cells.

Figure 114. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x1950. Higher
power electronmicrograph of interradicular area of
ankylosis (arrows) depicted in Fig. 112 showing
entrapped cells, possibly multinuclear in type. Bone
deposition appeared to be haphazard in nature. N -

nucleus
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Figure ll5. Experiment 4, TEM, uranyl acetate
and Reynold's lead, magnification x800.
Electronmicrograph of pulp tissue from a molar sub-
jected to freezing. Obliteration of the odontoblast
layer has occurred as well as necrosis of the struc-
tural elements of the reticulum. Compare with Figs.
89, 90.
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A.

4.3.5 Experiment 5 - Single prolonged freezing episode - Sacrifice

4.3.5.1

at7d.

To assess the effect of a single prolonged thermal insult

using enzyme histochemistry, immunohisto-chemistry and

u ltrastructu ral evaluations.

Light microscopy

Gontrol teeth - unfrozen

Results were similar to those described in experiment 1

B. Experimental teeth - frozen

A single freezing episode of 20 min produced results similar to those obtained in

experiments 2 and 3. Active resorption was evident in the cervical areas of the

teeth with no signs of repair. However, unlike shorter applications of dry ice, the

longer applications produced ankylosis in the majority of animals (Fig. 116). The

ankylosis was unusual in nature insofar as it appeared that bone was generated

by cells within the PDL and actively deposited on the root surface. There

appeared to be discontinuity between the interradicular crest and the ankylotic

bone deposition giving the appearance that bone-like tissue was deposited on

the root surface and extended towards crestal bone, rather than bone deposition

occurring on the interradicular crest and advancing towards the tooth.

4.3.5.2 TRAP enzyme histochemistry

Control teeth - unfrozen

Results for TRAP distribution in control unfrozen molars were similar to those

A.

presented in experiment 4
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B Experimental teeth - frozen

Results for TRAP distribution in molars experimentally frozen for an extended

period were similar to those presented in experiment 4.

4.3.5.3 lmmunolabelling

o ED1

A. Gontrol teeth - unfrozen

Results for EDl immunolabelling on control unfrozen molars were similar to

those presented in exPeriment 4.

B. Experimental teeth - frozen

Results for ED1 immunolabelling on experimentally frozen molars were similar to

those presented in exPeriment 4.

4.3.5.4 Transmission electron microscopy

A. Control teeth - unfrozen

Ultrastructural results for control unfrozen teeth were similar to those presented

in experiment 4.

B. Experimental teeth - frozen

Ultrastructural results for experimentally frozen molars were similar to those

presented in experiment 4.



Results 2O3

Figure 116. Experiment 5, LM,
H&E, magnification x50. Photomicro-
graph of interradicular area of a rat
molar frozen for 20 min and sacrificed
after 7 d. PDL disruption and hard
tissue deposition is evident, producing
an ankylosis (arrow).

Figure ll7. Experiment 6, LM,
H&E, magnification x50. Photomicro-
graph of cervical region of rat molar
that has been subjected to both freez-
ing and a mechanical insult. An exten-
sive longitudinal area of resorption is
seen (arrows) along with clast cell
activity.

Figure ll8. Experiment 7, LM,
magnification x25. Photomicrograph of
an obliquely cut control section showing
a dental resorption cavity (arrow) with-
out obvious succinic dehydrogenase
presence but a visible line of activity in
the surrounding alveolar bone surface.
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4.3.6 Experiment 6 - Single freezing ep¡sode plus mechanical insult.

To determine the combined effects of mechanical and thermal

insults to the Periodontium.

4.3.6.1 Light microscoPY

A. Gontrol teeth - unfrozen

The histological appearance of the PDL of control teeth for experiment 6 was

similar to those described in experiment 1.

B. Experimental teeth - frozen plus mechanical insult

The addition of mechanical trauma produced more extensive resorption, but in

two distinct patterns. As well as interradicular and cervical resorption, long

resorptive defects were visible running longitudinally down the cervical region of

the molar. These longitudinal resorption zones were filled with clast cells (Fig.

117).

4.3.6.2 TRAP enzyme histochemistry

A. Gontrol teeth - unfrozen

Results for TRAP distribution in control unfrozen molars were similar to those

presented in experiment 4.

B. Experimental teeth - frozen plus mechanical insult

While the distribution of TRAP stain in the interradicular and cervical areas was

similar to that previously described in experiment 4, the addition of the

mechanical insult produced TRAP activity in cells associated with the longitudinal

cementum damage. Large multinucleated cells present in the long resorption

lacunae stained heavily as did mononuclear cells in the adjacent PDL.
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A.

4.3.6.3 Immunolabelling

. EDl

Control teeth - unfrozen

Results of ED1 immunolabel distribution in control unfrozen molars were similar

to those presented in experiment 4

B. Experimental teeth - frozen plus mechanical insult

The distribution of ED1 immunolabel was similar to that previously described in

experiment 4 except for extra label evident in the longitudinal mechanically

damaged area. Label was seen in multinucleated cells in the resorption lacunae

in addition to numerous mononuclear cells in the nearby PDL.

4.3.7 Experiment 7 - Succinic dehydrogenase enzyme

histochemistry.

To determine succinic dehydrogenase activity in the

periodontium after cold thermal insult.

ln the presence of appropriate substrates, ditetrazolium chloride (BT) serves as a

hydrogen acceptor and is reduced to a blue water-insoluble pigment

(diformazan). The demonstration of succinic dehydrogenase was therefore

evident by the granular intracellular deposition of blue pigment in the cryo-

sections examined. This corresponded to sites of high enzyme activity but in

areas of lower activity a reddish-purple colour was seen as only partial reduction

of BT occurred to a monoformazan.
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4.3.7.1 Light m¡croscopy

A. Control teeth - unfrozen

Sections of control unfrozen PDL revealed succinic dehydrogenase activity in

multinucleated cells lining the alveolar bone walls, bone marrow spaces and

occasionally in isolated resorption pits on the tooth root surface (Figs. 118 and

119). The pattern of staining appeared to be consistentwith the normal direction

of rat molar migration in a distal and buccal direction (Fig. I 18).

B. Experimental teeth - frozen

At 2 days after thermal insult to the molar, succinic dehydrogenase activity was

seen within the periodontal hard tissues. Blue staining was evident along

resorbing bone surfaces but little evidence of staining on tooth root surfaces was

seen (Fig. 120). Bone marrow spaces revealed activity on endosseous surfaces

(Fig. 121) but no activity was seen within the periodontal ligament itself.

At 7 days, blue staining succinic dehydrogenase activity appeared to be more

widespread. Pigment was still evident along alveolar bone surfaces but also in

dental resorption cavities (Fig.122). the staining followed a consistent pattern

around the cervical and interradicular areas of the tooth and PDL. Blue staining in

dental resorptive lacunae appeared of similar intensity compared with that noted

in bone resorption cavities (Fig. 123). However, no activity was seen in the PDL

and other soft tissues surrounding the teeth.

At 14 days, the amount of active dental resorption appeared to be reduced as

revealed by the scarcity of clastic cells and a decrease in their staining intensity

adjacent to the root surface. Occasional pigmented cells were seen but the
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majority of the dental resorpt¡on bays were devoid of succinic dehydrogenase

activity (Figs. 124). However, resorption activity was evident in the surrounding

alveolar bone. At all time periods, it was clear that cells exhibiting staining

reaction were large in size and showed multinuclearity (Figs. 121 and 123). No

small mononuclear cells showed evidence of blue coloration.
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Figure ll9. Experiment 7, LM,

magnif¡cation x50. Photomicrograph of
control unfrozen rat molar revealing
succinic dehydrogenase activity in

multinucleated cells on hard tissue
surfaces (arrows).

Figure 120. Experiment 7, LM,
magnification x50. Photomicrograph of
a 20 pm thick cryo-section of rat molar
2 d after freezing showing succinic
dehydrogenase activity on bone surface
but little on tooth surface.

Ftgure 121. Experiment 7, LM,
magnification x1 00. Photomicrograph
of cryo-section of bone marrow showing
succinic dehydrogenase activity on
endosseous surfaces. Cells appear
large and multinucleated.
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Figure 122. Experiment 7, LM,
magnification x50.
Photomicromicrog raph of cryo-section
of rat molar PDL 7 d after freezing
showing succinic dehyd rogenase activ-
ity. Biformazan staining is evident in
resorption lacunae on tooth and bone.

Figure 123. Experiment 7, LM,
magnification x100. Higher Power
photomicrograph of Fig. 122 revealing
succinic dehydrogenase activity in large
cells associated with root resorption
lacunae.

Figure 124. Experiment 7, LM,
magnification x1 00. Photomicrograph of
rat molar PDL 14 d after freezing insult
revealing little dental resorption activity
but succinic dehydrogenase activity was
evident in surrounding alveolar bone
(arrows).
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PDL

Bone

PDL
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4.3.8 Experiment I - Osteoprotegerin (OPG).

To determine the effects of osteoprotegerin on the resorption

model.

4.3.8.1 Light microscopy

A. Gontrol teeth - unfrozen, no OPG

Histological results for the OPG-unaffected PDL were similar to those described

for control teeth in experiment 1.

B. Gontrol teeth - unfrozen, OPG - treated

Haematoxylin and eosin stained sections of unfrozen molars of OPG-affected

rats revealed altered histological features compared with those of untreated

animals. Shallow resorption lacunae were occasionally present on root and bone

surfaces (Fig. 125). Most dental lacunae were located towards the root apex

region and appeared to be inactive as no obvious large multinucleated cells were

seen in relation to the lacunae. ln addition, no overt sign of hard tissue repair was

evident (Fig. 126). Alveolar bone marrow spaces adjacent to the PDL appeared

devoid of megakaryocytes (Fig. 127), while many haemopoietic cells possessed

cytoplasmic signs suggestive of cellular apoptosis.

Hard tissue surfaces were covered by a layer of lining cells, Periodontal fibres

attached to cementum sudaces interrupting the layer of cementoblasts (Fig. 128).

Bone lining cells were interspersed by principal fibres of the PDL which entered

bone as Sharpey fibres (Fig. 129). The opposite side of the interradicular bone

also revealed the attachment of principal PDL fibres into old resorption lacunae,

suggesting that active resorption had ceased on previously resorbing surfaces

possibly due to cessation of physiological tooth drift.
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C. Long bone - OPG untreated

Although not high in number, the presence of large multinucleated clast cells was

noted in resorption lacunae on endosseous surfaces of long bone sections.

Similar to sections of alveolar bone, multinucleated megakaryocytes were

observed in marrow haemopoietic tissue.

D. Long bone - OPG treated

Clast cell activity and resorption in sections of long bone were not observed in

any of the experimental (frozen molar) or control OPG-treated animals (Fig. 130).
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Figure 125. Experiment 8, LM, H&E,
magn¡f¡cation x25. Photomicrograph of
an unfrozen controlmolarfrom an OPG-
affected rat. Per¡odontal structures reveal
resorption cav¡t¡es but no obvious histo-
logical signs of clast cells.

Figure 126. ExperimentS, LM, H&E,
magnification x50. Higher power phot-
omicrograph of PDL seen in Fig. 125
reveal¡ng resorption cavit¡es in the apical
region but no obvious clast cells or signs
of repair.

Figure127. ExperimentS, LM, H&E,
magnification x1 00. Photomicrograph of
alveolar bone from an unfrozen control
molar of an OPG-affected rat revealed a
scarcity of marrow megakaryocytes.

x

't{,
i", c ;. ' r,

l_ '..,

.i-'. ,

, PDL

ç



Results 213

Figure 128. Experiment 8, LM,
H&E, magnification x50. Photomicro-
graph of the interradicular area of an
unfrozen control molar of an OPG-
affected rat showing cementum lining
cells and PDL fibre attachment into the
root surface.

Figure f29. Experiment 8, LM, H&E,
magnification x100. Photomicrograph of
unfrozen moJar periodontium of an
OPG-affected rat showing Sharpey ftbre
insertion (arrow) into appositional alveo-
lar crestal bone.

Figure l3O. ExperimentS, tM,
H&E, magnification x50. Photomicro-
graph of long bone (tibia) from OPG-
affected rat indicating a lack of clast cell
activity on endosseal surfaces.
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E. Experimental teeth - frozen, OPG treated

Sections examined from teeth subjected to freezing insult showed a markedly

disrupted appearance. In the interradicular area, lining cells on both tooth root

and bone surfaces were patchy and PDL fibre orientation was disrupted (Fig.

131). Areas of old and apparently inactive resorption lacunae were evident in the

cervical regions of the molar (Fig. 132). However, the most striking feature was

the presence of ankylosis in all animals subjected to the combined effects of

thermal insult and OPG administration (Fig. 133). The ankylosis did not appear to

be of the replacement type but rather, appositional deposition occurred on the

root surface exclusively in the interradicular region (Fig. 134). Bone deposition

did not appear to be an aggregational process from the crestal bone surface

towards the tooth. The ankylosis appeared to progress from the root surface

towards the crestal bone (Fig. 134) and appeared to stain like bone ratherthan

dentine. Appositional cells became entrapped as deposition occurred. Large

multinucleated cells were not obvious in the ankylotic areas where mononuclear

cells predominated.

Root resorption and multinucleated cells were seen in interradicular areas

adjacent to the regions of ankylosis (Figs. 135 and 136). Resorption lacunae

were multiple and mostly shallow but appeared to be active in nature (Figs. 135

and 136)
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Figure 131. Experiment 8, LM,
H&E, magnification x1 00. Photom¡cro-
graph of intenadicular bone and asso-
ciated PDL of a frozen rnolar in an
OPG-affected rat. The PDLftbres are
disorganized but principal and Sharpey
fibres are still evident.

Figure 132- Experiment 8, LM,
I'l&E, rnagnification x100. Photomi-
crograph of periodontal cervical and
crestal structures of alrozen molar in
an OPG-affected rat showing exten-
sive resorption lacunae (arrows) that
appear to be inactive: No sign of clast
cellpresence is seen.

Figure 133. Experiment 8, LM,
H&E, magnification x1 00. lnterradicular
area of afrozen molar in an OPG-
affected rat revealing ankylosis of the
appositional type.
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Figure tS4. ExperimentS, LlV[, ]'l&E,
fiìâglnification x5O- Photomicrograph af
interr,adicutar r.egian of. an OPC-afiected
,frozeR rat,rnslar showing anlcylotic union.

Figure 135. ExperirnefttS, ffi¡, H&8,
magnification x5O. Phoüornicrograph of
theintenadicu'larar'ea of a Fozen rnolar
in an OPG-affected'rat showing root
resorption lacun ae (arcnus),

Figur,e 136. Exper.irnenf 8, LM, H&E,
rnagnificatioR x50. Photor¡icrog raph of
froæn r.nofar PDL in,an OFG-affected
anirnal revealing disorganization in the
Tigarnent. A+eas of hyalir+ization,ar'e
present as are root resorytion facunæ
and clast cells (an'ows).
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A.

4.3.8.2 TRAP enzyme histochemistrY

Control teeth - unfrozen, OPG untreated

Results for TRAP distribution in control unfrozen molars were similar to those

presented in experiment 4

B. Control teeth - unfrozen, OPG treated

The PDL and surrounding structures of OPG-affected animals showed little TRAP

staining (Fig. 137). Although hard tissue surface defects resembling resorption

lacunae were clearly evident on both tooth and bone, none appeared to be

active. No red TRAP stain was visible in control sections of unfrozen PDL (Fig.

138) nor on stain-control sections to which the hexazotized basic fuchsin

substrate had not been added. TRAP stained sections of alveolar and long bone

also revealed no staining reaction (Figs. 139 and140).
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,Figure 437. ExPitner*t 8, [.M, Fæt
Greer+, rnagnificatioß x25. Pftotorr'$cro-
gra$r o,f FÐt- of tr-lftozen ccrr,üsol mofæ
of an OPG-#æH ratshovuir,tg,no
TRAP stain. is evdent.

Fq*re t38. Erys$nsÉ 8' LM, Fast
Green, rnagnificatisn xso. Hi$ler
oower pffirricrogffaPh d PDt sf,toutrt'

,in F{S, t37- f6 TRÃP. adivif1f is euidecqt

in fo€fft ãr{d' üone rcssrpffo* eavfties,

'Fiþçre f39' Exærirnent I, LM¡,Fast
'Græn, magntffiion xS0''Ptrdenriers-
graql':.of TFÈåP-sÈaind sed*on of
$r¡frozen csrsfol mdar PÐt- ûf,OPG-
ñeetrditù. t$s TFÈAP ac*úúit1tiserti-
dierd,
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Figure t4û. ExperimentE, Llvt, Fast
GreeR, magnification xst, Phstomicro-
graph of long bone (tibia)'from an OPG-
affected' rat -sfrouring no TRAP activity-

Figtuæ {4{. Experiment 8, LM, Fast
Green, rnagnifica.t'ron x5CI. Photornicro-
gr.aph of interradieular area of afrozen
molar in an OPG-affected,rat showing
ankylosis but.no TRAP staining,.

Fþure 142. Experirnent 8., LM, Fast
Green, magniFcation xlOO. Higher
powered photomierograph of frozen
rnolar PDL of an OPG-affected rat
indicating a lack of TRAP staining in the
ankylotic aiÍea.
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C. Experimental teeth - frozen, OPG treated

All sections of the experimentally frozen molar of OPG-affected rats displayed

ankylosis in the interradicular region. The ankylotic regions appeared to be

lacking in enzyme activity as no definitive TRAP stain was evident (Figs. 141 and

142). A rare sighting of TRAP-positive cells was seen within the ankylotic area

adjacent to the tooth (Fig. 143). However, at the periphery of the hard tissue

union, TRAP-positive cells were encountered and seen on the crest of the

interradicular bone that had not yet been involved in the ankylosis (Fig. 1aa). ln

addition, strong resorption activity was seen in the cervical area of the tooth (Fig.

145) where lines of intensely TRAP-positive cells appeared to be actively

engaged in the resorption of tooth structure. This contrasted with the decrease in

resorption apparent in other regions of OPG-affected animals. Adjacent alveolar

bone also revealed heavy osteoclast activity (Fig. 1a6).
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F-qgure fæ. E)Feriu.stt S, 'l-M, Fast
Græn;'rnagr*iftcatisn xîffi. TRAF
stained: æetion of ank1flc{ic
inþrradicr¡l¿*r bone'af a,kszen rnolar
from, an OPÈaftcted rat'revealir¡g f*ttle
,en4yrr€ divity exeept for an isotated
cell embedd# inbane {anenøl

Fignr,æ ?û4. Experiff,leñt 8, LM, Fast
Gleer.r., magniEcation xSO. Ftletor,nicro-
gmapf+ of TRAP stairËd section of arll€Jf-

lo{ie inferradicuhr'borte of a froøen.
r,nofi*r from an'GF, G-atrecûed' r,at r.eveaf-

ing, ffie enzlrräe aetivity excepÉ úor'sre
crestaf bone (æow). A*$dæ+s i.ç

present in f"Ë ftrcatiæ. area ötrt no
pæitive TRAP súainilg ie,eviderlt-

f€pæ t#. Exper¡rnent8, LSI[, Fast
Greeft,'mqniMicn xt'St:',Pho{omi*
sr-4r#r oilüæ cervicd'æ..e4d a frczen
{r.tcÉæ of an OPG-affieeted. rat +,evea*irg
hævy TRA¡P as,tiffi.
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Figure {46. Experiment 8, LM, Fast
Green, magnif¡cation x100. Photomicro-
graph of OPG-affected rat showing
T-RAP activity in osteoclasts in a[veolar
crcstalbone near frozen rnolar,

,Figrare 147. ExperirnentS, LM,
haematoxylin, rnagnificatìon x50. Phot-
ornicrograph of ED1 arÉi,body distribu-
tion in the spl.een of an OPG=affected
rat.

Figule 148. Experiment 8, LM,
haematoxylin, magnification x50- Phot-
omicrograph of positive immunologic
conholtissue in an OPG-affected rat.
Primary antibody was omitted from the
Iabelling protocol.
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4.3.8.3 lmmunolabelling

Because of the eqivocal results with the other antibodies trialled in experiment 4,

only ED1 was used during the experiments involving OPG administration.

o EDI

A. lmmunolabelling control tissue - OPG untreated

Results for ED1 immunolabelling on control spleen tissue in animals unaffected

by OPG were similar to those presented in experiment 4.

B. lmmunolabelling control tissue - OPG treated

ED1 distribution in sections of spleen tissue of OPG-affected rats was similar to

that seen in unaffected animals. Label was evident in haemopoietic tissue that

surrounded lymphoid germinal centres (Fig. 147). No label was observed in

immunologic control sections in which the primary antibody was omitted during

the staining process (Fig. 148).

C. Control teeth - unfrozen, OPG untreated

Results for ED1 immunolabelling on control unfrozen molars in OPG untreated

animals were similar to those presented for control animals in experiment 4.

D. Control teeth - unfrozen, OPG treated

ED1 label was evident in OPG-affected rat unfrozen molars. However, the stain

was not widespread and largely occupied the apical regions of the tooth and

surrounding alveolar bone (Fig. 1a9). The interradicular area revealed little ED1

activity (Figs. 150 and 151). Occasional isolated cells were encountered (Fig.

151) but the unfrozen molar PDL predominately stained negative for ED1. Faint
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ED1 label was evident on endosseous surfaces of long bones and within bone

marrow megakaryocytes (Fig. 152)
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t:Figure 149. Experiment 8, LM,
haematorylin, rnagnification x25. Phot-
orniffograph of an unfrozen rnolar of an
OPG-affec{ed rat revealing EDl label-
lingof small mononuclear cells inthe
apicat region adjacentto tosth and
t¡one, The pattem reflecfs the direction
of bue¡altooth drifr.

Fþure t50. Experirner* 8, l-M,
n, rRagFnification xSO. Phot-

onricrogrraph of unfrozen rnolar of an
ûPG-affected rat revealing little ED1
+iabel ln theinterradictdar PDL and bsne.

Figure f5f. Experirnent I' LM
haenrdoxylin, magnification x ÎCIO.

Higher power photom-rerograph of Fig.
15û showing the patrcity of ED1 tabel in
theinterradicular PDL and bone. lso-
Iated cetùs (arrow) contain label.
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E. Experimental teeth - frozen, OPG treated

lmmunolabelling of the frozen upper right molar in OPG-affected rats displayed a

distinctive pattern of ED1 in the surrounding periodontal structures. Label was

evident on the hard tissue surfaces (F¡g. 153) as well as within the cells of the

PDL. Staining was intense as shown by the line of positively labelled osteoclasts

on the surface of the interradicular crestal bone (Fig. 154) and odontoclasts on

interradicular root surfaces (Fig. 155). The intensity of staining suggested that

OPG had apparently failed to inhibit clast cell activity when stimulated by the cold

thermal insult,

ln areas of interradicular ankylosis, universally created in the OPG-affected

animals subjected to molarfreezing, ED1 label was visible (Fig. 156). Label was

localized in cells on hard tissue surfaces particularly on marrow space endosteal

surfaces (Fig. 157). Cells trapped within the ankylotic areas also exhibited a

positive reaction (Fig. 158) suggesting an ongoing inflammatory process requiring

macrophage-like activity.
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Fþure f5Íì" gXperln¡e*8, Lft|
haernateryl+n, mænfficatir¡n x5O- Pfiot-
omierognaphof frozenrno[ar PDL in an
OPG-atrected rat,showing ËD I acttv¡ty.

Labelis associatedwith resorption
qavities on tooth and bone,

Figtuæ 154. Experirne*t 8, LM, haenra-
toxylîn; magnineatisn x5O'. Fhotornbro-
graph of large mt*tinueleated celb'Ín bone
resorÉion' laeunae in intenadicu*ar bone in
a f,rozen rat molar of an OPG-affeeted rat.
Tntense EDl fabeF is evidênt in tfiese celts.

figure f55. Experimsrt8, LM,
haematoxylin, magnifiætion xl 0O. Phot-
ænicrograph of largie rnuttinuc*eded cells
in dental resorption lacuna of a frozen
rnolarin an OPGatrected nat Cybplas-
mic EÐ f l*el+s strong¡ly evtdent.
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Figsr€ f5G. Experi.rnentS, LM,
haernatex$in, rnagnification xsO. PhoT-

omierograph sf interradiet¡tar a*$æils
inafrszen rnslar of an OPG-affected
rat. EÐ1 Tabd'*s sftovrmit+l¡eq+e
resorptirar+lætr+æ.

.F¡gme î5.7. 
=xpertrrs*8, 

LM,
haæratoxy{in, rnagn}Frcation, xf€û.
Higitur power photomicrogmph of Ftg-
f 56 reveaÍing EÐf label'in intenadicular
anlg¡totic area of a Fozer* rnolar in an
ûPGaffected rat.

Figure 158- ExperirnentS, LM,
nae.matoxyt¡n; rnagRiftc€ltiø+ x I @.
Photomler.ograph of interradietd a+ atea
of a frozen rnolar of an OPG.affected'
rd showirq EDl label.inlarge cells in
dentat resorption ftacunae adiacent to
ankyïotiear.ea,
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4.3.8.4 Transmission electron microscopy

A. Gontrol teeth - unfrozen, OPG untreated

The ultrastructural results of control unfrozen teeth in OPG unaffected animals is

the same as for normal rat PDL ultrastructure presented in experiment 4.

B. Control teeth - unfrozen, OPG treated

The periodontal ligament of the unfrozen molars of OPG-treated animals

revealed no signs of active root resorption although ultrastructural signs of

previous resorption lacunae were visible. The ligament contained mononuclear

cells consistent with fibroblasts interspersed with collagen fibrils (Fig. 159). Cell

nuclei were regular in outline with no apparent indentations or invaginations of

the nuclear envelope. Blood vessels and nerves were also freely seen

intermingling between the cells and fibrils (Fig. 160).

Cementoblasts further down the root surface produced a lining layer and

exhibited a fringe of collagen matrix (Fig. 161, 162).

Ambiguous signs of resorptive activity were seen in the adjacent alveolar bone

(Fig. 163). The alveolar wall was indented with the occasional lacunae that

contained mononuclear cells with abundant cytoplasm. Some cells exhibited

small areas of cytoplasm that were free of organelle content (Fig. 164). These

organelle free areas were located adjacent to the hard tissue surface whereas

elsewhere, intracellular vacuoles and endoplasmic reticulum filled the cell (Fig.

164). Cytoplasmic processes appeared to extend into the hard tissue surface to

surround bone spicules (Fig. 165).



Results 231

Despite this, most bone surfaces appeared to be appositional in nature (Fig.

166). Osteoblast-like cells amongst deposited collagen matrix lined the hard

tissue surface. Matrix appeared to embed the occasional cell producing

osteocytes (Fig. 167).ln addition, collagen became organized and penetrated the

surface of bone (Fig. 168).

. Bone Marrow

Bone marrow contained a range of haemopoietic cells with blood vessels

containing erythrocytes (Fig. 169). No marked multinucleated cell activity was

apparent although large mononuclear cells were seen adjacent to the hard tissue

surface (Fig. 170). These cells possessed ruptured cell membranes that allowed

the disgorgement of intracellular contents into the extracellular spaces.

. pulp

An intact layer of odontoblasts was clearly visible on a layer of predentine lining

the pulp chamber (Fig. 171). The stroma of the pulp tissue contained a

connective tissue reticulum supporting mononuclear fibroblast-like cells with

blood vessels and nerves. Nerves appeared to be mainly of a myelinated type

although unmyelinated fibres were visible. Nerve fibres were seen in close

association with small blood vessels with walls of one endothelial cell thickness

(Fig. 172).
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Fþure 159. Experintent 8, TEM, uranyl acetate
and Reynold's lead, rnagnification x145O.

Electronmicrograph of controf unfrozen moliar PDL of
a rat treated stith OPG shewlng btast cefls intennin-
gled with col{agen tibrits.

Figure f6O. ExperimentS, TEM, uranyl acetate
and Reynold s lead, rnagnificatirn x26O0.
Electronrnicrograph of controfunfrozen molar PÐL of
an OPG-afiected rat reveding normal ceffular features
and blood vessels.

t
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Figure f,6f- Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x26OÛ.

Electronmicrograph of cementoblasts lining the
unfrozen root surface of a rat adrnlnistered,OPG.
Cells appear to be activefy depositing collagen matrix.

FÍgure 162- Experiment 8, TEM, uranylacetate
and Reynold's Iead, magnif,cation x26OO. A higher
power view of Fig. 161 revealing matrix deposition by
cementurn lining cetls.



Results 234

Figure 163. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x3400.
Electronmicrograph of resorption lacuna in alveolar
bone of an OPG-affected rat showing a group of
mo n onuclear cells co ntaining m itocho ndria in intl m ate
contact with hard tissue.

Figure 164. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnifrcation x7900. Higher
power electronmicrograph of a cell from Fig. 163
showing cytoplasmic clear areas (arrows) and also the
presence of vacuoles (f) and endoplasmic reticulum
(*).
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Figure 165. ExperimentS, TEM, uranyl ac-
etate and Reynold's lead, magnification x7900.
Higher power electronrnicrograph of cell depicted
in Fig.163 revealing cytoplasrnic proc,esses (ar-
rows) extending into the hard tisst¡e surface sur-
rounding spicules of bone.

Figure 166. Experiment 8, TEM, uranyl
acetate and Reynold's lead, magnification
x1 1 00, Electronmicrograph of OPG-affected
alveolar bone surface showing an appositional
layer of lining cells and collagen bundles.

-i.'.€-
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Figure f 67. ExperimentS, TEM, uranyl acetate
and Reynold's lead, rnagn¡fication x1950.
Electronmicrograph of an appositional alveolar bone
surface in an OPG-affected rat revealing matrix for-
mation embedding a lining cell to become an osteo-
cyte.

Figure 168. Experiment 8, TEM, uranylacetate
and Reynold's lead, magniftcation x1450.
Electronmicrograph of an appositionaf alveolar bone
suriace in an OPG-affected rat showing the embed-
ding of deposited collagen fibrils.
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Figure 169. Experiment 8, TEM, uranyl acetate and
Reynold's lead, magnification x1 450.
Electronmicrograph of alveolar bone marrow in an OPG-
affected rat revealing blood vessels and an array of
haemopoietic cells but no significant megakaryocyte
activity.

Figure 170. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x4600.
Electronmicrograph of alveolar bone resorption lacuna
of an OPG-affected rat revealing a large mononuclear
cell in an apparent state of degeneration.
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Figure l7l. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnif¡cation x1100.
Electronmicrograph of pulp tissue in an unfrozen
molar in an OPG-affected rat revealing a normal
odontoblastic layer and reticulum.

Figure 172. Experiment 8, TEM, uranylacetate
and Reynold's lead, magnification x1100.
Electronmicrograph of pulp tissue in an unfrozen molar
of an OPG-affected rat revealing normal neural and
vascular elements.
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C. Experimental teeth - frozen, OPG treated

Active resorption was noted in the roots of frozen molars of OPG-affected rats.

Large multinucleated cells with extensive ruffled borders were seen lining the

hard tissue surfaces in the interradicular area (Figs. 173 and 174). However,

multinucleated cells without ruffled borders were also apparent on root surfaces

(Fig. 175). Cells appeared to be actively competing for root surface contact as

clusters of cells were seen in a single resorption bay (Fig' 176)'

The clast cells on root surfaces excavated substantial resorption cavities and

showed no signs of being inhibited by the OPG. Cells exhibited a variety of

shapes and sizes and ranged in diameter from approximately 20 to 100 ¡rm. The

number of nuclei varied depending on the clast cell's activity and the plane of

section but typically there were 2 to 6 nuclei. Often nuclei were irregular in outline

with indentations and invaginations affecting their outer membrane (Fig. 175). At

high magnification, active clast cells were replete with cytoplasmic organelles

consisting mainly of lysosomes, vacuoles and mitochondria (Fig.177).

The prominent ultrastructural feature of the active clast cells was the ruffled

border found adjacent to the hard tissue surface. The cell membrane infoldings

and convolutions varied in size and extent but were clearly seen in OPG- and

thermally-affected rat molar PDL (Figs. 178 and 179).

lntracellular clear zones were often not readily apparent in association with the

ruffled borders. When present, these organelle-free regions were small in area

and adjacent to the border ruffling (Fig. 174). However, small vesicles and fine
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fibrils were often evident in these relatively clear areas while vacuoles were

plentifulwithin the active cell's cytoplasm (Fig. 178).

The morphology of the resorption lacuna appeared to be related to the

morphology of the resorbing cell. Circular cells were seen in rounded resorption

cavities (Fig. 179) while flattened cells were related to shallow lacunae (Fig. 173).

Clast cells, full of cytoplasmic granules characteristic of apoptosis, were seen on

adjacent tooth surfaces (Fig. 180). Correspondingly, the resorption lacuna

contained cellular debris as well as cementum matrix and collagen remnants of

the resorption process.

ln juxtaposition to the clast cells, the PDL contained mononuclear cells in close

approximation to the cellular resorption activity (Fig. 173). These neighbouring

cells were elongated with spindle-shaped nuclei, and presented an ultrastructural

appearance characteristic of blast cells.
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Figure 173. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnif¡cation x1950.
Electronmicrograph of multinucleated clast cell on the
frozen root surface of an OPG-affected rat. A ruffled
border (arrows) is seen in close contact with the tooth
surface. N - nucleus

tl-f'

Figure 174. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x2600.
Electronmicrograph of a multinucleated clast cell with
an extensive ruffled border on the frozen alveolar
bone surface of an OPG-affected rat. N - nucleus



Results 242

Figure 175, Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnif¡cation x2600.
Electron microg raph of multin ucleated clast-l ike cells
in close contact with the root surface of a frozen
molar in an OPG-affected rat. N - nucleus

*t

Figure 176. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x1100.
Electron microg raph of several multi n ucleated cells
with ruffled borders actively resorbing the root surface
of a frozen molar in an OPG-affected rat. The cells
appear to be aggressively competing for surface
space. N - nucleus
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Figure 177. Experiment 8, TEM, uranyl acetate and
Reynold's lead, magnification x3400. Higher power
electronmicrograph of the clast cell seen in Fig. 173. The
cell ¡s full of organelles and displays nuclei of irregular
outline. N - nucleus

Figure 178. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x10500.
Electronmicrograph of intracellular vacuoles and a
ruffled border adjacent to cementum of a frozen molar
in an OPG-affected rat.
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Figure 179. Experiment 8, TEM, uranylacetate and
Reynold's lead, magnification x2600.
Electronmicrograph of a rounded clast cell in a similarly
shaped resorption lacuna in a frozen molar of an OPG-
affected rat. N - nucleus

,-./
PDL

Figure 180. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x1450.
Electronmicrograph of resorption lacuna in a frozen
molar of an OPG-affected rat indicating cellular, colla-
genous and hard tissue debris.
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. Bone

Active osteoclasts displaying ruffled borders and multinucleatedity were seen on

bone surfaces and in marrow spaces adjacent to areas of dental resorption (Figs.

181 and 182). Ruffled border disruption and cell breakdown indicative of

osteoclast apoptosis was noted in many instances (Fig. 183). No osteoclast

activity was observed at a distance from the interrradicular area where other

inflammatory cells were also absent.

Moreover, no definitive clast cell activity was seen in the long bones of rats

administered OPG (Fig. 184). Previous resorption lacunae were seen on tibial

endosseous surfaces but these were filled with osteoblast-like cells high in

endoplasmic reticulum content (Fig. 185). The osteoblast-like cells and bone

lining cells were adjacentto bone surfaces (Fig. 186). Multinucleated cells were

also seen in marrow near bone surfaces (Fig. 187) butthese cells bore no other

morphological similarities to resorptive clast cells.

. Ankylosis

Ankylosis was a prevalent feature in sections of the frozen PDL of OPG-affected

rats (Fig. 188). The ankylosis was of the appositional variety rather than bony

replacement of previous resorptive areas. Cells became entrapped in the

appositional bone. The disorganized appearance of the latter gave way to the

organized structure of dentine at a line of often indistinct demarcation.
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Figure l8l. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x1450.
Electronmicrograph of osteoclasts in crestal alveolar
bone resorption lacuna in an OPG-affected rat. Bor-
der ruffling is evident along with numerous mitochon-
dria but no nuclei are seen in this view.

Figure 182. Experíment 8, TEM, uranyl acetate
and Reynold's lead, magnification x1450.
Electronmicrograph of megakaryocytes in frozen
alveolar bone marrow of OPG-affected rat. N - nu-
cleus
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Figure 183. Experiment 8, TEM, uranyl acetate and
Reynold's lead, magnification x2600.
Electronmicrograph of a clast cell in frozen alveolar
bone resorption lacuna of OPG-affected rat. Vacuole
disruption and ruffled border breakdown indicates that
celldegeneration appears to be occurring.

Figure 184. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x5800.
Electronmicrograph of tibial endosseous surface of an
OPG-affected rat revealing a bony lacuna containing
an osteoblast-like cellfilled with endoplasmic reticu-
Ium.
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Figure 185. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magn¡fication x7900.
Electronmicrograph of a cell rich in endoplasmic re-

ticulum adjacent to an endosseous surface of an
OPG-affected rat.

Figure 186. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x4600.
Electronmicrograph of lining cells on the surface of
endosteal bone of an OPG-affected rat.
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Figure 187. Experiment 8, TEM, uranyl acetate
and Reynold's lead, magnification x4600.
Electromicrograph of multinucleated cells in marrow
spaces of tibial bone in an OPG-affected rat.

Figure 188. Experiment 8, TEM, uranyl acetate and
Reynold's lead, magnification x1 950.
Electronmicrograph of ankylotic union in a frozen molar
of an OPG-affected rat.
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Procedure Sacrifice at Resorption Repair Ankvlosis

Unfrozen control +-
10 min freeze
Experiment 1

2d

7d +
14d + +
28d +

20 min lreeze
Experiments 2,5

2d

7d + +

'14 d + + +

28d + +

20 min freeze x 3
Experiment 3

2d

7d + +
14d + + +
28d + +

10 min freeze x 3
Experiment 4

7d + +

14d + + +
10 min freeze +
mechanical insult
Experiment 6

7d +

10 min f¡eeze +
succinic
dehydrogenase
Experiment 7

2d

7d +

14d +

l0 min freeze + OPG
Experiment I

7d + + +

A summary of the results of the freezing procedures is presented in Table 5

Table 5. A summary of the experimental procedures indicating those that

were successful in producing hard tissue resorption. Repair of

resorption lacunae and experiments resulting in ankylosis are also

presented.
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CHAPTER 5

DISCUSSION

5.1 Anaesthesia

Trialled as a rat anaesthetic during this study, fentanyl-fluanisone (Hypnorm@)

proved to be safe and reliable. lts availability is restricted by Australian legislation

and its importation currently occurs only under license. Nevertheless, the value

of the anaesthetic is worth the import expense as all animals used survived the

experimental procedures and subsequently thrived. The anaesthesia produced at

the recommended dosage was profound and sufficient to maintain the comfort of

the animals both when the cold thermal stimulus was being applied and during

the subsequent recovery period. This profound anaesthesia was previously

shown by Clowry and Flecknell (2000) who performed intracranial surgery on rats

without ill-effects.

The safety and inert nature of Hypnorm@ was shown by Hertsens ef at. (1984)

who compared its effects with those of chloralosane and pentobarbital on

mitochondrial ultrastructure. While differences were seen in mitochondrial

intramembrane particles with the other anaesthetics, no structural changes were

caused by Hypnorm@ which provided confidence in the ultrastructural images of

the resorption cells generated by the aforementioned study.



Discussion 252

Cells of the haemopoietic system need to escape from blood vessels into the

tissues ln order to perform their anti-inflammatory functions. Some anaesthetics

have been shown to have an inhibitory effect on this process but Hypnorm@ was

found to have a facilitatory role (Janssen et al., 1997), Hence, the migration of

clast cell precursors to sites of thermal inflammatory damage was considered to

be unaffected, or perhaps assisted by the anaesthetic.

The sedative effects of midazolam (Hypnovel@) complimented the anaesthetic

effects of Hypnorm@. The muscle relaxation produced in the oral region assisted

in the retraction of tissues and allowed easy access to the upper right first molar.

Compared with related sedatives such as climazolam, midazolam has the

additional benefit of potentiating the effects of the anaesthetic (West and Green,

1gS7). ln conclusion, the benefits of Hypnorm@/Hypnovel@, and particularly its

efficacy and safety, make it the animal anaesthetic of choice, even though its

current cost in Australia would make routine use prohibitive'

5.2 The frozen tooth model

5.2.1 Usefulness of model

One of the aims of the current study was to produce a model of aseptic root

resorption which mimics orthodontic root resorption. The latter is a common

adverse treatment sequela, the pathogenesis of which is poorly understood.

While previously employed model systems used to generate aseptic resorption in

laboratory animals yielded useful results, most have been handicapped with

manufacturing, implementation or management problems (Clark et al., 1991;
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Rygh, 1992; Brudvik and Rygh, 1993a;1993b). The majority of these systems

were based upon the movement of teeth by orthodontic elastomerics or fixed

appliances, the longevity of which, in the oral environment, has been variable

and somewhat unpredictable (Waldo and Rothblatt, 1954; Davidovitch et al.,

1980; 1988; Yen eú at., 1992). Animal models utilizing primates, dogs, cats and

rodents have been reported, but rats remain the most widely used animal for

examination at the light (Reitan and Kvam,1971; Storey, 1973) and electron

(Rygh, 1976; Roberts and Chamberlain, 1978) microscopic levels. Hence, the

aim of the current study was to produce a more simple and efficient method of

generating aseptic resorption in the periodontium to assist in the investigation of

the processes and cells involved.

Earlier studies applied cryotherapy to the alveolar bone and periodontal ligament

of rats via a surgical approach (Wesselink et al., 1986; Tal and Stahl, 1986). As

these studies reported resorption of periodontal hard tissues, it was considered

that a cold thermal insult applied directly to the tooth crown might be an effective

and reliable method for initiating root resorption and subsequently examining

clast cellfunction.

The cold thermal insult delivered to the occlusal surface of the rat molars

produced PDL disruption and changes to hard tissue which are discussed below.

Multinucleated cell activity was evident on PDL hard tissue surfaces in areas

radially affected by the freezing process, and it was concluded that the

application of a cold stimulus is an effective way of producing experimental PDL
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hard tissue resorption. Furthermore, the healing response following the thermal

insult permitted an investigation of the subsequent repair mechanisms and

produced an additional model for the study of ankylosis.

5.2.2 Gryotherapy

It is an interesting observation that extreme cold may be used in a preservative

or in a destructive way. For example, the preservative propedies of cryotherapy

are utilized in the long-term storage of developing teeth (Bartlett and Reade,

1972), haemopoietic cells (Lazzari et a\.,2001), of reproductive cells for eventual

use in in vitro fertilization programs (Porcu, 2001; Donnelly et a|.,2001), and of

entire organs for surgical transplantation (Jacobsen and Pegg, 1984; Fahy and

Ali, 1997). In contrast, the destructive properties of cryotherapy are utilized in the

surgical management and removal of pathological lesions such as tumours

(Malafosse et a1.,2001; Schmidt and Pogrel, 2001) or warts (Connolly et al.,

2001). The destructive injury caused by freezing has been variously argued to

result from electrolytic gradients across cell membranes (Lovelock, 1953),

cellular dehydration leading to a reduction in cell volume and denaturation of

intracellular proteins (Levitt, 1962; Meryman, 1970), or the freezing of

intracellular water (Mazur, 1963). According to Mazur (1984) the survival of cells

is known to be highly dependent on the rate of cooling. This author reported that

rapid cooling results in intracellular freezing because there is insufficient time for

the osmotic removal of cellular water thereby preventing supercooling.

lmportantly, however, the cellular changes are also dependent on the distance

from the freezing source and the time of application.
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The targeted and controlled delivery of a cold thermal stimulus has routinely

been performed using a cryoprobe (Maroon and Bailes, 1995; Rabin and Shitzer,

1996; lshida and Ramos-e-Silva, 1998). While a carbon dioxide cryoprobe was

initially tried in this project, it was found to be unsuitable because of access

problems to the small rat oral cavity and, specifically, to the rat molar. The

available size of the probe tips made delivery of the insult to the molar crown,

without affecting the neighbouring tissues, difficult. Dry ice was supplied as

pellets which were able to be quartered, trimmed and customized to the size of

the rat molar which facilitated handling and application to the tooth. The

application of the customized pellets to the molar crown proved to be an effective

way of delivering a thermal insult through the tooth to the periodontium. The

procedure was facilitated by the use of the animal holding rack and the mouth

prop that permitted a single operator to carry out the retraction of the soft tissues

and the administration of the dry ice unaided.

According to Cooper and Dawber (2001), carbon dioxide applied directly to skin

is unable to reduce the surface temperature below -79'C and is therefore unlikely

to cause the deeper freezing of tissues. lf deeper freezing is required liquid air,

oxygen or nitrogen should be used. However, in the present study carbon

dioxide, as dry ice, proved effective in eliciting necrotic destruction of tissues.

This was evident in the tissue ablation seen in the pulp chamber of the frozen

teeth (Figs. 16 and 115) and in the changes evoked in the periodontium (Figs.

15, 93 and 99).
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5.2.3 Thermal conduct¡vity and radial effects

Past studies examining the effects of low temperatures applied to periodontal

structures described thermal injuries and resorption of adjacent root surfaces

(Wesselink et al, 1986; Tal and Stahl, 1986). Cryoprobe and liquid nitrogen

application to the external gingival tissues and alveolar bone caused periodontal

cell death and bared root surfaces to clastic attack. lt has been reported that

exposure of mineralized tissue is a prerequisite in the initiation of resorption by

clastic cells (Vaes, 1988; Zaidi et a\.,1993; Martin et al., 1993; Orlandini et al',

1gg5). However, Wesselink et al. (1986) reported an influx of reparative cells in

the form of fibroblasts and macrophages and the deposition, after 3 d, of mineral

crystals on the root surface. Seven lo 12 d after freezing, this mineral was

phagocytosed by mononuclear cells, as root resorption and ankylosis occurred.

ln the present study, cell death was caused by the occlusally applied cold

thermal stimulus as revealed by the lysis of odontoblasts and other cellular

elements within the pulp chamber. lt was likely that the thermal effects were

conducted through the tooth to the pulp chamber and thence to the external

surfaces of the root to similarly affect the adjacent cells in the PDL. The

subsequent degeneration of the adjacent structures of the PDL exposed the root

surfaces to resorption attack. There was evidence of hyalinization and

inflammatory cell infiltration into the periodontal ligament of experimental teeth

(Fig. 15), but the major response was interradicular and cervical aseptic

resorption (Fig. 23).
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Craig and Peyton (1961) indicated that dental tissues were good thermal

insulators but reported lower thermal conductivity in dentine compared with

enamel which was considered to be a reflection of a higher amount of organic

matrix present in the former structure. Since thermal conduction by dental

tissues is reportedly low, sufficient time is necessary for a thermal change to

affect surrounding tissues. This was shown in the current study, in which a

minimal application time of 10 min was adequate to induce a PDL change with

resulting resorption.

Fufther work by Brown et al. (1970) on dental tissue heat diffusivity indicated that

transient heat conduction occurs more readily in enamel than in dentine.

Additionally, it was ascertained that a difference existed in thermal conductivity

when the stimulus was applied parallel, compared with transversely, to the dental

tubules. This may explain the increase in the severity of the cold thermal effects

seen in the interradicular and cervical areas of teeth in the current study where

the alignment of the dentinal tubules follows a radial direction away from the pulp

chamber (Schour and Massler, 1971).

The effects of the cold thermal stimulus to the crown of the rat molar extended,

but were radially confined to the surrounding PDL in the interradicular and

cervical areas (Diagram 5). ln this respect the tissue effects were directional in

nature. The inflammatory and resorption changes involving interradicular bone

and tooth root facilitated the investigation of the clast cells involved in the

resorption processes.
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Diagram 5. Dry ice application to the molar crown

and the proposed radial dissemination

of the thermal effects to involve the

interradicular and cerv¡cal areas of the

PDL.
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5.2.4 Effects of different experimental protocols on the resorpt¡on

model

ln the current study, the number of freezing episodes and the duration of

application of the dry ice was varied in order to find the optimal combination to

yield overt resorption. Fraser and Gill (1967) reported that cell death in

uncalcified tissues was achieved after one episode of tissue freezing but that

repetitive freezing only served to extend the boundary of thermal effect. The

minimal application time of 10 min employed in the current study was sufficient

and effectively generated active resorption in dental tissues and bone 7 d after

injury, and provided a suitable resorption model for the investigation of the cells

involved.

However, all experimental application times employed in this study resulted in

localized tissue necrosis and hard tissue effects. lt was clear that a single,

prolonged dry ice application time of 20 min increased the area of tissue injury

while the superimposition of mechanical trauma extended the area of injury

further (Fig. 117).

Mechanical injury to the cementum surface was introduced into the current study

in order to augment clastic cell attachment and activity. Adhering root surface

soft tissue was likely damaged by the trauma and facilitated the resorption

process (Nakane and Kameyama, 1987). However, the physical process of

scraping the tooth surface also pierced the gingival attachment allowing ingress

of microflora from the oral cavity. The possibility of a subsequent septic

inflammatory resorption in the neighbouring hard tissues could not be
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discounted. Because of the uncertainty of the aetiology of the observed

cementum resorption, mechanical insult to the tooth root was discontinued as a

reliable method of initiating aseptic resorption.

While multiple delivery of the cold thermal insult did not appear to extend the

tissue damage and hard tissue resorption significantly, multiple freezing episodes

placed the resorptive effects of the insult open to question. Sloughing of the

gingival tissues was a feature of those animals with molars undergoing repeated

freezing, and an invasion by oral bacteria was again possible due to attachment

tissue breakdown. Although no histomorphometry was performed, the efficacy of

the multiple insults did not appear to be significantly different from a single

freezing episode. This was attributed to the likelihood of the additional insults

causing repeated necrosis of all cells repopulating the area during the time of the

sequential freezing and therefore preventing an increase in resorption. An

inhibition of early repair to the frozen damage was also considered likely. lt was,

therefore, concluded that a single freezing insult of 10 min duration would initiate

resorption and permit its investigation, while longer and multiple freezing times,

increased the soft tissue disruption with minimal effects on the resulting area of

resorption. Furthermore, longer and multiple freezing times were more likely to

initiate an ankylotic union. lnterestingly, this also produced a model for the study

of ankylosis.

Thus, a reproducible and reliable method for initiating aseptic root resorption in

rats resulted following a single 10 min application of dry ice to the molar crown
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surface. Furthermore, consistent ankylosis resulted with longer and multiple

freezing times

5.2.5 Simulation of orthodontic tooth movement and subsequent

root resorption

Because the tissue destructive characteristics of cryotherapy were used to

initiate an aseptic inflammatory response within the PDL, it was considered that

the model might permit investigation of the cellular aspects of orthodontic tooth

movement and avoid the need for intricate orthodontic mechanical systems.

Orthodontic tooth movement has been described as a force-induced

inflammatory change within the periodontal ligament from which the tissues

ultimately recover (Davidovitch, 1991). The applied orthodontic force, reportedly

detected by strain changes in osteoblasts and osteocytes (Pavlin and Gluhak-

Heinrich, 2001), evokes a complex series of transductive cellular responses in

the PDL and surrounding tissues leading to the release of inflammatory chemical

mediators. The cellular recognition of strain has been hypothesized to come from

any one of a number of molecular, electrical and cellular cytoskeletal events that,

once received, alter the biochemistry of the cell (Dolce et a\.,2002). A signalling

cascade involving receptor activation, initiates secondary messenger generation

and release (Herrlich and Ponta, 1989) and many cytokines, neurotransmitters

and growth factors have been implicated as primary and secondary messengers

(Chow et al., 1998). ldentified as being of imporlance are the prostaglandins

(Sandy et al., 1993), the interleukins (Davidovitch ef a/., 1988), tumour necrosis

factors (Bertolini et a\.,1986), and cyclic AMP (Lowik et al., 1985). By definition,
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forces applied to teeth in order to produce movement have a directional property

(Davidovitch, 1991). The subsequent pressure effects initiated in the PDL would

therefore reflect the direction and magnitude of the applied force and result in a

localized and characteristic pattern of inflammatory change (Linge and Linge,

1ee1).

Williams (1984), and Brudvik and Rygh (1992; 1993a,b), in comprehensive

examinations of the effects of orthodontic force on the periodontal ligament and

root resorption, described a specific PDL sequence of events. Forced

compression of the PDL initiates resorption of the alveolar bone adjacent to

amorphous acellular areas of hyalinization. Root resorption was apparent in their

rat model, 3 d after the application of force, and hyalinization occurred 1 or 2 d

before root resorption became evident. The results of the present study are in

agreement with the aforementioned chronology in so far as resorption was

initiated between 2 and 7 d after freezing injury and further, was associated with

prior hyalinization within the ligament.

ln addition, results of the present study showed a similar chronology and

sequence of events associated with progression and repair of the resorptive

lesion after 14 days. However, Williams (1984) and Brudvik and Rygh (1993a,b)

described resorptive effects in the apical and mid-root areas of the teeth,

whereas resorptive changes were observed in the interradicular and cervical

areas of experimental teeth in animals used in the present study. This could be

explained by the differences in application and directional nature of the insult.
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The periodontal effects of orthodontic forces are dependent on an array of factors

but most commonly on the magnitude and direction of the applied forces and the

resultant compression of the PDL (Rygh, 1973). A pattern of bone resorption and

possibly dental resorption is initiated that reflects the type and direction of tooth

movement (Davidovitch, 1991). Although a somewhat different pattern of

resorption was revealed in the present study, the overall hard tissue responses of

the periodontal structures to thermal insult is recommended as a valuable

method of studying the cells involved while providing a particular advantage in its

ease of application.
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5.3 The chronology of PDL change

The cold thermal insult leading to necrotic and hyaline changes within the PDL

followed a chronology of events. Hard tissue resorption and clast cells were not

immediately apparent in large numbers and at 2 d after cold application no

significant tooth resorption was observed. However, by 7 d, resorption and clast

cell presence was seen in the tooth root areas most affected by the thermal

insult. Clast cell activity therefore, commenced between these time periods as

suggested by Williams (1984) and Moroney ef a/. (1999). After initial response by

precursors in the nearby tissues, clast cells required time to differentiate from

haemopoietic sources and migrate via the vascular system to the area of the

stimulus (Chambers, 2000). Once present, additional time was required for

contact and attachment to the hard tissue surface prior to the production of

proteolytic enzymes and H* ions (Baron, 1989a; 1995). Time scales of 4-5 d

were suggested by Uy et al. (1995) and Moroney ef al. (1999) in in vivo model

systems, and lesser periods for clast cell activation in in vitro model systems

(Lambrecht and Marks, '1996; Quinn et al., 1996).

Tal ef al. (1991) reported that by 30 d following injury, the frozen periodontal

ligament did not differ significantly from surrounding tissues and neither bone

resorption nor ankylosis was seen in the experimental sites. By 14 d in the

present study, clast cell activity was reduced and had all but disappeared by 28 d

when no differences could be seen between the PDLs of control and frozen

molars except for the repaired resorption bays. This indicated that the PDL has

the capacity to recover after an insult, but if the insult is persistent [for example,
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as seen in infected teeth in several experimental animals (Fig. 28)1, clast cell

activity appears to continue and hard tissue resorption increases (Andreason,

1981b; Lindskog et al., 1985; 1988a). This has repercussions in areas of

dentistry such as endodontics and orthodontics. Endodontic therapy requires the

complete removal of any noxious stimuli emanating from diseased pulp

chambers to avoid the likely continuation of periapical tissue damage (Andreasen

and Kristerson, 1981a). Similarly, the continuous nature of force application

during orthodontic treatment has the potential to cause tooth root damage due to

the ongoing inflammation in the periodontal ligament. Although this inflammation

is sterile in nature, Linge and Linge (1991) and Rygh (1992) have shown that the

continuity of the tooth-moving forces and the induced inflammatory state reduces

the likelihood of PDL repair and increases the potential for significant hard tissue

resorption.

The ability of the tooth to repair areas of resorption appeared commensurate with

the level of thermal insult. The short duration, single frequency episodes saw

more rapid repair of resorption lacunae by 14 d, compared with longer and

multiple exposures but tooth repair appeared to have been completed by 28 d,

irrespective of the level of insult. Of significance is the fact that the tooth and PDL

apparently retain an ability to repair themselves provided the insult is no longer

being applied. This was seen in rats 14 d after thermal injury, at which time

resorption activity had diminished or was absent and signs of reparative

cementum deposition were apparent in the lacunae. lt would further indicate that

the cells lining the root either recovered or were replaced following the injury. ln
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two animals where the pulp chamber had succumbed to the freezing injury

resulting in abscess formation and a pulpal influx of inflammatory cells, heavy

osteoclast activity persisted on the root surface and aggressive resorption

remained. The stimulus for the resorption process had likely changed to an

infective one and could no longer be regarded as aseptic. lt indicated, however,

that continuing insult and injury is necessary for the perpetuation of the

resorption process. This is seen in the orthodontic induction of root resorption in

which root damage occurs under the influence of orthodontic loading. Cessation

of orthodontic pressure permits recovery and limited repair of root form (Barber

and Sims, 1981; Langford and Sims, 1982).
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5.4 Ankylosis

Ankylosis was a feature observed in many of the experimental animals (Figs. 21,

26,40 and 112). lts appearance indicated a breakdown in cellular or organic

layers protecting hard tissue surfaces. The action of osteoclasts on bone is

dependent on the resorptive cell's ability to contact and adhere to the mineralized

substrate (Vaes, 1988; Baron et al., 1993; Baron, 1995; Suda et al., 1997).

Osteoid and bone lining cells must be removed from the bony surface prior to

resorptive attack (Baron, 1989a; Zaidi et a/., 1993). lt is conceivable that a similar

mechanism might be applicable to the dental tissues in so far as cementoblasts

and precementum must allow resorptive cell access to dental hard tissue surface

(Sasaki et al., 1990). The freezing of the molar crowns and the transmission of

the thermal insult through the tooth resulted in lining cell and adjacent periodontal

tissue necrosis, followed by resorption effects in hard tissue surfaces. The

observed ankylotic union may therefore be attributed to an effusive reparative

response by unaffected cells and blood vessels in adjacent tissues and alveolar

bone (Andreasen, 1 980a).

In his time-related study of periodontal healing and root resorption in reimplanted

monkey teeth Andreasen (1980a) described two types of ankylosis. The first

occurs in old resorption lacunae where the ankylosis is preceeded by resorption

of cementum and dentine and ultimately results in alveolar bony union with root

structure. The second type of ankylosis is created by the replacement of

periodontal membrane by bone without the prior resorption of cementum.

Alveolar bone is in close contact with an apparently intact cemental surface and
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the respective hard tissues either fuse or are in close approximation, possibly

separated by a thin amorphous layer.

The ankylosis generated in the present study was of the appositional rather than

the replacement type. No histological signs of preceeding or ongoing resorption

were seen in the ankylotic areas although resorption activity was often seen in

neighbouring and adjacent sites. Furthermore, the ankylosis was only

sporadically seen in the animals used in the development of the resorption

model. lt was noted that in animals with teeth frozen for frequent or longer

periods, ankylosis was more likely. However, all animals treated with OPG

displayed ankylotic union of alveolar bone and cementum even though the dry

ice application times were shorter.

It could, therefore, be concluded that ankylosis was dependent upon the severity

of the insult to the tissues. The longer dry ice application times of up to 20 min, in

addition to the multiple applications in many animals, were likely to cause more

widespread damage to the cells and tissues. The following enthusiastic healing

response by the periodontal ligament and surrounding alveolar bone resulted in

hard tissue overgrowth and subsequent fusion but relied heavily on intact

osteoblasts or a bone cell lining layer on the alveolar bone surface (Lindskog ef

a/., 1985) or the rapid differentiation of osteoblast precursors. lf intact bone lining

cells are necessary for bone deposition and ankylotic healing, it might indicate

that the effects of freezing did not penetrate across the periodontal ligament

space and cause necrosis of these cells. Further support for this premise is the
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fact that soft tissues are poor thermal conductors (Craig and Peyton, 1961;

Brown et al., 1970) and that the thermal effects may not have penetrated to

affect alveolar bone and its accompanying cells. The lack of cold penetration was

unlikely given the uncharacteristic experimental pattern of resorption on the

cervical and interradicular bone surfaces and thus it is more likely that bone-

forming cells differentiated and migrated from adjacent unaffected areas.

Previous studies employing a cold thermal stimulus to the periodontal structures

also created ankylosis of a variable nature possibly due to different application

approaches (Wesselink ef al., 1986; Tal and Stahl, 1986). The ankylosis was not

a dominant feature in these studies and was exceeded by the generated

resorption as the long-term effect. Wesselink and Beertsen (1994) suggested

that masticatory function was important in the pathogenesis of resorption and

ankylosis. Although the animals in the present study showed no outward signs of

distress, the frozen molar might have been a source of discomfort and its

participation in mastication avoided. According to Wesselink and Beertsen

(1994) hypofunction would have resulted in less root resorption and a slower

repair of the PDL. The time scales in these studies ranged up to I wk during

which time root resorption and ankylosis were continuing. After 4 wk in the

present study, repair of previous resorption cavities had been completed which

may be related to the lesser intensity of dry ice application compared with liquid

nitrogen or a carbon dioxide gas cryoprobe placed on the soft tissues (Wesselink

et a\.,1986; Tal and Stahl, 1986). lt is likely that the direct cryoprobe application
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to the periodontium likely ensured thermal necrosis of the various tissue

elements and increased the severity of resorption and ankylotic effects.

5.5 The identification of clast cells

5.5.1 Microscopy

5.5.1.1 Light microscopy

Osteoclasts were identified under the light microscope in haematoxylin and eosin

stained sections by their large size, multinucleated appearance and their location

in resorption lacunae on bone surfaces (Fig. 14). The association of these cells

with bone has been the accepted and traditional way of identification (Arey, 1920;

Suda et al., 1992a,b; Baron et al., 1993; Athanasou, 1996). Osteoclast

precursors (reported to exist as mononuclear cells) were extremely difficult, if not

impossible, to identify under routine histology. Mononuclear cells were seen to

accompany and almost surround osteoclasts in their resorption cavities but rather

than precursors, these cells had the characteristics of mesenchymal fibroblasts

or osteoblasts. Multinucleated cells classified as osteoclasts were also seen on

endosteal surfaces of marrow spaces in company with haemopoietic elements

while additional large cells were identified within haemopoietic marrow tissue and

classified as megakaryocytes. The distinction and precise identification of these

large multinucleated cells based on their light microscopic characteristics was

difficult and identification was largely made by their relationship with surrounding

tissues.

Similarly, odontoclasts were identified by their histological relationship with

the tooth root surface. Under light microscopy in haematoxylin and eosin
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stained sections, these cells also appeared as large multinucleated cells

located in resorption lacunae on root surfaces (Fig. 13). Often there were

accompanying and surrounding mononuclear cells. However, under

haematoxylin and eosin staining, no particular distinguishing features could

be detected between osteoclasts, odontoclasts and megakaryocytes.

5.5.1.2 Transmission electron microscopy

Accepted ultrastructural descriptions of clast cells depict multinucleation,

cytoplasmic organelle-free zones, and areas of high organelle mitochondria-rich

content polarized with respect to hard tissue surfaces (Holtrop, 1992; Brudvik

and Rygh, 1995b). However, the most characteristic morphological feature of the

active cell is a ruffled membranous border (Lucht, 1972a).

Multinucleated cells were in abundance in the haemopoietic marrow tissue where

they were classified as megakaryocytes (Figs. 71 and 187). Vast numbers of

multinucleated cells were also observed in the frozen PDL adjacent to hard

tissue surfaces but few contained all of the ultrastructural features associated

with fully active clast cells (Figs. 92 and 101).

While multinucleated, cells associated with experimental resorption lacunae also

possessed high mitochondrial and vacuole content and organelle-free areas in

their cytoplasm (Figs. 97 and 99). However, ruffled border presence adjacent to

hard tissue surfaces was rarely seen in control and frozen PDL and perhaps

indicated that the multinucleated cells associated with resorption were not clast
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cells or were clast cells that had not completely differentiated to a full level of

activity

While Holtrop (1992) indicated thatthe plane of sectioning had a significant role

to play in the ultrastructural appearance of the cell, it was unexpected to identify

only a few ruffled borders in control and experimental tissues.
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5.5.2 Enzyme histochemistry

5.5.2.1 Succinic dehydrogenase

The blue positive staining reaction seen in tissue sections is a consequence of

the complete chemical reduction of nitro blue tetrazolium (BT) to a diformazan at

sites of highest enzymatic activity (Seligman and Rutenburg, 1951). lf the

reduction potential is low a purple colour is seen as the BT is incompletely

reduced to a monoformazan. However, it is worthy to note that other factors are

involved in the demonstration of succinic dehydrogenase in tissues. Fixation of

tissues, particularly with formaldehyde, completely destroys enzymatic activity

and so unfixed cryopreserved tissue is essential (Puchtler and Meloan, 1985).

The current study followed the guidelines established by Takimoto ef a/. (1966)

who examined the presence of succinic dehydrogenase in the periodontal

ligament of rats undergoing orthodontic treatment. Thick frozen sections were

employed to preserve enzyme integrity after decalcification in EDTA at neutral

pH.

As well as fixation, the temperature of enzymatic activity has been shown to be

important. Succinic dehydrogenase activity is enhanced at 37'C but according to

Seligman and Rutenburg (1951) is destroyed at 50"C or reduced if tissues are

stored at 4"C for lengthy periods. The conventional processing of tissues for

histological examination is therefore inappropriate as the heat generated by

paraffin embedding denatures the enzyme (Pearse, 1972). ln addition, it was

expected that the thermal insult to the dental tissues might have an influence on

enzyme activity but perhaps in a beneficial way. The positive staining results
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indicated that succinic dehydrogenase activity was preserved by the

experimental procedures and processing employed.

It has previously been shown that osteoclasts are involved in the process of

orthodontic tooth movement (Rygh, 1992) and they also exhibited succinic

dehydrogenase activity (Burstone, 1960; Balogh, 1963; Fullmer, 1964).

Subsequently, Takimoto ef al. (1966) established that enzyme histochemistry

utilizing tetrazolium, rather than routine histological haematoxylin-eosin staining,

more clearly distinguishes osteoclasts from other tissue elements.

The current study confirmed the findings of Takimoto ef a/. (1966), as large blue-

purple staining cells were evident along resorbing bone surfaces. ln addition,

positive staining was also seen in large cells along dental resorption surfaces

induced by the thermal insult. lt was further evident that only large cells were

stained which implied that the functional status (involving succinic

dehydrogenase activity in the citric acid cycle) was possibly not achieved until

clast cell maturation was advanced.

Whereas multinucleation has been suggested as an indicator of osteoclastic

activity, Jones and Boyde (1988) considered that the hard tissue resorbing

capability of osteoclasts was enhanced by an increase in nuclear numbers.

Although nucleation was not clearly visible with the staining protocol employed,

the present study revealed succinic dehydrogenase activity was associated with

large cells on hard tissue surfaces. A chronology of events indicated that
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succinic dehydrogenase activity relating to root resorption was maximal at the 7

d time frame and was not apparent at the 2 d period. At 14 d after the insult,

succinic dehydrogenase activity was diminished on tooth surfaces as the

resorption cavities were undergoing repair.

It is likely that the succinic dehydrogenase staining in the present study was seen

in active clast cells due to their increase in mitochondrial content. Lucht (1972b)

showed ultramicroscopically that clast cells contained high numbers of

mitochondria to fulfil their energy requirements and hence it would be expected

that succinic dehydrogenase staining would be intense. lt is suggested that

succinic dehydrogenase label is a reliable morphological marker for clast cell

activity provided that cryo-preparation techniques are adopted. As no differences

in staining properties were noted, osteoclasts and odontoclasts were identified as

similar cells as far as succinic dehydrogenase activity was concerned.

5.5.2.2 TRAP labelling

TRAP labelling enabled the detection of acid phosphatase in large osteoclasts

and verified their presence along resorptive bony surfaces (Figs. 32 and 33). All

of the TRAP-positive multinucleated cells were in association with bony

resorption lacunae and appeared to match the histological distribution.

Mononuclear cells exhibiting TRAP staining characteristics were also associated

with bony surfaces but were additionally identified in the PDL and neighbouring

connective tissue (Fig. 35). Positive TRAP staining was also associated with the

multinucleated cells in root resorption bays (Fig. 34).



Discussion 276

The enzyme histochemical staining of TRAP has been reported to be a reliable

marker for clast cell activity (Minkin, 1982; Andersson et al., 1989; Athanasou,

1996; Suda et a\.,2001). However, Hattersley and Chambers (1989b) doubted

TRAP's usefulness and Modderman et al. (1991) indicated that macrophages

also attained TRAP properties indicating that the reliability of TRAP labelling in

osteoclasts is not absolute. TRAP specificity has been further questioned by

Halleen et al. (2000) who indicated that two forms exist. Dependent on the

presence of sialic acid, the "5b" form of TRAP is localized to clast cells while the

"5a" form is derived from other sources. Bonucci and Nanci (2001) indicated that

TRAP is a typical non-specific marker for osteoclasts that could also be found in

osteoblasts and macrophages.

The present study identified TRAP activity in cells involved in root resorption

caused by sterile inflammatory degeneration, using naphthol AS-BI phosphoric

acid as a substrate and basic fuchsin as a coupler. Cells that were tartrate

sensitive did not form precipitates, while those that were tartrate resistant

coupled with the substrate to form a red precipitate against a background stain of

Fast Green. Both TRAP-positive mono- and multi- nucleated cells were observed

in the resorption lacunae on root surfaces, alveolar bone and in the bone marrow

as well as in the PDL. lt was evident that large multinucleated osteoclasts and

odontoclasts in resorption lacunae stained similarly.

Cole and Walters (1987) reported that the use of 50mM L(+) tartaric acid as an

inhibitor and a fixative solution containing formaldehyde would suppress cells
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containing tartrate-sensitive ac¡d phosphatase such as leukocytes, red blood

cells and monocyte-macrophages. This led to the assumption that only clast cells

and their precursors would stain positively for TRAP (Brudvik and Rygh, 1993a).

The TRAP-positive mononuclear cells found in bone marrow and dental

resorption bays were believed to be members of the mononuclear phagocyte

system and therefore probable precursors of osteoclasts (Baron ef al., 1986;

Athanasou, 1996).

TRAP-positive cells were found in the PDLs of both control and experimentally

frozen teeth. The freezing of teeth may have caused cell death of osteoclast

mononuclear precursors that arise from within the periodontal ligament.

Consequently, a second population of cells could have arisen from neighbouring

healthy tissue and claimed responsibility for the resorption observed. A possible

lineage may include monocyte-macrophages, as this cell line could represent a

population of TRAP-positive mononuclear cells found in root resorption lacunae.

The macrophage has been shown to degrade bone matrix under some

circumstances (Mundy ef al., 1977; Fallon et al., 1983). Furthermore, Brudvik and

Rygh (1993a) observed mononuclear cells near the cementum 1-2 d after

experimental tooth movement, suggesting that these were fibroblast-like cells

which may have a role in non-clastic root resorption. Alternatively, the relatively

small percentage of lacunae containing TRAP-positive cells may be partly

explained by the post-freezing observation periods selected for this study.
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Considering that ankylosis and reparative cementum were often observed within

lacunae at the 7 d post-insult period but more particularly at 14 d post-insult, it is

feasible that resorption activity had ceased, and clastic cells had been replaced

by reparative cementoblasts and fibroblasts. This is further supported by the

finding that TRAP activity was not seen in areas of ankylosis where bone

deposition rather than resorption was occurring.

The observation of TRAP activity in resorption bays of control unfrozen molars

was an occasional finding. lt is likely that this surface resorption was physiologic

in nature and normal for these animals. lt may also be possible that the

experimental teeth were sensitive after the application of cold, and that the

contralateral side was preferred for mastication. The stressed animal may

therefore have placed higher loads on control teeth, resulting in the observed

resorption pattern.

TRAP reactivity appears to be a relatively late occurrence in the differentiation

pathway and mononuclear cells repoftedly stain just prior to multinucleation.

Hence acid phosphatase production is apparently a late event in clast cell

development in preparation for their involvement in the resorption process. This

may account for the small number of TRAP-positive mononuclear cells in the

frozen PDL adjacent to resorption lacunae containing multinucleated TRAP-

positive cells. lt is suggested that TRAP labelling as a cell marker would appear

more reliable during the later stages of clast cell differentiation when maturation

and resorptive capabilities had been acquired.
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Takahashi et al. (1999), in a discussion of osteoclast differentiation and function,

indicated that resistance to tartrate was acquired prior to fusion and

multinucleation. This took place after OPGL/OPG interaction and the stimulation

of NF-kappa B via a cJun N-terminal kinase pathway within the osteoclast (Collin-

Osdoby et al., 2001). The stimulation of NF-kappa B plays an important

transcriptional role in the development of clast cell characteristics such as

multinucleation, size increase and the appearance of a ruffled border (Ghosh ef

a/., 1998).

The present study confirms that TRAP staining occurs in mono- and

multinucleated cells associated with hard tissue resorption lacunae. The finding

that few mononuclear cells showed activity supports previous evidence that

TRAP activity is a late characteristic in clast cell differentiation. lt is further

concluded that TRAP activity is less likely when bone deposition is occurring,

such as in areas of hard tissue repair and ankylosis.
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5.5.3 lmmunolabelling studies

The immunolabelling process relies on the specific attraction of (manufactured)

antibodies to cellular antigens (Beesley, 1993). The antigens (haptens) must be

exposed and available (unmasked) for reaction and the antibody must be in an

optimal concentration to prevent unnecessary and unwanted background stain

(Mighell et a\.,1998). Experience and mastery of the complexities and subtleties

of the technique overcomes many problems and limitations that often diminish

the full potential of this powerful research tool, Mighell et al. (1998), and

McNichol and Richmond (1998) reported that particular attention should be given

to tissue fixation, antigen retrieval, appropriate controls, the considered

interpretation of staining patterns and the correct selection of the primary

antibody as factors governing success. However, any and all procedures in the

tissue processing and labelling protocols have the potential to deny labelling

success (Boenisch, 1 989).

The immunolabelling protocols employed in the present study were identified as

fastidious. lnitial uncertain and equivocal results produced by a number of the

antibodies placed doubt on the entire protocol. ln order to test immunolabelling

methods, AE1/AE3 antibody was used. AE1/AE3 is known to label the

cytokeratin of epithelial cells (Tseng et al., 1982) and to be revealed with a

streptavidin-biotin peroxidase detection method (Leedham, 1990). The success

of AE1/AE3 label (Figs. 78 and 79) provided confidence that, for at least this

antibody, the described protocols were appropriate and suggested that the

protocols might also be suitable for the other antibodies under consideration.
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Despite these precautions, not all antibodies used to identify clast cells in the

present study were successful even though past reports had indicated the

likelihood of success. Anti-cathepsin L, anti-carbonic anhydrase ll and anti-CD61

antibodies did not label their respective clast cell antigens even though all had

been previously shown to label routinely-fixed human tissue (Athanasou, 1996).

Results of CD13, CD15 and CD45 labelling provided equivocal results and no

meaningful conclusions could be drawn.

5.5.3.1 Effects of tissue processing on antigenicity

o Fixation

A vital prerequisite of all histological and cytological techniques is the

preservation of cells and tissues in as reproducible and life-like state as possible

(Farmilo and Stead, 1989). Fixation prevents tissue autolysis by inhibiting

lysosomal enzymes and further, prevents the growth of micro-organisms

(Hopwood, 1969). In orderto achieve this goal tissues are either immersed in a

fixative fluid or, if rapid fixation is required, tissues are perfused via the animal's

circulation. Because adequate fixation is essential and immersion of specimens

in fixative solution depends on tissue permeability, thickness and time for

success (Hopwood, 1969), perfusion fixation was selected for the present study.

Fixation of the rat's head and neck via carotid artery cannulation was

challenging. Fixation was almost immediate once entry and injection into the

artery was achieved; however, the time limit was short before vasospasm of the

partially severed vessel made cannulation extremely difficult. lntracardiac



Discussion 282

perfusion was a comparatively simpler procedure if the entire animal needed to

be fixed, and was routinely employed as carotid cannulation became increasingly

more demanding.

ln performing their preserving and protective role, fixatives stabilize proteins by

coagulation, by forming additive compounds, or by a combination of the two

processes (Werner et al., 2000). Following these reactions, conformational

changes are likely in the structure of proteins which may cause the inactivation of

enzymes. The resulting complexes may therefore differ from the unfixed proteins

and the dilemma of fixation remains the necessity to introduce an artifact in order

to produce a protective effect (Fox ef a/., 1985; Fox and Benton, 1987). By so

doing, the chemical and the antigenic nature of the tissues under examination

may be altered (Berod et al., 1981 ).

ln addition to altering the chemical nature of the cells and tissues to which they

are applied, fixatives also cause physical changes to cellular and extracellular

elements (Hopwood, 1969; f 985). Viable cells are encased in an impermeable

membrane; however, fixation breaks down this barrier and allows relatively large

molecules to penetrate and escape (Beesley, 1993). Furthermore, the cytoplasm

undergoes essentially a sol-gel transformation and forms a proteinaceous

network sufficiently porous to allow further flow of large molecules. lmportantly,

different fixatives cause different levels of porosity that then have a bearing on

immunochemical demonstration of all but the most supedicial cellular antigens

(Farmilo and Stead, 1989).
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Tissue preservation for immunolabelling is therefore a compromise, as good

fixation and adequate antibody penetration are often opposed to each other

(Rainbow, 1994). However, many immunolabels have been designed for use in

tissues that have been fixed with formaldehyde due to the widespread use of this

fixative in pathology (Fox et al., 1985; Athanasou, 1996; Mighell et al., 1998)'

Also, much archival material is then available for examination. Formaldehyde

fixes by reacting primarily with basic amino acids to form cross-linking methylene

bridges (Helander, 2OO0). Subsequently there is relatively low permeability to

macromolecules and the structures of intracytoplasmic proteins are not

significantly altered (Werner et a\.,2000).

Routinely prepared human pathology specimens that used formaldehyde as the

primary fixative have permitted an immunological examination of the antigenic

profiles of osteoclasts (Athanasou et al., 1986; 1991; Athanasou, 1996). Fixation

in the current study employed Zamboni's solution (Zamboni and De Martino,

1967) which has paraformatdehyde as its base. According to Glauert (1975),

paraformaldehyde is a weaker fixative compared with formaldehyde as it

produces fewer cross-links and is less likely to mask tissue antigens in

comparison with other aldehydes. However, formaldehyde is derived from

paraformaldehyde which has therefore become a widely used

immunohistochemical fixative (Robertson et al., 1963; Fox and Benton, 1987).

Some antigens are not well demonstrated after formaldehyde fixation but may be

revealed after enzyme digestion (Maclntyre, 2001). Proteolytic digestion
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compensates for the impermeable nature of non-coagulant fixatives by "etching"

the tissue and allowing hidden epitopes to be exposed (Cattoretti et al., 1993).

Trypsin cleaves amino acid chains adjacent to arginine and lysine and was the

enzyme of choice for the present study because of its high reactivity with

formaldehyde (Battifora and Kopinski, 1986). In addition, enzyme digestion of the

tissues prior to immunolabelling was the retrieval technique recommended by the

manufacturers of many of the antibodies employed.

The success of immunolabelling with monoclonal antibodies applied to formalin-

fixed paraffin-embedded tissues depends on three considerations. lt is imperative

to know whether formaldehyde reacts with the epitope under investigation or

whether it reacts with adjacent amino acids causing a conformational change.

Thirdly, the temperature of histological processing in paraffin wax may destroy

the epitope being examined (Mighell et al., 1998). Failure in any of these areas

may be one of a number of possible reasons why negative results were produced

by the some of the antibodies employed in the current study.

. Decalcification

Decalcification involves the removal of calcium salts from specimens and in the

present study EDTA was chosen for this purpose. EDTA acts via a chelation

process that is reported to preserve tissue antigenicity even after long periods of

decalcification (Mukai et al., 1986). Matthews (1982) and Matthews and Mason

(1984) indicated that neutral EDTA or 10% formic acid produced optimal

immunostaining after trypsinization of sections. EDTA decalcification did not
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interfere with cytokeratin immunolabelling from inner ear tissue (Tonnaer et al.,

lggo), lymphoid cell immunolabelling from inflammatory tissue (Jonsson et al.,

1986) or neuropeptide staining in spinal cord tissue fixed with Zamboni's solution

(Wakisaka et al., 1986). Athanasou et al. (1987b) and Mullink et al. (1985)

compared the usefulness of various decalcifying agents, excluding EDTA, prior to

immunohistochemical staining. All decalcifying methods employed preserved

antigenicity but some were better than others. However, Bjurholm ef a/. (1989)

indicated that EDTA is preferable compared with other methods, particularly after

fixation with formaldehyde and picric acid. lt was therefore with confidence than

EDTA was currently used for the gentle removal of calcium salts from dental and

neighbouring bony hard tissues.

o Tissue processing

It has been reported that tissue processing has little effect on the

immunoreactivity of most tissue antigens (Rainbow, 1994). Dehydration and

clearing of the specimens leaves the tissues unaffected although Matthews

(1981) reported that labelling intensity is increased with less background if

chloroform instead of xylene is used as the clearing agent. Antigenicity has

reportedly been reduced by embedding tissue in hot paraffin wax which forced

Sheibani and Tubbs (1984) to recommend that high temperatures be avoided.

Low melting point waxes were used in the present study but it is imperative that

processing and embedding techniques are standardized and consistent.

Automatic processors were employed whenever possible and reagents changed
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regularly in order to achieve this aim. Once labelling success was realized, as

depicted with AEl/AE3 and ED1 staining, protocols were then rigidly followed.

5.5.3.2 Theavidin-biotin-peroxidasecomplex(ABC)method

An immunoperoxidase procedure for localizing a variety of tissue antigens was

established by Nakane and Pierce (1967). Visualization of the peroxidase was

achieved by the use of substrate to produce a coloured reaction product

(Nakane, 1968). The immunolabelling method employed a biotinylated secondary

antibody and an avidin-biotin enzyme complex and has therefore been termed

the "ABC" technique. Because avidin has an extraordinarily high affinity for biotin,

the binding of these two proteins is deemed to be irreversible (Hsu et a|.,1981).

ln addition, avidin has four binding sites for biotin and most proteins including

enzymes may be conjugated with several molecules of biotin to produce

macromolecules (Jackson and Blythe, 1993). The form and number of active

enzyme molecules associated with the complex and the rapid, irreversible

interaction of the complex with the biotinylated antibody is thought to account for

the high sensitivity of the technique (Wilchek and Bayer, 1989). For this reason,

as well as the method's efficiency and low background stain production, it was

the immunolabelling protocol selected for the current study.

Successful labelling was identified as a positive brown diaminobenzidine (DAB)

stain over tissues under examination. The DAB acted as a substrate for the

horseradish peroxidase enzyme that was linked to the streptavidin (Boenisch,

1989). This was readily identified from a light counterstain of blue haematoxylin.
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The procedural steps in the ABC technique involve the incubation of the section

with the primary antibody raised against the antigen of interest. A biotin-labelled

secondary antibody is added which has been raised against the first antibody.

The avidin-biotin enzyme complex is then introduced which binds to the

biotinylated secondary antibody. The final step localizes the tissue antigen by the

incubation with a substrate (DAB) for the enzyme. To eliminate any non-specific

adsorption of the primary antibody, a blocking procedure is considered

necessary. This could take the form of dilute serum from the same species as the

biotinylated secondary antibody but in the present study involved the use of

hydrogen peroxide in methanol to block endogenous peroxidase. Endogenous

peroxidases produce reaction products with DAB and routine blocking of these

enzymes is recommended when using peroxidase detection methods (Fahimi,

1979; Strauss, 1979).

5.5.3.3 KPl antibody

KP1 (CD68) was selected and currently used in an attempt to identify

macrophages and osteoclasts in the experimentally frozen periodontium that had

been fixed in formalin and embedded in paraffin. Dental tissues were not reactive

with the antibody although liver, which was being used as a positive control

tissue, labelled under a low antibody concentration (Figs, 41 and 42).

Unfortunately, negative control liver tissue also labelled (Fig. 44) even when the

primary antibody was omitted from the staining protocol. While it was considered

that the anti-human KP1 was not reactive in the rat tissues, it was likely that the

avidin-biotin complex detection technique labelled endogenous biotin found in
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liver. Liver contains a high level of biotin (Van Noorden, 1993) and the

biotinylated secondary antibody in the detection system produced disappointingly

false labelling results. No anti-rat KP1 monoclonal antibody was commercially

available and, consequently, this immunolabel was discarded as a viable and

useful marker for rat macrophage/clast cell activity under the conditions of this

study. lt was concluded that KP1 antibody is inappropriate with the ABC

technique, and that other detection systems need to be tried.

5.5.3.4 Anti-GD13 antibody

The anti-CD13 antibody, as a myeloid cell marker, reacts with a variety of cell

types possibly explaining why the label present in the experimentally frozen PDL

appeared widespread and poorly localized (Fig. 75). While it was intended that

this antibody identify clast cells, the proximity of other types of cells within the

PDL resulted in the poor and therefore unreliable specificity of the label.

Microwave antigen retrieval in citrate buffer failed to improve labelling even

though it is recommended by Taylor et al. (1996). Koch et al. (1990) determined

that positive staining was possible using methanol-Carnoy's fluid fixation with

paraffin tissue embedding. Formalin-fixation and paraffin embedding are not

suitable and provided a likely reason for the uncertainties of labelling. ln addition,

the anti-human CD13 antibody used in the present study is repoÍed by the

manufacturers as unreactive in rat tissues (Serotec, 1999). No positive

information could be deduced regarding clast cells from the current results.
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Therefore the usefulness of anti-CD13 antibody as a clast cell marker was

diminished and considered unsuitable for routine clast cell identification.

5.5.3.5 Anti-GD15 antibodY

The anti-CD15 antibody as an immunolabel is useful for the identification of

promyelocytes, monocytes and mature granulocytes (Nakayama et a\.,200'1). ln

the present study, weak staining was achieved in rat tissues even though the

antibody was prepared against human tissues. An extremely light anti-CD15

immunolabel was evident in large cells that were in close relationship with

resorption lacunae on root surfaces. Macrophages were strongly and positively

labelled in human skin which was processed as a positive control tissue at the

same time as experimental tissues were labelled. lt would appear that there is

some species cross-reactivity between human and rat CD15.

Cellular morphology under anti-CD15 immunolabelling was unclear and

identification proved difficult. However, cells on hard tissue surfaces were large

and of clast cell dimensions which provided weak morphological evidence

relating monocytes, macrophages, clast cells and resorption. While the CD15

antigen was weakly labelled in cells on hard tissue surfaces (Fig. 76), so too

were adjacent cells within the PDL. Labelled cells were most likely attributed to

the influx of inflammatory cells as a result of the cold thermal stimulus. The

reliability of anti-CD15 antibody as a marker for clast cells was therefore

considered not absolute.
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5.5.3.6 Anti-catheps¡n L, anti-CD61, and anti-carbonic anhydrase ll

antibodies

Anti-cathepsin L, anti-CD61, and anti-carbonic anhydrase ll antibodies failed to

immunoreact with the dental resorbing tissues (Fig. 77). All had been designed

against specific functional antigens related to clast cell activity. Anti-cathepsin L

antibody was directed against a secreted enzyme reported to be essential for the

dissolution of collagen and elastin at an acidic pH (Chapman ef a/., 1997). Anti-

CD61 antibody was intended to react against a cell adhesion molecule termed

the Fs integrin (Nesbitt et al., 1993), while the carbonic anhydrase ll antibody was

directed at the intracellular, mitochondrial enzyme involved in the dissociation of

carbonic acid and the production of H* ions (Gay and Mueller, 1974; Blair et al.,

1989; Lehenkari et a\.,1998). Because of their involvement with the physiology of

the osteoclast these antibodies were selected as specific markers of this unique

cell (Athanasou, 1 996).

Tissue processing steps may have interfered with the antigenic profile of clast

cells and rendered antigenic sites unavailable to these antibodies. Even with

antigenic unmasking procedures involving either the microwaving of sections in

citrate buffer or the trypsin digestion of tissues, the control and experimental

tissued remained unreactive to the three antibodies. Since the labelling

procedures had previously been shown to work in humans (Athanasou, 1991;

1996), it was possible that a lack of antibody species cross-reactivity played a

potential role in the negative results. The anti-cathepsin L antibody was raised in

goat against mouse antigens and although some species tolerance exists
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between mouse and the rats used in the current study, labelling is not assured

(Rainbow, 1994). Recently, however, Drake et al. (1996) reported that cathepsin

K was more abundantly expressed in osteoclasts compared with cathepsins B, L

or S and therefore might be a more suitable marker.

The available carbonic anhydrase ll antibody employed in the present study was

raised in mice against human antigens which could produce cross-species

incompatibilty problems and explain the failure of the label (Boenisch, 1989).

The anti-CD61 antibody was raised in mouse against rat antigens and was

considered the most likely to be successful. Despite using many different

antibody titres, no labelling was seen and no specific reason could be advanced.

5.5.3.7 ED1 antibody

EDl is one of a family of monoclonal antibodies that recognizes different but

specific antigens on lysosomal membranes of mononuclear phagocytic cells

(Damoiseaux ef al., 1994). These authors further reported that the immunolabel

is strongly specific for macrophages rather than other cell types containing

lysosomes. ED1 antibody was assessed as being a useful marker for the

identification of cells from the monocyte/macrophage lineage provided that tissue

antigenic properties remained unaltered throughout cell differentiation and also

during the later histological processing of tissues. lt was further considered that

osteoclasts and odontoclasts, as more highly differentiated cells along the

monocyte-phagocyte pathway, would also label with this antibody.
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Results indicated that formalin-fixed paraffin-embedded rat tissues positively

reacted with ED1 antibody after antigen unmasking using enzyme digestion of

tissues with trypsin. Strong positive labelling, with minimal background stain, was

found to occur in control (Fig. 60) and experimental molar periodontal tissues

(Fig. 64) as well as spleen tissue as an immunological control (Fig. 51). ln

addition, immunological control tissue to which primary antibody was omitted in

the labelling protocol, failed to react (Fig. 52) and hence the ED1 labelling was

viewed with confidence.

The cytoplasm of large multinucleated cells was identified along resorptive bone

and root surfaces using ED1 label (Figs. 67 and 69). ln addition, heavily staining

mononuclear cells were seen in the PDL apparently unassociated with bone

surfaces (F¡g. 6a). The distribution of the positively labelled cells in the PDL was

not uniform as clusters of cells gathered in areas of inflammation (Fig. 63). lt was

clear that the number of cells labelling with EDl was high in the PDL and

neighbouring hard tissues indicating that cytoplasmic lysosomal content in these

cells was also high. This confirms the results of (Lucht, 1972b) and others who

have shown ultrastructurally that clast cells possess a high vacuole and

lysosomal content.

The pattern of EDl label indicated that macrophage-related cells were widely

distributed throughout the experimentally-frozen periodontium and surrounding

alveolar bone. Mononuclear cells were located within the PDL, while larger,

positively-staining multinuclear cells were found adjacent to hard tissue surfaces
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undergoing resorpt¡on. ln addition, the intense labelling of cells in the marrow

spaces (Fig. 71) strongly suggested a haemopoietic association between these

and the large hard tissue-related cells in resorption zones. lt is possible, and

even likely, that the clastic cells resorbing bone and tooth originated from the

same source. Proof that osteoclasts and odontoclasts are the same cells has

always resided in their similar morphological appearances (Jones and Boyde,

1988) and functional attributes (Lucht, 1972a,b) as well as their positive tartrate-

resistant acid phosphatase staining (Andersson and Marks, 1989). The positive

ED1 staining in the periodontal tissues indicated that haemopoietic cells,

osteoclasts and odontoclasts possessed the ED1 antigen thereby accentuating

the strong, positive link between these cell types, and further supporting the

concept that they emanate from the same differentiation pathway.

Vandevska-Radunovic ef al. (1997) evaluated the number and distribution of

immunocompetent cells in the normal and orthodontically-affected periodontium.

Examination of serial cryostat sections to which a variety of monoclonal

antibodies directed against macrophages, dendritic cells and other cell members

of the immune system had been applied revealed that experimental tooth

movement attracted cells of the mononuclear phagocyte system rather than other

immunological cell types. An additional study by Jäger et al. (1993), utilizing ED1

and ED2 on the periodontium of orthodontically-moved teeth, revealed a positive

reaction to the ED1 antibody on both test and control specimens with

macrophages, osteoclasts and odontoclasts identified in the stressed PDL.



Discussion 294

ED1 has also been used to examine the pathogenesis of rat periapical lesions.

By using immunohistochemical techniques, Akamine ef al. (1994a,b) investigated

the localization of macrophages and plasma cells around infection-induced

periapical lesions and reported that macrophages had a close relationship with

bone destruction. This association was also indicated by Sminia and Dijkstra

(1986) following an examination of mononuclear phagocytes in embryonic rat

bone. Furthermore, hard tissue resorption was shown to be directly mediated by

inflammatory cells (Sabokbar et al., 1997) based on the release of osteolytic

cytokines by heavy macrophage response to biomechanical wear in cases of

failed hip replacements. The ED1 labelling of mononuclear cells responding to

cold thermal necrosis of the cervical and interradicular PDL implicates

macrophages and provides further evidence of their intimate association in the

processes of bone resorption and remodelling or at least in the associated

inflammatory mechanisms.

Although ED1 identified mononuclear inflammatory cells in the present study, it

had been previously shown that there are cytochemically distinct macrophage

populations related to the state of inflammation induced (Beelen and Walker,

1983). Beelen et al. (1987) further reported that ED1 is a general rat macrophage

marker but that other ED labels exist for specific types of macrophages related to

other tissues. Since ED1 is a lysosomal antibody, it is therefore possible that

specific macrophages, with varying functions depending on their lysosomal

activity and content, are attracted to the dental resorption site.
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Additionally, it has been suggested that marrow derived giant macrophage

polykaryons migrate to nearby hard tissue surfaces to initiate resorption

(Stutzmann et al., 1980). Moreover, the large number of immunopositive

mononuclear cells identified within the periodontal ligament might continue to

differentiate into large multinuclear clastic cells for the same purpose (Sabokbar

et at., 1997). Although both mechanisms for clast cell derivation within the

periodontal ligament are possible, more highly specific differentiation labels

would be required in order to provide conclusive evidence.

The high number of ED1-labelled cells suggested that it is likely that labelling

occurs early in the differentiation pathway and persists until multinucleation and

resorption activity commences. lt has been considered that ED1 is suitable for

the study of PDL remodelling because it demonstrates a clear positive reaction

with macrophages, osteoclasts and odontoclasts (Jäger et al., 1993). TRAP

labelling occurring later in the differentiation cycle and involving mono- and multi-

nucleated cells was promoted as a sign of maturity (Oddie et al., 2000) and

governed by the secretion of RANKL and M-CSF (Rani and MacDougall, 2000).

Succinic dehydrogenase reactivity appears to be a later event which involves

large cells actively engaged in resorption and attached to hard tissue surfaces. A

schematic representation of the likely sites of label influence appears in Diagram

6 below.
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5.5.4 Are osteoclasts and odontoclasts the same cells?

It is generally accepted that both odontoclasts and osteoclasts are similar cells

and are derived from the same mononuclear progenitor haemopoietic stem cells

(Chambers, 1980; 1988; 2000; Mundy and Roodman, 1987; Quinn et a1.,1996).

However, controversy over the identity of these cells has reigned for some time

with the consensus being that they are the same (Jones and Boyde, 1988). Their

names are derived from the substrate to which they are associated and the

biochemical make-up of their associated hard tissues might realize a possible

difference between the two cell types. Organic matrix and inorganic calcium salt

content differs between tooth and bone and may promote a functional

dissimilarity between the two cells (Slavkin, 1988; Sodek and McKee, 2000,).

Odontoclasts have been reported to be insensitive to the effects of parathyroid

hormone whereas osteoclasts are stimulated into resorbing bone (Freilich, 1971).

Takahashi et al. (1988) developed a mouse marrow culture model that induced

mononuclear precursors to differentiate into odontoclast- and/or osteoclast-like

multinucleated cells that resorbed hard tissue. Cell differentiation was facilitated

by the addition of calcium-regulating hormones (parathyroid hormone,

l,2S,dihydroxyvitami¡ Ds) into the culture media which attempted to simulate

physiological mechanisms of calcium homeostasis.

Sasaki et al. (1988a,b) showed that odontoclasts developed a ruffled border only

when they were in direct contact with mineralized tooth surfaces in vivo and in

vitro. After multinucleation, ruffled borders were not seen in cells out of contact
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with root surface. To a degree, this finding was supported by the results of the

present study. Many multinucleated cells were in evidence near root surfaces.

These cells often presented a polarized cytoplasmic appearance as well as clear

areas (Figs. 97 and 98). However, other multinucleated cells were clearly

associated with resorption lacunae on root surfaces but showed no signs of a

ruffled border (Fig. 100). This finding may be explained by a timing sequence in

which ruffled borders had not yet been able to form but does not explain the fact

that the detection of odontoclast ruffled borders ultrastructurally was the

exception rather than the rule.

Sahara (1998) indicated that odontoclasts, in distinction to osteoclasts, became

multinucleated after adherence to tooth surfaces. Their studies of exfoliating

deciduous teeth revealed a different pattern of morphologic change compared

with osteoclast differentiation. Although Baron et al. (1986) reported otherwise,

most osteoclast research indicates that these cells became multinucleated prior

to attachment to bone surfaces (Väänänen, 1996; Roodman, 1999) after which

ruffled border formation occurs. Sahara et al. (1996) indicated that odontoclasts

behave differently and undergo morphologic changes after hard tissue

attachment.

This view could not be supported by the findings of the current study.

Multinucleation was a feature of the unattached cells in the vicinity of root and

alveolar bone surfaces of thermally-insulted molars. This observation invites

speculation as to the origin and identity of these cells. One concept suggests that
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all cells in the inflammatory area might be osteoclastic in nature, and that they

arise from vital haemopoietic tissue in bone marrow spaces. Supportive evidence

for this theory is the high number of multinucleated cells found within the bone

marrow spaces adjacent to the zone of inflammation. These cells may have

migrated via the vascular route of reparatory blood vessels into the hyalinized

tissue preparatory to the initiation of resorption. TRAP label revealed staining in

marrow spaces and along both hard tissue surfaces (Fig. 32) while ED1 label

was heavy in the three areas (Figs. 69). lf the source of the multinucleated cells

located in the PDL is of bone marrow tissue origin, there would be no expected

differences between the cell types. The multinucleated cells associated with both

bone and tooth would therefore be similar and capable of resorbing both tissues,

and variations might be explained by substrate composition.

Examination of the ultrastructure of the cells resorbing hard tissues in the frozen-

tooth model indicated that few attain all of the morphological features

characteristic of the fully-functioning clast cell. ln none of the sections and

electronmicrographs examined was there any evidence of a ruffled border on the

mono- and multi- nucleated cells associated with the resorption lacunae. Ruffled

borders are considered a plasma membrane specialization associated with

active clast cells (Lucht, 1972a). Clear zones are also found in active clast cells

but are also reported to exist in macrophages in contact with bone or cartilage

(Rifkin et al., 1979). As clear zones are believed to be an attachment mechanism

they are not unique to a specific cell type. According to Rivkin et al. (1979), a

correlation between macrophage-mediated bone resorption and the
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ultrastructural appearance of macrophages showed that these cells apparently

engulfed mineralized matrix without the assistance of a ruffled border thus

providing evidence supporting non-clast cell mediated resorption of calcified

tissue.

The concept that macrophages are involved in bone resorption is not new.

Mundy et at. (1977), Kahn et al. (1978) and Mundy (1983) provided evidence that

linked macrophages with the release of bone mineral and matrix from long bones

of foetal rats rn vitro. These effects were inhibited by cortisol as an anti-

inflammatory agent, but were not altered by hormones that normally stimulate

osteoclastic bone resorption. ln addition, macrophages may be important

participants in alveolar bone remodelling by digesting released matrix molecules

(Dorey and Bick, 1977a,b). lt was further proposed that hard tissue resorption

requires two different types of cells (Heersche, 1978). The osteoclast was

reportedly responsible for the removal of bone mineral while a mononuclear cell,

presumed to be a macrophage, was responsible for the removal of bone matrix.

ln addition, macrophages were identified in apposition to resorbing alveolar bone

in experimental periodontitis (Rifkin and Heijl, 1979) suggesting that these

mononuclear cells complimented the action of osteoclasts by ingesting and

degrading matrix molecules. However, no evidence of morphologic differentiation

of the macrophages into osteoclasts during bone resorption was provided.

Evidence supporting the differentiation of macrophages into osteoclastic bone

resorbing cells was provided by Sabokbar ef al. (1997), and Chun ef a/. (1999)
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who examined arthroplasty-derived macrophages with TRAP and antibody

labelling. The failure of joint replacements was attributed to osteoclastic change

in macrophages attracted to the site by foreign body wear particles from the

prosthesis. In contrast with other macrophage populations M-CSF was not

required for the osteoclastic change to occur but the resulting osteolysis caused

prosthesis failure. This study highlighted the fact that areas of pathology adjacent

to bone have the potential to cause osteolysis due to an osteoclastic change in

the macrophages involved.

Brudvik and Rygh (1993a) were the first to indicate that macrophages were

involved in the resorption of teeth undergoing orthodontic movement. ln their

study, removal of the area of PDL hyalinization by peripheral macrophage attack

preceded root resorption. ln addition, macrophages have been reported as major

constituents of periapical lesions (Metzger, 2000; Lin ef al., 2000)) and a likely

source of bone-resorbing mediators. Pulp exposures in rat molars produced

periapical granulomas and the presence of ED1-positive macrophages.

Macrophages also produced transforming growth factor B-1, which is known to

be active in bone resorption (Bonewald and Mundy, 1990). The possibility of

macrophages being involved or responsible for dental resorption was overlooked

by Metzger (2000) and Lin et al. (2000), but suggested by the results of the

present study. Multinucleation and cytoplasmic polarization were evident without

the formation of a ruffled border and other expected characteristics of hard tissue

resorbing cells.
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ldentifying markers indicated that cells resorbing cementum are EDl positive,

TRAP positive and possibly positive for succinic dehydrogenase activity. The

light microscopic appearance painted by their multinucleated nature and their

close association with the root surface creates the impression of an active clast

cell. While these cells are apparently capable of removing hard dental tissue they

do not represent the classical picture of an odontoclast described by Sahara ef

al. (1994) and Sahara et al. (1996) in which ruffled borders and multinucleation

were features of cells resorbing deciduous tooth roots.

Whereas Brudvik and Rygh (1993a) contended that macrophages are important

cells in the initiation of root resorption, the current study has supported this

premise and extended it to suggest that multinucleated macrophages may be

directly involved in the removal of dental hard tissue. This raises the question

regarding the origin of the dental resorbing cells. lf these macrophage-like dental

resorbing cells continue to differentiate into clast cells with ruffled borders, their

differentiation pathway may be different to that followed by clast cells derived

under physiological conditions involved in bone and calcium maintenance.

Clast cells have been identified as originating from haemopoietic stem cells along

a monocyte-phagocyte differentiation pathway under the influence of numerous

cytokines and growth factors (Burger et al., 1984; Horton et al., 1984;1985c;

Chambers, 2000). lt has further been suggested that clast cells arise from a

macrophage lineage and show macrophage and clast cell characteristics

(Athanasou et al., 1986; Athanasou and Quinn, 1990; Takeshita et a|.2000).
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Growth and stimulating factors derived from pathological condit¡ons are

considered responsible for the clast cell change in macrophages in a number of

medical conditions including failed arthroplasties and tumours (Sabokbar et al.,

1997; Quinn et al., 1998a,b; ltonaga et al., 2000; Haynes et al., 2001).

The present study has shown that the cells involved in dental resorption are

possibly more related to macrophages or at least differentiate along a

macrophage pathway. lt appears that the PDL pathology created by the thermal

challenge attracted ED1-labelled macrophages to the area of inflammation and

that differentiation of these cells continued until TRAP reactivity was attained and

succinic dehydrogenase staining reflected a functioning intracellular Krebs cycle.

It is, therefore, hypothesized that odontoclasts actively engaged in the resorption

of permanent tooth root structure differentiate from a secondary macrophage

pathway rather than from a primary pathway involving monocytes/phagocytes.

They arise as a response to pathological conditions around the tooth root

(necrotic tissue) rather than under normal physiological circumstances (excluding

deciduous root resorption). Normal skeletal physiology does not involve teeth as

part of the calcium homeostatic mechanism and so the calcium regulating

hormones have been shown to have little effect. Recent evidence suggests that

OPG is more likely to have an inhibitory effect on clast cells under physiologic

conditions rather than pathologic states (Simonet et al., 1997; Aubin and

Bonnelye, 2000). The effects of OPG in pathologic situations such as arthritis

appear equivocal and inconclusive possibly due to the involvement of different
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cell populat¡ons (Gravallese et al., 1998) or to the interference of other

inflammatory mediators (Atkins et al., 2000; Fazzalari et al., 2OO1). The

difference between odontoclasts and osteoclasts may therefore be in their

respective cells of origin and the environment in which they differentiate and

function.



Discussion 305

5.6 Osteoprotegerin (OPG)

As a new member of the tumour necrosis factor receptor family, OPG is reported

to play a key role in the physiological regulation of osteoclastic bone resorption

(Simonet et al., 1997). This protein, produced by osteoblasts and other stromal

cells, has no signalling capability but acts as a secreted decoy receptor by

binding to its natural ligand (RANKL). This binding prevents RANKL from

activating its cognate receptor RANK, which is an osteoclast receptor vital for

clast cell differentiation, activation and survival (Collin-Osdoby et a|.,2001). The

secretion of OPG and RANKL from osteoblasts and stromal cells is regulated by

numerous hormones and cytokines to levels that govern bone homeostasis.

However, excess RANKL increases bone resorption whereas excess OPG

inhibits resorption by blocking the effects of factors that stimulate clast cell

differentiation. Kosteniuk and Shalhoub (2001) considered that since OPG also

inhibits bone resorption in a variety of animal disease models, it might be an

effective therapeutic agent for diseases associated with excessive clast cell

activity.

It was in this inhibitory capacity that OPG was expected to act in the dental

model of resorption produced by the cold thermal stimulus. The administration of

OPG at a dose of 2.5 mg/kg was predicted to prevent clast cell activity and retard

or prevent resorption of dental and surrounding bony tissues. lt was therefore

unexpected to observe cells exhibiting positive TRAP and ED1 staining and

electron microscopically presenting with ruffled borders in intimate contact with

resorption lacunae (Figs. 173 and 174). lt was even more surprising to see
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numbers of clast cells apparently compet¡ng for access to resorbing sites (Fig.

176). TRAP activity was noted at the cervical region of the experimentally frozen

teeth (Fig. 145) while ED1 labelling also occurred in the surrounding PDL (Fig.

154).

lnitial communication with Amgen lnc. ascertained that a dose of 2.5 mg/kg/d

would be sufficient to provide profound inhibition of osteoclastic activity in

rodents. This was based on a study by Morony et al. (1999) who challenged mice

with various cytokines and hormones that are known to stimulate bone

resorption. Affected mice became hypercalcaemic in 3 d and showed elevated

osteoclast numbers in 5 d. However, mice also injected with OPG at a dose of

2.5 mg/kg/d showed no hypercalcaemia and maintained osteoclast numbers

within a normal range. The OPG negated the effects of the administered bone-

resorption cytokines but did not prevent resorptive cell differentiation entirely.

Previously, Simonet et al. (1997) administered a dose of 10 mg/kg/d for 7 d in

mice and reported a 3-fold increase in bone mass, while a dose of 5 mg/kg/d for

14 d completely prevented ovariectomy-induced bone loss in rats. Additionally,

Yasuda et al. (1998a) noted a 1.8-fold increase in bone mass in rats after OPG

administration at a dose of 24 mg/kg/d. lmportantly, OPG was shown to inhibit

increased bone resorption during normal linear bone growth as well as after

challenges with interleukin-18, tumour necrosis factor-o, parathyroid hormone,

parathyroid hormone-related peptide and vitamin Dg (Dunstan et al., 1997;

Moroney et a|.,1999).
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A single 3 mg/kg dose of OPG was adm¡nistered to postmenopausal women in

order to biochemically determine the effects on bone resorption in this

susceptible group (Bekker et al., 2001). The urinary secretion of collagen

breakdown product, N-telopeptide, was found to be markedly reduced within 12

hours of administration and still low after 6 wk. Bekker et al. (2001) concluded

that a single injection of OPG was effective in rapidly and profoundly reducing

bone turnover for a sustained period.

A study by Shalhoub ef a/. (1999) determined that OPG, used at a concentration

of 5-250 ng/ml, antagonized the effects of RANKL on the morphology of

osteoclast-like cells in experimental culture conditions. Simonet et al. (1997)

further showed that rn yrTro osteoclast differentiation from precursor cells was

blocked by OPG in a dose-dependent manner. Later research revealed that OPG

at low concentrations had the ability to interfere with the physiological

development and function of osteoclasts (Hofbauer et al., 2000). Because all

previous studies supported the inhibition of osteoclastogenesis at varying

dosages of OPG, it was expected that the concentration of 2.5 mg/kg on

alternate days as delivered by the protocol of the present study would be

adequate to prevent clast cell differentiation and hence resorption.

The results of the current study indicated that OPG at a concentration of 2.5

mg/kg was effective in stopping clast cell activity. This was revealed by a lack of

resorption activity in unfrozen control specimens (Fig. 125), coupled with the lack

of TRAP reactivity (Fig.137) and the minimal ED1 response (Figs. 149 and 150)
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in those animals. ln addition, ultrastructurally, no morphological sign of clast cell

activity was seen in the periodontium of unfrozen teeth (Figs. 159 and 161), and

particularly in alveolar bone (Figs. 166 and 168), of OPG-affected rats. More

specificallv, no osteoclastic activity was evident on endosseal surfaces of long

bones. Bone surfaces appeared to be covered by osteoblast-like cells or bone

lining cells and were therefore regarded as appositional in nature.

Despite these observations, the present results indicated that OPG failed to

inhibit clast cell activity in the localized periodontal structures affected by the

experimental freezing of the rat molars (Figs. 173 and 179). As this was

unpredicted and unexpected, a number of issues were raised.

While the dilutions and doses of the provided samples of OPG were routinely

checked at the time of application, it may be that alternate day administration

was insufficient for inhibition of the inflammatory stimulus created by the molar

freeze. Even though there appeared to be long term benefits from OPG

administration in the human (Bekker et a\.,2001), this might not apply to other

animal species.

Lee and Lorenzo (1999) showed that hormones and inflammatory cytokines have

an effect on the function of RANKL and OPG. ln particular, parathyroid hormone

stimulates RANKL and clast cell formation in a dose dependent manner, while

parathyroid hormone effect on OPG is inhibitory after a short initial phase of

stimulation. Similarly, Sakata et al. (1999) reported that lL-18 and TNF-cr affect
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OPG activity in cultures of periodontal mesenchyme which suggests that the

local production of OPG regulates the resorption of dental hard tissues.

lmportantly, Collin-Osdoby et al. (2001) demonstrated that pro-inflammatory

cytokines, TNF-c¿ and lL-1cr, induce increased levels of RANKL and OPG mRNA

in vascular endothelial cells according to different expression profiles. TNF-c¿ and

lL-1ø were shown to promote the development and activation of bone resorbing

osteoclasts that form in cultures with bone marrow-derived stromal cells.

Furthermore, they were also shown to be potent mediators of bone resorption

(Sabatini et al., 1988; Bertolini et al., 1986; Dunstan et al., 1997) and have the

potential to influence resorption in areas of inflammation.

5.6.1 Tumour necrosis factor

Tumour necrosis factor alpha (TNF-o) is synthesized by monocytes and

macrophages as cells of the haemopoietic lineage (Shalaby et al., 1985).

Formally known as cachectin (Carswell, 1975), TNF-cr is elevated in ischaemic

conditions (Yao ef a/., 1995) and is also a known regulator of bone resorption,

particularly in association with inflammatory processes such as periodontal

disease (Quintero et al., 1995), dental periapical lesions (Tani-lshii et al., 1995)

and rheumatoid arthritis (Shiozawa and Kuroki, 1994). Furthermore, TNF-a has

been associated with postmenopausal osteoporosis (Kitazawa ef aL.,1994).

Evidence implicating TNF-a in clast cell activity has recently been reported by

Chambers (2000), Zernecke et al. (2001), Hatano and Brenner (2001), Komine ef

al. (2001) and Kamata et al. (2001) who associated this cytokine with the
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transcription factor NF-kappa B. Haynes et al. (2001) showed that OPG and

RANKL also regulate osteoclast formation via the receptor activator of NF-kappa

B located on osteoclast precursors. ln addition, Kon et al. (2001) reported that

OPG and RANKL as well as the pro-inflammatory cytokines, TNF-a and lL-1o

were crucial in the early and late phases of fracture healing and acted by

stimulating NF-kappa p. lt is therefore recognized that NF-kappa B stimulation

may occur from a variety of sources all of which lead to clast cell activity. lt is

possible that an alternative activation of NF-kappa Þ by an inflammatory cytokine

may have occurred in the present study to generate the observed osteoclastic

response to the cold thermal stimulus.

As TNF-ø has been identified in inflammatory conditions, it is likely that it was

present as a by-product of the inflammatory process created by the experimental

freezing of the rat molar. The local concentration of TNF-cr may have exceeded

the inhibitory concentration of OPG administered to the rats and therefore

stimulation of clast cell precursors into active clast cells was possible. Evidence

supporting this concept has been recently provided by Romas et al. (2002) who

indicated that TNF-cr acted directly to stimulate macrophages and myeloid

progenitor cells as well as promoting the differentiation of osteoclasts in

rheumatoid arthritis sufferers. Acting in conceft with RANKL, TNF-a and lL-1

powerfully promoted osteoclast recruitment, activation and osteolysis and it was

considered that modulation of the RANKL/OPG equilibrium provides an answer

for the control of this debilitating disease. The potent activation of osteoclasts by
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TNF-a was also reported by Fuller et al. (2002) who believe that this cytokine is

pivotal for the pathogenesis of inflammatory osteolysis. lmportantly, Fuller et al.

(2002) determined that the activation of TNF-c¿ is unaffected by OPG and so

bone resorption is considered directly and potently stimulated by TNF-a in a

RANKl-independent manner. Previously, Suda et al. (2001) were able to show

that TNF-a stimulates osteoclast differentiation through a mechanism

independent of the RANKL-RANK interaction which therefore suggests that

TNF-a plays an important role in pathological resorption due to inflammation.

The release of TNF-cr and other cytokines during the inflammatory process

(Kacena et a1.,2001; Urra eú a1.,2001) to affect bone resorption and formation,

has caused TNF-cr to be linked with orthodontic tooth movement (Uematsu et al.,

1996). Vitouladitis et al. (2000) identified paradental cells containing TNF-a and

examined the short- and long-term effects of orthodontic forces on these cells.

TNF-a was unexpectedly found in sites of PDL compression and tension where it

was hypothesized to perform different, but unidentified, functions under the

influence of force-induced tissue remodelling.

The argument that TNF-a, in inflammatory areas, induces clast cell activity is

countered by the fact that additional cytokines are released. lnflammatory

cytokines such as GM-CSF, lL-4 and IFN-y are also released and these have

been shown to have an inhibitory effect on clast cells (Gowan et al., 1986;

Hattersley and Chambers, 1990; Lacey et al., 1995; Udagawa et al., 1997).
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Moreover, TGF-p, as another anti-inflammatory cytokine, has been revealed to

deactivate or negate the effects of TNF-cr (Letterio and Roberts, 1998)

It is conceivable that the effects of the TNF-c¿ or other inflammatory mediators

released by the cellular destruction caused by the freezing process have

exceeded the ability of OPG to inhibit clast cell differentiation and function. This

is likely to be a local effect as the results of the present study and others

(Simonet et al., 1997; Hsu ef a/., 1999) have shown that elsewhere in the

skeleton resorption and osteoclastic activity are inhibited. Recently, TNF-cr-

mediated joint destruction in transgenic mice suffering arthritis was inhibited by

OPG which reduced the number of bone-resorbing cells but did not eliminate

them entirely (Redlich et al., 2002). OPG effects were enhanced in combination

with the inhibitory resorption effects of bisphosphonates. A new anti-TNF

antibody has been identified against rat TNF (Urra et al., 2001; Gawad et al.,

2001) and cycloprodigiosin hydrochloride identified as a TNF-c suppressant

(Kamata et al., 2001) which provide opportunities for TNF-cr involvement in

aseptic inflammation to be examined as a fruitful line of continuing research.

5.6.2 Role of RANKL

The lack of OPG inhibition in the frozen molar PDL model of the present study

may be due an increase of RANKL expression in the affected area (Gori et al.,

2001). Whereas RANKL is produced by osteoblasts and other stromal cells

(Simonet et al., 1997) and acts in a competitive way against OPG for binding to
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the RANK receptor, an elevated concentration of RANKL may be responsible for

the inhibitory effects of the OPG.

In addition, the ankylotic repair evident in the experimentally frozen rat molars is

suggestive of a high level of stromal cell, osteoblastic and fibroblastic activity.

Accordingly, it is likety that high local levels of RANKL are present (Udagawa ef

al., 2000) which may act as an osteoclast stimulant and consequently initiate

hard tissue resorption as a component of repair remodelling. RANKL, either as a

result of the inflammatory process or of the repair process, may be present in a

concentration sufficient to negate the inhibitory effects of OPG.

The osseous repair processes have also been shown to express TNF-cr and lL-

1cr (Kon et al., 2001) which are important cytokines in the initiation of repair whilst

also playing important functional roles in bone formation and remodelling.

Although TNF-o and lL-1cr are primarily located in macrophages and

inflammatory cells during the early stages of inflammation, in later repair

processes, they have been identified in blast cells (Kon et al., 2001). The

hypothesized presence of RANKL in addition to TNF-cr and lL-1ü, may provide

reasons for the resorption activity evident in the frozen molar PDL.

5.6.3 Penetration of OPG

Because the effects of the cold thermal stimulus caused a local area of

hyalinization and necrosis which initiated the resulting inflammatory response, it

is conceivable that the OPG was unable to penetrate the necrotic and
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inflammatory area due to the size of the molecule. Simonet et al. (1997) indicated

that OPG is a large molecule of the order of 90 kDa. Molecular size has been

shown to be important in facilitating tissue permeability (Lacey et a|.,1998) and a

large molecule may be hampered in its penetration through the inflammatory site

unless wide tissue channels are present (Cooper et a|.,1990). Moreover, lrozen

tissue necrosis would also cause a time delay by delaying the ingress of

reparative cells and blood vessels.

While the inflammatory area might create permeability and therefore access

problems for large molecules, it is hypothesized that the change of tissue

biochemistry and the release of many inflammatory products may moderate the

efficacy of OPG. Even though some studies have reported the inhibition of bone

resorption by OPG in areas of inflammatory challenge (Atkins et al., 2001;

Haynes et a1.,2001), there have been species and dose related differences in

the experimental protocols. lt is concluded that the precise nature of OPG effects

in inflammation is an area that requires future assessment and research.
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5.7 Future research directions

The present study has generated many additional questions regarding the

identification and activity of clast cells and their precursors. While the

immunolocalization of clast cells initially produced disappointing results, the

commercial availability of additional anti-rat antibodies against CD15, CD45 and

the cathepsins since the completion of this study provides further expectation of

success. The employment of a different immunolabel detection system may also

prove fruitful. Furthermore, enhanced detection may also facilitate

histomorphometric quantitation which was not possible in the current study.

The hypothesis that TNF-cr has a role to play in the activation of clast cells in

areas of inflammation may be assessed by the administration of granulocyte-

macrophage colony-stimulating factor. GM-CSF has recently be shown to inhibit

TNF-cr in culture systems (Miyamoto et a\.,2001). By reducing the expression of

transcription factors c-fos and Fra-1, GM-CSF and lL-3 have been shown to

inhibit osteoclastogenesis leading Miyamoto et al. (2001) to conclude that GM-

CSF treatment functions through the regulation of c-fos expression. The addition

of GM-CSF to the frozen tooth resorption model may arrest the resorption seen

in areas of inflammation.

ln addition, TNF-a has been shown by Kaji et al. (2001) to require tumor necrosis

factor receptor-associated factor 6 in order to stimulate RANK signalling for

osteoclasts. The removal of this factor by the use of TRAF6 deficient mice, may

also prevent osteoclastogenesis and resorption in the frozen PDL.
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To date no studies have been published regarding the orthodontic use of OPG.

As an inhibitor of osteoclastogenesis and hence hard tissue resorption, OPG

might be predicted to arrest orthodontic tooth movement. However, since

orthodontic treatment invokes an inflammatory response within the PDL and

therefore a change in local tissue biochemistry, the inhibitory effects of OPG are

not assured. Should OPG inhibit force-induced tooth movement an orthodontic

anchorage mechanism might be produced to facilitate treatment. Successful

OPG-generated anchorage would only be possible if administration could be

applied locally rather than systemically. The local chemical mediation of tooth

movement via the administration of bisphosphonate (lgarashi et al., 1994; Sato ef

al.,2000) and prostaglandin (Kawaguchi et al., 1995; Boekenoogen ef a/., 1996;

Quinn et al., 1997) have been reported with mixed results and have not found

widespread use. The local delivery of OPG is currently not possible and while its

effects remain systemic, its use would be inappropriate in young growing

patients. Nevertheless, continuing research into the effects of OPG on the

response of rat molars to an orthodontic force is in progress.
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GHAPTER 6

GONCLUSIONS

1

Major conclusions of the current study were:

A simple, reproducible and reliable method for producing aseptic root

resorption in rats resulted following the application of a single 10 min

administration of dry ice to the molar crown surface. Furthermore,

consistent ankylosis resulted with longer and multiple freezing times.

Of the experimental time periods examined by this study, root resorption

was at its maximum 7 days after molar freezing and was principally

located in the interradicular and cervical regions of the tooth. At 14 days

after freezing, repair of the resorption lacunae was taking place, and this

was completed by 28 days.

ED1, as a macrophage lysosomal marker, proved to be the most reliable

immunolabel for both mononuclear cells within the PDL and clast cells on

hard tissue sudaces. Clear labelling of multinucleated clast cells indicated

a functional relationship between the macrophages involved in the

inflammatory response in the PDL and the clast cells which were actively

resorbing hard tissue.

Electron microscopy of the frozen PDL indicated that clast cells were only

observed infrequently in the resorbing hard tissue cavities. No ruffled

2

3

4
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borders were seen on resorbing cells which had a multinucleated and

often polarized appearance. lt was concluded that these cells might have

been macrophages capable of hard tissue resorption or osteoclasts that

had not reached full operational/activation status. Confirmation of the

identity of these cells was provided by their TRAP and ED1 labelling.

Macrophages are important cells in the initiation of root resorption. The

current study has supported this premise and extended it to suggest that

multinucleated macrophages may be directly involved in the removal of

dental hard tissue.

Osteoprotegerin at a dose of 2.5 mg/kg of body weight effectively

prevented clast cell activity and hence resorption under physiological

circumstances. ln both the skeleton (long bones) and periodontium of

contralateral unfrozen molars, OPG appears to be an effective

pharmacological agent that inhibits osteoclastogenesis, and, therefore,

hard tissue resorption.

At the 2.5 mg/kg dosage, OPG failed to prevent hard tissue resorption in

the local area of aseptic inflammation in the PDL of molars challenged by

the cold thermal stimulus. Clast cells with well-formed ruffled borders were

actively and competitively resorbing tooth root and bone surfaces.

These results indicate that inflammatory cytokine pathways distinct from

those initiated by OPG may also be operative in osteoclastogenesis.

Alternatively, the effects of OPG were possibly dose related.

6

7

8
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The use of OPG as a moderator of orthodontic tooth movement is unlikely

to be successful due to the vagaries of its activity in inflammatory states.

The current inability to administer the systemically-acting OPG at a local

level make its orthodontic application uncertain but research efforts are

being directed to this area.

Other conclusions included the following:

10 Hypnorm@/Hypnovel@ administration provided excellent anaesthesia

throughout the experimental procedures. lt proved to be safe, effective

and of sufficient duration to allow the experiments to be performed with

minimal stress to the animals.

11 The healing response following thermal insult permitted an investigation of

the subsequent repair mechanisms and produced an additional model for

the study of ankylosis.

12 TRAP histochemistry using hexazotised basic fuchsin as the coupler

provided the most clear and consistent labelling of clast cells.

13. TRAP labelling was evident in large cells located on hard tissue surfaces

but also, to a much lesser extent, in small mononuclear cells located in the

PDL. Nevertheless, whereas TRAP labelling has been commonly used as

a clast cell marker, its specificity is not absolute.
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17.
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lmmunocytochemistry is a fastidious process that relies on strict

adherence to a successful protocol. Mislabelling can occur at any step on

the staining pathway and, hence positive and negative controls are

mandatory, particularly when species cross reactivity is not definitively

established.

Electron microscopy remains the most reliable method of revealing clast

cell activity. The unique morphological characteristics of multinucleation,

cytoplasmic polarization, high mitochondrial content and the formation of

ruffled borders makes these cells readily identifiable.

Succinic dehydrogenase appears to be a reliable marker for clast cell

activity provided that cryo-preparation techniques are adopted. The

similarity of labelling between osteoclasts and odontoclasts provided

further evidence of the close relationship between the cells.

Mechanical insult to the tooth root succeeded in producing a degree of

resorption commensurate with the pattern of injury. The mechanically

induced resorption could be clearly distinguished from the resorption

initiated by the freezing injury, but the possibility of bacterial invasion and

its influence could not be discounted due to the forced break in the

gingival attachment and a likely communication with the oral cavity.
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GHAPTER 7

APPENDIGES

APPENDIX 1

ANTICOAGULANT . HEPARIN

Heparin lnjection B.P. (containing no antiseptic) was supplied
ampoules (David Bull Laboratories, Mulgrave, Australia).

Contained 1000 units (lU) per 1 ml.

Dosage: 0.02 ml of heparin sodium per 100 g of body weight

Route: lntravenous injection via femoral vein

Shelf Iife: Discard unused heparin after vial seal is broken

Storage: Below 25"C

in 1 ml plastic
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APPENDIX 2

TUBING FOR CAROTID CANNULATION

Polyethylene Medical Grade tubing (Dural Plastics and Engineering, Dural,

Australia)

18 gauge needle

Silastic tubing

Y connector
Kartell 464,ltaly

Silastic tubing

sp95

sp61

sp45

sp1 0

=
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APPENDIX 3

FIXATIVES AND BUFFERS

l. Phosphate Buffer
Part A
31.29 NaHzPO¿.2HzO in 1 L of distilled water (0.2M)

Part B
28.39 g NazHPO¿ in 1 L distilled water (0.2M)

Mix240 ml of Part A and 760 ml of Part B to make 1 L

Use:

Formula:

Neutral buffered formali n

Fixation of tissue for light microscopy

4o/o bullered neutral formal-saline

Preparation: 100 ml of stock 40o/o lormaldehyde solution
900 ml of phosphate buffer

Comments: Used for preserving and temporary storage of tissues for histology
and immunohistochemistry

Use

Karnovsky's (1 965) fixative

Fixation of tissue for light or electron microscopy

4o/o paraformaldehyde
5% glutaraldehyde
0.05% CaClz
0.2M cacodylate or phosphate buffer
1N sodium hydroxide

Formula:

Preparation:1.

2.

3,

Dissolve 2 g of paraformaldehyde in 25 ml of distilled water
heated to 60-70"C.
Add 1 to 2 drops of 1N NaOH and stir until the solution
clears. Cool and add 10 ml of 25% glutaraldehyde.
Make up the volume to 50 ml with 0.2M cacodylate or
phosphate buffer.
lf using cacodylate buffer, add 25 mg anhydrous CaClz.
The final pH is 7.2.

4
5
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Gomments: lt is believed that formaldehyde penetrates more quickly and
temporarily stabilizes structures which are then stabilized more
permanently by glutaraldehyde. lt may be used at half strength.

lV. Zamboni's fixative

2o/oformaldehyde in 0.1M phosphate buffer with 15% picric acid (Zamboni and

De Martino, 1967)

For 1 L of fixative, add:
200 ml of Part A phosphate buffer
300 ml of Part B phosphate buffer
200 ml of 10% formaldehyde solution
150 ml of saturated picric acid (filtered)

Filter saturated picric acid through funnel using Whatman No. 1 filter paper
before use.

Procedure
Add 20 g of paraformaldehyde to 200 ml of buffer solution
Heat to 55"C in a fume cupboard - DO NOT EXCEED 60"C
Add several drops o125% NaOH to clear and allow to cool
Add 150 ml of filtered picric acid
Make up to 1 L with buffer solution
Store in refrigerator at 4'C

V. 0.6 M cacodylate buffer (sodium cacodylate)

Formula: Na(CHs)zAsOz.3HzO

Preparation: For 0.6 M solution add 25.69 g sodium cacodylate to 2 L of double
distilled water
Add 1N HCI to adjust pH to 7.4 at20"C

Shelf Iife: 7 d at 4"C

Gomments: The solution is stable and does not support microorganisms. High
toxicity to humans due to arsenic content and so gloves, mask and
a fume cupboard should be used in its preparation

For 0.2 M solution add 4.28 g to 100 ml of doubled distilled water

1

2
3
4
5
6
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Vl. Phosphate buffered sal¡ne

10 mM sodium phosphate in 0.15 M sodium chloride

Saline solution:
8.79 g NaClz in I L of distilled water (0.879%)

Part A phosphate buffer

Part B phosphate butfer

Procedure: to 16 ml of Part A and 84 ml of Part B add 100 ml of saline solution to
make 200 mlwith a pH of 7.5
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APPENDIX 4

DECALCIFYING SOLUTIONS

"DECAL" (lnstitute of Medical and Veterinary Science, Adelaide)

For the rapid decalcification of histological specimens.

Reagents:
950 ml hydrochloric acid (36%o concentration)
100 g sodium acetate MW 82.04 dissolved in I L of distilled water
1 00 g EDTA (ethylenediaminetetra-acetic acid,

lCH2.N(CH3.COOH).CHzCOONalz.2HzO) in I L of distilled water
7050 ml of distilled water
The 1% solution of EDTA in water precipitates out to give EDTA in excess on the
bottom of the container. EDTA is a chelating agent which binds free calcium ions
in the solution.

Method for 10 L:

1. Weigh sodium acetate and dissolve in 1 L of warmed distilled water
2. Add to a large container
3. Weigh 100 g of EDTA and dissolve in 1 L of warmed distilled water
4. Add to container
5. Add 7050 ml of distilled water to container
6. Add with care, 950 ml of hydrochloric acid
WARNING: Acid is both exothermic and explosive when mixed with small
quantities of water. Always add the acid to water.

4% EDTA in phosphate buffer

Reagents:
Phosphate buffered saline - Parts A and B (Appendix 3)
EDTA - 80 gm

Procedure:
To 280 ml of part A and 720 ml of part B add 1 L of distilled water and EDTA to
give a pH of 7

For 1Ùolo EDTA in phosphate buffer, 200 g of EDTA was added to the 2 L of
phosphate solution.
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4YoEDTA in cacodylate bufferwith 2.5% glutaraldehyde

EDTA
Cacodylate buffer (0.06M)
25% glutaraldehyde

80 gm
1800 ml (Appendix 3)
200 ml

Dissolve EDTA in cacodylate buffer by gently heating
When cool, add the glutaraldehyde
pH to 6 at 4"C using a pH meter
Shelf life is 7 d at4"C
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APPENDIX 5

TISSUE DEHYDRATION AND PARAFF¡N EMBEDDING

Shandon Citadel 2000 automatic processor (Shandon lndustries, Pittsburgh,
Pennsylvania)

The following automatic procedure was used for the impregnation of tissues with
paraffin wax prior to embedding:

1.

2.
3.
4.
5.
6.
7.
8.
L
10
11

12

70% alcohol t h

70% alcohol t h

80% alcohol 3 h
90% alcohol 3 h
100o/o alcohol 4 h
100% alcohol 4 h

100% alcohol 4 h

70o/o xylene/alcohol 4 h

100% xylene 5 h
100o/o xylene 5 h
paraffin Thundervacuum
paraffin 7 h undervacuum

Tissues were then embedded in paraffin using a Reichert Jung Histostat.
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APPENDIX 6

1.

2.
3.
4.
5.
6.

SLIDE COATING PROCEDURES FOR IMMUNOCYTOCHEMISTRY

Slides for antibody staining were coated according to the following procedure
using 3-aminopropyltriethoxysilane (APT, Sigma code 3648).

Place slides in racks.
Clean slides in 1o/o detergent (Decon) solution overnight.
Wash in running tap water overnight.
Pre-rinse slides in 100% ethanol for 30 s, twice.
Dip in 2% APT in ethanol for 10 s.
Rinse in 100% ethanol for 30 s twice.
The final rinses in ethanol were found to be too long and were reduced to
10 s each.

Warning: APT is classified as a harmful substance and should be used with
suitable protective clothing in a fume cupboard.
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APPENDIX 7

t.

1

STAINS FOR LIGHT MICROSCOPY

Mayer's haematoxylin and eosin

11

Remove wax
Xylol 2 x2 min
Absolute alcohol 2x2 min

Dip in water to check for complete wax removal
Stain in haematoxylin 10 min
Wash in running water I min
Differentiate in 0.5% HCI one dip
Wash in running water 10 min
Blue in dilute alkali (NH4OH in alcohol) 2 dips
Counterstain in eosin 30 s
DifferentiateinT0% alcohol 3 dips
Dehydrate and clear

Absolute alcohol 2x2min
Xylol 2x2min

Mount and coverslip using DePex

2.
3.
4.
5.
6.
7.
8.
9.
10

Haematoxylin
Formula:

Haematoxylin
Ammonium alum
Glycerol
Distilled water
Sodium iodate
Glacial acetic acid

Eosin
Formula:

Eosin
Potassium dichromate
Saturated picric acid
Absolute alcohol
Distilled water

5g
5og
300 ml
700 ml
1g
20 ml

1o g
5g
100 ml
100 ml
800 ml
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ll. 0.05% toluidine blue (for res¡n embedded sections)

Solution: 0.05% toluidine blue in double distilled water

Preparation:0.05 g toluidine blue
100 ml double distilled water
Dissolve by stirring

Shelf life; 6 months at room temperature

Precautions:Avoid contact with skin

lll.1% borax

Solution: 1o/o borax in double distilled water

Preparation:1 g sodium borate (tetraborate)
100 ml double distilled water
Dissolve by stirring

Shelf life: 6 months at room temperature

Precautions: Avoid contact with skin

Protocol:
1. Mix equal parts A and B just before staining
2. Stain for 30 s on a hot plate at 60"C
3. Rinse with millipored double distilled water
4. Dry on a hot plate
5. Mount in DePex if required
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APPENDIX 8

1

TISSUE PROCESSING FOR ELECTRON MICROSCOPY

After decalcification wash specimens in phosphate buffered saline to
which 4% glucose has been added - 2 changes of 30 min each

Post fix in osmium tetroxide for 1-2 h on a rotator

Dehydrate:
70% ethanol - 2 changes of 30 min each
90% ethan ol - 2 changes of 30 min each
95% ethanol - 2 changes of 30 min each
100% ethanol - 2 changes of 30 min each plus 1 change of t h

50%/ethanollí0o/o resin - 1 change of 8 h or overnight
100% resin - 3 changes of I h each at 4'C (change morning,
evening and following morning)

Embed specimens in resin following the third resin stage

Polymerize in oven at 60'C overnight

2.

3.

4.

5.
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STAINING FOR TRANSMISSION ELECTRON MICROSCOPY

Uranyl acetate and Reynolds' lead

Uranyl acetate
0.125 g of uranyl acetate
7 ml of ethanol made up to 25 ml with millipored water

Dissolve uranyl acetate in alcohol solution
Cover with aluminium foil to exclude light
Shelf life: approximately 4 months at room temperature

Reynolds'lead
1.33 g lead nitrate
1.76 g sodium citrate
30 ml millipored water
4 pellets of sodium hydroxide
Millipored water

Procedure:
1. ln a 50 ml vessel place lead nitrate and sodium citrate with 30 ml of water
2. Shake continuously for 1 min, then let stand for 30 min but with

intermittent shaking
3. Dissolve 4 pellets of sodium hydroxide in 8 ml of millipored water. Add 2

ml of millipored water. After 30 min add 8 ml of sodium hydroxide solution
to other solution and shake well.

4. Add millipored water to final solution to make up 50 ml.

5. Final solution should be clear with a pH less than 14. lf not, repeat.

Shelf life'.7 d at 4'C
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MONOCLONAL MOUSE ANTI-HUMAN MACROPHAGE (CD68) KPr
(Zymed Laboratories, San Francisco, USA)

Form:

Specificity:

Clone:

lsotype:

Application:

Use

Storage:

Liquid. Ready to use undiluted. This antibody is presented
stored in PBS containing Bovine Serum Albumin and 0.05%
sodium azide as a preservative. lt is made from culture
supernatant.

Reacts with the CD68 antigen, a glycoprotein with a
molecular weight of approximately 1 1OkD. Expressed
primarily as an intracytoplasmic molecule, associated with
lysosomal granules.

KP1

lgG1, kappa

Detects macrophages in a wide variety of human tissues
including Kupffer cells and macrophages in the spleen, in

lamina propria of the gut, in lung alveoli and in bone marrow.
Peripheral blood monocytes also stain positively. Reacts
with myeloid precursors and peripheral blood granulocytes'
May be useful for the identification of myeloid leukaemias.

Suitable for the immunohistochemical staining of formalin-
fixed paraffin-embedded or frozen tissues. Trypsin or pepsin
digestion is required for specific staining of formalin-fixed
paraffin-embedded tissue sections. To stain, incubate for 30-
60 min at room temperature or at 4"C overnight.

Store at 2-8'C
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ANTI-CATHEPSIN-L ANTIBODY (M-r g) sc-6502
Santa Cruz Biotechnology, Santa Cruz, USA

Background:

Source:

Product:

Specificity:

Storage:

The cathepsin family of proteolytic enzymes contains
several diverse classes of proteases. The cysteine
protease class comprises cathepsins B, L, H, K, S
and O. The aspartyl protease class is composed of
Cathepsins D and E. Cathepsin G is in the serine
protease class. Most cathepsins are lysosomal and
each is involved in cellular metabolism, participating
in various events such as peptide biosynthesis and
protein degradation. Cathepsin L has been identified
as a 38kDa protein that is most closely related to
cathepsin H.

Anti-cathepsin L is an affinity-purified goat monoclonal
antibody raised against a peptide mapping at the
carboxy terminus of the light chain of cathepsin L of
mouse origin.

Each vial contains 200 Ug lgG in 1.0 ml of PBS
containing 0.1o/o sodium azide and 0.2% gelatin.
Blocking peptide is available for competition studies
(sc-6502 P) (100 pg peptide in 0.5m1 PBS with 0.1o/o

sodium azide and 100 pg BSA.

Anti-cathepsin L (M-19) reacts with cathepsin L of
mouse and rat origin by western blotting and
immunohistochemistry.
Recommended dilution for Western blot analysis:
1:100 - 1:1000

Store at 4"C, do not freeze, stable for 1 y from date of
shipment.
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Clone number:

Volume/quantity:

Product form:

Preparation:

Buffer:

Preservatives/stabi I izers :

Protein concentration :

lmmunogen:

Fusion partners:

MOUSE ANTI-RAT EDl ANTIBODY (MCA34r R)

Serotec, Oxford, United Kingdom

lsotype:

Specificity:

ED

0.25 mg/0.25 ml

Purified lgG - liquid

Purified lgG prepared from tissue culture supernatant

Phosphate buffered saline

0.1% sodium azide (NaN3)

Approximately 1.0 mg/ml lgG

Rat spleen cells

Spleen cells from immunized BALB/c mice were fused
with cells of the SP2/0-4914 mouse myeloma cell line

lgGl (mouse)

ED1 recognizes a single chain glycoprotein of 90-
100kD that is expressed predominantly on the
lysosomal membrane of myeloid cells. Weak cell
surface expression also occurs. The antigen is
expressed by the majority of tissue macrophages and
weakly by peripheral blood granulocytes. Studies
have shown that the antigen recognized by ED1 has
many characteristics in common with macrosiallin in

the mouse and CD68 in the human.

Applications: lmmunohistology using paraffin sections

Recommended secondary reagents:
Goat anti-mouse lgG:HRP conjugate (non-cross
reacting with rat lgc) - STAR77

Recommended negative controls :

Mouse lgGl negative control - MCA1209
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Storage:

Shelf Iife:

Health and safetY:

Store at 4'C for one month or at -20'C for longer
Avoid repeated freezing and thawing as this may
denature the antibody
Should the product contain a precipitate,
microcentrifugation is recommended before use.

12 months from the date of desPatch

Contains sodium azide a poisonous and hazardous
substance which should be handled by trained staff
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ANTI.CDI3 MONOCLONAL MOUSE ANTI.HUMAN MYELOID CELL
ANTIBODY
Dako, Carpinteria, USA

Presentation: Monoclonal mouse antibody in liquid form as tissue
culture supernatant (RPMI 1640 medium containing
fetal calf serum) dialysed against 0.05 M Tris/HCl, pH

7.2 containing 15 mM NaNg.

Mouse lg concentration: 135 mg/L

lsotype: lgG1, kaPPa

Total protein concentration:7.5 g/L

Storage: 2-8"C

CIone: WM-47

lmmunogen: Leukaemic cells from a case of chronic myeloid
leukaemia

S pecificity/reactivity : The DAKO antibody reacts with a 150kDa cell surface
glycoprotein (CD13, 9p150) that is expressed by a
fraction of the committed granulocyte-monocyte
progenitors (CFU-GM) and by cells of the granulocyte
and monocyte lineages. The CD13 antigen is identical
to aminopeptidase N. The specificity of the antibody is
similar to the CD13 antibody WM-15 and My7 as
indicated by immuno-precipitation, immuno-
histochemical analysis, competetive binding assays
and reactivity with transfected murine cell lines
expressing 9p150.
The antibody labels monocytes, granulocytes in
peripheral blood, and myeloblasts, promyelocytes and
myelocytes in normal bone marrow. Lymphocytes,
platelets and red blood cells are not stained by the
antibody. The majority of acute myeloid leukaemia
(AML), chronic myeloid leukaemia (CML) in myeloid
blast crisis and myeloid cell lines, are positively
stained.
Non-haemopoietic reactivity is observed in

neuroblastoma and certain gynaecological carcinoma
lines.
By immunochemistry, myeloid and epithelial layer in
tonsil, smooth muscle cells and connective tissue in
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Staining procedures:

spleen are weakly positive. The antibody is negative
on l¡ver, cerebellum and kidney.

Formalin-fixed, paraffin-embedded tissues
Not suitable for labelling

Frozen sections and cell smears
Can be used for labelling acetone-fixed cryostat
sections or fixed cell smears. For the latter type of
preparation, the alkaline phosphatase anti-alkaline
phosphatase (APAAP) technique is recommended.
The antibody may be used at a dilution of 1:50 -
1:100 in the 3-stage immunoperoxidase technique
when tested on acetone-fixed sections of normal
tonsil.
It may be used at a dilution of 1:50 - 1:100 in the
APAAP technique on fixed cell smears.

Flow cytometry
The antibody is well-suited for flow cytometry (indirect
method) using DAKO Rabbit Anti-Mouse
lmmunoglobulins/FlTC, code No. F 0313, or using
Rabbit Anti-mouse lmmunoglobulins/RPE, code No. R
0439
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ANTI.CD15 MONOCLONAL MOUSE ANTI.HUMAN GRANULOCYTE
ASSOCIATED ANTIBODY
Dako, Carpinteria, USA

Synonyms: X hapten, Lewis X (Le"), FAL (3-fucosyl-N-acetyl-
lactosamine)

Introduction: CD15 is an oligosaccharide near related to blood
groups. CD15 is found on mature granulocytes and
on Hodgkins and Reed-Sternberg cells.
ln Hodgkins disease CD15 is strongly expressed on
Hodgkins and Reed-Sternberg cells except in the
lymphocyte-predominant type of the disease, in which
only a minority of cases are positive. The majority of
non-Hodgkins lymphomas do not generally express
the CD15 antigen

Presentation Monoclonal mouse antibody supplied in liquid form as
tissue culture supernatant (RPMI 1640 medium
containing fetal calf serum) dialysed against 0.05
mol/L Tris/HCl, pH7.2 containing 15 mM/L NaNs

Mouse lg concentration: 175 mglL

lsotype: lgM, kappa

Total protein concentration:4.5 g/L

Stroage: 2-8"C

Clone: C3D-1

lmmunogen: Purified neutrophils from normal human peripheral
blood

Specificity/reactivity : Anti-CD15, C3D-1 was submitted to the Fifth
International Workshop and Conference on Human
Leucocute Differentiation Antigens (Boston 1993) and
clustered in the CD15 group.
Anti-CD15, C3D-1 labels neutrophils in peripheral
blood. Monocytes are weakly stained, whereas
lymphocytes and platelets are consistently negative.
Anti-CD15, C3D-1 also reacts with dendritic reticulum
cells
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Staining procedures: Formalin-fixed paraffin-embedded sections
Can be used on formalin-fixed paraffin-embedded
sections.
To improve the staining pattern, antigen retrieval such
as heating in 10 mM citrate buffer, pH 6.0 or in DAKO
Target Retrieval Solution, code No. S 1700 can be
used. The slides should not dry out during this
treatment or during the following immuno-
h istochem ical proced ure.
For tissue sections a variety of sensitive staining
techniques are suitable including immunoperoxidase
procedures, the alkaline phosphatase anti-alkaline
phosphatase (APAAP) technique and avidin-biotin
methods such as LSAB methods.
The antibody may be used at a dilution of 1:25 - 1:50
with the StreptABComplex/HRP duet, mouse/rabbit (K
0492) method when tested on formalin-fixed paraffin-
embedded sections of normal tonsil. Optimal results
are obtained when Biotinylated Rabbit Anti-Mouse
lgM (code No. E 0465) is used as a link antibody.

Frozen sections and cell smears
Can be used for labelling acetone-fixed cryostat
sections or fixed cell smears.
For staining of cell smears, the APAAP technique is
recommended.
The antibody may be used at a dilution at 1:25 - 1:50
in the APAAP technique and the
StreptABComplex/HRP duet, mouse/rabbit (K 049)
methods, when tested on acetone-fixed cryostat
sections of normal tonsil. Optimal results are obtained
when Biotinylated Rabbit Anti-Mouse lgM (code No. E
0465) is used as a link antibody.
Automation: The antibody may be used in automated
immunostaining systems.

Flow cytometry
The antibody is well-suited for flow cytometry (indirect
technique) using DAKO Rabbit Anti-Mouse
lmmunoglobulins/FlTC, code No. F0313 or Rabbit
Anti-Mouse lmmunoglobulins/RPE, code No. R0439
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MOUSE ANTI-RAT ANTI-CD45RC ANTIBODY - Anti-Leucocyte common
ant¡gen
Serotec, Oxford, United Kingdom

Glone number:

Volume:

GD number:

Product form:

Preservative:

lmmunogen:

Fusion partners:

lsotype:

Specificity:

MRC OX-22

0.25 ml

cD45RC

Ascitic fluid - liquid

0.1% Sodium azide (NaN3)

PHA stimulated rat lymphocytes

Spleeen cells from immunized BALB/c mice were
fused with cells from the NS1 mouse myeloma cell
line.

lgGl (Mouse)

Reacts with high molecular weight form of the
leucocyte common antigen. This antigen is found on
B cells, approximately 50% of bone marrow cells, all
CD8+ve T cells but splits CD4+ve T cells into two
populations differing in their helper activities.

lmmunohistology: This product requires retrieval using heat treatment
prior to staining of paraffin sections.

Recommended secondary reagents: Goat anti-mouse lgG: HRP conjugate
(non-cross reacting with rat lgG).

Storage conditions: Store at +4'C or at -20"C if preferred. Avoid repeated
freezing and thawing as this may denature antibody.
Should the product contain a precipitate,
microcentrifuge before use.

Shelf life: 12 months.

This product contains sodium azide a poisonous and
hazardous substance which should be handled using
appropriate precautions.

Health and Safety:
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MOUSE ANTI.RAT ANT¡-CD61 ANTIBODY
Serotec, Oxford, USA

Gatalogue number: MCA 1773

Clone number: F11

Volume/quantity: 0.25 mg

CD number: CD61

Product form: Purified lgG - liquid

Buffer: Phosphate buffered saline pH 7 -4

Preservatives/stabi I izers : 0.1 o/o sod ium azide (N aN 3)

Approximate protein concentration: lgG concentration 1.0 mg/ml

lmmunogen: Bone cell suspension from SD rats

Fusion partners: Spleen cells from immunized Balb/c mice were fused
with the cells of the mouse X63-Ag8 myeloma cell line

lsotype:

Specificity:

lgGl (mouse)

MCA 1773 recognizes the rat CD61 cell surface
antigen, also known as the integrin beta 3 chain.
CD61 is expressed by platelets, megakaryocytes and
osteoclasts.

Species reactivity: Weak reactivity with human CD61 is reported

Recommended secondary reagents: Goat anti-mouse lgG FITC conjugate
(non-cross-reacting with rat lgG)
Goat anti-mouse lgG RPE conjugate (non-cross
reacting with rat lgG)

Recommended secondary controls: Mouse lgGl Negative Control

Store at +4"C for 1 month or at -20"C for longer
Avoid repeated freezing and thawing as this may
denture the antibody
Should this product contain a precipitate micro-
centrifugation before use is recommended

Storage conditions:
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Shelf life:

Health and safety:

12 months from the date of despatch

This product contains sodium azide'. a poisonous and
hazardous substance which should be handled by
trained staff
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SHEEP ANTI.HUMAN ANTI.CARBONIC ANHYDRASE II ANTIBODY
Serotec, Oxford, United Kingdom

Batch No: 261199

Volume: 1ml

Preparation:

Buffer:

Preservatives

Protein concentrations: lgG at 15.5 mg/ml

lmmunogen:

Specificity:

Species Cross reactivity: Not tested

Storage:

Shelf life:

Antisera to human carbonic anhydrase ll were raised
by repeated immunization of sheep with highly
purified antigen. Purified lgG was prepared from
whole serum by ion exchange chromatography.

Glycine buffered saline pH7.4

0.1o/o Sodium Azide (NaNo)
0.1o/o EACA
1 mM EDTA
0.01% Benzamidine

Purified human carbonic anhydrase ll (CA ll)
prepared from erythrocytes.

Product identity is confirmed by double diffusion
versus human CA ll. No reactivity is seen in
immunodiffusion against CA1 .

Store at 4"C or at -20'C if preferred.
Storage in frost-free freezers is not recommended.
Avoid repeated freezing and thawing as this may
denature the antibody

12 months
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GYTOKERATIN (AE1 /AE3) ANTIBODY
Cell Marque, Austin, USA

Presentation:

Applications

Reactivity:

Control:

Visualization:

Stability:

Cytokeratin AE1/AE3 is a cocktail of mouse
monoclonal antibodies from ascites fliud diluted in

phosphate buffered saline, pH 7.6, with 1% bovine
serum albumin, and preserves with sodium azide'

Cytokeratin, AEI/AE3 is well suited to distinguish
epithelial carcinoma from non-epithelial malignancies
and is used to aid epithelial tumour classification. This
antibody has been used to characterize the source of
various neoplasms and to study the distribution of
keratin containing cells in epithelia during normal
development and during the development of epithelial
neoplasms. This antibody stains cytokeratins present
in normal and abnormal human tissues. This antibody
has shown high sensitivity and specificity in

recognizing epithelial cells, especially neoplastic
ones, by immunohistological methods.

Paraffin or frozen sections

Prostate tissue

Cytoplasmic

24 months; store at2-8"C
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AVtDtN-BlOTtN (ABC) PEROXTDASE TMMUNOLABELLING TECHNIQUE FOR
PARAFFIN SECTIONS

1. Mount cut sections on silane-coated slides

2. Dewax in xylene and take sections to absolute alcohol 2x3min

3. Block endogenous peroxidase with 0.5% hydrogen peroxide in methanol at
room temperature for 30 min.
(HzOz vol 30% w/v
8.3 ml in 500 ml of methanol)

4. Rinse in PBS buffer 2x3min

5. Pretreatment antigen retrieval
Enzyme digestion with tryPsin
0.0625 g of trypsin ll in 250 ml PBS
Prewarm 250 ml PBS in 37'C water bath
Dissolve enzyme in PBS
Incubate slides in plastic racks in plastic microwave containers at 37"C for 3

min

6. Rinse in PBS buffer 2x3min

7. Circle sections with a PAP pen and incubate in 3% normal (horse) serum
30 min

8. Drain normal horse serum and incubate with primary antibody overnight at

4"C

9. Rinse in PBS 2x3min

10. lncubate with biotinylated linking antibody 30 min

11. Rinse in PBS 2x3min

1 2. lncubate with streptavidin peroxidase 60 min

13. Rinse in PBS

14.Apply peroxidase substrate solution
VialA - DAB stabilizing buffer
Vial B - Substrate buffer HzOz in Tris HCI buffer
ln a separate vial mix 1 drop of vial A to I ml of vial B
lncubate sections for 5-10 min at room temperature
Monitor reaction on positive control sections at 3 min

2x3min
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15.Rinse in PBS

16. Lightly stain with Mayer's haematoxylin

2x3min

17. Blue with ammonia solution
1.4 ml ammonia in 250 ml distilled water 2 dips

18. Mount and cover slip in permanent aqueous mounting medium - aquatex



349

APPENDIX 20

ANTIGEN RETRIEVAL FOR IMMUNOLABELLING

l. Enzyme digestion

Enzyme used: TRYPSIN
Trypsin type ll (Sigma Cat. No. T-8128)
0.0625 g in 250 ml of phosphate buffered saline

Pre-warm 250 ml of PBS in a 37'C waterbath.
Dissolve enzyme in the buffer.
Incubate slides in plastic racks in plastic microwave containers at 37'C for 3 min.

The enzyme solutions may be used for more than 1 rack of slides, but must be

made fresh each day.

ll. Microwave retrieval

Citrate buffer
1OmM sodium citrate pH 6.0

Distilled water 1000 ml
5N NaOH 25 ml
Citric acid 10.5 g

Place sections into plastic racks and load into 250 ml of citrate solution in a
microwave pot. Use the HIGH setting (Toshiba 1000W microwave oven) until

solution starts to boil. Then place racks in an NEC 750W microwave oven and
setfor 10 min on power level 2 (for2 pots - use a ballast pot of distilled water if
necessary), or power level of 3 for three pots. Observe solution for bubbling
when magnatron cuts in and subsides as it cuts out. Remove pots when time
completed, and allow to cool to 50"C then discard solution'
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TECHNICAL DETAILS OF DETECTION SYSTEM
Signet DAB Chromogen System

The DAB Chromogen Systems are intended for use in for immunohistochemistry
and immunoblotting procedures. They produce a golden brown precipitate
localized to the specific site of antigen as detected by direct or indirect
immunochemical staining procedures with horseradish peroxidase.

Reagents: Vial A (Chromogen) Liquid stable
3,3'diaminobenzidine, (DAB) chromogen in stabilizing
buffer
Vial B (Substrate buffer) -HzOz in Tris HCI buffer

Gontents: 300 Test DAB Chromogen
CAT#1040) contains:
Vial A:1 x 4 ml DAB Chromogen
Vial B:6 x 6 ml Substrate buffer

System (Signet

1000 Test Signet Chromogen
Cat#1042) contains:
Vial A:1 x 6 ml DAB Chromogen
Vial B:2 x 50 ml Substrate buffer

System (Signet

lmmunohistochemical staining procedure

1. Combine reagents:
300 Test System: Remove dropper plug from 6 ml DAB Substrate Buffer -
Vial B, add 6 drops of DAB Chromogen from Vial A, replace dropper and mix
gently
1000 Test System: in a separate vial mix 1 drop, -40p1, of DAB Chromogen
from Vial A with every 1 ml DAB Substrate Buffer from Vial B

2. Apply solution to tissue sections within 6 hours of combining reagents from
VialA and Vial B

3. lncubate tissue sections for 5-10 min at room temperature or 2-5 min at 37"C

on a StainplaterM Staining Accelerator (Signet Cat# 1060 or 1080). Begin to
monitor the development of the reaction on the positive control tissue at 3 min
(room temperature) or 2 min (37'C Stainplate).

4. Rinse well with distilled water

5. Counterstain with Mayer's haematoxylin for 5 min

6. Blue haematoxylin with ammonia waterfor 10 s (Ammonia water: add 1.4 ml

concentrated ammonium hydroxide to 250 ml distilled water).
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7. Mount and coverslip with permanent aqueous mounting medium (Signet Cat#
1010 or 1012)

Caution: DAB has been classified as a carcinogen and can cause irritation upon
exposure to skin. Avoid skin contact with the DAB when preparing solutions or
when cleaning equipment, Wash hands thoroughly after exposure. Solutions
containing DAB should be disposed of according to local regulations.
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Chequerboard approach to antibody titrations.

Antibodies were diluted according to the concentrations listed in the vertical

column and applied for time periods listed in the horizontal row.

Time (hours) à 1 2 4 I 12 24

Dilution (in PBS)9

1=1

1:2

1:5

1:10

1:50

1:100

1:500

1:1000

1:5000

l:10000
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SUCCINIC DEHYDROGENASE STAINING (Takimoto et al., 1966)

Solutions:
5 ml phosphate buffer 0.2M (Appendix 3)
5 ml sodium succinate 0.2M
6 ml nitro BT at (5 mg/ml)

Combine the solutions and incubate slides at 37'C for 45 min
Fix in 10% formalin (Appendix 3) for 30 min
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Datasheet for Osteoprotegerin FcOPG
Amgen, California, USA

Batch number:

Goncentration:

Presentation:

Strorage:

Administration:

35000F8

10 mg/ml

1 ml vials

-70'c

Subcutaneously

Each 1 ml vial of OPG was diluted with 3 ml of sterile water for injection to give a
final concentration of 2.5 mg/ml. Before subcutaneous administration, each
animal was weighed and a volume for injection calculated. For most animals
weighing in the range of 250-300 g, this involved a dose of 0.25-0.30 ml.
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