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ABSTRACT 

External feline osteoclastic resorptive lesions (FORL) of the tooth occur in 20-75% of 

domestic cats. Epidemiological studies have shown that the incidence of FORL 

increases with age, and premolars and molars are the most commonly affected teeth. 

However, the aetiological mechanisms of tooth destruction in FORL are unknown. In 

this study, the normal surface anatomy of the tooth, and the surface features of early and 

advanced FORL were described using scanning electron microscopy (SEM). The local 

expression of mediators involved in the differentiation and activity of osteoclasts in 

teeth was investigated using RT-PCR and immunocytochemistry. Markers of bone 

turnover were measured in serum and urine to assess systemic processes of bone 

formation and resorption in normal cats and in cats affected with FORL. 

SEM demonstrated that the enamel at the cemento-enamel junction (CEJ) of the 

tooth was thinner than at other sites. There was reduced mineralisation of enamel and 

dentine at this location, potentially predisposing it to damage by resorption. In 

radiographically normal teeth, early resorption occurred most frequently at the CEJ, and 

involved enamel. This was the only region of the tooth that did not show evidence of 

repair, providing compelling evidence for the CEJ-origin of FORL. Resorption was 

prevalent among young animals, indicating that the initiation of disease occurs early in 

life. mRNA expression of interleukin- IP and interleukin-6 was elevated in teeth 

affected with FORL. mRNA and protein expression of Receptor Activator of NFKB 

(RANKL) was elevated in normal teeth and gingiva, while osteoprotegerin (OPG) was 

elevated in teeth and gingiva affected with FORL. The presence or severity of FORL 

was not associated with alterations in bone turnover markers, indicating that the 

stimulus for resorption occurs locally in the tooth microenvironment. This study has 

identified a number of factors that may be important in the pathogenesis of FORL, 

including features of the CEJ and changes in the expression of local cytokines in the 

tooth microenvironment; however, FORL does not appear to be associated with 

systemic alterations in bone cell activity. 
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1. GENERAL INTRODUCTION 

1.1. INTRODUCTION 

External Feline Osteoclastic Resorptive Lesions (FORL) of the tooth are common in 
domestic cats and lead to pain, destruction of the periodontal attachment, and tooth loss 

(Hopewell- Smith, 1930; Schneck and Osborn, 1976; Lyon, 1992). Epidemiological 

studies have shown that 20-75% of cats are affected with at least one lesion during life, 

and there appears to be an increased incidence of disease after 4 years of age (Schneck 

and Osborn, 1976; Schlup, 1982; Coles, 1990; Zetner, 1990; van Wessum et al., 1992; 

Gengler et al., 1995; Reiter, 1997; Hennet, 1997; Lommer and Verstraete, 1998; Lund et 

al., 1998; Harvey, 1999; Verstraete and Lommer, 2000; Ingham et al., 2001). 

The consenus is that FORL is not related to caries lesions or to periodontal 

disease, and there is no equivalent condition in other carnivores, although FORL have 

been reported in large wild cat species (Harvey et al., 1994; Okuda et al., 1995; Gengler 

et al., 1995; Berger et al., 1996; Verstraete and Lommer, 2000). In man, a similar, rare, 

condition has been reported and is described as idiopathic resorption. (Moody and Muir, 

1991) The specific underlying factor or factors involved in initiating pathological tooth 

resorption in the cat remain unknown (Reiter, 1998a; Harvey, 1999). Many factors have 

been implicated, such as dietary texture, mechanical stress, dietary deficiencies, 

excessive vitamin A intake, periodontal disease, developmental tooth defects, breeding, 

and viral disease, although none of these factors have been definitively proven to be the 

direct cause of resorption, contributing to the frustration in managing this disease (see 

Reiter and Mendoza, 2002 for review). There has also been a paucity of scientific 

investigation exploring the mechanisms of osteoclastic resorption in FORL, which this 

study attempts to address. 

FORL initiate on the external surface of the root, and extend to involve dentine and 

enamel. FORL rarely involve the pulp, except in advanced stages of disease (Okuda 

and Harvey, 1992a). At early stages of FORL, lesions appear as small, localized pits at 

the gingival margin of the crown of the tooth (see Figure IJA and B) (Schneck and 

Osborn, 1976; Okuda and Harvey, 1992a). Resorption is characterised by gingival 
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inflammation and proliferation, which may involve the presence of extensive dental 

plaque, and the fori-nation of vascular granulation tissue filling the expanding lesion. At 

advanced stages of disease, the lesion extends into the underlying dentine, and the tooth 

structure is significantly resorbed. Ultimately, the crown fractures, and the remaining 
fragments of root are resorbed (Okuda and Harvey, 1992a; Reiter, 1997). Histological 

studies have demonstrated the presence of large numbers of osteoclasts on the external 

surface of the tooth root at early stages of the disease whereas few osteoclasts are 
detected at advanced stages of disease, and during the initiation of a repair response 
(Okuda and Harvey, 1992a). 

Figure LI: Clinical characteristics of FORIL from early to late stages of disease. A: Early 

resorptive lesion at the gingival margin of the crown (indicated by arrow 1). As the disease 

progresses, there is considerable resorption of the tooth and vascular granulation tissue rills the 

lesion (indicated by arrow 2). B: At late stages of disease, the tooth crown fractures (indicated by 

arrow). Photos taken by Dr. John Robinson. 

The site of intial osteoclastic invasion of the tooth is a matter of debate. Clinical studies 

suggest that resorptive activity initiates at the gingival margin at the crown of the tooth, 

although it is not clear if lesions originate at this site, or if they originate on the root 

surface, and progress towards the crown. The buccal and lingual surfaces of premolars 

and molars are reported as the most common teeth affected with FORL, although the 

underlying basis for a distribution among specific teeth has not been defined (Schneck 

and Osbom, 1976; van Wessum et al., 1992; Reiter, 1997', Tn(-ýham et al., 2001). Some 

Image removed due to third party copyright Image removed due to third party copyright
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studies have indicated that variations in the anatomy and composition of the tooth may 
be associated with a predisposition for resorption. For example, studies have shown that 
the enamel at the gingival margin of the crown in normal teeth is of a lower 

mineralisation, and is considerably thinner compared to enamel further up the crown 
(Sasaki et al., 1984; Hayashi and Kiba, 1989; Crossley, 1995). 

While there have been a number of descriptive histological studies of cat tooth 

anatomy and of advanced FORL lesions, there have been no studies aimed at identifying 
the specific features of the feline tooth and specific tooth types that could predispose it 
to resorption. In this study we explore the hypothesis that the feline tooth has a 
characteristic microstructure that predisposes it to resorption, and that FORL are 
associated with specific sites on the tooth and with specific types of teeth. Chapter 3 
describes the study of normal feline teeth using scanning electron microcopy (SEM), 

which was determined to be the optimal method for studying the three-dimensional 

characteristics of tooth surfaces. Quantitative backscattered SEM was also used to 

measure the mineralisation characteristics of embedded and sectioned teeth. 

Epidemiological studies all demonstrate that the prevalence of FORL increases with 

age, and lesions are rarely described in animals less than four years old. However, 

clinical detection methods, such as radiography, are very insensitive and are unable to 

detect early stages of resorption. Therefore, it remains unclear as to at what age, and 

where FORL may be initiated. The limitation of previous histological studies is that 

cross sections of teeth provide no information about the extent of resorption over the 

entire root surface. In this study (Chapter 4), SEM was used to survey clinically non-nal 

teeth in order to establish the prevalence of early FORL, and to describe the surface 

structures associated with lesions. 

Another important area of research in exploring the pathogenesis of FORL has been to 

identify the factors associated with stimulating and sustaining osteoclast activity in the 

tooth microenvironment. At the time this project was undertaken, it was unclear 

whether the stimulus for osteoclast activation in FORL was local to the tooth 

microenvironment (ie. periodontitis, mechanical stimulation), or was associated with 

systemic abnormalities in bone cell activity in the cat (ie. dietary imbalances, systemic 
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disease). One preliminary study has shown that osteoclasts and endothelial cells 

associated with affected teeth express the inflammatory mediators IL-lP and EL-6 

(Okuda and Harvey, 1992b). Another study had shown that bone sialoprotein and 

osteopontin, which are matrix proteins involved in attachment of osteoblasts and 

osteoclasts to bone, are found at sites of resorption (Shigeyama et al., 1996). 

In man, the role of cytokines in mediating tissue destruction and alveolar bone 

resorption associated with conditions such as periodontitis and mechanical stimulation 
is well established (Stashenko et al., 1991; Rasmussen et al., 2000; Hirose et al., 2001). 

However, the molecular mechanisms involved in regulating osteoclast differentiation 

and activity in normal cat teeth, and in teeth affected with FORL at different stages of 

disease have not been explored in any detail. In this study (Chapter 5), we have used 

RT-PCR and immunoctochemistry to determine whether FORL is associated with 

changes in the expression of specific local mediators which activate osteoclasts. 

It has also been proposed that FORL may be associated with more generalised 

abnormalities in bone turnover that could be the consequence of an inappropriate diet 

and/or systemic imbalances of hormones associated with calcium metabolism (Zetner, 

1990; Reiter, 1998b). To address this, this study established whether concentrations of 

systemic markers of bone cell activity, which reflect changes in bone turnover 

throughout the skeleton, were altered in FORL (Chapter 6). 

The hypotheses and objectives of the project are detailed below. This is followed by a 

review which includes a description of the anatomical features of teeth (including feline 

teeth) and bone, and a description of bone cells and the molecular mechanisms which 

regulate osteoclast and osteoblast differentiation in bone and in teeth. 
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HYPOTHESES 
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* The feline tooth has a characteristic microstructure that predisposes it to surface 
resorption by osteoclasts. 

* FORL are associated with specific sites on the surface of the tooth and with specific 
types of teeth. 

The incidence of resorption is much higher than that which can be observed during 
clinical examination or using radiography. 

9 FORL is associated with changes in the expression of local mediators involved in 

the activity of osteoclasts in the tooth microenvironment. 
9 The presence of FORL may be associated with a generalised alteration in bone 

tumover. 

OBJECTIVES 

1. To use scanning electron microscopy (SEM) to analyse the surface of 
radiographically normal teeth and to compare the anatomy of teeth at different sites 

within the tooth and between teeth. 

2. To use SEM to analyse embedded and sectioned normal feline teeth and to measure 
the thickness and mineralisation of different dental tissues including enamel, 
dentine, and cementurn. 

3. To use SEM to establish the frequency and localisation of early resorptive lesions on 

the surface of radiographically nonnal teeth, and to characterise the features of 

advanced FORL. 

4. To use reverse-transcriptase polyrnerase chain reaction (RT-PCR) to establish the 

mRNA expression of factors associated with osteoclast activation (ie. IL-1p, IL-6, 

RANKL, and OPG) in normal teeth and gingiva, and in teeth and gingiva affected 

with FORL, and in a range of normal feline tissues, including liver, spleen, lymph 

node, muscle, and alveolar and femoral bone. 
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5. To describe the features of nonnal teeth and teeth affected with FORL using 
standard histology. 

6. To use immunocytochemistry to localise the protein expression of factors associated 

with osteoclast differentiation (ie. RANKL and OPG), and osteoblast localisation 

(osteocalcin, osteopontin) in cells and tissues of normal teeth and in teeth affected 
with FORL. 

7. To evaluate a number of human assays of markers of bone formation and resorption 
for measuring bone cell activity in serum and urine of cats, and to use bone markers 

to assess the relationship between age and the presence of FORL with bone 

tumover. 
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1.2. TOOTH DEVELOPMENT AND ANATOMY 

1.2.1. Basic tooth anatomy 

24 

Teeth are comprised of a number of mineralised and non-mineralised structures, 
including dentine, pulp, enamel, and cementum, and the supporting structures of 
alveolar bone, periodontal ligament (PDL), and gingiva (see Figure 1.2). The 

mammalian dentition includes incisors, canines, premolars, and molars, organised 
antero-posteriorly in the maxilla and mandible. In most species, a deciduous (primary) 
dentition occurs in early stages of development, which is replaced by a pennanent 
(secondary) dentition that persists throughout life. The part of the tooth that projects 
into the oral cavity is known as the crown, and is composed of dentine covered in 

enamel, and features cuspal projections. The cemento-enamel junction (CEJ) may also 

project into the oral cavity, but is usually surrounded by gingiva. The tooth root is 

comprised of dentine covered in cementum, and is normally surrounded by an alveolar 

bone socket, separated by the periodontal ligament. The root tip is known as the root 

apex. At the centre of the tooth is the pulp chamber, which is filled with blood vessels, 

nerves, and cells, and communicates with the surrounding periodontal ligament, 

alveolar bone, and vascular system. 

The surface of the tooth facing the tongue is the lingual surface (see Figure 1.3). 

The surface facing the inside of the mouth (cheeks) is the buccal surface. The surface 

of teeth facing the lips is the labial surface. The surfaces of teeth facing other teeth are 

the interproximal surfaces, and the biting surfaces are the occlusal surfaces. The medial 

surfaces of teeth are the surfaces oriented towards the anterior (rostral) plane of the 

body, and the distal surfaces are oriented towards the posterior (caudal) plane of the 

body. The proximal orientation of the tooth is described as coronal, and the distal 

orientation of the tooth is described as apical. 



Chapter 1: General introduction 25 

Figure 1.2: Schematic diagram of structures of the tooth (Orsini and Hennet, 1992). 

Image removed due to third party copyright
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Figure 1.3: Anatomical terms used to describe the orientation of the tooth. A: Superior view of the 
right feline mandible. B: Feline maxillary premolar. 

1.2.2. The feline dentition 

Each quadrant of the feline dentition includes three incisors, one canine, two or three 

premolars, and one molar (3131/3121, total = 30, see Figure 1.4, Table 1.1). Cats have 

fewer teeth compared to other carnivores, lacking the maxillary and mandibular first 

premolars and the mandibular secondary premolars. However, these teeth may 

occasionally exist as supernumerary teeth. 

The feline dentition is adapted for hunting and eating a raw meat diet (Orsini and 
Hennet, 1992). The incisors and canines are used for grasping and biting prey, while 

the premolars and molars, which overlap and glide against each other in occlusion, and 

are associated with powerful facial muscles, are adapted for shearing fibrous meat 

(Orsini and Hennet, 1992). In occusion, the maxillary dentition, which is wider, 

overlaps the mandibular dentition on the buccal side (Figure 1.5). During chewing, the 

mandible needs to be shifted laterally so the buccal surface of the lower teeth is able to 

shear upward and forward against the palatal surface of the upper teeth (Orsini and 

Hennet, 1992). 

Distal 
(Anterior / caudal) 

Apical (distal) 
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Figure 1.4: Schematic diagram of teeth of the feline dentition (Orsini and Hennett, 1992). 

Maxilla 
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Figure 1.5: Photograph of a cat skull showing the feline dentition in occlusion. During occlusion, 

the maxillary dentition, which is wider, overlaps the mandibular dentition on the buccal side 

(indicated by arrow). 

Image removed due to third party copyright
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An in vivo analysis of the transmission of force in the cat skull during biting indicates 

that compressive and tensile forces are primarily exerted on the facial muscles, and 
transmitted posteriorly along the structrual. continua of the skull (Buckland-Wright, 

1978). It is suggested that this mechanism of transmission of force has the advantage of 

enabling large forces to be exerted in biting without over-stressing the facial bones. 
Some researchers hypothesize that there may be an association between mechanical 
stress associated with occlusion that may predispose to FORL (Reiter, 1998a). 

Mechanical stress has been shown to be a factor that stimulates tooth root resorption in 

human and rodent models; however, the potential role of force in stimulating root 

resorption in cats has not been studied. 

Table 1.1: The standard anatomical nomenclature used to describe teeth of the feline dentition 

(Orsini and Hennet, 1992). The mandibular and maxillary first premolars (P1 and PI) and 

mandibular second premolars (P2) are not usually present, except in cases of supernumery teeth. 

Side Teeth Notation 
Maxilla First, second, and third incisors il, 12, V 

Canines C 
Second premolar p2 
Third premolar p3 
Fourth premolar 

P4 

First molar 
1 M 

Mandible First, second, and third incisors lb 12,13 

Canines C 
Third premolar P3 

Fourth premolar P4 

First molar M, 

The eruption of the permanent dention in the cat begins around 90-100 days after birth, 

and lasts 70-100 days (Bennan, 1974). Post-eruption, the teeth continue to gow 

apically, during which time the PDL and cementum matures and reorganises. The 

complete maturation of teeth associated with the closure of apices occurs at 11 months 

of age (Wilson, 1999). 

The following is a descnption of human tooth development and structure, and a review 

of the literature describing the features of nonnal feline teeth. The basic structure and 

development of the mineralised and supporting tissues of the feline tooth is similar to 
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that described in other mammalian dentitions, and therefore the description of tooth 
development and anatomy is based on descriptions in the literature on human teeth 
(Orsini and Hennet, 1992; Okuda and Harvey, 1992a). 

1.2.3. Tooth development 

The mammalian dentition begins developing very early in embryogenesis with the 
differentiation of the primary epithelial band into the vestibular lamina, which develops 
into the sulcus between the cheek and dentition, and the dental lamina that develops into 
the teeth. During the "bud" stage, epithelial cells in the dental lamina proliferate, and 
form an ingrowth into the oral ectomesenchyme where the tooth will form. These 

epithelial cells proliferate, and form a "cap" of cells ("cap"-stage), known as the dental 

organ, which develops into the enamel, over a condensed ball of ectomesenchymal 
cells, known as the dental papilla, which develops into the dentine and pulp (see Figures 
1.6A and B). Sur-rounding the dental organ and papilla is a sheath of epithelial cells 
known as the dental follicle, from which develops the cementum and periodontal 
ligament (Osborn, 1981; Ten Cate, 1998). 

During the "bell" stage, the epithelial cells at the centre of the dental organ 

synthesize glycosaminoglycans which attract water, resulting in increasing fluid 

pressure on the extracellular compartment causing the cells to spread apart, forming the 

stellate reticulurn (see Figure 1.6Q. The epithelial cells of the dental organ bordering 

the dental papilla organise to form the internal dental epithelium, and the cells on the 

outside of the dental organ form the external dental epithelium. Between the internal 

dental epithelium and the stellate reticulum cells differentiate to form the stratum 

intermedium layer. The external and internal dental epithelial layers meet at the margins 

of the dental organ, forming the cervical loop, which differentiates apically as the tooth 

crown is forming. Epithelial cells of the cervical loop proliferate apically to form the 

Hertwig's epithelial root sheath (HERS), which surrounds the dental papilla between the 

papilla and the dental follicle (Osbom, 1981; Ten Cate, 1998). The permanent dentition 

differentiates from the same dental follicle as the primary dentition, and forms in the 

same way as the primary dentition, lagging behind the formation of the primary tooth. 
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In man, the permanent molars have no deciduous precursors, but result from epithelial 

ingrowths into developed alveolar bone later in development. 

Exte
epit

inter
epith

Figure 1.6: Histological sections of human teeth during early stages of development. A: Bud stage, 

B: Cap stage, C: Bell stage (Ten Cate, 1998). 

Image removed due to third party copyright
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Tooth structure 

Dentine 

The intial mineralisation activity in the tooth begins at the stratum intermedium layer, 
resulting in the deposition of mineralised tissue at the inner dental epithelium, fixing the 
outline of the future enamel-dentine junction. Mesenchymal cells in the dental papilla 
differentiate at the internal dental epithelium margin to form osteoblasts, and begin 
depositing dentine matrix apically from the enamel-dentine junction (Shellis, 198 1; Ten 
Cate, 1998). 

Dentine is secreted as "globules" or spherical calcospherites that fuse to form the 
dentine matrix (Boyde and Jones, 1983; Jones and Boyde, 1984). Histologically, this 

region of globular dentine is known as the "granular layer of Tomes"', and is reported to 

be hypomineralised (Jones and Boyde, 1984). As osteoblasts migrate pulpally, 

calcospherites become larger, and flatter, and completely fuse to form a homogeneous 

dentine surface (Boyde and Jones, 1983). At the enamel-dentine junction, at the site of 

mantle-dentine formation, von Korff fibres may be observed in dentine, which are 

described as coarse bundles of collagen fibres extending parallel to osteoblast processes 

in dentine (Stratmann et al., 1997). 

Ultimately, osteoblasts forming circumpulpal and root dentine fonn the outline 

of the pulp chamber, and continue to deposit secondary dentine matrix along the pulp 

chamber throughout life. Secondary dentine is deposited slowly and Is less well 

mineralised than primary dentine, and is capable of repair of the pulp cavity due to 

invasive caries or other injury (Ten Cate, 1998). Mature dentine is acellular; however, 

osteoblasts at the pulpal margin extend cytoplasmic processes through mineralised 

tubules towards the enamel and cementum surface (Boyde et al., 1988). Mature dentine 

forms the bulk of the tooth and functions to support the occlusal surface of the enamel, 

and to absorb compressive forces. On average, mature dentine is approximately 70% 

mineral, 20% organic material, and 10% water by weight (Ten Cate, 1998). 

Studies of the dentine of normal feline teeth have shown that dentine is penetrated by 

vascular canals ("vasodentine"), and bony lacunae containing cells ("osteodentine"), 

which disrupt tubule organization (Okuda and Harvey, 1992a). These structures have 
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been detected in other mammalian teeth, and in humans, and occur following trauma or 
as a result of osteogenesis imperfecta. The mechanism of formation of these structures 
in the cat is unknown, but it is believed that their presence is associated with a 
deficiency of dentine mineralization. Lacunae or tubular structures with cell inclusions 
have been observed in the coronal dentine and root furcation zone of some cat teeth, and 
are also suggested to be associated with poor mineralization in these areas (Okuda et al., 
1995). The relationship between deficient dentine mineralization in the cat and 
predisposition for resorption remains unclear. Von Korff fibres have been described in 
feline dentine (Bishop et al., 1991) and the vascular organisation of the pulp of the 
feline tooth has also been described (Vongsavan and Matthews, 1992). 

Enamel 

After the first dentine is formed, cells of the internal dental epithelium differentiate to 

form ameloblasts, and secrete enamel matrix coronally from the enamel-dentine 
junction. Local thickening of cells in the inner epithelium layer into "enamel knots" and 
"chords", and infolding of the layer due to differential mitosis are believed to be the 

processes directing future cusp formation (Ten Cate, 1998). 

As the dentine is forming, cells of the dental epithelia differentiate into densely 

organised, columnar ameloblasts which migrate coronally from the dentine-enamel 

junction, fonning the mineralised matrix of enamel. During the secretory phase of 

mineral formation, enamel proteins (including amelogenins, tuftelin, enamelin, and 

amelin), proteases, phophatases, and non-collageneous matrix proteins are secreted by 

vesicles in Tomes' processes of ameloblasts, forming crystalline structures as the 

ameloblast migrates from the junctional surface (Boyde, 1967; Osborn, 198 1; Ten Cate, 

1998). During the maturation or mineralisation phase of enamel, there is an influx of 

additional mineral content into newly formed matrix from adjacent ameloblasts, and a 

removal of organic molecules and water, leading to the lengthening and hardening of 

enamel prism rods (Osborn, 1981). The organic content of prismatic enamel becomes 

concentrated in the inter-ameloblastic space, which also mineralises to forrn non- 

prismatic, inter-ameloblastic enamel (Boyde, 1967). 
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Mature enamel is organised as alternating bundles of prism rods forming a lamellar 

structure known histologically as Hunter-Schreger bands. This pattern of enamel 
structure is considered to enhance the structure and strength of enamel, and to limit the 

extent of cracking of the surface (Ten Cate, 1998). It is formed as a result of the 
different migratory pathway of ameloblasts during enamel formation (Boyde et al., 
1988). Mature enamel is the most highly mineralised tissue of the tooth, consisting of 
95% inorganic hydroxy-apatite crystals, and less than 1% organic content (Ten Cate, 

1998). In mammals, the hard enamel surface of cusps functions for grinding, cutting, 

and shearing food. In humans, the highest mineralised enamel is formed at the cusps, 

where crystal rods run vertically. Enamel is less mineralised towards the cemento- 

enamel junction, due to the organisation of enamel crystals, and due to the fact that this 

region undergoes the shortest period of maturation activity by ameloblasts during 

development (Osborn, 1981) (Boyde, personal communication). 

The development of the amelo-dentine junction and ameloblast activity has been 

described in the cat (Silva and Kailis, 1972; Kallenbach, 1976; Hayashi, 1983; Sasaki et 

al., 1985). Enamel proteins have been localised in forming prismatic and inter- 

ameloblastic enamel and in vesicular structures of Tomes' processes, Golgi bodies, and 

the membrane structure of ameloblasts in the cat (Nanci et al., 1992). In this study, 

enamel protein localisation was highest at the forming margin of enamel, compared to 

inner, mature enamel. There was a coronal-CEJ gradient of localisation, with higher 

expression in enamel at the CEJ, corresponding to the more recent development of the 

CEJ compared to coronal enamel (Nanci et al., 1992). 

Mature feline and canine enamel has been described as composed of distinct 

layers, including a smooth, prism-free surface area, and inner layers of parallel prisms 

(Skobe et al., 1985). The rodless layer is described as continuous with the inner 

prismatic enamel, and is not present at the cervical margin of enamel (Skobe et al., 

1985). The enamel thickness in dogs and cats is described as thickest at the crown tip, 

and very thin at the CEJ. Both cats and dogs are described to have thinner enamel than 

in man, and cats have thinner enamel (<O. l - 0.3 mm thick) on average compared to 

dogs (Crossley, 1995). 
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In dogs and cats, and in man, the shape of Tome's process pits in forming 

enamel are described as hexagonal, where the floor of the pit is sloping and continuous 
with the inter-pit enamel (Boyde and Lester, 1967; Boyde et al., 1988). In other species, 
enamel pits associated with Tome's processes are cylindrical and flat-bottomed, or 
organised in rows with prominent inter-row ridges with one ridge forming the floor 
(Boyde, 1967; Boyde et al., 1988). It is suggested that the differences in patterns of 
enamel prism packing may be related to different sizes of ameloblasts (Boyde et al., 
1988). In the cat, Hunter-Schreger bands are described to be particularly prominent 
(Skobe et al., 1985). 

Microhardness studies have reported feline teeth to have less mineralised enamel 
than humans and dogs, and have decreasing mineralization of the crown from the cusp 
to the cemento-enamel junction (Hayashi and Kiba, 1989). A study of fonning and 

mature feline enamel has demonstrated increased hardness and Ca-P mineral 

concentration in inner enamel (ie. towards dentine) compared to outer forming-front, or 

mature surface prism-free enamel (Sasaki et al., 1984). This study showed that there 

was an almost even distribution of mineral content throughout the intermediate and 

inner-most layers, and that overall total mineral concentrations in mature enamel are 
higher than in forming enamel. The relationship between mineral density of enamel and 

a predisposition for resorption by osteoclasts is not known; however, it has been shown 

in vitro that osteoclasts resorb lesser-mineralised matrix more rapidly than more 

mineralised matrix (Jones et al., 1995). 

Cementum 

As the tooth root grows in length, the Hertwig's epithelial root sheath (HERS) 

fragments. Mesenchyrnal cells from the dental follicle, which surround the developing 

tooth, migrate to the surface of dentine, and differentiate into cementoblasts. (Shellis, 

1981; Hammarstrom, 1997). These cementoblasts deposit unmineralised collagen 

matrix on the dentine surface, which anchors to the dentine by collagen fibrils. The 

remains of the fragmented root sheath persist near the forming cementum, and in the 

periodontal tissues throughout life, as epithelial cell pockets known as the epithelial cell 

rests of Malassez (Shellis, 1981; Ten Cate, 1998). Once the tooth is fully erupted and 
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in occulsion, there is a rapid deposition of non-mineralised collagen and proteins at the 
cementum surface, deposited in fibre bundles parallel to the root surface that become 

mineralised by cementoblasts. When the periodontal. ligament is mature, ligament 
fibroblasts begin depositing mineralised collagen bundles on the cementum surface (Ten 
Cate, 1998). 

There are several types of cementum found on the root surface of the mature 
tooth. Afibrillar cementurn is acellular, and is composed of non-collagenous proteins. 
It is found between dentine and the fibrous cementurn, and can be found at the cemento- 

enamel junction at the crown cervix (Jones, 198 1). One function of the protective phase 

of enamel formation is the secretion of a mineral layer over prismatic enamel that 

inhibits the deposition of cementurn on enamel by the follicular tissue (Ten Cate, 1998). 

However, in many species, including humans, rodents, elephants, sheep, horses, and 

cows, the formation of acellular, afibrillar cementurn overlapping enamel is a normal 
feature of development, and indicates that formation of enamel is complete prior to 

formation of coronal cementurn (Hammarstrom, 1997). 

Fibrillar cementum includes extrinsic and intrinsic forms of collagen fibre- 

derived matrix, and covers most of the root shaft of the tooth. Extrinsic cementum is 

acellular, and is formed by fibroblasts of the periodontal ligament as thick parallel 

bundles continuous with the fibre structure of the periodontal ligament. These bundles 

are known as Sharpey's fibres, and project perpendicularly from the root surface into 

the periodontal ligament (Jones, 1981). Fibre bundles may remain unmineralised, or 

become fully mineralised, or may retain unmineralised segments or cores (Jones, 198 1). 

In humans, their orientation Of insertion into the periodontal ligament may vary in 

relation to direction of mechanical forces (Ten Cate, 1998). 

Intrinsic cementum is cellular, and is formed by cementum osteoblasts 

independent of the periodontal ligament, as wavy fibre bundles parallel to the surface of 

the root, interweaving projecting extrinsic fibre bundles. As with bone, cementoblasts 

become incorporated into forming cementum to become cementocytes, which 

communicate by canaliculi that extend outwards to the root surface. In humans, their 

organization varies over the surface of the tooth in relation to the organization of 

extrinsic fibres. Where extrinsic fibre organization is dense, there is little room for 
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intrinsic fibres, and they are not ordered. As extrinsic fibres spread out, intrinsic fibres 
fonn long, thick parallel bands in between projecting fibres (Jones, 198 1). 

Mature cement is approximately 65% hydroxyapatite, and 20% collagen by weight. In 
man, it varies in thickness over the surface of the tooth, being thinnest at the cemento- 
enamel junction, thickening towards the root apex and at root bifurcations (Ten Cate, 
1998). Surrounding the cementum is a thin, vital layer of unmineralised cementum, 
known as precementum, or cementoid, which may have a protective function in 
resisting tooth root resorption by osteoclasts (Jones and Boyde, 1988). 

Both extrinsic and intrinsic cementum is capable of remodelling in response to 
injury or mechanical strain to the periodontal ligament. Osteoclasts may be transported 
to the tooth surface by vascular canals, or may differentiate in the periodontal ligament 
(Sheila Jones, personal communication). Intrinsic fibre cementum is deposited first in 

repair, and can appear as thick and rough patches of cement, with incorporated 

osteocytes. Later, if the periodontal ligament repairs, fibroblasts may recreate the 
Sharpey's fibre attachments (Sheila Jones, personal communication). 

The structure of cementum has not been extensively described in the cat. One 

study reports that acellular cementum. in feline premolars and molars is particularly 

thick, and cementurn is thinnest at the root furcation zones (Orsini and Hen-net, 1992). 

Thick, cellular, fibrillar cementum has also been described in another study, associated 

with additional deposition on the alveolar bone surface (Forsberg et al., 1969). 

Reparative cementurn associated with Sharpey's fibres, cementoblasts, and 

cementocytes has been described in the cat, and is described as being thicker than 

normal cementum (Nalbandian and Frank, 1980). 

'n Cemento-enamel junction (CEJj 

The enamel of the CEJ forms as a result of the last phase of differentiation of epithelial 

cells of the cervical loop of external and internal dental epithelia. The CEJ is the 

boundary zone between the apical extent of coronal enamel and the coronal boundary of 

cementum (Ten Cate, 1998). In mammals, there is considerable variation in the pattern 

of the CEJ; where the enamel and cementum may overlap, meet edge to edge, or less 
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frequently, fail to meet, exposing the dentine surface, characterised by exposed "holes" 

of the dentine tubules (Schroeder and Scherle, 1988). Variation in CEJ pattern may 
occur even within single teeth and certain teeth may exhibit particular patterns 
(Schroeder and Scherle, 1988; Grossman and Hargreaves, 1991; Ten Cate, 1998). In 
humans, it is reported that the primary CEJ pattern in premolars is edge to edge contact 
of enamel and cementum, while molars feature primarily cementum overlap of enamel 
(Schroeder and Scherle, 1988). Also, molars tend to exhibit dentine exposure more 
frequently than premolars, and most frequently at the buccal and distal surfaces 
(Schroeder and Scherle, 1988). 

In the normal human CEJ, the ligament fibres from the connective tissue gingiva 

create an anchor with the cementum. and enamel surfaces (Ten Cate, 1998). It is 

suggested that the pattern of cementum overlapping enamel may accrue over time, with 

the continued formation of new cementum matrix. However, if the CEJ becomes 

exposed to the oral environment, due to loss of gingival attachment, this process may be 

stopped (Schroeder and Scherle, 1988). Exposure of dentine tubules at the CEJ and 

proximal root is described as the result of detachment of gingiva or the PDL due to 

injury or disease (Adriaens et al., 1988; Fischer et al., 1991). 

The forming CEJ has been described histologically in the cat, (Nanci et al., 

1992); however, to the author's knowledge, the mature feline CEJ has not been 

described. 

Periodontal ligament (PDL) 

Like the cementum, the periodontal ligament also derives from the cells of the dental 

follicle. Initially, the ligament space is filled with unorganised, short fibre bundles 

connecting the alveolar bone with the cementum. Fibroblasts begin forming collagen, 

and remodel these fibres into organised bands. The orientation of fibre bundles is not 

finalised until the tooth is fully erupted and in occlusion, when the bands are thickened 

and strengthened (Ten Cate, 1998; Bartold and Narayanan, 1998). 

In the mature tooth, the periodontal ligament functions to absorb force and allow 

mobility of the tooth in the alveolar bone socket. It is a cellular tissue, which is highly 

vascularised and has a nervous supply, and is capable of remodelling. The cellular 
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composition of the ligament includes mostly fibroblasts, but also osteoclasts, 

osteoblasts, cell rests of Malassez, macrophages, and undifferentiated mesenchymal 

cells. The non-cellular components include collagen, glycosaminoglycans, 

glycoproteins, lipids, and elastic fibres (Ten Cate, 1998). 

Compared with other camivora, the periodontal space of the cat tooth is 

described as very narrow (Forsberg et al., 1969). Lateral canals at the root apex 

connecting the pulp to the periodontal ligament have also been described in the cat 
(Orsini and Hermet, 1992). Experimental detachment of the PDL in the cat has been 

shown to be associated with reorganisation and reattachment of collagen fibres 

(Nalbandian and Frank, 1980). The distribution of "mechanoreceptors" involved in the 

adaptation of teeth to force have been identified in the PDL of cats (Long et al., 1995). 

Gingiva 

The gingiva surrounding the tooth is comprised of two types: epithelial and connective. 

Epithelial gingiva is of ectodermal origin and the underlying connective tissue is of 

mesenchymal origin (Bartold and Narayanan, 1998). Stratified, squamous cell 

epithelial gingiva occurs in three forms, keratinised gingival epithelium, non-keratinised 

sulcular epithelium, and non-keratinised junctional epithelium. 

The keratinised gingival epithelium occurs on the outer, oral surface of the 

gingiva surrounding the tooth and is derived from epithelial cells of the oral mucosa 

(Ten Cate, 1998; Bartold and Narayanan, 1998). The non-keratinised sulcular gingiva 

lines the crown surface, forming a sulcus between the tooth and the gingiva, and derives 

from epithelial. cells of the enamel organ (Bartold and Narayanan, 1998). The junctional 

epithelium forms the attachment of the gingiva to the tooth at or near the CEJ by 

hemidesmosomes, forming a collar around the cervix at the base of the sulcus. The 

junctional epithelium is also derived from epithelial cells of the enamel organ (Bartold 

and Narayanan, 1998). Beneath the epithelial gingiva is the fibrous connective tissue 

gingiva that attaches to alveolar bone and also forms part of the junctional attachment of 

the gingiva to the root surface at the dentino-gingival junction (Bartold and Narayanan, 

1998). The connective tissue gingiva is derived from cells of the oral mucosa as well as 

the dental follicle (Bartold and Narayanan, 1998). 
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The gingiva functions to protect the tooth, and is the initial site of defense in the tooth 
against invading oral bacteria. Gingival crevicular fluid (GCF) is secreted continously 
into the gingival sulcus via blood vessels and cells of the junctional epithelia and 
connective tissue gingiva at the dentino-gingival junction. GCF contains plasma 
proteins, antibodies to oral bacteria, products of bacteria, cell, and tissue degradation 
(including fibronectin, collagen, proteoglycans, and osteocalcin), enzymes of 
inflammatory and connective tissue cells, inflammatory cytokines, electrolytes, shed 
epithelial cells from the junctional epithelium, and leukocytes (Embery and 
Waddington, 1994; Heasman et al., 1996; Bartold and Narayanan, 1998). The "leaky" 

nature of the junctional epithelium, associated with wide intracellular spaces, is reported 
to also result in the concentration of drugs, such as antibiotics, in the GCF (Heasman et 

al., 1996). GCF is secreted in the normal tooth as a defense against invading pathogens, 

and secretion may be increased during gingival inflammation, periodontits, and 

orthodontic tooth movement (Heasman et al., 1996). 

The normal feline junctional epithelial gingiva attaches to the enamel at the coronal 

edge of the cemento-enamel junction (Thilander and Hugoson, 1969; Orsini and 

Hennet, 1992). The normal vasculature of feline gingiva, and the vasculature of gingiva 

associated with gingivitis in decidous teeth has been described (Hock, 1974). The 

gingival sulcus is described as widest over canine teeth, and narrowest over premolar 

teeth, and is thinnest on labial and buccal surface (Orsini and Hennet, 1992). Even in 

clinically healthy feline teeth, inflammatory changes have been detected in the 

connective tissue of the gingiva (Orsini and Hennet, 1992). The constituents of the 

GCF in cats has not been reported. 

Alveolar bone 

Bone is a dynamic, cellular tissue composed of approximately 66% inorganic calcium- 

phosphate in an hydroxyapatite matrix, and 33% organic matrix including 

approximately 95% Type I collagen and 5% proteoglycans and other non-collageneous 

proteins. Bone develops either endochondrally from cartilaginous precursors, or 
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intramembraneously from primary ossification centres (Olsen, 1999; Marks and 
Odgren, 2002). 

Bone can be morphologically distinguished as cortical (compact) or trabecular 
(cancellous, see Figure 1.7). Cortical bone is dense, and characterised by the presence 
of Haversian systems, or osteons, which are comprised of concentric, lamellae. At the 
centre of osteons are Haversian canals, which communicate by Volkmann's canals, and 
contain blood vessels and nerves. On the outer surface, cortical bone is comprised of 
circumferential lamellae. During bone remodelling, new osteons are created 
overlapping older osteons, creating interstitial lamellae. 

Cortical bone can be found on the outside surface of long bones, and has the 

adaptive function of providing strength and rigidity. Trabecular bone is composed of an 
interconnecting network of struts, where lamellar structures are flat (Baron, 1999). 

Trabecular bone is found in the inside of cortical bone, and functions to provide a 

source of calcium for the body, and absorbs compressive forces. Hematopoietic bone 

marrow fills the inter-trabecular spaces, and is the primary site of blood cell production 

in the body, and the source of hematopoietic stem cells (Lian et al., 1999). 

Other tissues associated with bone include the periosteum, which covers the 

outer bone surface and the endosteum that lines the internal surface of bone. Both 

layers are cellular and osteogenic, and the fibrous periosteum also functions as the site 

of connective tissue attachment to the skeleton by Sharpey's fibres. Woven bone is a 

reparative tissue, formed rapidly on the surface of fractures, and has a loose, 

unorganised matrix structure that can be remodelled as lamellar or cancellous bone. 
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Figure 1.7: Schematic diagram of the structures of cortical and trabecular bone (Ten Cate, 1998). 
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Bone is a dynamic tissue that is continuously undergoing turnover throughout life. The 

process of remodelling is the result of the combined action of two types of cells: 

osteoclasts that resorb bone, and osteoblasts that secrete new bone matrix (osteoid) (see 

Figure 1.8). Quiescent, non-matrix secreting osteoblasts are called bone lining cells. 

Post-proliferative osteoblasts that become embedded in developing matrix are called 

osteocytes, and reside in lacunae. Osteocytes communicate by transmitting signals 

between cells via canaliculi, and have a critical function in mechanical signalling 

((Nomura and Takano-Yamamoto, 2000). 

Bone turnover is a nonnal process associated with the adaptation of the skeleton 

to mechanical loading, and release of calcium to maintain serum homeostasis. 

Osteoclast and osteoblast activity may be stimulated by a variety of endocrine and 

paracrine factors, and osteoblasts are critical for the signalling of resorbing activity of 

osteoclasts (Tsurukai et al., 2000). Processes of bone resorption and formation are 

normally coupled; however, alterations may occur during growth, when there is more 

bone formation than resorption, and in disease states, such as osteoporosis, when the 

balance is in favour of bone resorption than formation (Purroy and Spurr, 2002). 

Image removed due to third party copyright
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Figure 1.8: Schematic diagram illustrating the cells of bone (Marks and Odgren, 2002). 
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Alveolar bone lines the space in the maxilla or mandible where the tooth fits, and is 

comprised of lamellar cortical and trabecular bone (Ten Cate, 1998). Alveolar bone is 

characterised as having many foramina for blood vessels, nerves, and Sharpey fibre 

insertions from the periodontal ligament (Bartold and Narayanan, 1998). It is capable 

of remodelling, and can forin a bony ankylosis to the tooth in severe injury. 

In the cat, alveolar bone has never been characterised; however, the density of 

trabecular bone in the inter-dental and inter-radicular (inter-root) spaces has been 

analysed using radiography (Buckland-Wright, 1978). It has been considered that the 

density of trabecular bone surrounding roots is proportional to the relative loading of 

each tooth. Results of this study showed much variation between regions of the 

dentition, with the highest densities occuring in the maxillary teeth, particularly at the 

maxillary fourth premolar. In the mandible, the average trabecular density was found to 

be much lower than in the maxilla, and showed less variation between teeth. It is 

suggested that variation in bone density at the inter-dental and inter-radicular spaces is 

associated with differential adaptations to loading between teeth (Buckland-Wright, 

1978). 

Image removed due to third party copyright
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1.2-5. Osteoblasts 

Differentiation 

Osteoblasts are mononuclear cells derived from multipotent mesenchymal stem cells in 
bone marrow (Aubin and Liu, 1996). Stromal mesenchyrnal cells differentiate from 

stem cells, which in turn differentiate into osteoprogenitors, pre-osteob lasts, and mature 
osteoblasts. Histologically, osteoprogegnitors appear spindle-shaped, while mature 
osteoblasts are cuboidal and are polarised on the bone surface (Lian et al., 1999). 

Function 

Osteoblasts both secrete and mineralise bone collagen matrix during bone formation and 

remodelling. Osteoblasts secrete the enzyme bone alkaline phosphatase (BAP), which 

catalyses the hydrolysis of phosphate esters at the surface of osteoblasts, leading to the 

precipitation of calcium-phosphate complexes that convert to hydroxyapatite crystals 
between collagen fibrils (Ten Cate, 1998; Demers, 2001). During mineralisation, 

osteoblasts also synthesise osteocalcin, the adhesion molecules bone sialoprotein (BSP) 

and osteopontin (OPN), proteoglycans, and receptors for honnones and growth factors 

(Aubin and Liu, 1996; Horton et al., 1996). Osteoblasts communicate with surrounding 

osteoblasts via gap junctions, that control matrix deposition and mineralization 

processes across cells. Quiescent osteoblasts on the bone surface are called bone-lining 

cells and can be reactivated to secrete bone matrix in response to stimuli (Aubin and 

Liu, 1996; Horton et al., 1996). 

Adhesion receptors are expressed on the surfaces of osteoblasts and osteoclasts, and are 

involved in cell-cell adhesion, and adhesion of the cells to bone matix. In vitro, human 

and rodent osteoblasts have been shown to express the integenn receptors a2pl, a5pl, 

and (xvP3, which bind to collagen, OPN, BSP, vitronectin, and fibronectin in an RGD- 

peptide dependent fashion (Puleo and Bizios, 1991; Clover et al., 1992; Majeska et al., 

1993; Grzesik and Robey, 1994). It is suggested that integrins have a role in anchoring 

cells to the bone matrix, and are also involved in signalling the differentiation of 

osteoblasts in the expression of differentiation-associated genes (Moursi et al., 1996; 
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Helfrich and Horton, 1999). Cadherins, syndecans, and CD44 are other adhesion 
molecules expressed by osteoblastic cells involved in signalling differentiation, 

maturation, and adhesion of cells to bone matrix (Hughes et al., 1994; Pavasant et al., 
1994; Aarden et al., 1996; Cheng et al., 1998). 

1.2.6. Regulation of osteoblast differentiation and activity 

Differentiation and activity of osteoblasts is regulated by a variety of endocrine and 

paracrine factors including hormones, cytokines, transcription factors, and growth 
factors (Ducy et al., 1996). Endocrine factors involved in regulating osteoblast 
differentiation and activity include metabolically active vitamin D3 (1ý25(OHOA 

parathyroid hormone (PTH), parathyroid hormone related-protein (PTHrP), 

glucocorticoids (GQ and estrogen (E). 

1,25(OH)2D3: The function of 1,25(OH)2D3 is to maintain serum calcium levels by 

mobilising skeletal calcium in situations where dietary calcium is inadequate. Vitamin 

D is synthesised by the skin in reaction to sunlight, or is obtained from the diet, and 

becomes biologically active following hydroxylation in the liver and kidney to form 

1,25(OH)2D3- 1,25(OH)2D3 induces the expression of alkaline phophatase, osteopontin, 

osteocalcin, and cytokines by mature osteoblasts (Lian et al., 1999; Holick, 1999). 

1,25(OH)2D3 has an indirect function in promoting mineralisation of bone by 

osteoblasts by maintaining the extrcellular calcium and phophorous concentrations 

within the normal range, resulting in the deposition of hydroxyapatite (Holick, 1999). 

PTH: PTH is secreted by the parathyroid glands, and, along with 1,25(OH)2D3, 

functions as a principle regulator of calcium homeostasis. PTH has also been shown to 

be involved in stimulating osteoblast differentiation and activity, leading to increased 

bone mass when intermittently administered at low doses to patients with osteoporosis, 

and in ovarectomised rats (Dobnig and Turner, 1995; Sone et al., 1995). PTH has also 

been shown to inhibit apoptosis of osteoblasts, leading to increased cell numbers (Jilka 

et al., 1999). PTH has been shown to have an important role in bone development, as 
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PTH knock-out mice have impaired cartilage matrix mineralisation, reduced osteoblast 
numbers, and reduced trabecular bone (Miao et al., 2002). 

PTHrP: PTHrP is is also involved in promoting differentiation and activity of 
osteoblastic cells. PTHrP is critical for nonnal skeletal growth and development; 
PTHrP knock-out mice suffer impaired chondrocyte and osteoblast activity, distorted 

epiphyseal growth plate and skeletal deformity, and die shortly after birth (Karaplis et 
al., 1994; Suda et al., 2001). 

E: Receptors for E (ER) are expressed by osteoblasts, with expression increasing during 

osteoblast differentiation (Rickard et al., 2002). E has been shown to increase the in 

vitro mRNA expression of osteoblastic marker genes, including type I collagen, 

osteopontin, bone morphogenic protein, plasminogen activator inhibitor 1, alkaline 

phosphatase, and osteocalcin, in a dose-dependent manner (Mathieu and Merregaert, 

1994). However, it has been shown that the proliferation and differentiation of primary 

rat bone marrow stromal cells is unaffected by E (Rickard et al., 1993). ER knock-out 

mice have been reported to have reduced cortical bone density, cortical bone formation, 

and bone growth, and delayed growth plate closure, indicating that E may be an 

important factor in skeletal growth and maintenance (Korach, 1994; Windahl et al., 

2002). 

There are many cytokines, growth factors, transcription factors, and proteins that 

regulate osteoblast differentiation and activity, including prostaglandins (PGE2), 

fibroblast growth factors (FGF), vascular endothelial growth factors (VEGFs), 

interleukin I (IL- 1), transforming growth factor (TGFP), core-binding factor I (Cbfa- 1), 

and the bone morphogenic proteins (BMP). Cytokines and growth factors may be 

produced locally by stromal cells, lymphocytes, and osteoblasts in the bone 

microenvironment, and stimulate osteoblast differentiation and activity in a paracrine 

manner. 

PGE2: PGE2 is a soluble factor produced by osteocytes and osteoblasts in response to 

mechanical loading, or to increased local levels of osteotrophic factors such as PTH, 
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PTHrP, IL-1, TNF, TGFP, and to a lesser extent, 1,25(OH)2D3 (Pilbeam et al., 1996). 
PGE2 stimulates osteoblasts to secrete new bone matrix, and is a key regulator of 
localised bone remodelling (Raisz, 1999). PGE2 has been shown increase periosteal and 
endosteal bone formation, and increase bone mass in rats (Lin et al., 1994; Jee and Ma, 
1997). In stromal cell and primary calvarial cell cultures, and in vivo in explanted 
stromal cells, PGE2 has been shown to stimulate the differentiation of osteoblasts 
(Flanagan and Chambers, 1992; Weinreb et al., 1997). 

FGF: There are 23 different FGF factors known, although only FGF- I and 2 have been 

studied extensively in bone (Hurley et al., 2002). Both forms of FGF are produced by 

osteoblasts, and also exist within bone matrix (Mundy et al., 2001). Local injection of 
FGF- 1 is associated with increased bone formation (Mundy et al., 200 1). It is suggested 

that the mechanism by which FGF-2 stimulates bone formation is by production of 

TGFP (Nakamura et al., 1995), and TGFP and prostaglandins have both been shown to 

increase expression of FGF-2 in osteoblasts (Hurley et al., 1994; Sabbieti et al., 1999). 

FGF has been shown to stimulate osteoblast differentiation and collagen synthesis and 

osteopontin expression in cells in vitro (Canalis and Raisz, 1980; Rodan et al., 1989). 

FGF-2 knock-out mice have decreased trabecular bone, and stromal cells derived from 

knock-outs have shown impairment of mineralisation (Montero et al., 2000). 

VEGF: VEGF is expressed in osteoblasts and in hypertrophic chondrocytes (Harada et 

al., 1994; Gerber et al., 1999). It is proposed that VEGF is expressed in an autocrine 

manner to stimulate the differentiation of osteoblasts (Street et al., 2002). VEGF 

promotes the survival of vascular endothelial cells, and is involved in angiogenesis and 

blood vessel formation in bone during endochondral ossification (Harada and Thomas, 

2002). mRNA and protein expression of VEGF is induced by other osteogenic factors, 

such as 1,25(OH)2D3, and BMP (Schlaeppi et al., 1997; Deckers et al., 2002), and may 

be induced under hypoxic conditions (Steinbrech et al., 1999). Upregulation of VEGF 

in bone cells is associated with growth, bone healing, and mechanical loading (Barou et 

al., 2000; Street et al., 2002). Deletion of VEGF genes result in embryonic death; 

however, mice expressing only one VEGF isoform (VEGF 120) suffer delayed 
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recruitment of blood vessels into the perichondrium and primary ossification centres 
(Zelzer et al., 2002). 

TGFP: TGFP is produced by osteoblastic cells, and functions in an autocrine manner 

as a potent chemotactic factor that recruits osteoblast precursors to sites of bone 

formation (Pfeilschifter et al., 1990). TGFP promotes the differentation of osteoblasts 

and the production of bone matrix, but it inhibits the mineralisation of matrix and 

expression of osteocalcin by osteoblasts (Pirskanen et al., 1994; Bonewald, 2002). 

When in ected subcutaneously, TGFP has been shown to induce rapid production of 

new bone matrix (Marcelli et al., 1990). 1,25(OH)2D3, PTH, and IL-I promote the 

production of TGFP from bone cells in vitro (Pfeilschifter and Mundy, 1987). 

Cbfa-1: This transcription factor, from the runt domain gene family, and also called 

Runx2, is a crucial factor involved in the differentiation of osteoblasts, and is the 

earliest marker of the osteoblast phenotype (Schinke and Karsenty, 2002). Cbfa-1 is 

associated with the expression of osteocalcin (Merriman et al., 1995). Cbfa-1 knock-out 

mice have been shown to form a chondrogenic skeleton; however, they completely lack 

both endochondral and intramembranous mineralisation of the skeleton (Komori et al., 

1997). 

BMPs: BMPs are a large family of proteins that are part of the TGFP superfamily, and 

are secreted by osteoblasts into extracellular matrix during bone formation. BMPs 

stimulate the migration of mesenchymal cells to sites of new bone formation, and 

stimulate the differentition of these cells into chondroblasts and chondrocytes (Croucher 

and Russell, 1999). BMPs also stimulate the mineralisation of cartilage, angiogenesis, 

osteoblast differentiation, and mineralisation of developing bone (Reddi, 1997). It is 

understood that BMPs regulate osteoblast and chondrocyte deifferentiation during 

skeletal development, as abnon-nal expression of BMP genes in mice and in man is 

associated with skeletal defects in limb formation (Kingsley et al., 1992; Thomas et al., 

1997). In vitro, BMPs have been shown to increase the expression of BAP, PTH 

receptors, type I collagen, and osteocalcin in osteoblast lineage cells (Takuwa et al., 
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1991; Maliakal et al., 1994; Nakase et al., 1997). BMPs have also been shown to 
induce osteoblast differentiation and bone nodule formation in culture (Katagiri et al., 
1990; Yamaguchi et al., 1991; Yamashita et al., 1996). 

1.2.7. Extracellular matrix proteins of bone 

Bone is comprised of a number of extracellular matrix proteins which function as 
structural proteins in bone, in the mineralisation of matrix, and the recruitment and 
attachment of bone cells to specific sites. Some of these matrix proteins include: type I 

collagen, osteocalcin (OCal), osteopontin (OPN), bone sialoprotein (BSP), and 
proteoglycans. 

Type I collagen: The principle component of the organic matrix of bone produced by 

osteoblasts is type I collagen, which functions both as a structural framework for bone 

and as a scaffold for mineral fort-nation (Rossert and de Crombrugghe, 2002). During 

bone formation, collagen molecules are deposited in dense parallel bands, and non- 

collageneous proteins such as proteoglycans are deposited in the gap zones between the 

terminal ends of collagen molecules. 

Mature type I collagen molecules are composed of three alpha-chains twisted in 

a rigid helix. Flanking the ends of alpha chains are 32 amino acids forming the amino 

tenninal (-NH2, NTX) and carboxy-tenninal (-COOH, CTX) telopeptides (Eyre, 1996). 

Crosslinking molecules are formed at the telopeptide ends of collagen molecules and 

join adjacent collagen molecules, providing a structural relationship between fibrils. 

Crosslinks formed between hydroxylysine and hydroxylysyl residues of telopeptide 

chains are known as pyridinoline crosslinks (PYD), and those formed between lysine 

and lysyl residues are known as deoxypyridinoline crosslinks (DPD) (Eyre, 1996). 

Other types of collagen which may be found in bone include types 111, V, X, and 

fibril-associated collagen with interrupted triple helix (FACIT) collagens which may 

function in regulating collagen fibril diameter during bone formation (Lian et al., 1999). 

OCal: OCal is produced by osteoblasts, and used as a marker of late-stage 

mineralisation of osteoblasts (Aubin and Triffitt, 2002). The specific function of 
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osteocalcin in the mineralisation of bone matrix is unknown, but may be involved in 
regulating matrix remodelling by limiting the extent of bone mineralisation by 

osteoblasts and recruiting and promoting attachment of osteoclasts at sites of resorption 
(Ducy et al., 1996). OCal knock-out mice exhibit increased bone mass, but evidence of 
impaired mineral maturation (Ducy et al., 1996). OCal is incorporated into bone matrix 
during mineralisation, and has been immunolocalised to bone, cementum, dentine, and 
mineralised cartilage (Bronckers et al., 1987; McKee et al., 1992; Bronckers et al., 
1994; Bosshardt et al., 1998). 

OPN: OPN is widely expressed by many cell types, including T-cells, epithelial cells, 

osteoblasts, cementocytes, and periodontal ligament cells, and can exist as an 

extracellular matrix protein (Mazzali et al., 2002; Robey, 2002). OPN has a role in the 

maintenance and remodelling of tissue during inflammation and wound healing by 

recruiting inflammatory cells, and limiting host susceptibility to bacterial infection 

(Potter et al., 2002). OPN is also involved in increasing cell migration, activation of 

growth factor pathways, and proteolytic enzyme activity in cancer, and is generally 

involved in inhibiting apoptosis (Tuck and Chambers, 2001; Mazzali et al., 2002). 

OPN expression in osteoblasts is suggested as associated with stages of matrix 

formation prior to mineralisation and may be involved in mediating the attachment of 

osteoblasts and osteoclasts to bone (Robey, 2002). OPN expression in osteoblasts is 

associated with stages of matrix formation prior to mineralisation and may be involved 

in mediating the attachment of osteoblasts and osteoclasts to bone (Robey, 2002). OPN 

has been described as playing a role in acute and chronic inflammation, and may be 

expressed in epithelial and inflammatory cells, including macrophages and T cells, and 

is also involved in developmental processes, wound healing, immunological responses, 

and tumorgenesis (Sodek et al., 2000; Mazzali et al., 2002). OPN knock-out mice have a 

normal skeletal phenotype (Rittling et al., 1998). However, OPN-deficient mice show 

resistance to bone resorption following ovariectomy, and reduced in vivo resorption, 

accumulation of osteoclasts, and angiogenesis of ectopically implanted bone discs, 

indicating that OPN is required for the attachment and function of osteoclasts 

(Yoshitake et al., 1999). 
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OPN expression is found at the resorbing front and reversal lines of resorptive 
lesions in FORL, and may be involved in regulating resorption and repair of lesions by 

regulating the attachment of osteoclasts and osteoblasts to sites of resorption 
(Shigeyarna et al., 1996; Butler et al., 1996; Robey, 1996). 

BSP: BSP has been immunolocalised to bone, dentine, and calcifying cartilage and has 

also been identified in chondrocytes and osteoclasts (Bianco et al., 1991). BSP is a 

marker of late-stage osteoblast differentiation, and early-stage matrix mineralisation 
(Lian et al., 1999). BSP is involved in the attachment of osteoblasts to integrin 

receptors on the bone matrix and the initiation of matrix mineralization (Butler et al., 

1996; (Robey, 1996; Kraenzlin and Seibel, 1999). A BSP knock-out mouse has been 

created, but it lacks any skeletal phenotype, possibly due to compensatory molecules 

functioning in osteoblast attachment to integrin receptors (Lian et al., 1999). BSP has 

also been localised at the reveral line of resorptive lesions in cats, and it is suggested 

that it may be involved in late-stage osteoblast differentiation and initiating matrix 

mineralisation in FORL (Shigeyama et al., 1996). 

Proteoglycans: Proteoglycans, which constitute approximately 0.1% of bone matrix, 

are involved in the regulation of bone formation and structure. In cartilage, the main 

proteoglycan is aggrecan, which is comprised primarily of negatively charged 

chondroitin sulfate side chains (Heinegard et al., 1999). Aggrecan has a role in the 

hydration of cartilage by maintaining osmotic pressure, which functions to distribute 

loading in cartilage to underlying bone (Heinegard et al., 1999; Hardingham, 1999). In 

bone, there is no aggrecan, and the predominant proteoglycans are collagen fibril- 

associated molecules including decorin, fibromodulin, lumican, and biglycan 

(Westergren-Thorsson et al., 1991; Blochberger et al., 1992; Hocking et al., 1998). The 

function of these proteoglycans is to form linkages between adjacent collagen fibres to 

stabilise the collagen network, and they also appear to be involved in directing cartilage 

development (Hardingham, 1999). Biglycan, decorin, and fibromodulin have been 

shown to bind TGFP to bone matrix, which stimulates matrix protein production by 

osteoblasts, and may be a mechanism for an early response to stimulate repair of matrix 

by osteoblasts (Hildebrand et al., 1994). 
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1.2.8. Tooth resorption by osteoclasts 

Odontoclast vs. osteoclast 

Many researchers have suggested that the "clastic" cells resorbing oral tissues (e. g. 
dentinoclasts, cementoclasts) are "osteoclast-like") cells, and not true osteoclasts, which 
exclusively resorb bone. Histologically and functionally there appears to be no 
difference between these cell types. They all have been shown to posess a ruffled 
border and sealing zone, express TRAP, calcitonin, and avP3 receptors (see definitions 

below) (Shigeyama et al., 1996; Wiebkin et al., 1996; Li et al., 2000; Watanabe et al., 
2000). For the purposes of this study, the cells which resorb tooth matrices are 
described as osteoclasts. 

Tooth resorption 

Teeth are not normally extensively resorbed or remodelled, except during deciduous 

root resorption, which is a necessary process of tooth eruption, and during the adapation 

of the root surface to mechanical strain associated with occlusion (Jones and Boyde, 

1988). Jones and Boyde (1988) suggest that the pre-cementum. and pre-dentine in 

healthy teeth naturally resists resorption due to the non-mineralised, cellular nature of 

these tissues and due to the secretion of molecules that inhibit osteoclast attachment 

(Lindskog and Hammarstrom, 1980; Jones and Boyde, 1988). Pre-cementum and pre- 

dentine are made up of "odontoblasts forming a continuous layer held together by a 

terminal bar apparatus at their secretory poles. Capillaries weave between the 

odontoblasts but do not breach the specialised cell junctions" (Jones and Boyde, 1988). 

It has been shown that cells of the pre-cementum secrete anti-collagenolytic factors, 

which resist destruction of the matrix. It has also been suggested that both pre- 

cementum and pre-dentine may lack heparin sulphate proteoglycans (HSPG), which are 

involved in facilitating osteoclast attachment (Lindskog and Hammarstrom, 1980; Jones 

and Boyde, 1988). The surface layer of cementum. also contains much higher levels of 

fluoride than in dentine and alveolar bone, which may lead to resistance to dissolution 

by acids produced by osteoclasts (Kato et al., 1990). It is also thought that Sharpey 

fibres may lack recognition signals for osteoclasts, and that the dense structure of fibre 
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bundles may act as a barrier to osteoclast attachment on the cementum surface (Jones 

and Boyde, 1988; Moody and Muir, 1991). 

Pathological resorption of teeth may occur due to excessive, sudden tooth movement, 
resulting in damage to the periodontal ligament, or periodontal disease, which involves 

chronic soft tissue inflammation and secretion of inflammatory cytokines, resulting in 

an imbalance of resorption and formation processes in favour of excessive resorption 
(Moody and Muir, 1991; Brudvik and Rygh, 1994). 

In cases of pathologic tooth resorption in man, it has been suggested that the 

invasion of the cementum and dentine by osteoclasts may be due to loss of the normal 
defenses of the periodontal ligament and cementoid (pre-cementum) (Moody and Muir, 

1991). Destruction or loss of vitality of the cells of the pre-cementum, are implicated as 

possible events preceeding osteoclastic invasion of mineralised cementum and dentin, 

which may lack inhibitors of resorption. A further theory as to how cementum 

resorption is initiated involves the mineralisation of pre-cementum, which could then 

support osteoclast adhesion (Jones and Boyde, 1988). 

Another mechanism for osteoclast invasion of the tooth surface is reduction in 

the numbers of periodontal ligment fibres attached to the tooth due to mechanical injury 

or infections, allowing osteoclasts to attach to cementum and resorb matrix (George, Jr. 

and Miller, 1.986; Jones and Boyde, 1988; Moody and Muir, 1991; Gunraj, 1999). Over- 

compression of the ligament due to excessive mechanical force has been shown to lead 

to necrosis and "hyalinisation" of the ligament, which is then removed by multi-nuclear 

TRAP-positive cells (Brudvik and Rygh, 1994). It is suggested that these cells may 

then proceed to resorb the cementum and dentine (Brudvik and Rygh, 1994). 

Osteoclastic invasion of the human tooth may also be due to a developmental 

defect of the cementura or dentine, as multiple teeth in an individual are often affected 

with resorption (Jones and Boyde, 1988). 
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1.2-9. Osteoclasts 

Differentiation 

Osteoclast progenitor cells are of a monocyte-macrophage lineage, and are derived from 
hemopoietic stem cells in tissues such as bone marrow, spleen, and blood (see Figure 

1.9). Progenitors are stimulated to differentiate into mature functioning osteoclasts by 

signalling from osteoblasts and stromal cells in the presence of osteotrophic factors 

(Mundy, 1995; Suda et al., 1996). During the proliferative stage of osteoclast 
differentiation, stem cells differentiate into committed precursors, which then 
differentiate into mononuclear pre-osteoclasts. These cells then fuse to form mature 

osteoclasts (Mundy, 1995; Suda et al., 1996; Lian et al., 1999). Mature osteoclasts may 
be quiescent (i. e., non-resorbing), or activated to resorb, which is associated with the 

polarisation of the cell to form a ruffled border membrane. Histologically, mature 

osteoclasts can be distinguished by their large size and multi-nuclearity. Phenotypic 

markers of these cells include the presence of tartrate-resistant acid phosphatase 

(TRAP), receptors for macrophage-colony stimulation factor (M-CSF), which 

stimulates proliferation and cell differentiation, and the presence of receptors for 

calcitonin and vitronectin (avP3), which regulate resorption (Mundy, 1995; Vaananen, 

1996; Horton and Helfrich, 1997). Cathepsin K, a lysosomal cysteine proteinase 

involved in matrix degradation, is another marker of osteoclast activity (Inaoka et al., 

1995). 
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Figure 1.9: Schematic diagram illustrating the differentiation of cells of the osteoclast lineage and 
some of the factors that have been shown to be involved in stimulating processes of osteoclast cell 

commitment, differentiation, and activation. 

Function 

Osteoclasts resorb mineralised tissue during normal bone turnover. Certain human 

metabolic diseases involve increased osteoclast activity (e. g. osteoporosis, 

hyperthyroidism) whereas in some conditions normal bone resorption is impaired (e. g. 

osteopetrosis). Mature osteoclasts resorb bone by adhering to the bone surface and 

secreting acid and enzymes to demineralise and degrade the inorganic and organic 

components of the matrix (see Figure 1.10). Initially, the cell forms a tight seal onto the 

bone surface, which functions to maintain the extracellular pH and contain enzymes 

within the resorption lacunae. Next, a ruffled border membrane forms at the base of the 

cell, which extends into the forming lacunae, and contains proton pumps which acidify 

the sub-osteoclastic space (Mundy, 1995; Vaananen, 1996; Horton and Helfrich, 1997). 

Degraded matrix is endocytosed and transported through the cell in matrix vesicles, via 

a trancytotic pathway, and excreted through the cell apex into the extracellular space 

(Nesbitt and Horton, 1997). The osteoclast ceases resorbing when its tight seal is 

broken and it is able to move away to a new location for resorption. In vitro studies have 
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shown that osteoclasts can undergo multiple resorption cycles before they undergo 
apoptosis (Vaananen, 1996). r' 
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Figure 1.10: Schematic diagram of osteoclast function. 
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The osteoclast produces several proteolytic enzymes that degrade the collagen matrix of 

bone and may help prepare the bone surface for adhesion of the osteoclast. There are 

four major classes of proteinases including aspartic, cysteine, serine, and metallo- 

proteinases, including matrix metalloprotemases (MMPs), which degrade individual 

components of bone matrix. Aspartic proteinases, including Cathepsin D, a lysosomal 

enzyme, degrade proteoglycans, gelatine, and collagen telopeptides. Cysteine 

proteinases include lysosomal enzymes cathepsins B, L, S, and K. Cathepsins B, L, and 

S are implicated in intracellular degradation of phagocytosed proteoglycan, gelatine, 

and collagen molecules, although they also function extracellularly (Hill et al., 1994). 

Cathepsin K is the most abundantly expressed cathepsin in osteoclasts, and it is thought 

that it is the key enzyme involved in extracellular bone resorption (Drake et al., 1996). 

Cathpsin K has been shown to degrade elastin, collagen telopeptides, and gelatine 

(Brornme et al., 1996; Bossard et al., 1996). Serine protemases include leukocyte 

enzymes, plasminogen activators, mast cell proteinases, and granzymes that are 
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produced by inflammatory cells and a number of connective tissue cells including 
osteoblasts. Serine proteinases are involved in degradation of collagen, proteoglycans, 
gelatine, fibronectin, and laminin. Plasminogens can also activate MMPs and IL-I 
induced matrix degradation. 

There are may types of MMPs, which have important roles in matrix turnover. In 
particular, MMP-I plays a major role in the degradation of type I collagen during 

ossification, skeletal remodelling, and joint disease (Stahle-Backdahl et al., 1997). 
MMPs are expressed by osteoclasts either as soluble or membrane-bound molecules 
(i. e. MT1-MMP). MMPs include subgroups of collagenases, stromelysins, matrilysins, 
and gelatinases, which degrade different types of collagens, gelatine, proteinase 
inhibitors, fibronectin, laminin, elastin, casein, and other MMPs (Clark and Murphy, 

1999). MMPs are induced by a variety of factors, including IL-1, TNFOC, and FGF, and 

may be suppressed by TGFP, IL-4, IL-10, and IL-13. MMPs are inhibited by tissue 

inhibitors of metalloproteinases (TEWP), of which four types have been identified, 

including types I and 2, which are implicated in preventing collagen degradation in 
bone (Ellis et al., 1994). TIMPs may be induced by a number of factors, including 

TGF P, IL-6, IL- 11, and IL- 1. 

Cytokines, growth factors, and hormones regulate the expression of matrix 

metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs) by 

monocytes, macrophages, immune cells, osteoclasts, osteoblasts, and fibroblasts in the 

tooth microenvironment (Sato et al., 1997; Reynolds and Meikle, 1997; Irie et al., 2001; 

Kaneko et al., 2001; Goto et al., 2002). Inflammatory cell-derived MMPs such as 

collagenase, gelatinase, and stromelysins, have been identified in gingival tissue, 

crevicular fluid, and PDL, and are involved in initiating degradation of ligament 

attachment and bone resorption in periodontal disease or mechanical damage to the 

tooth (Reynolds and Meikle, 1997). In periodontal disease, elevated MMP production 

is associated with corresponding lowering of TIMPs, indicating an imbalance in 

proteinases over inhibitors in this disease (Reynolds and Meikle, 1997). Elevated MMP 

levels have also been found to be associated with PDL fibroblasts of the primary 

dentition, and may be involved in tissue destruction associated with loss of primary 

teeth (Wu et al., 1999). 
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The integrin family adhesion molecule vitronectin receptor (CCvP3) has been established 
as an important molecule involved in osteoclast adhesion to bone (Horton, 1986; Horton 

and Davies, 1989). The vitronectin receptor has been shown to mediate its effects by 
binding to a wide variety of proteins containing the RGD peptide sequence, including 
OPN, fibronectin, a matrix protein expressed during bone fortntion, and BSP (Flores et 
al., 1992; Delmas et al., 1993; Horton et al., 1995). Other integrin adhesion molecule 
receptors that have been identified in osteoclasts include the CC2P 1 receptor, which binds 

to collagen, and ccvp 1, which may also bind to collagen and fibronectin (Nesbitt et al., 
1993; Helfrich et al., 1996). CD44 is another adhesion molecule, highly expressed in 

osteoclasts in vivo. In vitro, antibodies against CD44 have been shown to inhibit 

osteoclast formation, but have no effect on mature osteoclasts (Kania et al., 1997). Since 

CD44 is also expressed in osteoblasts and stromal cells, it is not clear if it has a direct 

effect on precursors, or acts via other cell types (Helfrich and Horton, 1999). The role 

of other adhesion molecules, such as cadherins, Ig family members, syndecans, and 

selectins in osteoclasts remains unclear. 

1.2.10. Regulation of osteoclast differentiation and activity 

Osteoclast differentiation and activity is regulated by numerous endocrine, paracrine, or 

autocrine factors. Although some factors can directly regulate osteoclast function, 

many act indirectly via other cells in the bone microenvironment including osteoblasts, 

stromal cells, and osteocytes. Until recently, the molecular mechanisms by which 

osteoblasts and stromal cells directly regulate osteoclast differentiation and activity was 

unclear. It is now understood that osteoblasts and stromal cells produce secreted and 

membrane-bound molecules in response to endocrine or paracrine signalling which bind 

to receptors on osteoclast-progenitor cells or mature osteoclasts, driving osteoclast 

differentiation, activity, or survival. Factors may be produced by stromal cells, 

monocyte-macrophages, fibroblasts, lymphocytes, osteoclasts, and osteoblasts in the 

bone microenvironment in response to a variety of stimuli. 

Endocrine factors which control osteoclast activity via cells of the osteoblast lineage 

include 1,25(OH)2D3, PTH, PTHrP, and calcitonin (Raisz et al., 1972; Hock et al. 5 
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2002; Bringhurst and Strewler, 2002; Christakos, 2002; Li et al., 2002a). The effects of 
these factors on osteoclast differentiation and activation are summarised in Table 1.2. 

1,25(OH)2D3: The function of 1,25(OH)2D3 is to maintain serum calcium levels by 

mobilising skeletal calcium in situations where dietary calcium is inadequate (Holick, 
1999). 1,25(OH)2D3 induces monocytic stem cells to differentiate into osteoclasts. 
1,25(OH)2D3 is unable to affect the activity of mature osteoclasts; however, it can 
stimulate resorption by signalling osteoblasts, which in turn can stimulate the activity of 

mature osteoclasts via other cytokines (Holick, 1999). 

PTH: PTH primarily functions to stimulate differentiation and resorption by 

osteoclasts via the stimulation of osteoblasts, which generate factors stimulating 

osteoclast differentiation and activity (Fitzpatrick and Bilezikian, 1999). In vitro, 

osteoclasts fail to respond to PTH unless co-cultured with osteoblasts, and it is thought 

that the mechanism of osteoblast control of osteoclasts is by production of OPG and 

RANKL (Suda et al., 1999; Kanzawa et al., 2000). 

PTHrP: As with PTH, PTHrP also functions to regulate calcium homeostasis through 

resorption of bone by the stimulation of osteoclast differentiation and activity (Strewler 

and Nissenson, 1999). PTHrP stimulates osteoclast differentiation and activity, via the 

stimulation of osteoblasts, as described above (Teitelbaum, 2000; Miao, et al., 2002). 

PTHrP knock-out mice have disturbed tooth development, where PTHrP is thought to 

have a critical role in maintaining the alveolar space during tooth development, and 

resorption of alveolar bone in tooth eruption (Philbrick et al., 1998; Kitahara et al., 

2002). 

Calcitonin: Calcitonin is secreted by thyroid cells, and its main biologic effect is to 

inhibit osteoclast activity by inducing quiescence, resulting in a loss of cell mobility and 

ability to resorb (Moonga et al., 1992; Deftos et al., 1999). Calcitonin also inhibits 

osteoclast formation by inhibiting the proliferation and differentiation of commited 

precursors (Cornish et al., 2001). In vitro feline osteoclast activity has been shown to be 

reduced by addition of calcitonin (Musylak et al., 2002). 
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Local factors known to regulate osteoclast activity include Receptor Activator of NFKB 
ligand (RANKL), Receptor Activator of Nuclear Factor-KB (RANK), osteoprotegerin 
(OPG), Interleukin-6 (IL-6), interleukin- 1 beta (IL-1p), interleukin-11 (IL-11), PGE2, 

transforming growth factor beta (TGFP), interferon gamma (IFN7), tumor necrosis 
factor alpha (TNFoc) (Bonewald and Mundy, 1990; Roodman, 1999; Hofbauer et al., 
2000; Horowitz and Lorenzo, 2002; Pilbeam et al., 2002). These factors may be 

produced by stromal cells, monocyte-macrophages, fibroblasts, lymphocytes, 

osteoclasts, and osteoblasts in the bone microenvironment in response to a variety of 

stimuli. The effects of these factors on osteoclast differentiation and activation are 

summarised in Table 1.2. 

In man, pathological resorption of teeth and alveolar bone due to periodontal 
disease has been shown to be associated with a number of cytokines and growth factors, 

including IL- I P, IL-6, TNFa, and PGE2 (Stashenko et al., 1991; Schwartz et al., 1997; 

Assuma et al., 1998; Rasmussen et al., 2000; Hirose et al., 2001). The production of 

cytokines may be induced by a host response to lipopolysaccharide production by 

bacteria leading to local inflammation, or mechanical stimulation of gingiva or 

periodontal tissue (Schwartz et al., 1997). Cytokines in turn directly or indirectly 

stimulate the differentiation of osteoclasts from precursors and the activation of mature 

osteoclasts (Horowitz and Lorenzo, 1996; Roberts et al., 1997; Roodman, 1999). 

A variety of cytokines associated with oral inflammation have been identified in 

the oral fauces of cats suffering from gingivo-stomatitis, and are believed to be involved 

in mediating the inflammation and tissue destruction associated with this disease 

(Harley et al., 1999). Cytokines associated with periodontal disease or gingivitis have 

not been described in the cat, and their role as potential mediators of tooth resorption in 

the absence of periodontal disease is unknown. 

RANKL: RANKL was independently identified by several researchers as a dendritic 

and osteoblastic/stromal cell membrane-bound or soluble molecule that induces T cell 

function, and is the prime regulator of osteoclast activity. RANKL binds to receptors 

(RANK) on pre-osteoclasts or osteoclasts, regulating differentiation of pre-osteoclasts 
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and activity and survival of mature osteoclasts (Figure 1.11) (Anderson et al., 1997; 
Wong et al., 1997a; Wong et al., 1997b; Quinn et al., 1998; Lacey et al., 1998; 
Matsuzaki et al., 1998; Fuller et al., 1998; Yasuda et al., 1998a; Yasuda et al., 1998b; 
Burgess et al., 1999). In vitro, RANKL expression by osteoblastic, stromal, and 
mesenchymal cells has been shown to increase TRAP activity, expression of cathepsin 
K5 the proto-oncogene c-src, and calcitonin and vitronectin receptors in osteoclastic 

multinucleated cells (Quinn et al., 1998; Lacey et al., 1998; Matsuzaki et al., 1998; 

Yasuda et al., 1998a; Yasuda et al., 1998b). 

OPG 

RANKL 
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RANK Osteoblast/ 
stromal/ or 

I 
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cell Osteoclast 

Figure 1.11: Schematic diagram illustrating the RANKL[RANK/OPG pathway. 

Many in vitro and in vivo studies have demonstrated the paracrine induction of RANKL 

expression by other mediators, and the effects of its elimination and overexpression on 

bone resorption. In vitro studies have shown that RANKL expression increases in 

response to 1,25(OH03, PTH, IL-IP, TNFoc, IL-6, PGE2, and IL- 11 in cultures of 

osteoblastic/stromal cells (Horwood et al., 1998; Lacey et al., 1998; Yasuda et al., 

1998b; Kartsogiannis et al., 1999; Hofbauer et al., 2000). In vivo studies using 

knockout mice have shown that the absence of RANKL leads to severe osteopetrosis, 

shortening of the limbs, impaired tooth eruption, a lack of mature osteoclasts, and 

defects in B and T lymphocyte maturation (Kong et al., 1999). In contrast, normal mice 
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administered RANKL have been found to suffer hypercalcemia and bone loss, and have 

many more active and larger osteoclasts than controls (Lacey et al., 1998). 
The function of RANKL in non-osseous tissues has yet to be clearly determined, 

but it has been suggested that it has a role in cell activation and survival during normal 
tissue turnover and metamorphosis. RANKL may play an important role in tissue 
differentiation during development, and high expression has been detected in embryonic 
and developing mouse tissues (Kartsogiannis et al., 1999). In adult mice, RANKL 

expression has been found to be high in bone and lymphoid tissue, while low levels of 
expression have been found in skeletal muscle, heart, lung, stomach, placenta, thyroid, 
brain, kidney, skin, spleen, intestine, and bone marrow (Anderson et al., 1997; Wong et 

al., 1997b; Lacey et al., 1998; Yasuda et al., 1998b; Kartsogiannis et al., 1999). RANKL 

expression has also been detected in chondrocytes, osteoclasts, T cells, B cells, and 
immature osteocytes, but not in mature osteocytes (Anderson et al., 1997; Wong et al., 

1997a; Kartsogiannis et al., 1999). 

RANKL has been shown to play a role in mediating osteoclast activity, 

regulating osteoclast activity in the tooth microenvironment during tooth development, 

eruption, and movement, and may be involved in mediating bone resorption in 

periodontitis. The mRNA and protein expression of RANKL has been described in 

human and rat periodontal ligament cells, including osteoblasts and fibroblasts, pulp 

osteoblasts, osteoclasts, gingival fibroblasts, osteocytes, alveolar bone osteoblasts, 

mononuclear, and stromal cells (Sakata et al., 1999; Liu et al., 2000; Oshiro et al., 2001; 

Shiotani et al., 2001; Nagasawa et al., 2002; Lossdorfer et al., 2002; Oshiro et al., 2002; 

Kanzaki et al., 2002; Hasegawa et al., 2002). 

RANK: RANK is the membrane-bound receptor for RANKL on osteoclastic cells (see 

Figure 1.11). It was first described as a TNFR family receptor on T cells for a dendritic 

cell ligand that activates NF-rB and increases T cell production (Anderson et al., 1997). 

RANK activates intracellular NF1dB and c-Jun N-terminal kinases (JNK) in osteoclastic 

cells, stimulating cell differentiation and activity (Roodman, 1999; Hofbauer et al., 

2000). Nakagawa et al. (1998) demonstrated that the addition of anti-RANK to spleen 

cultures activated RANKL-mediated o steoclasto genesis. In vivo studies by Hsu et al. 

(1999) showed that transgenic mice expressing soluble RANK have severe osteopetrosis 
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due to a lack of osteoclasts. However, these mice showed normal patterns of tooth 

eruption. Other in vivo studies have demonstrated that lack of NFKB expression also 
leads to osteopetrosis (Franzoso et al., 1997; lotsova et al., 1997). Studies of RANK 
knockout mice have shown that lack of expression of this molecule leads to a lack of 
osteoclasts, and defects in bone resorption and remodeling of cartilage growth plates in 
endochondral bone (Dougall et al., 1999; Li et al., 2000). RANK mRNA has been 

shown to be highly expressed in adult mouse bone and bone marrow, but is also found 

in other tissues including spleen, muscle, liver, small intestine, colon, thymus, and 

adrenal glands, suggesting that RANK may have a role in regulating cell differentiation 

in other tissues (Nakagawa et al., 1998; Hsu et al., 1999). 

OPG: OPG is the decoy receptor that competes with RANK for RANKL, and is a key 

modulator of osteoclastogenesis (see Figure 1.11). The ratio of RANKL to OPG 

determines the amount, and rate, of resorption that occurs, and it is thought that 

imbalances in this ratio may result in abnormal bone turnover (Horwood et al., 1998; 

Hofbauer et al., 2000). OPG is produced by stromal cells exclusively in a soluble form, 

and like RANK, belongs to the TNFR family of proteins (Yasuda et al., 1998a). OPG 

was discovered by Simonet et al. (1997), whose study revealed that rats administered 

OPG become osteopetrotic due to decreased osteoclast differentiation. Yasuda et al., 

(1998) first proposed that OPG inhibited in vitro osteoclastogenesis by interrupting 

signal transmission from the activated osteoblastic/stromal cell to the osteoclast (Yasuda 

et al., 1998a). Yasuda et al. (1998) subsequently determined that OPG was capable of 

binding directly to RANKL on osteoblastic/stromal cells, acting as a competitor for 

RANK, and suggested the role of OPG as that of a local regulator of osteoclast 

differentiation. Subsequent in vitro studies have also found that addition of OPG 

inhibits osteoclast formation induced by RANKL, confirming the role of OPG as a 

decoy receptor (Lacey et al., 1998; Matsuzaki et al., 1998). OPG has also been shown 

to inhibit the activity of mature osteoclasts in vitro (Lacey et al., 1998; Kwon et al., 

1998; Hakeda et al., 1998; Burgess et al., 1999). 

In vitro, OPG production has been shown to be inhibited by agents that induce 

RANKL production, such as 1,25(OH)2D3. PTH, and IL-1 I (Horwood et al., 1998). An 

in vivo study has shown that OPG knockout mice have severe osteoporosis and 
I 
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destruction of endochondral growth plates due to enhanced osteoclastogenesis and 
function (Mizuno et al., 1998). Studies using targeted ablation of the OPG gene in mice 
also resulted in severe osteoporosis (Mizuno et al., 1998; Bucay et al., 1998). 

OPG mRNA expression has been found in nearly every human tissue, and is especially 
high in the thyroid, kidney, heart, spinal chord, and liver. The role of OPG in non- 
skeletal tissues has yet to be fully understood, but it likely has a similar role to that in 

bone; i. e., it modulates cell differentiation and activity (Yasuda et al., 1998a). OPG 

expression has been described in dental osteoblasts, gingival cells, pulp cells, and PDL 

cells, and it is proposed that OPG functions to regulate osteoclast activity in the tooth 

microenvironment during tooth development, eruption, and movement, and may be 

involved in limiting the resorption of teeth affected with periodontal disease (Sakata et 

al., 1999; Liu et al., 2000; Rani and MacDougall, 2000; Wada et al., 2001; Nagasawa et 

al., 2002; Kanzaki et al., 2002; Hasegawa et al., 2002). 

Both RANKL and OPG have also been shown to have important functions in regulating 
deciduous tooth resorption, and resorption of alveolar bone associated with application 

of force (Shiotani et al., 2001; Oshiro et al., 2002; Kanzaki et al., 2002). To date, 

RANKL and OPG mRNAs have not been described in the cat, and their role as potential 

mediators of tooth resorption in the absence of periodontal disease in any species is 

unknown. 

IL-6: IL-6 is produced by stromal cells, monocyte-macrophages, osteoclasts, and 

osteoblasts as a soluble factor, and has receptors on osteoblastic/stromal cells and 

osteoclasts (Roodman, 1999). The IL-6 ligand transmits its signal to 

osteoblastic/stromal cells via the gpl30 pathway, which consists of two dimerised 

transmembrane proteins that bind when the ligand binds to the extracellular element of 

the receptor. This binding in turn activates the intracellular phosphorylation of Janus 

(JAK) kinases, which migrate to the cell nucleus and stimulate gene transcription. 

(Manolagas et al., 1996). The main functions of IL-6 are to induce osteoclast precursors 

to differentiate into mature osteoclasts, or to potentiate the effects of other factors such 

as PTH, PTHrP, and 1,25(OH)2D3 (De La et al., 1995; Suda et al., 1995; Manolagas et 
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al., 1996; Chae et al., 1998; Mitnick et al., 1999; Grey et al., 1999). In vitro resorption 
by mature osteoclasts may be induced by the addition of IL-6 (Udagawa et al., 1995; 

Adebanjo et al., 1998). 

In man, IL-6 is known to be associated with resorption of teeth and alveolar 
bone due to periodontal disease, and is produced by cells in the gingiva, gingival 

crevicular fluid, and periodontal ligament (Roberts et al., 1997; Rasmussen et al., 2000). 

A preliminary study has shown IL-1p, IL-6, and TNFoc immunolocalisation in 
inflammatory cells and in TRAP-positive mononuclear and multinucleated cells of teeth 

and gingival tissue affected with FORL (Okuda and Harvey, 1992b). These findings 

suggest that inflammatory cytokines may be involved in the differentiation and activity 

of osteoclasts in FORL, although expression in normal teeth or in lesions at earlier 

stages of resorption has not been described. IL-6 mRNA expression has been observed 

in oral tissues in cats affected with gingivo-stomatitis (Harley et al., 1999). 

IL-1p: IL- I is a family of two active peptides, oc and P, which have identical functions, 

and bind to type I and 11 receptors (Horowitz and Lorenzo, 1996). IL-1 is a key 

molecule secreted by inflammatory cells and is involved in mediating immune 

responses. In the bone microenvironment, IL- I is produced by monocyte-macrophages, 

marrow stromal cells, and osteoblasts, and is capable of inducing osteoclast 

differentiation and activity (Horowitz and Lorenzo, 1996). IL-1 is a key molecule 

secreted by inflammatory cells and is involved in mediating immune responses. IL-I is 

one of the most important stimulators of bone resorption known (Horowitz and 

Lorenzo, 1996). 

In man, IL- IP is associated with resorption of teeth and alveolar bone due to 

periodontal disease, and is produced by cells in the gingiva, gingival crevicular fluid, 

and periodontal ligament (Roberts et al., 1997; Rasmussen et al., 2000). IL- IP has been 

demonstrated to upregulate OPG mRNA in cultured human PDL fibroblasts and pulp 

osteoblasts, and it is suggested that IL- IP may also function to inhibit the resorption of 

alveolar bone during inflammation (Sakata et al., 1999; Wada et al., 2001). IL-lP 

expression has been observed associated with periodontitis in cats (Levine et al., 2001). 
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Both IL- I and IL-6 have been shown to mediate their resorptive activity via both the 
RANKL/OPG pathway, and by independent mechanisms. IL-1 has been shown to be a 
key factor mediating osteoclast function, capable of stimulating resorptive and anti- 
resorptive activity by inducing both RANKL and OPG mRNA expression in osteoblasts 
(Hofbauer et al., 1998; Hofbauer et al., 1999). It has been suggested that IL-6 may 

stimulate osteoclast differentiation through an alternate mechanism to the RANKL/OPG 

pathway (Hofbauer et al., 1999; Kobayashi et al., 2000). 

IL-4: IL-4, which is produced by T cells, has been shown to inhibit osteoclast 
differentiation in vitro (Shioi et al., 1991; Scopes et al., 2001). IL-4 has also been 

shown to inhibit the resorbing activity of mature osteoclasts by causing increases in 

intracellular Ca+ concentrations (Bizzarri et al., 1994). Osteoclasto genesis induced by 

PTH, PTHrP, 1,25(OH03, IL-1 and PGE2 in vitro has been shown to be inhibited by 

addition of IL-4 (Lacey et al., 1995). In vivo, IL-4 has been shown to suppress bone 

resorption induced by PTHrP, IL-1, and RANKL (Nakano et al., 1994; Lubberts et al., 

2000). Transgenic mice that overexpress IL-4 have a phenotype of osteoporosis (Lewis 

et al., 1993), which is suggested to be due to suppression of both osteoclast and 

osteoblast activity (Shioi et al., 1991; Nakano et al., 1994; Okada et al., 1998). 

IL-1 1: IL- 11 is produced by a variety of stromal. cells including fibroblasts, epithelial 

cells, and osteoblasts (Leng and Elias, 1997). IL-11 stimulates osteoclast forination, 

enhances resorption, and increases osteoclast numbers in co-culture with bone marrow, 

although it has no effect on isolated mature osteoclasts in vitro (Girasole et al., 1994; 

Hill et al., 1998; Morinaga et al., 1998; Ahlen et al., 2002). Expression of RANKL and 

OPG in osteoblasts/stromal cells has been shown to be up-regulated by IL- II (Yasuda 

et al., 1999; Horwood et al., 1999). An antibody neutralizing IL-1 1 suppressed 

osteoclast development induced by either 1,25(OH)2D3, PTH, IL-1, and TNFa, 

suggesting that IL-1 1 has a role as an intermediary in signalling osteoclastogenesis via 

these other factors (Girasole et al., 1994). It has also been shown that in vivo, IL-1 1 

plays a role in mediating lipopolysaccharide-induced osteoclast activity (Li et al., 

2002b). 
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PGE2: PGE2 is produced by osteocytes and osteoblasts in response to mechanical 
loading, or to increased local levels of osteotrophic factors (Pilbeam. et al., 1996). PGE2 
has been demonstrated to be capable of both stimulating and inhibiting osteoclast 
ftinciton in vitro, depending on the dose, and source of stromal cells (Roodman, 1999). 
PGE2 can act directly on circulating osteoclast precursors to influence differentitaion 
(Itonaga et al., 1999; Wani et al., 1999), or it can simulate osteoblasts to intiate the 
differentiation of osteoclasts from precursors by producting M-CSF and RANKL 
(Raisz, 1999). 

TGFP: TGFP is produced by osteoblasts and osteoclasts, and is also an abundant bone 

matrix cytokine (Hauschka et al., 1986; Robey et al., 1987). To date, evidence is 
conflicting as to whether TGFP is an inhibitor or stimulator of resorption. TGFP has 
been shown to inhibit the formation, and stimulate apoptosis of osteoclasts in bone 

marrow cultures (Chenu et al., 1988; Hughes et al., 1996). TGFP has also been shown to 
induce osteoprotegerin production by bone marrow stromal cells (Takai et al., 1998), 

and inhibits osteoclastogenesis in cocultures of cells derived from OPG knockout mice 
(Quinn et al., 2001). TGFP has also been shown to simulate the activity of mature 

osteoclasts (Hattersley and Chambers, 1991), and has been shown to synergise with 
RANKL for induction of o steoclasto genesis and promote survival of mature osteoclasts 
(Fuller et al., 2000). Mice overexpressing TGFP have been shown to have an 

osteoporotic phenotype (Erlebacher and Derynck, 1996), although the reason for this is 

unclear. 

IFNy: IFNy inhibits resorption by its actions on osteoprogenitor cells (Gowen and 

Mundy, 1986; Bischof et al., 1995). IFNy inhibits the ability of 1,25(OH)2D3, PTH, 

TNF, IL-1, and RANKL to simulate the formation of osteoclasts in bone marrow 

cultures (Gowen and Mundy, 1986; Takahashi et al., 1986; Fox and Chambers, 2000). 

It has been shown that IFN7 inhibits IL-1 and TNF-mediated resorption by the 

production of nitric oxide, which induces apoptosis of osteoclast inhibitors and impairs 

osteoclast activity (Ralston et al., 1995). 
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TNF: TNF, which is produced by osteoblasts, consists of two related polypeptides (a 

and P), which are both potent stimulators of bone resorption by inducing osteoclast 
formation and activity of mature cells (Pfeilschifter et al., 1989). In vivo, systemic 
administration of TNFoc increases serum calcium in mice (Tashjian, Jr. et al., 1987). IL- 
I and lipopolysaccharide are reported to stimulate the bone-resorbing effects of TNF 
(Gowen et al., 1990). TNF has been shown to increase RANKL and OPG expression 
in osteoblastic cells, and RANKL and TNF have a synergistic effect on stimulating 

osteoclastogenesis (Hofbauer et al., 1998; Zhang et al., 2001). It remains controversial 

as to whether TNF can stimulate osteoclast forination in the absence of RANKL; some 

authors have demonstrated RANKL-independent formation (i. e., Kobayashi et al., 
20001, while others have shown that RANKL is necessary for osteoclast formation even 

in the presence of TNF (Lam et al., 2000). 

M-CSF: M-CSF is produced by stromal cells and ostcoblasts and has an essential role 
in mediating the proliferation and differentiation of osteoclast precursors (Tanaka et al., 
1993). Neutralising antibodies against M-CSF have been shown to completely block 

multinucleated cell formation in marrow cultures (Tanaka et al., 1993), and recombinant 

M-CSF injections cure osteopetrosis in mice lacking M-CSF (Felix et al., 1990). M-CSF 

has also been shown to have a role in the activity of mature osteoclasts, and stimulates 

osteoclast motility, spreading, and inhibits apoptosis (Fuller et al., 1993). Production of 

M-CSF has been shown to be stimulated by 1,25(OH03. PTH, IL-1, and TNFcc (Suda 

et al., 1992; Morohashi et al., 1994; Lian et al., 1999). 

c-fos: c-fos is a proto-oncogene transciption factor that is necessary for commitment 

and/or differentiation of many cell types, including cells of the osteoclast lineage 

(Hayashi et al., 1998). Mice lacking c-fos have been shown to develop osteopetrosis due 

to a block in early differentiation of osteoclasts (Grigoriadis et al., 1994). Transfection 

of c-fos cDNA into osteoclast precursors has shown increased TRAP activity and 

resorption in mature, differentiated osteoclasts (Kuroki et al., 1994). RANKL has been 

shown to induce c-fos transcription (Matsuo et al., 2000). 
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c-src: c-src is a proto-oncogene transcription factor that plays a critical role in the 

activation of quiescent osteoclasts to resorb bone (Roodman, 1999). Osteoclast 

formation is normal in mice lacking the c-src gene; however, they develop osteopetrosis 
because the cells are unable to function normally (Soriano et al., 1991; Boyce et al., 
1992; Furuyama and Fujisawa, 2000). c-src may be stimulated by a variety of signalling 

pathways, including M-CSF stimulation (Duong et al., 2000). 
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Table 1.2: Hormones, cytokines, growth factors, and transciption factors implicated in the 
regulation of osteoclast differentiation and activation/resorption. 

Major effects 
Factor Abbrev. Differen- Activation 

tiation Resorption 
Hormones Metabolically active 

Vitamin D3 1)25(OH)2D3 Ta Ta 

Parathyroid hormone PTH Tb Tb 

Parathyroid hormone related 
protein PTHrP TC TC 
Calcitonin ýd 

Cytokines Tumor necrosis factor (x TNFu. Tf Tf 
Interleukin 1((x and IL-la and 

Tg Tg 

Interleukin 6 IL-6 Th Ti 

Interleukin 4 IL-4 V ýk 

Interleukin II IL-1 1 T1 T, 
Interferon y IFNy ýn 

Receptor-activator of NFKB 
ligand. RANKL TP TP 
Osteoprotegerin OPG ýq ýP 

Prostaglandins PGE2 Tr T, 

Growth Macrophage colony 
factors stimulation factor M-CSF Tt TU 

Transforming growth 
factor P TGFP ýV, W ýX, y 

Tran- C-fos TZ 
scription c-src aa 

factors 
I I T= stimulation, ý= inhibition, U= both stimulation and inhibition reported, -- = no known effect. 

'(Holick, 1999), b (Fitzpatrick and Bilezikian, 1999), '(Miao et al., 2002) 
,d 

(Deftos et al., 1999), e(Cornish 

et al., 2001), f(Pfeilschifter et al., 1989), g(Horowitz and Lorenzo, 1996) , 
h(Suda et al., 1995), '(Udagawa 

et al., 1995), '(Shioi et al., 1991), k (Bizzarri et al., 1994), l(Girasole et al., 1994), m(Morinaga et al., 1998), 
'(Gowen and Mundy, 1986), '(Ralston et al., 1995), P(Lacey et al., 1998), q (Yasuda et al., 1998a), 
r(Itonaga et al., 1999), '(Roodman, 1999), '(Tanaka et al., 1993), "(Fuller et al., 1993), '(Fuller et al., 
2000), w(Quinn et al., 2001), '(Hattersley and Chambers, 1991), Y(Hughes et al., 1996), '(Hayashi et al., 
1998), aa(Soriano et al., 1991). 
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2. GENERAL METHODS 

2.1. SCANNING ELECTRON MICROSCOPY (SEM) 

2.1.1. Basic principles of scanning electron microscopy 

70 

SEM involves the emission of electrons from a charged tungsten filament (electron gun, 

usually 5-30 kV) focused to a narrow beam using a series of magnetic anodal 

condsenser lenses, and directed towards a specimen surface in a vacuum chamber (see 

Figure 2.1). The specimen is usually coated in a conductive material (gold or carbon), 

and sufficiently "grounded" to the specimen holder, to avoid charging of the specimen. 
The beam is scanned across the surface by a scan generator in a 'raster' pattern of 

parallel lines, moving in a "Z" pattern. When the beam of electrons contacts the 

specimen surface, electrons are absorbed to a micron depth (Watt, 1985). These 

electrons are then emitted from the specimen and collected by detectors, located within 
the specimen chamber. Electrons of weaker energies (a few tens of kV) may only 

penetrate the specimen surface to a depth of a few nanometers, and are emitted as 
"secondary electrons" (SE). Electrons of higher energies may penetrate the specimen 

surface to a depth of 10-100 nanometers, and are emitted as "backscattered electrons" 
(BSE). High-energy electrons, which penetrate the specimen surface beyond 100 

nanometers, are emitted as x-rays. The electron detector is connected to a video signal 

amplifier, which translates the electric signal into an image displayed on a cathode ray 

tube (CRT), which is scanned in synchronism with the scan generator (Watt, 1985). 

As SE only penetrate the surface of a specimen, collection of SE signalling may 

be used for imaging surface features (Watt, 1985). A potential disadvantage of using 

SE imaging is the occurrence of "charging" of the specimen surface, where too many 

electrons are absorbed over a small area, or over an area without sufficient capacity to 

diffuse charging, resulting in a white "glare". This is a particular problem in specimens 

with a lot of thin projections, causing an "edge-effect". 

BSE penetrate the specimen immediately below the surface and within a larger 

volume, eliminating some of the problems of surface charging and edge-effect (Watt, 

1985). As electrons are differentially scattered by different elements depending on their 



Chapter 2: General methods 71 

atomic number (ie. number of electrons orbiting an atom), the number of backscattered 

electrons rises with the atomic number of the element, giving rise to atomic number 

contrast. BSE can therefore be used to analyse differences in elemental composition of 

specimens (Boyde and Jones, 1983; Boyde et al., 1995; Howell and Boyde, 1995). 

In the BSE image, areas of lower electron backscattering (ie. lower atomic 
number) appear dark grey or black. Areas of higher electron backscattering (ie. higher 

atomic number) appear brighter i. e. light grey or white. Using standard operating 

conditions of 20kV accelerating voltage and a beam current of 0.5 nA, in one second the 

electron beam will have 1 million electrons striking the sample. Using digital scanning, 

the dwell time at any pixel in the image will mean that there are potentially hundreds of 

electrons hitting the sample at that point. This gives a good statistical sample of the 

6mean atomic number' for each and every point. Therefore, the grey level is a useful 

estimate of the local mean atomic number and can therefore be used to estimate bone 

mineral volume or the degree to which bone or dentine are mineralised (Howell, 

personal communication). 

A potential disadvantage when using BSE is that the image generated is of the 

subsurface specimen, and not the surface. Another potential disadvantage is that in order 

to accurately quantitate elemental composition, it is imperative to eliminate all other 

possible sources of contrast from the sample, such as charging, or surface topography, 

which will affect the amount of backscattering by the element. Fortunately, an 

advantage for studying specimens using BSE is that specimens do not need to be 

heavily coated with conductive material to eliminate charging effect. 
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Figure 2.1: Features of the scanning electron microscope (SEM) (Watt, 1985). 
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Within the microscope, the specimen may be moved in the X, Y, and Z axes within the 

specimen chamber, and may be rotated and tilted. The linear extent of the scan is 
determined by the "working distance" (millimeters) of the specimen surface from the 

point of origin of the beam in the specimen chamber. The working distance is the focal 

length of the beam. To maintain consistency, specimens of the same size are generally 

observed at the same working distance to maintain the same distance relationship 
between the specimen surface and electron detector. The beam size may be controlled 
by the "spot size". Image focus is achieved by adjusting the condenser lens and beam 

astigmatism. Magnification is the result of the ratio between the image displayed on 

the CRT to the area of the beam scan on the specimen. Variations in magnification are 

achieved by altering the area over which the electron beam scans (Watt, 1985). The 

electron beam intensity is the same regardless of the area scanned, so high 

magnification images may suffer worse charging, and the electron beam may cause 

physical damage and alteration of the chemical properties of the specimen surface. 

2.1.2. Sample collection and preparation for scanning electron microscopy 

Mandibles and maxillae were collected from 40 adult cats, euthamsed for conditions 

unrelated to this research. The ages were known for ten cats and ranged between 1-14 

Image removed due to third party copyright
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years (average age 4.4 years). Intact mandibles and maxillae were removed using 

standard dissection tools. In 15 individuals, maxillae and mandibles were immediately 
fixed in paraformaldehyde (4% PAF in phosphate buffered saline (PBS), pH 7.4) for 5-7 

days at 4'C, followed by washing in H20, and storage in 70% ethanol (in dH20) at 

room temperature. In the remaining 25 individuals, mandibles and maxillae were 

collected immediately following euthanasia or within one day of euthanasia (where 

specimens were maintained at 4'C until the time of dissection), and were frozen at - 
20'C until use. 

All maxillae and mandibles were radiographed using a standard dental 

radiography unit (CCX DigitalTMcomputer controlled x-ray timer, Trophy, Rochester, 

U. K.; see Figure 2.2). Specimens were radiographed to establish the presence of FORL, 

or other pathology such as fractured teeth, periapical absesses, and alveolar recession 

associated with periodontitis. Characteristic radiographic features of FORL include 

radiolucencies in teeth, and can also include alveolar recession and loss of periodontal 

space between the root and alveolar bone (Verstraete and Lommer, 2000) (John 

Robinson, personal communication). 

Figure 2.2: Post-mortem radiographs of feline mandibles. A: Normal mandibular molar (MI), and 

premolars (P4 and PO without evidence of FORIL. B: Mandibular M, and P3 with evidence of 

radiolucencies indicative of resorption at the cemento-enamel junction and roots of M, (indicated 

by arrowhead 1) and P3 (indicated by arrowhead 2). No radiolucencies are apparent in P4- 
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2.1.3. Preparation of teeth for surface study using SEM 

Materials: 

9 TergazyMeTm biological detergent (2% weight/volume, e. g., 2g in 100 ml H20) 

(Alconox Inc., New York) 

9 Bleach (NaOCI) 

0 Ethanol (BDH, Poole) 

0 H202 (FSA Laboratory Supplies, Loughborough) 

0 NaOH (BDH) 

0 Distilled H20(dH20) 

0 1.0 x 0.6 cm aluminium stubs 

Carbon putty (Leit-C PlastTm, Agar, Stanstead) 

Gold sputter coater (Emscope TM , SC 500, Agar) 

Digestion and extraction of teeth used for surface SEM study: 

Teeth were digested of organic material and separated from alveolar bone using the 

following procedure: 
2, Tm at 1. Intact mandibles and maxillae were digested in dH20 with 2% Tergazyme , 

50'C in a shaker at 50 rpm in glass flasks. The solution was changed every 2-3 

days for 2 weeks, then every 3-5 days until no soft tissue could be visually detected 

on the samples. In most cases, this process took 6 weeks. 

2. Samples were rinsed for 1-2 hours in running tap water, followed by several rinses 

in dH20. Samples were air dried. 

3. Teeth were carefully removed from alveolar bone using a bone nibbler. 

4. To remove all remaining soft tissue (including periodontal ligament) and oils on the 

tooth surface, specimens were placed in a solution of weak NaOCI solution (< 3%) 

in glass flasks and placed on a shaker (20 rpm) at room temperature for 2-3 weeks. 

The solution was changed every 3 days during the first week, and then once every 

subsequent week. 

5. At the end of 3 weeks, samples were washed gently under running tap water for 1-2 

hours, then rmsed several times in dH20, and left in glass flasks in dH20 for 1-2 
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weeks at room temperature. dH20 was changed every 2-3 days to allow the 

complete removal of any remaining NaOCL 

6. Individual teeth were examined under a reflection microscope to assess the efficacy 
of removal of soft tissue. If samples were determined to be sufficiently clean, they 

were dehydrated using a series of graded ethanol (50%, 70%, 95% in dH20, and 
100%), and allowed to air dry on filter paper. 

7. Teeth were stored at room temperature covered in plastic petri dishes until use. 

Preparation of digested teeth for surface SEM analysis: 

Dry teeth were mounted on aluminium stubs by their crowns using a small amount of 

conductive carbon putty. Mounted specimens were sputter-coated with carbon by 

Professor Alan Boyde, using a custom rotating-platform coater, or with a layer of gold, 

approximately 20 n1\4 thick. Multiple coatings were performed if the initial coating was 

determined to not adequately cover the specimen surface. Stubs were mounted in an 

aluminium stub holder for examination using the SEM. 

Surface analysis using SEM: 

Teeth were examined using a JEOL 541OLV SEM (JEOL, Welwyn Garden City) with 

an accelerating voltage set at 15 or 20 W. Low power magnification images (15-20X) 

were taken using a spot size of 19 or 20 and a working distance of 43 or 44 mm. Higher 

power magnification images were taken using a spot size of 11 or 12, and working 

distance of 17 mm. Images were recorded using digital image acqusition software 

(PrinterfaceTM, GW Electronics, Norcross, Georgia) at a resolution of 1024 x 512 

(images saved as 500 kb each). A calibration standard (PlanotechTm, Agar) with 

intervals 10 ýtm was used to calculate field width. 
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2.1.4. Procedure for embedding and sectioning teeth for SEM study 
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In order to analyse the structural features and the mineralisation properties of teeth in 
section, specimens were embedded en bloc in polymerised methyl-methacrylate 
(PMMA), sectioned and polished, and examined using BSE SEM. 

Materials: 

Xylene (BDH) 

Methylmethacrylate (MMA, BDH) 

Azo-iso-butyronitrile powder (BDH) 

e PMMA (500 ml MMA + 1.5 g Azo-iso-butyronitrile powder dissolved in 

solution at room temperature using magnetic stirrer). 
Chloroform (BDH) 

Laboratory film 

1201 400ý 600, and 1200 grit grinding paper (MetPrep, Coventry) 

TexmetTm polishing cloth (MetPrep) 

1 and 6 ýtm diamond grit grinding paste (MetPrep) 

0 Perspex 

0 Conductive carbon paint (Agar) 

0 Conductive carbon putty (Agar) 

0 8.0 x 8.0 cm aluminium plates 

Embedding in methylmethacrylate (MMA): 

Following fixation and storage in 70% ethanol, specimens were prepared for 

embedding in PMMA using the following procedure: 

1. Mandibles and maxillae were trimmed of unrelated tissue using a band saw. The 

inkrior margin of the mandible was trimmed to facilitate penetration of solutions 

into the trabecular space. 

2. Specimens were placed in glass jars (6.0 x 5.0 cm), covered with xylene and 

degassed under water pressure in a modified desication chamber (65 inches of 
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mercury) for 15-30 minutes until no air bubbles could be seen emanating from the 
specimen. 

3. Plastic screw top lids were placed tightly on jars, and the rims of lids were secured 
with plastic film. Jars were placed on a rotating platfon-n (80 rpm) in a fume 

cupboard for 7-10 days. 

4. The xylene was decanted and the specimens were covered with MMA. Specimens 

were degassed as described above, lids were secured with plastic film, and jars were 
placed on a rotating platform for 7-10 days. 

5. Specimens were removed from the MMA and placed in clean jars with a 5mm bed 

of hardened PMMA. Liquid PMMA was poured over specimens to cover, and 
degassed as described above. 

6. After 1-2 days, specimens were repositioned using tweezers. 

7. It was important to ensure that solidification of the PMMA occurred gradually to 

avoid the incorporation of air bubbles in the polymer, and to ensure uniforin 

penetration and solification of PMMA within the specimen. Specimens were left in 

PMMA at room temperature under normal indoor light conditions until the PMMA 

was completely set. In most cases, this occurred within 3 weeks. In cases where 
PMMA would not set, specimens were placed in a 37'C incubator overnight, or 

until PMMA appeared to thicken, and then allowed to continue to set at room 

temperature. In cases where the PMMA would not solidify completely, specimens 

were placed in the incubator until the PMMA was completely hardened. 

Sectioning of embedded teeth for SEM analysis: 

After complete solidification of PMMA, embedded teeth were sectioned for SEM 

analysis using the following procedure: 

1. Jars were placed in plastic bags and hit with a hammer to break the glass. 

2. Excess PMMA was trimmed from around the embedded specimen using a band 

saw, and rough surfaces were polished using a rotating grinder with coarse polishing 

paper (120 grit). 

3. Blocks were then clamped in a specimen holder and sectioned using a diamond saw. 

Canines, premolars, and molars were sectioned in the coronal plane, slightly offset 
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from the centre of roots. Both the anterior and posterior roots of multirooted 

premolars and molars were sectioned, where possible, and the best quality section 

was selected for analysis. No incisors were sectioned. 

4. Individual sections of teeth were adhered to small blocks of Perspex by polishing 

the back face of each PMMA block with grinding paper and then adding chlorofonn 

with a dropper to each surface and sticking the PMMA block to the perspex block. 

The plastic surface of the block was then ground and polished so that the front 

(tooth section) and back of the block were parallel and flat. 

5. The specimen surface was ground using polishing paper (400 to 1200 grit) until the 

surface was as close to the coronal plane of the root as possible. The surface was 

polished on a cloth using a rotating grinder with 6 ýtm diamond grit paste, followed 

by I ýtm grit paste. Between each polishing step blocks were thoroughly rinsed and 

ultrasonicated in tap water to remove all grit. 
6. Blocks were dried and examined at each step using a reflection microscope (I Ox 

magnification) to ensure adequate polishing, and there were no scratches remaining 

on the specimen surface. Polished blocks were stored face-up and covered in plastic 

petri dishes until use. 

Preparation of embedded and sectioned specimens for SEM analysis: 

Following sectioning, teeth were prepared for SEM analysis using the following 

procedure: 

1. Blocks were prepared for microscopic analysis by painting a 2-3 mm wide band of 

conductive carbon paint around the vertical perimeter of the block face, and 

extended down the comers of the block to the base. 

2.2-3 mm. wide tabs of conductive carbon tape were attached to the bottom comers of 

blocks and folded onto the base. 

3. Blocks were adhered to aluminium plates. 

4. Rafts were coated with carbon as described for the surface study. 

Following coating, blocks containing three halogenated dimethacrylates (Monobromo: 

C22H250, oBr; Monoiodo: C22H2501ol, Tetrabromo: C22H240IoBr4, see Table 2.1, see 
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Figure 2.3A) (Howell and Boyde, 1995) were attached to the plate and were used to 

calibrate specimens. These standards have different backscattering coefficients 
(BSEc), which is the ratio between incoming electrons and backscattered electrons from 

the specimen surface. The monobromo (MBr) standard has a BSEc greater than PMMA 

and less than bone (see Table 2.1). The monoiodo (MI) standard has a BSEc greater 

than bone and between dentine and enamel, and the tetrabromo (Br4) standard has a 
BSEC geater than enamel (Boyde et al., 1995; Howell and Boyde, 1998). 

Table 2.1: Backscattering coefficient of halogenated dimethacrylate standards, PMMA, bone, 

dentine, and enamel. 

Mean Backscattering 
coefficient 

Monobromo: C22H250jOBr 0.125 a 

Monoiodo: C22H250101 0.160a 
Tetrabromo: C22H240joBr4 0.195 a 

PMMA: H8C502 0.082 a 

Bone and dentine 0.135-0.15 a 

Enamel 0.179b 
'(Howell and Boyde, 1998), '(Howell, unpublished data) 

SEM analysis of embedded and sectioned teeth: 

Blocks were examined using BSE mode, on a Zeiss DSM (digital scanning microscope) 

962 (Zeiss, Welwyn Garden City). Rafts were left overnight under vacuum in the 

microscope. Blocks were examined at a working distance of 17 mm, with an 

accelerating voltage of 20 W, and a beam current of 0.5 nA. The BSE detector 

brightness and contrast controls were set so that the standard peaks fell between 

approximately 30 and 225 within the 0-255 grey level scale. Low magnification images 

were manually recorded using the Zeiss microscope imaging system at a resolution of 

1024 x 1024 pixels. High magnification images (50x, 150x, and 500x) were recorded 

at a resolution of 512 x 512 pixels, using an automatic Kontron I]BAS image recording 

system (Kontron Elektronik, Munich). Three standards were imaged at 50x 

magnification between every 10 images of specimens. 
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2.1.5. Standardisation of images for BSE analysis 

An advantage of analysing standardised BSE images is that standardisation shifts the 
grey levels represented in the specimen to exclude PMMA, which penetrates the 
sample. Another advantage is that scaling widens the grey scale of dentine and enamel, 
provi ing greater visual contrast for distinguishing zones of different mineralisation. 
Scaling allows the comparison of different samples and allows the comparision of 
samples between runs, and eliminates variation in the filament charge within and 
between runs. 

A mean grey level was established for the three standards MBr, MI and Br4 

using the histogram function in PhotoshopTM (Adobe, U. K.; see Figure 23A and B). 

These three values were then used to scale tooth images (see Figure 2.3C and D) so that 

MBr represented a grey level of 0 (black) and either MI or Br4 a grey level of 255 

(white). 

For images which included dentine, cementurn, and alveolar bone, images were 
rescaled to cover the range from the monobrominated standard (MBr = grey level 0) to 

the monoiodinated standard (MI = grey level 255; see Figures 2AA and Q. For 

enamel, images were rescaled to cover the range from the monobrominated (MBr = 

grey level 0) to the tetrabromominated standard (Br4= grey level 255; see Figures 2AD 

and F). 1mages can be represented in 256 grey levels, or for improved visualisation and 

comparison, as 8-bin (pseudo) colour mapped images (see Figures 2AB and E). Here 

each colour represents a range of 32 grey levels in a "look up table" (LUT) of grey 

values from dark (blue) to light (grey). Due to differences in scaling, enamel and 

dentine could not be compared within a single image, but two versions of each image, 

scaled to each tissue, were created. 
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Figure 2.3: BSE SEM measurement of mean grey level in halogenated dimethacrylate standards, 

poly-methylmethacrylate (PMMA), and in dentine (D) and enamel (E). A: Micrograph of 

monobromo (MBr: C22H250, oBr), monoiodo (MI: C22H2501ol), and tetrabromo (Br4: 

C22H2201oBr4) dimethacrylate standards. B: Histograms depict the number of pixels represented 

by grey levels (x = mean) within the image, corresponding to the three standards. C: Micrograph 

of dentine, enamel, and PMMA in section. D: Histograms depict the number of pixels represented 

by grey levels (x = mean) corresponding to PMMA, dentine, and enamel. 
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Figure 2.4: BSE micrographs of dentine (D) and enamel (E) with grey levels scaled to the standards 

MBr, NU, and Br4. A: Grey level micrograph scaled using the MBr-MI range. B: Same 

micrograph depicted using 8-bin colour. Enamel is peak white as it is off scale. C: Grey level 

histogram depicting the number of pixels represented by grey values (x = mean) within the MBr- 

MI converted image. MBr is scaled to 0, and MI is scaled to 255. D: Left: Grey-scale micrograph 

scaled using the MBr-Br4 range. E: Same micrograph depicted using 8-bin colour. F: Grey level 

histogram depicting the number of pixels represented by grey values (x = mean) within the MBr- 

Br4 converted image. MBr is scaled to 0, and Br4 is scaled to 255. 
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2.2. REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION (RT- 

PCR) 

2.2.1. Basic principles of polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is a method for amplifying small amounts of DNA to 
produce large quantities of a specific genetic sequence for analysis. PCR involves the 
use of specific single-stranded oligo-nucleotide primer sequences that flank a region of 
interest on the DNA molecule. During the PCR reaction DNA is heated to a high 
temperature, which dissociates the double-strands into two single strands. The reaction 
is then cooled, allowing the single-stranded primers to anneal to complementary 
nucleotide sequences on each single DNA strand. The primers are then extended as Taq 
DNA polymerase adds the appropriate deoxyribonucleotide (dNTP) to the 3' end of the 
molecule, thus creating new double stranded DNA molecules for a specific region of 
interest. With each subsequent heating and cooling cycle, double-stranded DNA 

molecules dissociate into single strands that are used as templates to create more 
double-stranded DNA (Arnheim and Erlich, 1992). The net effect of PCR is the 

exponential "amplification" of a specific region of DNA, where at the end of n cycles, 
the reaction contains a theoretical maximum of 2' double-stranded DNA molecules for 

each original double-stranded DNA molecule (de Miguel et al., 1999). 

2.2.2. Basic principles of reverse transcription PCR (RT-PCR) 

Reverse transcription PCR (RT-PCR) is a method used for amplifying RNA sequences. 

Moloney murine leukaemia virus (M-MLV) reverse transcriptase is used to synthesise 

DNA molecules complementary to single-stranded total RNA molecules to create stable 

double-stranded cDNA-RNA hybrids (see Figure 2.5). A specific region of the cDNA 

of interest is then amplified in a PCR reaction using primers that flank this region. RT- 

PCR can be used to analyse the expression of messenger RNA, which contains the 

instructions for the translation of RNA into specific proteins by the cell. 
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Figure 2.5: Reverse transcription polymerase chain reaction (RT-PCR). Extracted RNA is 

synthesised to make RNA-cDNA hybrid molecules using M-MLV reverse transcriptase. During the 

PCR reaction DNA is heated to a high temperature, which dissociates the double-strands into two 

single strands. Oligo-nucleotide primers, flanking a region of interest on the DNA molecule, anneal 

to complementary nucleotide sequences on each single DNA strand. The primers extend the 

complementary DNA sequence using Taq DNA polymerase, adding the appropriate 

deoxyribonucleotide (dNTP) to the 3' end of the molecule, creating new double stranded DNA 

molecules. With each subsequent heating and cooling cycle, double-stranded DNA molecules 

dissociate into single strands that are used as templates to create more double-stranded DNA. 

2.2.3. Sample collection for RT-PCR 

Samples of teeth (including enamel, dentine, cementum and periodontal ligament), 

gingiva, and alveolar bone were collected from young adult cats with no evidence of 

oral disease, undergoing euthanasia for conditions unrelated to this study. Intact lymph 

nodes, and 1-2 g samples of muscle, spleen, fat, liver, and femoral bone (including 

cortical and trabecular bone) were also collected from control animals. 

Teeth and gingiva were collected from cats with FORL undergoing routine 

dental extractions at an animal practice. The presence of FORL was diagnosed on the 

basis of visual examination, probing of the gingival sulcus surrounding the tooth, and 

radiography. The stage of disease was detennined according to established clinical 
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criteria (Lyon, 1992). All teeth affected with FORL were at an advanced stage of 
disease. The crown and roots were significantly resorbed, and the crowns were 

surrounded by inflamed gingiva. Gingival tissue associated with teeth affected with 
FORL was collected from the region of the tooth with evidence of resorption. It was 

not possible to obtain samples of alveolar bone surrounding teeth affected with FORL 

because the procedure for tooth extraction avoided any damage to the alveolus. 
Control teeth were removed en bloc, with the tooth surrounded by alveolar bone 

and gingiva, and individual tissues were separated in a petri dish on dry ice using 

standard dissection tools. Teeth affected with FORL were sectioned using a burr and 

extracted with an elevator and forceps. Detached gingiva was separated from the 

extracted tooth or from within the tooth socket using forceps. All tissue samples were 

placed in individual sterile 1.5mL plastic tubes immediately following collection, and 

snap frozen in liquid nitrogen. Samples were stored at -80 C until use. 
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2.2.4. Total RNA extraction 

Materials: 

o TrizolTM (GibcoBRL, Paisley) 

Chloroform (BDH) 

Isopropanol (BDH) 
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o DEPC-treated H20 (diethyl pyrocarbonate (Sigma); Iml per litre deionised and 
distilled H20, mixed vigorously in dark bottle in fume cupboard overnight and 
autoclaved) 

s 75% ethanol (BDH, in DEPC-treated H20) 

All ceramics, glassware, and forceps used during RNA and cDNA preparation were 
baked in foil at 200'C for a minimum of 5 hours to destroy RNases. Pipettes designated 

for use only with RNA were used throughout. 

Tissue preparation: RNA was extracted from all tissues using TriZolTm according to 

the manufacturer's instructions (1 ml Trizol / 50-100 mg tissue). 1-2 g of lymph, 

muscle, spleen, liver, femoral bone samples, and entire gingival samples (< I g) were 

ground frozen under liquid nitrogen with a mortar and pestle. Whole frozen teeth were 

mounted in a cryostat at -20'C and cut with a tungsten-carbide knife into shavings 

(approximately 15 ýtm thick) prior to RNA extraction. This technique has been 

previously described for extracting RNA from frozen, undecalicified bone (Mason et al., 

1996). Teeth were sectioned instead of ground as it was determined that sectioning 

produced higher yields of RNA. 

RNA extraction: 
T-T- 

humogenisation andphase separation: 

Approximately 100 mg of ground or sectioned frozen tissue was placed in 1.5 ml 

of TrizolTM in a2 mL plastic tube at room temperature (RT). 
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2. Tubes were vortexed to homogenise the tissue and allowed to sit at RT for 5-10 

minutes to allow the complete dissociation of nucleoprotein complexes. 

3.200 ýLl of chloroform was added per 1 ml of TriZOITM, and tubes were shaken 

vigorously by hand for 15 sec. 

4. The solution was incubated at RT for 2-3 min. 

5. Tubes were centrifuged at 12,000g for 15 min. at 4'C. 

Precipitation: 

1. The separated aqueous phase was transferred to a 1.5ml plastic tube. 

2.0.5 ml of isopropanol was added per 1 ml TrizolTMused, and inverted to mix. 

3. The solution was incubated at RT for 10 min. 

4. Tubes were centrifuged at 12,000g for 10 min. at 4'C. 

RNA wash and reconsitution: 
1. The supernatant was removed from tubes, avoiding the RNA pellet. 

2.1 ml 75% ethanol was added per I ml TrizolTM. 

3. Tubes were centrifuged at 7,500g for 5 min. at 4'C. 

4. Ethanol was gently poured off, avoiding losing the RNA pellet, and tubes were 

dried inverted for 5-10 min. 

5. The RNA pellet was dissolved in DEPC-treated H20(20-50 ýtl depending on size 

of pellet). 

RNA was quantified with a DU 530 Life Science lj-V/V, STM spectrophotometer 

(Beckman, Fullerton, CA, U. S. A. ) calibrated against DEPC H20, RNA was 

"visualized" by electrophoresis on a 1% agarose gel containing ethidium bromide to 

check for degradation and DNA contamination. 
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2.2.5. cDNA Synthesis 

Materials: 
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* Random oligonucleotide primers (0.09 units/ýLl in 3mM Tris-HCI (pH 7.0), 0.2mM 

EDTA; GibcoBRL, Paisley) 

" CDL-dithiothreitol (DTT, I OOmM; Promega, Southampton) 

" Deoxynucleotide trisphosphates (dNTPs, lOmM each; Promega) 

" Molony Murine Leukemia Virus Reverse Transcriptase (M-MLV RT 200 units/[tl; 
Promega) 

M-MLV Reverse Transcriptase 5x reaction buffer (250mM Tris-HCI (PH 8.3), 

375mM KCI, l5mM M902,50mM DTT; Promega) 

DEPC-treated H20 

The following protocol was used to create cDNA from DEPC H20-reconsitituted total 

RNA: 

Step 1: Annealing random primers 

5 [tl Random oligonucleotide primers 

3 [tg of total RNA 

Po Mix, incubate at 65T for 5 min. 

Step 2: Reverse transcription of cDNA strand 

The following reagents were added to the cDNA: 

6 ýtl of DTT 

3 ýtl of dNTPs 

2 Vtl of M-MLV RT 

12 ýil of M-MLV Reverse Transcriptase 5x reaction buffer 

DEPC-H20 UP to 60 ýtl. 

10 Mix, incubate at 37'C for 1 hour, followed by 75'C for 10 

minutes to inactivate the M-MLV. 

jo cDNA samples were stored at -80'C until use. 
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2.2.6. Polymerase Chain Reaction (PCR) 

Materials: 
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Deoxynucleotide trisphosphates (dNTPs, lOmM each; Promega) 

Oligonucleotide primers (20mM each) 

Taq DNA Polymerase (5 units/ýtl, Promega) 

Taq DNA Polymerase lOx reaction buffer (50mM KCI, lOmM Tris-HCI (pH 9.0), 

0.1% TritohTm X-100, and 1.5mMMgCI2; Promega) 

Deionised, distilled H20(dH20) 

PCR grade mineral oil (Sigma, Poole) 

Creation of primers for RT-PCR: 20-25 base pair oligonucleotide primers were 
designed based on published primer sequences for the cat, or designed from conserved 

regions of human and mouse homologues published on GenbankTm (see Chapter 5). In 

all cases, primers were selected from separate exons of the gene, so that the accidental 

amplification of genomic DNA could be detected. Primers were synthesized by 

Amersham Pharmacia Biotech, UK. 

PCR reaction mix: 

5 ýLl of cDNA 

4 ýtl of dNTPs 

2.5 [d of each oligonucleotide primer 

0.2 ýd of Taq DNA Polymerase 

5 ýtl of Taq DNA Polymerase I Ox reaction buffer 

32.8 [d of dH20, up to 52 ýtl 
No mix 

The contents of each reaction tube was overlaid with 30 ýd of PCR-grade mineral oil 

and placed in a PCR cycler (DNA Thermal CyclerTm; Perkin Elmer, Boston, MA, USA). 

The optimal number of PCR cycles for each set of primers was established to ensure 
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that the analysis was done on the linear phase of DNA amplification (see Chapter 5, 
Figure 5.1). The following cycling conditions were applied: 

Denaturation: 94'C, 4.5 min. 

Annealing: (Temp. varies by primer), 1.5 min. 24-35 cycles 
Extension: 72'C, 1 min. 

I 

Final extension: 72'C, 10 min. 

Soak: 4'C 

PCR reactions with primers for glyceraldehyde-3 -phosphate dehydrogenase (GAPDH), 

a respiratory enzyme present in all cells (a "housekeeping" gene) were performed with 

all samples to establish the integrity of cDNA. PCR products were visualized by 

electrophoresis on 1.5% or 2% agarose gels stained with ethidium bromide (see section 

2.2.9). Band sizes were measured against a 100 base-pair DNA ladder. To ensure 

reproducibility of results, all RT-PCR reactions were repeated at least twice. 
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2.2.7. Principles of the pGEMTm-T Easy Vector system 

The pGEMTM-T Easy Vector is used to clone PCR products for the identification of 
DNA sequences. PCR products are purified and ligated into the vector between the 
EcoR I sites, and may be excised by digestion with EcoR I restriction enzymes (see 
Figure 2.6). Vectors are used to transform competent Kcoli, which are grown to 

produce large numbers of copies of insert. 

In the vector, the cloning site containing the insert sequence is located within the 
lacZ gene, which transribes the P-galactosidase enzyme. In vectors lacking insert, the 
lacZ gene remains intact and is capable of producing a functional enzyme. In vectors 
containing an insert sequence, the gene is disrupted, and a non-functional enzyme is 

produced. 5-bromo-4-chloro-3-indoyl-p-D-galactopyranoside (Xgal) is a chromogenic 

substrate that the P-galactosidase enzyme converts into a blue metabolic product. 
Therefore, colonies containing vector without an insert will be blue (i. e. xgal 

metabolised) and colonies of bacteria containing vector with inset will be white (i. e. no 

xgal metabolism). This allows blue/white selection of colonies only containing vector 

with insert. Isopropyl- P -thiogalactopyrano side (IPTG) facilitates the transciption of the 

lacZ gene by inhibiting the function of lac repressor proteins attached to the lacZ DNA 

sequence. The pGEMTM-T Easy vector contains a sequence conferring ampicillin 

resistance, so only bacteria containing the vector will survive incubation with 

ampicillin. 
Sequencing is achieved by amplifying DNA sequences using PCR, terminating 

the synthesis of DNA with fluorescent labelled dideoxynucleotides (ddNTPs). Primers 

for the T7 or SP6 promoter regions of the pGEMTm-T Easy vector are used as starting 

points for DNA synthesis. ddNTPs are used as they cannot be extended by further 

addition of bases. The PCR reaction randomly produces a range of different lengths of 

sequence each terminated with a different base with a fluorescent tag. These products 

are then run through a polyacrylamide gel to separate the DNA fragments by size, and 

run through a fluorescent detector to read the colour (i. e. identity) of each base in the 

sequence. 



Chapter 2: General methods 

T7 promoter 

Ampicillin 
Resistance ................. 

INSERT 

t 

SP6 PrOMOter 

h. - 
T7 Transcription start pp, 
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3' .. -ACATT ATGCT GAGTG ATATC CCIGCT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC GGTAC 
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Figure 2.6: Schematic diagram of the pGEMTm-T Easy cloning vector. The DNA of interest is 

inserted into the vector between the EcoR I sites, and may be excised by digestion with EcoR I 

restriction enzymes. The presence of insert is associated with a disrupted Lac z gene, which 

prevents normal transcription of P-galactosidase. The pGEMTm-T Easy vector contains a sequence 

conferring ampicillin resistance, so only bacteria containing the vector will survive incubation with 

ampicillin. Sequencing is achieved by terminating the synthesis of DNA with fluorescent-labelled 

ddNTPs. Primers for the T7 and SP6 of the vector are used as starting points for DNA synthesis. 

2.2.8. DNA cloning and sequencing using the pGEMTIILT Easy vector 

Materials: 

* StrataPrepTM PCR Purification kit (Stratagene, La Jolla, CA, USA) 

pGEMTM-T Easy vector (50 ng/ýtl, Promega) 

2x Rapid Ligation Buffer (60mM Tris-HCI (pH 7.8), 20mMMgCI2,20mm DTT, 

2mM ATP, 10% polyethylene glycol; Promega) 
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91 OX EcoR]Tm reaction buffer (90mM Tris-HCI (pH 7.5), 1 OMM MgC12,50mM 

NaCl, Promega) 

I [d Eco RjTm enzyme (12 units/ýLl, Promega) 

T4 DNA Ligase (3 Weiss units / [d; Promega) 

Competent Escherichia coli (XL-IBlue strain) in CaC12 

SOB medium (20g bacto-tryptone, 5g bacto-yeast extract, 0.5g NaCl added to 

950ml dH20) 

e Ampicillin (100 ýtg/ýtl, Sigma) 

e Agar/broth solution (1.5% agarose powder in broth: IOg NaCl, lOg Tryptone, 5g 

yeast extract per litre, pH 7.0, Sigma) 

" Xgal (5-bromo-4-chloro-3-indoyl-p-D-galactopyranoside, 50 mg/ml, Sigma) 

" IPTG (isopropyl-p-thiogalactopyranoside, 200 mg/ml, Sigma) 

" Wizard TM Plus Mini-Preps DNA purification system (Promega) 

" Deionised, distilled H20(dH20) 

DNA purification and ligation into pGEMrIIII-T Easy vector: 

Puri cation: cDNA fra ents generated by PCR were purified with the StrataPrepTM ff, gin 

PCR Purification kit, according to the manufacturer's instuctions. 

Ligation: 

5ýtl of purified PCR product 

1 ýtl pGEM-T Tm Easy vector 

7[d 2x Rapid Ligation Buffer 

I ýtl T4 DNA Ligase 

00 Mixý incubate RT for one hour 

Transformation into competent E. coli and X-gal/ITPG (blue/white) selection: 

Transformation: 

7ýtl of the resulting ligated product 

100 [d of competent Escherichia coli 
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10 Mix, incubate 4'C for 30 minutes, 42'C for 1.5 minutes, 4'C for 
I minute. 

Add: 400 [tl SOB medium 

oo mix, incubate 37'C for I hour. 

Agar plate preparation: 

40 ýd ampicillin 

40 ml of agar/broth solution 

p. Mix, poured equally into 4 petri dishes and allowed to set. 

Plates were coated with a solution of xgal/IPTG for blue/white selection of bacteria: 

X-ga1JPTG solution: 

750 ýtl SOB 

200[tl xgal 

50 ýtl IPTG 

00 Mix, 100 ýtl of solution spread on each plate using a glass 

spreader flarned with 70% ethanol and allowed to dry. 

Serial dilutions of bacteria were spread on the four plates and incubated at 370C 

ovemight. 

Selection of recombinant plasm ids: 

9 Six white bacterial colonies were removed from plates and grown overnight in 

15 ml falcon tubes with 5 ml broth and 5 ýtl of ampicillin at 37'C with vigorous 

shaking. 

9 850 ýtl of each culture was mixed with 150 ýd of glycerol and frozen. 

Preparation of recombinant plasm ids: 

1. The remaining solutions were divided into three 1.5 ml tubes for each 15 ml tube 

(3 x6 == 18 tubes), and centrifuged at 10,000x for 3-4 minutes. 
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2. The supernatant from each tube was removed, leaving behind the bacterial 

pellet. 
3. Plasmids were prepared using the WizardTM Plus Mini-Preps DNA purification 

system, according to the manufacturer's instructions. 

Restriction endonuclease digestion: To assess the presence of insert, inserts were 
excised from plasmid vectors using an EcoRl restriction enzyme digest. 

Digestion: 

5 ýil of the resuspended product (- lug) 

1 [d I OX EcoR I reaction buffer 

I ýtl Eco RI enzyme 

3 ýd dH20 

0, Mix, incubate at 37'C for I hour 

5 [d of product was run on a 1.5% agarose gel to establish the presence of insert. 

Sequence analysis: DNA was quantified using a DU 530 Life Science UVNiSTM 

spectrophotometer (Beckman) calibrated against dH20, Sequencing of DNA (0.5 ýtg) 

was performed using the ABI Prism dye-terminator cycle sequencing reaction (Perkin 

Elmer), where dideoxynucleo side triphosphates (ddATP, ddTTP, ddCTP, ddGTP) 

tagged with different fluorescent dyes, are polymerised in a PCR reaction against the 

vector sequence, using a primer for the T7 or SP6 promoter sequence. Fluorescent 

labelled DNA was sequenced using an ABI PriSMTm automated DNA sequencer 

(Applied Biosystems, Foster City, CA, USA). The sequences obtained were compared 

to existing cDNA sequences using BLAST (basic local alignment search tool). 
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2.2.9. Agarose gel preparation and electrophoresis 

Materials: 

Electrophoresis-grade powdered agarose (UltraPureTM, Gibco, Paisley) 
TAE buffer (0.04 M Tris-acetate, 0.001 M EDTA, in deionised, distilled H20) 
Ethidium bromide (10 mg/ml, Sigma) 

Bromphenol blue gel loading solution (0.05%, Sigma) 
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100 base-pair DNA ladder (I gg/gl, in lOmM Tris-HCI (pH 7.5), ImM EDTA; 
GibcoBRL, Paisley) 

Agarose gels were prepared according to the following procedure: 
1. Electrophoresis-grade powdered agarose was added to 1X TAE buffer at a 

concentration of 1-2% (e. g. 1% agarose: 1.0 g agarose powder in 100 ml IX 

TA-E). 

2. The solution was microwaved for 2-3 minutes to dissolve the agarose, with 
intennittent stirring. 

3. Ethidiurn bromide was added to the dissolved agarose at a concentration of 2.5 

ýLl (10 mg/ml) per 50ml agarose solution (final concentration = 0.5 [tg/ml) under 

a fume hood and stirred until thoroughly mixed. 

4. The gel solution was poured into a gel rack containing a comb and allowed to set 

for 30 min -I hr in a fume hood. 

All RNA and PCR products were mixed with bromphenol blue gel loading solution at a 

ratio of 3: 1 (e. g. 15 ýtl PCR product +5 [il loading solution) and mixed by pipetting. 

All gels were run in IX TAE buffer in electrophoresis tanks (BioRad, Hertfordshire) at 

a constant voltage of 70-80V for 20-30 minutes. Gels were visualised and 

photographed using an ultraviolet transluminator (UVP, Cambridge). 
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2.3. IMMUNOCYTOCHEMISTRY 

2.3.1. Basic principles of immunocytochemistry 
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Immunocytochernistry involves the use of labelled antibodies to localise proteins 
(antigens) in cells and tissues in situ (Polak and Van Noorden, 1987). Antibodies may 
be used to detect antigen in paraffin or resin-embedded tissue sections, in frozen tissue 
sections (cryosections), or in cells in culture. 

Antibodies are produced by injecting purified or synthetic antigen into a host 

animal (e. g. rabbit, goat). Antigen may be injected directly if the molecule is 

sufficiently large, or attached to a carrier molecule if the molecule is small. The 

immunised animal in turn produces immunogloblulin G antibodies (IgG) directed to 

various parts of the antigen molecule, and carrier molecule, as well as naturally 

occurring non-specific antibodies. Blood from the animal is centrifuged, and the 

resulting serum containing antibodies is known as antiserum. 
Polyclonal antibodies include all antibodies produced against the antigen, which 

may include antibodies to different sites on the molecule. Polyclonal antibodies are 

raised in host animals and may be used without further purification of antiserum, or 

antiserum. may be purified to remove non-specific antibodies. Affinity purification is 

used to purify antibodies, where antibodies are washed through columns of bound 

antigen, where non-binding antibodies are removed and the specific bound antibodies 

may be eluted from columns. Monoclonal antibodies, which recognise a single amino 

acid sequence of the antigen, are produced by fusing mouse lymphocytes producing 

specific antibodies to mouse myeloma cells, and growing cells in culture. Hybrid cells 

are gradually cloned into cell lines producing one antibody only. A disadvantage of 

polyclonal antibodies which react with various regions of a target molecule is that they 

may bind to similar regions of other antigens, producing non-specific staining. The 

advantage of monoclonal antibodies is that they bind specifically to one region of the 

target molecule, and produce less non-specific staining. An advantage of polyclonal 

antiserum is that it has the capacity to bind to several regions of the antigen molecule, 

resulting in a strong detection of antigen. Monoclonal antibodies may bind to fewer 

regions, resulting in weaker antigen detection. 
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A good antibody is one that specifically recognises an amino acid sequence of the 
antigen of interest, without binding non- specifically to similar regions of other antigens. 
A useful antibody must have a strong "avidity" to its antigen so as to not be washed off 
the tissue during the staining procedure (Polak and Van Noorden, 1987). Good 

antigens are ones that are insoluble and have antigenic sites available to the applied 
antibody. The processing of tissues (ie. fixation, embedding) may result in strong cross- 
linking between proteins, resulting in poor antigen availability. However, antigen 
availability may be recovered by using a protease pre-treatment step to degrade 

crosslinks. 

The Avidin-biotin complex (ABC) method 

The ABC method involves the detection of the peroxidase enzyme present in an avidin- 
biotinylated peroxidase complex. This complex is bound to a biotinylated secondary 

antibody, which in turn is bound to a primary antibody detecting the tissue antigen (see 

Figure 2.7). The primary antibody is first applied to the tissue (ie. goat anti-antigen), 
followed by a biotinylated secondary antibody, which is reactive to host primary 

antibodies (ie. biotinylated goat IgG). Avidin is a large glycoprotein that has a very 

high affinity for binding biotin, a vitamin of low molecular weight. The avidin-biotin 

complex contains avidin molecules binding many biotin molecules (four biotin-binding 

sites per avidin) including the biotin on the secondary antigen. Biotin molecules within 

the complex are coupled to peroxidase molecules that will produce a visual colour 

change by oxidising chromogenic molecules such as 3,3'-Diaminobenzidine (DAB) in 

the presence of H202. Each primary antigen site is therefore associated with a large 

amount of peroxidase. The advantage of this method is that an amplified visual signal is 

produced for each antigen-binding site. Endogeneous peroxidase within the tissue (ie. 

not linked to the ABC) can be blocked from producing a visual signal by adding H202 

to the section, exhausting the peroxidase enzyme activity. 
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Figure 2.7: The Avidin-biotin complex (ABC) method for detection of antigen. The primary 

antibody (ie. goat anti-antigen) binds to the antigen of interest within the tissue. A biotinylated 

secondary antibody (ie. biotinylated goat IgG) binds to the primary antibody. Avidin has a very 

high affinity for binding soluble biotin, forming a complex, and also binds to biotin molecules on 

the secondary antibody. Biotin molecules within the complex are coupled to peroxidase molecules 

that will produce a visual colour change by oxidising chromogenic molecules such as 3,3'- 

Diaminobenzidine (DAB) in the presence of H202- 

2.3.2. Sample collection and preparation for immunocytochemistry 

Mandibles and maxillae were collected from adult cats euthanised for conditions 

unrelated to this research. Intact mandibles and maxillae were removed using standard 

dissection tools immediately following euthanasia and were fixed in paraformaldehyde 

(4% PAF in phosphate-buffered saline (PBS), pH 7.4) for 5-7 days at 4'C, followed by 

storage in 70% ethanol at room temperature. Maxillae and mandibles were 

radiographed using a standard dental radiography unit (as described previously). 

Specimens were radiographed to establish the presence of radiolucencies associated 

with FORL, or other abnon-nalities such as fractured teeth, periapical absesses, and 

alveolar recession associated with periodontitis. 
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2.3.3. Preparation of teeth for immunocytochemistry 

Materials: 

Formic acid (BDH) 

Formalin (BDH) 

Ethanol (BDH) 

Pure pastillated paraffin wax (Solmedia, U. K. ) 

Plastic cassettes (Miles Tissue TekTm Embedding console, U. S. A. ) 

Electrostatic ally-charged glass microscope slides (SuperfroSt PIUSTM 
, 
BDH) 

Deionised, distilled H20(dH20) 
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To facilitate the cutting of sections, mandibles, maxillae, and bone samples were 
dernineralised in 5% formic acid in formalin in 50ml plastic tubes. Tissue was 

radiographed daily to assess the demineralisation process. In most cases, complete 
demineralisation, indicated by complete radiolucency of specimens, occurred within 1-2 

weeks. Specimens were removed ftom formic acid and placed in 70% ethanol, and 

stored at room temperature. 

Demineralised teeth were cut en bloc from mandibles and maxillae, preserving 

the associated gingiva and alveolar bone. En bloc specimens were sectioned along the 

coronal plane of the tooth using a scalpel, and embedded in wax melting at 58'C. 

Specimens were embedded and mounted in plastic cassettes using a manual processor 

(Miles Tissue TekTm Embedding Console, U. S. A. ). 5 ýtm serial sections were cut using 

a microtome (AS200 Anglia Scientific, U. K. ) using disposable blades (Feather S35) and 

mounted on slides. Two serial sections were placed on each slide to allow positive and 

negative reactions to be included on the same slide. 
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2.3.4. Procedure for immunocytochemistry 

Materials: 

Xylene (BDH) 

Ethanol (BDH) 

ImmEdge TM pen (Vector Laboratories, Peterborough). 
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e Phosphate-buffered saline (PBS, 1 tablet per 100 mL (pH 7.3); Oxoid, Basingstoke) 

0 Proteinase KTm (20 mg / mL; Promega) 

" Paraformaldehyde (PFA, pH 7.4, Sigma) 

" Hydrogen peroxide (H202, Sigma) 

" Methanol (BDH) 

ImmunoPureTMPeroxidase Suppressor (Pierce, Rockford, 111. ) 

TritonTm X- 100 (TX- 100, Sigrna). 

Normal swine serum (NSS, Vector Laboratories, Poole) 

Biotinylated MultiLink Swine Anti-Goat, Mouse, Rabbit IgG TM (Dako A/S, 

Demnark) 

9 Avidin-Biotin Complex (Vectastain EliteTm ABC, Vector Laboratories) 

0 DAB solution (Peroxidase substrate kit, Vector Laboratories) 

0 Harris hernotoxylin (Sigma) 

0 50 ýtl of VectamountTm mounting medium (Vector Laboratories) 

Deionised, distilled H20(dH20) 

The following procedure was used for all immunocytochemical analysis described in 

Chapter5. Unless otherwise stated, slides are treated in Coplin jars. 

Day 1: 

Dewaxing and hydration of sections 

1. Paraffin sections were cleared with xylene (2 x5 min). 

2. Slides were washed with 100% ethanol (2 x2 min. ) 

Slides dried in air. 
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4. A square box was drawn around sections using an ImmEdgeTMpen. 

5. Sections were rehydrated in graded ethanol (95,70,50% in dH20,2 min. each), 
followed by PBS (3 x5 min. each). 

Antigen recovery (not used with all antibodies, see Chapter 5): 

1. A clean Coplin jar with lid and a tube containing 50mL PBS were placed into a 

37'C incubator for 1 hour prior to digest procedure. 
2.5 [il Proteinase KTm was added to 50 mL wann PBS after 1 hour and gently 

mixed by inversion. 

3. Sections were transfered to the wann Coplin jar and the Proteinase KTm solution 

was added. 

4. Sections were incubated for 1 hour at 37C. 

5. Sections were rinsed twice and washed once (I x5 min. ) with PBS. 

Sections were refixed with 4% PFA at room temperature for 20 min. 

7. Sections were washed with PBS (3 x5 min. ). 

Endogenous peroxidase block: 

9 100-200 ýLl of 3% H202 in methanol or h-nmunoPureTM Peroxidase Suppressor was 

added to each section. 

9 Sections were incubated at room temperature for 30 minutes in a humid chamber. 

e Sections were rinsed with dH20once. 

* Sections were washed with 0.05% TX-100 (in PBS, 3x5 min. ). 

Preblock with normal swine serum: 

1.100-200 ýd 10% NSS preblock solution was added (in 0.05% TX-100 in PBS) to 

each section. 

2. Sections are incubated for 1-2 hours at room temperature in a humid chamber. 

Incubation with primary antibody: 
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Primary antibodies and control serum/antibody were diluted to their 

recommended concentrations in 10% NSS in 0.05% TX-100 in PBS (see 
Chapter 5). 

2.100 ýtl of each primary antibody solution or control serum/antibody solution was 
added to each section on a slide 

3. Sections were incubated overnight at 4'C in a humid chamber. 

Day 2: 

Incubation with secondary antibody: 
1. Sections were rinsed of primary antibody/serum by tipping slides sideways to 

avoid mixing primary and control solutions. 

2. Sections were gently washed (sideways) with dH20, followed by washing with 

0.05% TX-100 in PBS (3 x5 min. ). 

3. Biotinylated MultiLink Swine Anti-Goat, Mouse, Rabbit IgGTm was diluted to 

the same concentration as primary antibody solutions in 2% NSS in 0.05% TX- 
100 in PBS. 

4.100 ptl of secondary antibody solution was added to each section on a slide. 

5. Sections were incubated at room temperature for I hour in a humidified 

chamber. 
6. Sections were washed in 0.05% TX-100 inPBS (3 x5 min. ). 

Addition of avidin and biotinylated horseradish peroxidase macromolecular complex 

(ABC): 

1. ABC was prepared according to the manufacturers instructions, 30 min. before 

use. 

2.100 [d of ABC solution was added to each section. 

3. Sections were incubated at room temperature for 1 hour in a humidified 

chamber. 

Dimenobenzedene (DAB) development: 

Sections were washed in TX-100 inPBS (3 x5 min. ). 
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2.100 ýd of DAB solution (2.5 mL dH20 +1 drop buffer (-50ýtl) +1 drop H202+ 

2 drops DAB) was added to positive and control sections simultaneously. 

3. The reaction was stopped after 10-20 seconds when the brown colour of the 

reaction product was distinctive in the positive sections by placing slides in 

clean Coplin jars containing dH20. 

4. Slides were rinsed with dH20(3x). 

Counter-stain with Hemotoxylin, dehydration, and mounting: 

1. Sections were stained using Harris hemotoxylin (1: 12 in dH20) for 30-60 

seconds. 
2. Slides were washed for 5 min. in tap water and rinsed twice with dH20. 

3. Sections were dehydrated in graded ethanol (50,70,95% in dH20,100% x 2,2 

min. each). 
4. Sections were cleared in xylene (2 x5 min. ). 

5. Sections were coversliped using 50 ýd of VectamountTm 
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2.3.5. Histological stains 

Reagents: 

Harris hemotoxylin (Sigma) 

Industrial methylated spirits (IMS, 95% Ethanol, 5% methanol) 
Ammonium or potassium alum (Sigma) 

Red mercuric oxide (Sigma) 

Xylene (BDH) 

Ethanol (BDH) 

Hydrochloric acid (HCI) 

Aqueous Eosin y (Sigma) 

DPXTMmounting medium (Solmedia, U. K. ) 

Saturated aqueous picric acid (Sigma) 

Acid fuchsin (BDH) 

Deionised, distilled H20(dH20) 
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To observe the anatomy of tissues and cell structures in section, sections were also 

stained using hernotoxylin and eosin stains for nuclei and basic cell structures, and a 

Van Gieson stain for study of ligament structure. 

Hemotoxylin stain: 

Hernotoxylin: Ig Harris hernotoxylin 

10 mL IMS 

20 g ammonium or potassium alum 

0.5 g red mercuric oxide 

200 mL dH20 

1. Alum was dissolved in warm dH20(60-70'C) by stimng. 

2. Hernotoxylin was dissolved in the IMS and added to the warm alum solution. 
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3. The solution was brought to a rapid boil, removed from heat, and mercuric acid 
was added. 

4. When the solution was a dark purple, it was cooled under running water. 
5. Solution was filtered. 

Preparation ofsections: 
I- Dewaxed in xylene, 2-5 min. 
2. Rehydrated in graded ethanol (100%, 95%, 70%) and tap H20- 
3. Stained with hemotoxylin for 10 min. 
4. Washed in tap H20for 5 min. 
5. Differentiated to reduce staining in 1% HCI in 70% IMS for 3-8 sec. 
6. Washed in tap H20until turned blue. 

7. Sections were checked microscopically for staining and stained further if 

necessary, or differentiated further if overstained. 

Eosin stain: 

I% aqueous Eosin y in dH20 

Preparation ofsections: 

1. Hemotoxylin stained sections were counter-stained with eosin for 2 min. 

2. Sections were washed with tap H20 for 1 min. 

3. Slides were drained, and sections dehydrated in graded ethanol (70%, 95%, in 

dH205 100%) and rinsed in xylene. 

4. Sections were coverslipped using DPXTM mounting medium. 

Van Gieson stain: 

0.5% saturated aqueous picric acid 

0.5% Acid fuchsin 

in dH20 

Preparation ofsections: 
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1. Dewaxed in xylene, 2-5 min. 
2. Rehydrated in graded ethanol (100%, 95%, 70%) and tap H20- 

3. Stained with van Gieson for 10 min. 
4. Slides were blotted on paper and rinsed with xylene repeatedly until excess stain 

was removed. 
5. Sections were coverslipped using DPXTm mounting medium. 
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2.4. BIOCHEMICAL MARKERS OF BONE TURNOVER 
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In the present study, nearly all assays used for measuring biochemical markers of bone 

turnover were immunoassays involving antigen detection by antibodies. However, 

markers were also measured using other biochemical methods, including wheatgerm 
lectin precipitation (WGL) and high-performance liquid chromatography (HPLC). The 

following is a summary of the basic principles and technique involved in 

immunoassays, WGL, and HPLC. 

2.4.1. Basic principles of immunoassays 

Immunoassays involve the use of antibodies that bind to specific antigens in serum and 

urine. The quantification of test antigen involves the measurement of the activity of 
labels associated with antigen-antibody complexes (ie. radioactivity, luminescence, or 

enzyme activity). The nature of the label determines the classification of the technique 

(eg. radioimmunoassay (RIA), immunoradiometric assay (IRMA), luminescence 

immunoassay (LIA), and enzyme-linked immunosorbent assay (ELISA or EIA) 

(Jackson, unpublished). 

Enzyme-Linked Immunosorbent Assays (ELISA) 

Most ELISAs involve the binding of antigen with antibodies attached to a solid-phase 

(le. multi-well plate). Test antigen is quantified by measuring chromogenic substrate 

conversion by a labelled enzyme. There are several different methods of antigen 

detection, although common techniques include direct ELISAs, competitive ELISAs, 

and non-competitive sandwich ELISAs. 

In direct ELISAs, test samples of urine or serum, as well as samples of known 

antigen concentration (standards and controls) are added to antibody-coated wells. The 

wells are then washed, eliminating all free antigens, while bound antigens remain fixed 

to the plate. A substrate solution is added which is converted to a coloured product by 

the enzyme activity of the antigen (see Figure 2.8A). In competitive ELISAs, test 
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samples of urine or serum, standards, and controls are added to antibody-coated wells. 
An enzyme-labelled reference antigen is added, and the test samples and reference 
compete for binding to solid-phase antibodies, where the lower the concentration of test 
antigen, the greater the amount of reference antigen that binds to the plate (see Figure 
2.8B) (Ferencik, 1993). A substrate solution is added which is converted to a coloured 
product by the enzyme present in the antigen-antibody complexes. The amount of 
product formed is inversely related to the concentration of antigen in the test sample 
(i. e., the more bound enzyme, the more coloured product is produced) (Ferencik, 1993). 

In non-competitive sandwich ELISAs, test samples of urine or serum, and 
samples of known antigen concentration (standards and controls) are added to antibody- 
coated wells. Antigens are allowed to bind to antibodies without the addition of a 
competitive reference antigen (see Figure 2.8Q. Following washing, a secondary 
enzyme-labelled antibody is added which reacts with plate-bound antigen-antibody 

complexes. A substrate is added, which is converted to a coloured product by the 

enzyme bound to the secondary antibody. Unlike competitive ELISAs, where the 

amount of chromogenic substrate conversion by enzyme activity is inversely 

proportional to the concentration of test antigen, in non-competitive sandwich ELISAs, 

the amount of coloured product is directly proportional to the amount of test antigen. 
In all types of ELISAs, the optical density of each well is analysed using a 

spectrophotometer at a specific wavelength. Standards of a range of known antigen 

concentration are used to plot a curve of optical density against concentration, which is 

used to determine the concentration of concurrently run test samples. Control samples 

are used to determine assay accuracy (Ferencik, 1993). 
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Figure 2.8: Principles of antigen detection by ELISAs. A: Direct ELISA. B: Competitive ELISA. 

C: Non-competitive sandwich ELISA. Ab, = primary antibody, Ab2 = secondary antibody, Ag = 

antigen, E= enzyme, S= substrate, P= product (Ferencik, 1993). 

2.4.2. Serum and urine collection for biochemical marker study 

A -n Approximately I ml of urine was collected from cats under general anesthesia by 

manual expression and stored in a plain tube frozen at -20'C until assayed. 

Approximately 2.5 ml of jugular venous blood was collected into glass tubes containing 

a clot activator factor (Becton Dickenson, Cowley, U. K. ). Serum was separated by 

centrifugion at 3,500 rpm for 10 minutes at 4'C within 2 hrs. of collection. 250 ýtl of 

serum was aliquoted and stored at -800C until assayed. 

Image removed due to third party copyright
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2.4.3. Measurement of biochemical markers of bone turnover using 
immunoassays 

Samples were processed according to the manufacturer's guidelines, and measured 
against an inter-assay standard curve (see Chapter 6 for details of ELISA procedures). 
All ELISAs involved antibody-antigen complex detection via chromogenic substrate 

conversion. Optical density was read using an integrated EIATMmanagement system 
plate reader (Labsystems, U. K. ). All samples were measured in duplicate and 
concentrations were calculated from the average of duplicate sample measurements. 

The following ELISAs were used to measure markers of bone formation and resorption 
in feline serum and urine: Bone alkaline phosphatse (BAP) was measured using a direct 

ELISA (Alkphase BTM, Metra Biosystems, Great Haseley, U. K. ). Urinary DPD was 

measured using two competitive ELISAs (Pyrilinks-D Tm and Total DPD Urine TM, Metra 

Biosystems). Serum DPD was measured using a competitive ELISA (Total DPD 

SerumTm, Metra Biosystems). C-terminal telopeptides of collagen (CTX) fragment 

concentration was measured in serum by a non-competitive sandwich ELISA 

(CrossLapSTM One Step ELISA, Osteometer, Denmark), and in unine by a competitive 

ELISA (CrossLapSTM, Osteometer). 

The EleCSySTM P-CTX auto-analyser 

The ElecSySTM P-CTX autoanalyser (Roche, Switzerland) is an immunoassay method for 

detecting crosslinked P-isomerized collagen fragments in human serum, and was tested 

in the present study for its ability to measure P-CTX concentrations in feline serum. 

This assay does not involve a plate-bound antibody, but involves the addition of soluble 

antibodies reactive against the P-CTX molecule to the sample. The assay involves a 

double antibody sandwich technique where each antibody recognizes the EKAHD-P- 

GGR amino acid sequence on the P-CTX molecule (Hoyle et al., 2000). One antibody 

is specific for one epitope of the amino acid sequence, and the other, ruthenium-labelled 

antibody is specific for a second epitope. Quantitation is made via the 

electrochemiluminescent signal generated by the ruthenium-labelled sandwich complex 

(Hoyle et al., 2000). 
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2.4.4. Principles of wheat-germ lectin precipitation (WGL) 

Wheat germ lectin precipitation (WGL) is a method for measuring the activity of liver 

and bone alkaline phosphatase (BAP) in serum. Wheat germ lectin selectively binds 

BAP, but not other AP isoenzymes, such as liver AP, due to the specific glycosylation 

of BAP (Rosalki and Foo, 1984). The method involves using spectrophotographic auto- 

analysis to measure the ability of AP to hydrolyse a monophosphate ester (4-nitrophenyl 

phosphate) to produce a phenol and a phosphate ion (Rosalki and Foo, 1984). Serum 

samples are prepared in duplicate. In one sample, BAP is precipitated using WGL, and 

so the AP activity that is measured is liver AP. In the other sample, BAP is not 

precipitated, and the measure is of total AP activity. The difference between the two 

measurements is an estimate of the BAP activity (Rosalki and Foo, 1984). 

WGL precipitation is an established, non-immunological method that has been 

used to measure BAP in a number of species, including horses (Hank et al., 1993; 

Jackson et al., 1996), dogs (Sanecki et al., 1993; Allen et al., 2000a), and cynomolgous 

monkeys (Jerome et al., 1997). 

2.4.5. Measurement of serum BAP using wheat germ lectin precipitation 

Materials: 

Wheat germ lectin (Sigma) 

Uni-mate 11ITm (4-nitrophenyl phosphate in 2- amino-2-methyl- I -prop anol buffer, 

Roche, U. K. ) 

Deionised, distilled H20(dH20) 

The following procedure was followed to measure BAP activity in serum: 

1. Wheat germ lectin was reconstituted in dH20(5 mg/ml). 

2.40 ýil serum was added to duplicate 1.5 ml plastic tubes. 

3. In one tube, 40 [d of reconstituted WGL was added, and in the other, 40 [il plain 

dH20was added. 

4. Samples were incubated at 37'C for 30 min. 
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5. Tubes were centrifuged (1500 xg for 20 min. ). 

6. The 4-nitrophenyl phosphate solution was prepared according to the manufacturer's 

irections. 
7. Sample tubes and 4-nitrophenyl solution was loaded in a Cobas Bio analyser 

(Roche, U. K. ), where samples and solution were automatically mixed, and AP 

activity to hydrolyse 4-nitrophenyl phosphate to produce a phenol and a phosphate 

ion was measured spectrophotographically. 

BAP was quantified using standards of known concentrations of BAP. 
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2.4.6. Principles of high performance liquid chromatography (HPLC) 

HPLC can be used to separate and quantitate a wide variety of clinically relevant 
analytes (Ullman et al., 1996). In the present study, HPLC was used to measure the 

concentration of deoxypyridinoline (DPD) crosslinks in feline urine. Total urinary DPD 

measured using HPLC is considered the "gold standard" method for measuring collagen 
degradation in human urine (James et al., 1996; Meddah et al., 1999). 

HPLC involves the separation and chromatographic resolution of the 

components (solutes) of a solution. Separation involves introducing a sample into a 
flowing stream of liquid (mobile phase) that passes through a column of particles 
(stationary phase) which attract solutes. As different solutes have different affinities for 

the stationary phase, they will be bound and released from the stationary phase at 

different rates. Solutes pass through a spectrophotometer that detects the optical density 

of separated zones of solutes that elute sequentially from the column (Ullman et al., 

1996). In the present study, the fluorescence of DPD was quantified. When the optical 

density is plotted as a function of time, the resulting display is termed a chromatograph, 

and is used to quantitate the solutes. 

In nonnal phase HPLC, the functional groups of the stationary phase are polar 

relative to the components of the mobile phase. Reverse-phase HPLC involves the use 

of a non-polar stationary phase, where the mobile phase is charged. Ion-pair HPLC is a 

form of reverse-phase HPLC that is used with solutions with a high ionic charge (such 

as DPD) that would not easily bind to the stationary phase. Groups in the mobile phase 

with a strong ionic charge are neutralised by adding a second ion to the solution, 

forming an ion-pair. This ion-pair can then normally attach and be eluted from the 

stationary phase (Ullman et al., 1996). 
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2.4.7. Measurement of urinary DPD using reverse-phase ion-pair high 

performance liquid chromatography (HPLC) 
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DPD crosslinks are hydrophilic cations, and are therefore more attracted to H20 

molecules in the mobile phase than to the non-polar stationary phase. To overcome this, 
hepatafluorobutyric acid (HFBA) was used as an anionic ion-pairing agent in the mobile 

phase to form composite ion-pairs with DPD molecules. The resulting net charge of the 

HFBA/DPD ion pair is slightly positive. This ion-pair is attracted to the non-polar 

stationary phase, but is still sufficiently charged that it can be eluted by the mobile 

phase within a few seconds (Brendan Jackson, personal communication). 

The following procedure was followed to measured total urinary DPD by HPLC. Urine 

was initially acid-hydrolysed to release crosslink molecules attached to other collagen 

fragments. 

Materials: 

HCI (Sigma) 

Butanol (BDH) 

Glacial acetic acid (BDH) 

Cellulose powder (Whatman, Kent) 

Hepatafluorobutyric acid (HFBA) 

" NaOH (BDH) 

" Acetonitrile (Fisher, Loughborough) 

" Deionised, distilled H20 (dH20) 

Day 1: Recovery of total crosslinks by acid hydrolysis 

In 13 ml hydrolysis tubes, the following were added: 

9 100 ýtl urine 

0 0.5 ml dH20 

0 0.5 ml HCI 

Caps were screwed on tubes, and incubated at 100'C overnight. 
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Day 2: Separation by cellulose filtration 

"411 " solvent (27 ml needed per tube) was made up in winchester bottles using 
the following solutions: 

o 1600 ml butanol 

9 400 ml glacial acetic acid 
9 400 ml dH20 

10 Bottle was shaken well to mix. 

1.411 solution was added to cellulose powder on a 5% weight to volume basis 
(e. g. 600 mls = 30 g cellulose) and mixed thoroughly. 

2.5 ml of solution was added to labelled columns, arranged in a rack over a 
drain. 

3. While the celluose settled, 4 ml butanol and 1 ml of glacial acetic acid was 

added to each hydrolysis tube. 

4. The hydrolysis tubes were vortexed, then added to the appropriate cellulose 

colunms. 
5.2 mls of 411 was added to each hydrolysis tube, tubes were vortexed, and the 

contents were added to the columns again. 
6. Columns were washed twice with 10 ml 411 and allowed to drain 

thoroughly. 

7.5 ml tubes were labelled, and placed in a rack beneath the drained columns. 

8.5 ml of dH20 was added to each column and allowed to drain into 5 ml 

tubes. 

9. The top butanol layer in each tube was aspirated, and the tube contents were 

dried overnight in a centrifugal evaporator (GenevaCTM SF60 VacStop, 

Ipswich). 

Day 3: HPLC 

The tube contents were reconstituted by adding 500 ýtl of 1% HFBA to each tube. 

2. Tubes were centrifuged at 3000 rpm for 5-7 minutes. 



Chapter 2: General methods 117 

3. Tubes were removed from the centrifuge and 140 [d of supernatant was carefully 
pipetted into HPLC glass inserts, ensuring no air bubbles. 

4. Glass inserts were loaded into the HPLC autosampler (Spectra Physics AS300011, 
Spectra Physics, Gen-nany). 

5. Samples were autoinjected using a quaternary pump (Spectra Physics P400OTM) 

using a mobile phase containing the following solvents (A: B = 9+1 parts): 

Solvent A: 2.5 1 dH20 

4 ml HFBA 

adjusted to pH 2.5 using 10 mM NaOH 

Solvent B: 1875 ml acetonitrile 

625 ml dH20 

4 ml HFBA 

Four externally calibrated human urine standards were included at intervals throughout 

the analysis sequence. Samples were autoinjected into a stream of polar mobile phase 

solution (2.5 L dH20+ 4 ml HFBA, adjusted to pH 2.5). The mobile phase was passed 

through a reverse phase (non-polar) column packed with 3 ýtm octadecylymethylsilane 

(ODS, Supelco, U. K.; 0.7 mls / min). Eluted solutes were measured for excitation at 

295 m-n, and fluoresent emission at 395 nm (Jasco FP-920TM). 

DPD peak areas were calculated from chromatographs (Gilson 715 Tm data 

acquisition software, U. S. A. ). Concentration of DPD in nanomoles per mill1mole (m-nol 

mmol) of creatinine were calculated by dividing peak areas by the adjusted mean area 

of human standards (known concentration), and dividing by creatinine (mmol). 
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3. SCANNING ELECTRON MICROSCOPIC STUDY OF THE NORMAL 
FELINE TOOTH 

3.1. INTRODUCTION 

Epidemiological studies of FORL have demonstrated that specific teeth and specific 
locations on the tooth are predisposed to resorb. The underlying basis for this 
distribution is unknown, although it is suggested that there may be developmental or 
biochemical differences between teeth and between locations on the tooth, resulting in 
differences in tissue formation and adaptation, leading to a unique predisposition for 

resorption (Reiter, 1998a). Resorptive lesions can occur on all cat teeth, but there is 

evidence that premolars and molars are more likely to be affected than incisors and 

canines (Schneck and Osborn, 1976; van Wessum et al., 1992; Reiter, 1997; Ingham et 

al., 2001). Resorptive activity has been described as initiating at the CEJ of the tooth 

(hence the term "neck" lesions), and the buccal and lingual surfaces of teeth are most 

commonly affected. It has been suggested that these sites may be predisposed to 

mechanical stress or plaque accumulation that may precipitate resorptive activity 
(Reiter, 1998a). Studies measuring tooth hardness and mineral composition suggest that 

the enamel at the CEJ in normal teeth is of a lower mineralisation compared to coronal 

enamel (Sasaki et al., 1984; Hayashi and Kiba, 1989), and may predispose this region to 

destruction. Furthermore, the enamel has been described as very thin at the CEJ in the 

cat, which may further risk damage to this region (Crossley, 1995). 

There have been many histological studies of the structures of normal feline teeth, 

including descriptions of the development of the tooth and mandible, the structure of the 

gingival vasculature and attachment, pulp, cementum, and periodontal ligament 

(Schacter et al., 1969; Thilander and Hugoson, 1969; Forsberg et al., 1969; Silva and 

Kailis, 1972; Hock, 1974; Nalbandian and Frank, 1980; Ten Cate and Anderson, 1986; 

Sasaki et al., 1990; Orsini and Hennet, 1992; McKee et al., 1992; Vongsavan and 

Matthews, 1992). 
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Although there have been several descriptions of the histological features of 
normal teeth in section, there have been very few studies of the surface characteristics 
of teeth. Two SEM studies have described the normal surface anatomy of feline coronal 
enamel (Boyde, 1967; Skobe et al., 1985; Jones and Boyde, 1988); however, there have 
been no studies using SEM to describe the normal surface anatomy of the tooth root. 
Tooth hardness and mineral composition analysis of tooth dentine and enamel has been 

studied using microindentation and compositional analysis of sectioned teeth (Sasaki et 
al., 1984; Hayashi and Kiba, 1989), although the mineralisation of normal teeth has not 
been described using quantitative SEM methods. 

SEM has been widely applied in studies of nonnal human and other mammalian tooth 

surface anatomy. An advantage of SEM over other microscopic methods, which usually 

involve thin sectioning of specimens, is that SEM can be used to study the relationship 
between structures, such as cementum extrinsic fibres, on the surface of the sample in 

three-dimensional space. SEM can also be used to quantify the mineralisation of teeth 

and bone. An advantage of SEM over other methods is that it does not necessarily 

require extensive preparation of samples (e. g. decalcification) which can damage 

structures. 
The surface properties of normal enamel have been extensively described in 

human and animal teeth using SEM (Boyde, 1967; Jones and Boyde, 1988). SEM has 

also been used to provide detailed descriptions of the surface and cross-sectional 

anatomy of normal human cementum (Yamamoto et al., 2000a; Yamamoto et al., 

2000b). Quantification of mineralisation of dental tissues using SEM has been applied 

to the study of properties of normal human dental mineralized tissue (Kodaka et al., 

1996; Tesch et al., 2001). In animal studies, quantitative SEM has been used to measure 

mineralisation of horse dentine and deer enamel (Kodaka et al., 1991; Kierdorf et al., 

1997). 
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HYPOTHESIS: 

The feline tooth has a characteristic microstructure that predisposes it to surface 

resoiption by osteoclasts. 

OBJECTIVES: 

To use SEM to: 

1. Analyse the surface of normal feline teeth to: 

9 Describe the features of enamel, dentine, and cementum. 

9 Compare the anatomy at three sites on the tooth root surface (i. e. proximal 

root, mid-root, and apical root). 

* Compare the anatomy between different tooth types. 

2. Analyse sectioned nonnal feline teeth to: 

9 Describe the features of enamel, dentine, cementum, and alveolar bone. 

* Measure the thickness of enamel and cementum, and the distance between 

the CEJ and the alveolar crest 

e Measure the mineralisation of enamel, dentine, and cementum. 
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3.2. MATERIALS AND METHODS 

Samples 

Specimens were collected and prepared as described in Chapter 2. Individuals with 
macroscopic or radiographic evidence of alveolar bone recession (ie. periodontal 
disease), fractured teeth, or dental absesses were excluded from further analysis. In 

total, 56 teeth from the dentitions of seven individuals were used for the surface SEM 

study (see Table 3.1). Thirty-six teeth from the dentitions of ten individuals were used 
for embedding and sectioning (see Table 3.2). Ages were known for seven individuals, 

and ranged between 1 and 3 years. Ages were not known for the remaining nine 
individuals, although they were known to be adult cats. Specimens were either fixed in 

4% paraformaldehyde (PFA) in phosphate buffered saline (pH 7.4) and stored in 70% 

ethanol or frozen at -20'C until use. 

Table 3.1: Specimens used for surface SEM analysis 

Cat Maxillae Mandible Age (years) Storage Number of 
teeth 

A left right 3 Fixed 9 
B right right 3 Fixed 10 
C left left 1 Fixed 12 
D right right 2 Fixed 12 
E Right ---- adult Frozen 3 
F Left left adult Frozen 7 
G ---- left adult Fixed 3 

TOTAL 56 



Chapter 3: Scanning electron microscopy study of the normal feline tooth 122 

Table 3.2: Specimens used for embedding and sectioning. 

Cat Maxillae Mandible Age (years) Storage Number of 
teeth 

A Left --- 3 Fixed 5 
B Right --- 3 Fixed 5 
C --- Left Adult Fixed 4 
D --- Left Adult Fixed 4 
E --- Right 3 Fixed 4 
F Right Adult Fixed 3 
G Left --- Adult Fixed 5 
H --- Right Adult Fixed 3 
1 --- Left Adult Fixed 3 

TOTAL 36 

Microscopic examination and image analysis: surface study of teeth 

Specimens were examined as described in Chapter 2. The buccal or labial surfaces of 

all teeth were examined, except when it was damaged or unclean, in which case the 

lingual surface was examined (see Appendix 1.1). High magnification images (500x 

and 1000x) were recorded of the CEJ (up to 100ýtm apically), the proximal root, mid- 

root, and apical root surfaces (see Figure 3.1). In cases of multi-rooted teeth, the 

surfaces of both the anterior and posterior roots were examined. Images were taken at 

1024 x 512 pixels for analysis of surface features of the tooth. 
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Figure 3.1: Schematic diagram illustrating sites on the root surface examined by SEM. Root 

surfaces were examined and photographed at the cemento-enamel junction, the proximal root, the 

n-dd-root, and the apical root. 

Surface features, including enamel prisms, cementum fibres, and cementocytes were 

manually measured either on a computer or from printed images using distance 

calculated from a calibration standard used in the microscope. 

The following features were measured: 

e Maximum diameter of enamel prisms, cementum extrinsic fibre projections and 

cementocyte lacunae (in ýtrn). 

e Distance between extrmsic fibre projections and cementocyte lacunae, measured 

from the approximate centre of features (in ýtm). 

In cases where less than 10 features were present, the average feature diameter/length 

and distance apart was calculated. In cases where more than 10 features were present, 

10 features were randomly selected and their average diameter/length and distance apart 

was calculated. Other features of the tooth, such as the CEJ structure and organisation of 

fibrillar cementurn were described but not measured. 
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Microscopic examination and image analysis: Study of embedded and sectioned 
teeth 

Specimens were embedded and sectioned, and examined using the microscope and 
methods described in Chapter 2. The buccal and lingual surfaces of coronal sections of 
teeth were examined. High magnification images (50x, 150x, and 500x) were recorded 
at six locations on the tooth surface including the crown tip, both CEJs, and the 

cementurn at the proximal root, mid-root surface, and at the apical root. Images were 
taken at a resolution of 512 x 512 pixels for analysis of features of the tooth in section, 
tissue thickness and distance, and mineralisation (see Figure 3.2). 

1 

5 

Figure 3.2: Schematic diagram illustrating locations imaged in embedded and sectioned teeth. 1: 

Crown tip; 2 and 6: Cemento-enamel junctions; 3: Proximal root; 4: Mid-root; 5: Apical root. 

The physical features of enamel, dentine, cementum, and alveolar bone in section were 

examined from digital images. The thickness of enamel (crown tip, mid-crown, and 

CEJ within 250ýtm coronally) and cementum (CEJ within 250[im apically, alveolar 
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crest, mid root, and root apex), and the distance of the alveolar crest from the CEJ were 
measured from using SigmaScan PrOTM image analysis software (SPSS Science, 
Chicago, see Figure 3.3). Differences in tissue thickness and distance were statistically 
compared between locations on the tooth using ANOVA (SPSSTM, SPSS Science, 

Chicago). Due to limited sample numbers of each tooth type, distance measurements 
could not be statistically compared between teeth. 

1 

4-10 

Figure 3.3: Schematic diagram illustrating areas measured for thickness or distance (in ýjm) in 

embedded and sectioned teeth. 1: Crown tip thickness; 2: Mid-crown thickness; 3: CEJ enamel 

thickness (within 250 ýtm coronally); 4 and 9: CEJ cementum thickness (within 250 ýLm apically); 5 

and 10: CEJ-alveolar crest distance; 6: Proximal root cementum thickness; 7: Mid-root cementum 

thickness; 8: APical root cementum thickness. 
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Measurement of enamel, dentine, and cementum. mineralisation was calculated from 

standardized grey level images analysed using SigmaScan PrOTM image analysis 

software. As this study did not involve actual elemental analysis of teeth, grey level 

was used as an indicator of mineralisation; less mineralised tissues appear dark grey, 

and more mineralised tissues appear light grey or white (see Chapter 2 for details). 50x 

magnification images were analyzed for grey levels. Mineralisation was measured at 

five locations on the tooth, including the crown tip enamel (surface, mid-, and dentine 

junction), mid-crown (surface and dentine junction), CEJ enamel, dentine (beneath 

crown tip, mid crown, CEJ, proximal root, mid-root, apical root), and cementum 

(including PDL-cementum junction and cementum-dentine junction; see Figure 3-4). 

Grey levels were calculated by measuring total pixel intensity (ie. sum total of all grey 

scale values) over a spot size of 202 pixels (approximate area = 1800um 2) 
, and by 

dividing the sum intensity by the number of pixels. Grey level values were statistically 

compared between locations on the tooth using ANOVA. Due to limited sample 

numbers of each tooth type, pixel intensity measurements could not be statisically 

compared between teeth. 
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1 

Figure 3.4: Schematic diagram illustrating locations measured for mineralisation in embedded and 

sectioned teeth. 1. Crown tip enamel (surface, inner, and dentine junction) and crown tip dentine. 

2. Mid-crown enamel (surface and dentine junction) and mid-crown dentine. 3. CEJ enamel and 

dentine. 4. Proximal root cementum and dentine. 5. Mid-root cementum (PDL-cementum 

junction and cementum-dentine junction) and dentine. 6. Apical root cementum (PDL-cementum 

junction and cementum-dentine junction) and dentine. 
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3.3. RESULTS 

3.3.1. Surface characteristics of the tooth 

Enamel 

128 

The coronal enamel was assessed in 34 teeth. In all cases, the surface was primarily 
smooth and featureless, with no evidence of perikymata, or (in the absence of wear) 
features associated with the external ends of enamel prisms (see Table 3.3, see Figures 

3.5B, C, and E). 10 teeth (29%) displayed no evidence of exposed enamel prisms, 

scratching, or calculus at any site. Among 10 teeth (29%) with evidence of wear, 
individual enamel prisms and Hunter-Schreger bands could be observed on the bulbous 

or occlusal part of the crown, surrounded by smooth prism-free enamel (see Figures 

3.5A5 B). Nine teeth (26%) showed regions of exposed enamel prisms and inter- 

ameloblastic enamel in the fissures between enamel cusps, but these were not associated 

with wear (see Figure 3.5C and D). In these regions, the fissure was surrounded by 

smooth, prism-free enamel. In three teeth (9%), similar regions of exposed prisms not 

associated with wear, located 50-100ýtm coronally from the CEJ, were identified at the 

bifurcation between roots (see Figure 3.5E). Four teeth (12%) showed deep scratching 

on the crown (see Figure 3.6A). Calculus was present on the crown surface, extending 

to cover the root surface at the CEJ in nine teeth (26%). Calculus was heavier in 

multicusped teeth and localized in the fissures between cusps (see Figure 3.6B). In a 

tooth fractured post-mortem5 longitudinal enamel prisms were present, and organized in 

Hunter-Schreger bands (see Figure 3.6C). In this tooth, a zone of non-prismatic enamel 

at the surface of the crown could be observed which was 1-5Vtm thick. Due to 

difficulties of discerning the boundaries of enamel prisms and variation in enamel prism 

orientation, the diameter of enamel prisms could not be accurately measured in this 

study. However5 the approximate diameter of prisms was determined to be 5ý1m, and 

the thickness of inter- ameloblastic enamel was approximately 1 [im. 
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Figure 3.5: Surface features of feline enamel examined bý SENI (20k%', BSE and SE) A: Enamel prisms (EP) on the cro'An 

surface of' a left Nil exposed due to Aear (SE, Bar = 25ýLm). B: Enamel prisms (EP) and Hunter-Schreger hand (HSB) 

exposed due to Aear on a right Nil; surrounded bý smooth, prism-free enamel (SRE) (BSE, Bar =-504m). C: Exposed 

enamel prisms (EP) and inter-ameloblastic enamel (1A) Aithin croAn cusp fissure surrounded bý smooth prism-free enamel 

(SRE) of a left P3 (BSE, Bar = 25lLm). D: Exposed enamel prisms (EP) and inter-ameloblastic enamel (l. %) on the croAn 

surface of a right P4 Aithin cusp fissure (SE, Bar = 20ýLm). F: Exposed enamel prisms (EP) on the cro-An surface coronal to 

the bifurcaton at the cemento-enamel junction (CEJ) surrounded bý smooth prism-free enamel (SRF). in a left P" (BSE, Bar 

= 25ýLrn). 

I 
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Figure 3.6: Surface and cross-sectional features of feline enamel examined by SENI (20kv, BSE and 

SE). A: Scratching (S) of cro"n surface of a maxillary canine (204) (BSE, Bar = 25ýLrn). B: 

Calculus (CA) at the cemento-enamel junction (CEJ) of a left NIJ (BSE, D= dentine, RS = root 

surface, Bar = 100ýLm). C: Post-mortem fractured enamel of a left P., showing horizontal section 

through enamel prisms (EP), radial Hunter-Schreger bands (HSB), the prism-free surface enamel 

layer (SE), and the dentine-enamel junction (DEJ) (SE, D= dentine, E= enamel, Bar = 50ýLm). 



Chapter 3: Scanning electron microscopy study of the non-nal feline tooth 131 

Table 3.3: Surface features of coronal enamel. Values represent number of total teeth examined (n 

= 34) and frequency. 

Enamel features Number of teeth 
Smooth surface only 10(0.29) 
Smooth surface Wear 10(0.29) 

associated with exposed In cusp fissure 9(0.26) 

prisms At bifurcation 3(0.09) 
Scratching 4(0.12) 
Calculus 9(0.26) 
Total teeth examined 34 

Dentine 

In general, the dentine was not visible in teeth studied, except where it was exposed on 

proximal root surfaces not covered by cementurn, associated with loss or destruction of 

the periodontal attachment to the tooth (13 teeth, 24%; see Figure 3.7A). Exposed 

dentine tubules at the proximal root extended from 20ýLrn up to several millimeters 

apically on the root surface from the CEJ. In a tooth that was fractured post-mortern 

along the long axis of the root, dentine tubules were found to be 1-2[trn in diameter on 

average, and spaced 5-10[im apart, surrounded by intcr-tubular dentine (see Figure 

3.713). In another tooth that was fractured post-mortern horizontally along the crown, 

dentine tubules radiated from the pulp chamber, extending to the edge of the dentine- 

enamel junction (see Figure 3.7C). 
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Figure 3.7: Surface and cross-sectional features of feline dentine examined by SENI (20kV, BSE 

and SE). A: Dentine tubules (DT) exposed at the proximal root surface with extrinsic fibre (EF) 

cementum located apically on a left W. Dentine was exposed due to a loss or destruction of the 

periodontal attachment to the tooth (BSE). B: Exposed dentine tubules (DT) and intertubular 

dentine (ITD) in a right P', sectioned along the coronal-apical axis. Tubules projected 

circumferentially towards the root surface (BSE). C: Post-mortern fractured left W exposed 

dentine tubules (DT) radiating from the pulp chamber and the dentine-enamel junction (DEJ) (SE, 

D= dentine, E= enamel). All bars = 25ýLrn. 
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Cemento-enamel junction 

The cemento-enamel junction was studied in 50 teeth. Five basic patterns of CEJ 

structure were detected by surface analysis (see Table 3.4; Figures 3.8A-E). In all 

cases, fibrillar cementum included dense extrinsic fibrils 2-5ýtm in diameter, and a 

porous root surface with exposed dentine tubules 1-5ýtm in diameter. 

1. A enamel margin resembling a "cobbled road" surface, comprised of circular 

projections, 3-10 gm in diameter, and extending 10-50gm coronally from the CEJ- 

This enamel margin was associated with fibrillar cementuni (24%), or a porous root 

surface (10%). 

2. A porous enamel margin continuous or abutting the root surface, associated with 

fibrillar cementum (6%) or a porous root surface (6%). 

3. An enamel margin overhanging or overlapping the root surface, associated with a 

porous root surface (44%). 

4. Cernenturn overlapping enamel (2%). 

5. A "trough" between enamel and cementum (2%). 

Table 3.4: Characteristics of the enamel margin and root surface at the CEJ. Values represent 

number of total teeth examined (n = 50) and frequency. 

Enamel margin Root surface Number of teeth 
Cobbled Fibrillar cem. 12(0.24) 

Porous 5(0.1) 
Continuous with root (abutting) Fibrillar cem. 3(0.06) 

and porous Porous 6(0.12) 
Overhanging/overlapping root Fibrillar cem. 0(0.0) 

Porous 22(0.44) 
Cementurn overlapping enamel 1(0.02) 
"Trough" between enamel and cementum 1(0.02) 
Total teeth examined 50 
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Figure 3.8: Surface features of the cemento-enamel junction (CEJ) of feline teeth examined hý SENI (20k%', all BSE) (E. = 

enamel, RS = root surface, P= pores, EF = extrinsic fibre). A: "Cobbled" (CB) enamel margin associated "ith extrinsic fibre 

cementurn on the root surface, on a left P3 (Bar =25l. Lm). B: Porous enamel continuous "ith a porous root surface, on a right 

mandibular C (Bar =25ýLm). C: Enamel oNerhanging a porous root surface, on a right h (Bar = 50ýLm). D: Cementum 

oN erlapping enamel at the CEJ, associated " ith extrinsic fibre cementum on the root surface ofa right P' (Bar = 50 ýLm). F: 

Enamel associated Aith a porous "trough" feature (indicated bý arroA) betAeen enamel margin and extrinsic fibre 

cementum on the root of a left P' (Bar = 254m). 

4 

CB 



Chapter 3: Scanning electron microscopy study of the nonnal feline tooth 135 

Cementum 

The following is a description of the basic features of fibrillar cementuni observed in all 
teeth studied. The organisation of cementum was assessed by comparing regions of the 

root (proximal, mid-root, apical root; see section 1.7) and different tooth types (see 

section 1.8). 

Extrinsic fibre cementum: Extrinsic fibre cementum had fibrils ranging between 1- 

10ýtm in diameter, although on average, most fibres ranged between 2-5[im in diameter 

(see Figure 3.9A). Small diameter fibres likely represent single fibres, while larger ones 

probably represent bundles of single fibres, although the individual fibre ends within 
bundles could usually not be discerned. Individual fibres or fibre bundles were either 

densely organized (i. e. no space between fibres), or spaced 5-25ýtm apart. At some 

locations, extrinsic fibres showed a hollow centre, indicative of a less mineralised core, 

as described by Jones and Boyde (1972) (see Figure 3.9B). Extrinsic fibre projections 

were organised in horizontal, vertical, and diagonal rows, approximately I Oýtm apart, 

and oriented at oblique angles to the root surface, associated with the angle of 

attachment of the PDL (see Figure 3.9Q. In a post-mortem fractured tooth, extrinsic 

fibres were present projecting perpendicularly from the cementum-dentine junction (see 

Figure 3.91)). 
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Figure 3.9: Extrinsic fibre cementum on the root surfaces of feline teeth examined by SENI (20kV, 

BSE and SE). A: Extrinsic fibre (EF) projections separated by intrinsic fibres (IF) on a left N11 

(BSE, Bar = 25ýLm). B: Extrinsic fibres (EF) Nvith hollow core (indicated by arrow), on a left P3 (SE, 

Bar = 104m). C: Extrinsic fibre (EF) projections organised into horizontal ro"s (indicated by 

arro"), oriented at an oblique angle to the root surface on a left P3 (SE, Bar = 25ýLm). D: 

Cementurn surface of a post-mortem fractured left P3. showing individual extrinsic fibres (EF) on 

the root surface (RS), and the cementum-dentine junction (CDJ). Fibres are projecting 

perpendicularly from the root surface (SE, D= dentine, Bar = 25ýtm). 



Chapter 3: Scanning electron microscopy study of the normal feline tooth 137 

Intrinsic fibre cementum: Horizontal intrinsic fibres (1-2ýLm wide on average) were 

present among extrinsic fibres (see Figure 3.10A), or in large cellular patches forming 

areas of remodelling or repair of the root surface (see Figure 3.10B). In places, intrinsic 

fibre cementum formed flat patches on the root, surrounded by extrinsic fibres (see 

Figure 3.1 OC). 

Cementocyte lacunae: Cementocyte lacunae were associated with extrinsic and 

intrinsic fibre cementum. Lacunar diameter was on average I Oýtm, although larger 

lacunae (15-20ýtm) were also observed (see Figures 3.10D and E). Lacunae were 

spaced 20-100ýtm apart. At the base of lacunae were pores 1-2ýtm in diameter, 

associated with the cytoplasmic extensions of cells (see Figure 3.1 OD). 

Cementum pores: Pores, or holes in the cementum surface < 5[tm in diameter were 

visible on root surfaces among fibrillar cementum. Pores were arranged as isolated 

features among cementum fibrils (see Figure 3.10E), or as clusters of 1-2[tm holes in 

groups 20-30ýLm in diameter, spaced 20-100[tm apart, among cementum fibrils (see 

Figure 3.10F). Clusters of pores are likely to represent the cytoplasmic extensions of 

buried cementocytes. 
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Figure 3.10: Features of extrinsic and intrinsic fibre cementum, ccnicntocýte lacunae, and pores on the root surfaces of 

feline teeth examined bý SENI (20k%', BSE and SE). A: Intrinsic fibre (IF) cementum distributed bet"een projecting 

extrinsic fibres (EF) on a left P3 (SE, Bar = 25ýLrn). B: Patch of intrinsic fibre (IF) cementurn remodelling of the root surface 

of a right p4' Aith extrinsic fibres (EF). Cementocyte lacunae (CL) Aere present among intrinsic fibres (SE, Bar = 2-54m). 

C: Intrinsic fibre (IF) cementurn forming a patch on the root of a right P3, surrounded bN extrinsic fibres (EF) (BSE, Bar 

50ýLm). D: Cementocyte lacunae (CL) among extrinsic fibre (EF) and intrinsic fibre (IF) cementum, on a right M'. 
'%t the 

base of the lacunae pores can be obser%ed associated Aith cýtoplasmic extensions of the cell (SE, Bar 10ýLrn). E: Extrinsic 

p3 E, fibre (EF) cementum associated "ith cementocyte lacunae , and isolated pores (IP) on a left Bar = 50ýLrn). F: 

Extrinsic fibre cementurn associated Aith clusters of pores (BSE, Bar = 50ýLm). 
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3.3.2. Comparison of the anatomy at the proximal, mid-, and apical root 

These results are summarised in Table 3.5. 

Proximal root surface 

The proximal root surface was studied in 54 teeth (see Table 3.5). In 13 teeth (24%), 
the root surface showed exposed dentine tubules. 23 teeth (43%) showed extrinsic fibre 

cementum at the proximal root, with fibrils between 2-5ýtm in diameter, that were either 
densely organized, or spaced 5-10ýtm apart. In general, intrinsic fibre cementum was 
only barely visible between extrinsic fibres throughout the root surface. In 8 teeth 
(15%), extrinsic fibrils were organised in rows, spaced approximately 10[tm apart, and 
not associated with cementocyte lacunae. In 4 teeth (9%), extrinsic fibrils were 
associated with isolated pores and cementocyte lacunae, while 3 (5%) had isolated pores 

without cernentocyte lacunae. One tooth (2%) had extrinsic fibrils associated with 

clusters of pores without cementocyte lacunae. One tooth (2%) had afibrillar, acellular 

cementum. at the proximal root. At the proximal root, three teeth (5%) showed 

evidence of remodelling with intrinsic fibre cementum associated with cementocyte 
lacunae. 

Mid-root surface 

The mid-root surface was studied in 56 teeth. Two teeth (4%) had exposed dentine 

tubules (porous root surface) at the mid-root (see Table 3.5). 14 teeth (25%) had 

extrinsic fibre cementum, with fibrils approximately 2-7ýtm in diameter, either densely 

organized, or spaced 5-10ýtm apart without associated pores or lacunae. Four teeth 

(8%) had extrinsic fibre cementum organized in rows with lacunae, and eight (14%) had 

extrinsic fibre cementum. in rows, without associated lacunae. Seven teeth (13%) had 

extrinsic fibre cementum. with isolated pores and lacunae. In 17 teeth (3 1 %), extrinsic 

fibre cementum. was associated with clusters of pores and lacunae. Four teeth (8%) had 

clusters of pores without associated lacunae. At the mid-root, 6 teeth (11%) had 
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evidence of remodelling by intrinsic fibre cementum. associated with cementocyte 
lacunae. 

Apical root surface 

The apical root surface was studied in 54 teeth. Thirteen teeth (24%) had extrinsic fibre 

cementum with fibrils between 2-10ýtm in diameter, spaced 5-10[im apart, not 

associated with pores or lacunae (see Table 3.5). In one tooth (2%), extrinsic fibrils 

were arranged in rows and associated with lacunae. Five teeth (9%) had extrinsic fibrils 

arranged in rows and did not show lacunae. Eight teeth (15%) with extrinsic fibre 

cementum also showed isolated pores and lacunae. Six teeth (11 %) with extrinsic fibre 

cementum also had isolated pores but did not show lacunae. Nineteen teeth (35%) with 

extrinsic fibre cementurn also showed clusters of pores and lacunae. Two teeth (4%) 

had extrinsic fibre cementum with clusters of pores, but without associated lacunae. At 

the apical root 45 teeth (83%) had evidence of remodelling with intrinsic fibre 

cementum associated with cementocyte lacunae. 
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Table 3.5: Summary of root surface characteristics at the proximal root, mid-root, and apical root. 
Values represent number of total teeth observed and frequency. 

Root surface Proximal 
root 

Mid-root Apical root 

Porous (exposed dentine) 13 (0.24) 2 (0.04) 0(0.0) 

Fibrous 
cementum 

Dense or spaced extrinsic fibres (no 
pores or lacunae) 

23(0.43) 14(0.25) 13(0.24) 

(extrinsic fibres 
2-10ýim 

Extrinsic fibre in rows Lacunae 0(0.0) 4(0.08) 1(0.02) 

diameter, 
intrinsic fibre 

No 
lacunae 

8(0.15) 8(0.14) 5(0.09) 

cementum) Isolated pores (< 5ýtrn) Lacunae 4(0.09) 7(0.13) 8(0.15) 

No lacunae 3(0.05) 0(0.0) 6(0.11) 
Clusters of pores (I- 
2ýim) 

Lacunae 0(0.0) 17(0.31) 19(0.35) 

No lacunae 1(0.02) 4(0.08) 2(0.04) 
Afibrillar cementum l(O. 02) 0(0.0) 0(0.0) 

Remodelling with intrinsic fibre cementurn associated 
with cementocyte lacunae 

3(0.05) 6(0.11) 45(0.83) 

Total teeth examined 54 56 54 

3.3.3. Surface anatomy of different tooth types 

A study was undertaken to detennine whether differences exist between teeth in the 

structure of enamel, the CEJ, and root surface. The purpose of this part of the study was 

to explore the relationship between surface structures and sites associated with a 

predisposition for resorption, as epidemiological studies have suggested that certain 

teeth, particularly the posterior premolars and molars, have a unique predispostion for 

resorption. 

The following is a description of the most frequently observed characteristics of 

different tooth types. 

Enamel: All tooth types, with the exception of mandibular incisors, showed wear, 
r scratching, and calculus forniation. Focal wear on the bulbous or occlusal surface of the 

crown was present in all tooth types, and occurred most frequently in mandibular 

molars. Enamel prisms were primarily exposed in the fissures between cusps of 
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mandibular premolars and molars, and the third and fourth maxillary premolars, but 
were also detected in the maxillary incisors and canines. Enamel prisms were exposed 
on the enamel surface at the root bifurcation in the fourth mandibular premolar and 
molar only. Scratching of the crown occurred most frequently in mandibular canines. 
Calculus was present in most tooth types, except on mandibular or maxillary incisors, 

maxillary canines and maxillary molars. 

CEJ: An enamel margin overhanging or overlapping a porous root surface was the most 
frequently observed CEJ structure among the maxillary and mandibular incisors, fourth 

mandibular premolars, and maxillary canines. A cobbled enamel margin associated 

with fibrillar cementum was the most frequent structure among maxillary premolars. 
An equal distribution of both types of CEJ structure occurred in maxillary molars. 
Mandibular canines had an equal distribution of CEJ types including an enamel margin 

continuous with a porous root surface and an enamel margin overhanging a porous root 

surface. The third mandibular premolar and molar had an equal distribution of CEJ 

types including a cobbled enamel margin associated with fibrillar cementum or a 

continuous enamel margin overhanging a porous root surface. 

Proximal root: At the proximal root surface, mandibular canines and the third 

premolars most frequently had exposed dentine tubules at the proximal root. Maxillary 

premolars and maxillary incisors, and the fourth mandibular premolar primarily had 

dense fibrillar cementum. The mandibular incisors had an equal frequency of both 

types of root surface. The mandibular molars and maxillary canines had evidence of 

fibrillar cementum associated with pores and cementocyte lacunae. The mandibular 

molar most frequently showed remodelling of the root surface. 

Mid-root: At the mid-root, maxillary incisors, and second and third premolars most 

frequently had dense or spaced-apart extrinsic fibre cementum. Mandibular incisors and 

the third mandibular premolar had extrinsic fibres organised in rows. Canines and 

maxillary and mandibular fourth premolar most frequently exhibited fibrillar cementum 

associated with pores and cementocyte lacunae. The mandibular molar showed an 
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equal frequency of both types of root pattern. At the mid-root, remodelling was 

associated with mandibular incisors, and mandibular premolars. 

Apical root: At the apical root, dense or spaced apart extrinsic fibre cementum was 

most frequently associated with maxillary and mandibular incisors and the fourth 

maxillary premolar. Fibrillar cementum associated with pores and cementocyte lacuane 

was most frequently seen in canines, second and third maxillary premolars, and 

mandibular premolars and molars. Remodelling was frequently present in all tooth 

types. 

3.3.4. Features of embedded and sectioned teeth 

Enamel 

Enamel prisms, inter-ameloblastic enamel, and Hunter-Schreger bands were observed in 

all 36 teeth (see Figure 3.11A, see Table 3.6). Due to difficulties of discerning the 

boundaries of enamel prisms and variation in enamel prism orientation, the diameter of 

enamel prisms could not be accurately measured in this study. However, the 

approximate diameter of prisms was determined to be 5ýtm, and the thickness of inter- 

ameloblastic enamel was approximately 1ýtm. Enamel wear was present in eleven 

specimens (3 1 %), of which ten (22%) had wear of the crown tip, and one (3 %) had wear 

on the buccal face of the crown. Calculus was visible on the coronal surfaces and CEJ 

of nine (25%) teeth (see Figure 3.11 Q. In 18 (50%) teeth, enamel tubules were visible 

projecting into the enamel within 25ýtm of the dentino-enamel junction (DEJ; see Figure 

3.11B). A surface layer of prism-free enamel 5-20[tm thick was present in all 

specimens (see Figure 3.1 1D). 
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Figure 3.11: Features of feline enamel in embedded and sectioned teeth examined by SENI (20kV, 

all BSE; D= dentine, E= enamel, DEJ= dentine-enamel junction). A: Enamel prisms (EP) 

surrounded by inter-ameloblastic (IA) enamel at the DEJ of a right mandibular C. Enamel prisms 

are organised in alternating Hunter-Schreger bands (HSB) (Bar = 50ýtm). B: Enamel tubules (ET) 

at the DEJ of a right Nil (Bar = 50ýLm). C: Calculus (CA) surrounding the cusp tip surface of 

enamel of a left M, (Bar = 500 ýLm). D: Prism-free enamel (PFE) at the croýýn surface of a right 

mandibular C. Beneath prism-free enamel is prismatic enamel including enamel prisms (EP) and 

inter-ameloblastic (IA) enamel (Bar = 254m). 

EI . 



Chapter 3: Scanning electron microscopy study of the normal feline tooth 145 

Table 3.6: Features of enamel in embedded and sectioned teeth. Values represent number of total 
teeth examined (n = 36) and frequency. 

Enamel features Number of teeth 
Enamel prisms 36 (l. 0) 
Hunter-Schreger bands 36 (1.0) 
Wear Crown tip 10 (0.22) 

Buccal surface 1( 0.03) 
Calculus 9( 0.25) 
Enamel tubules at dentine-enamel junction 18 (0.5) 
Total teeth examined 36 

Cemento-enamel junction 

The buccal and lingual surfaces of the CEJ were examined in detail in 29 teeth. The 

enamel and root surface was examined within 250ýtm coronally and apically of the CEJ 

in all specimens. In general, four different patterns of CEJ were observed (see Figures 

3.12A-D. Table 3.7). 

1. Enamel abutting cementurn (buccal: 66%; lingual: 52%). 

2. Enamel continuous or overlapping exposed dentine (buccal: 21%; lingual: 18%). 

3. Enamel margin extending as a thin projection (1ýtm thick) along dentine (on 

average 24ýtm long) before abutting cementum (buccal: 10%; lingual: 28%). 

4. Enamel-like margin extending as a thin projection overlapping fibrillar 

cementurn (buccal: 3%; lingual: 3%). 

Table 3.7: Features of the buccal and lingual CEJ in embedded and sectioned teeth. Values 

represent number of total teeth examined (n = 29) and frequency. 

CEJ Buccal 
Number of teeth 

Lingual 
Number of teeth 

Enamel abutting cementurn 19 (0.66) 15(0.52) 
Enamel abutting dentine 6(0.21) 5(0.18) 

Thin enamel margin abutting 
cementurn 3(0.1) 8(0.28) 
Thin enamel-like projection 
overlapping cementurn 1(0.03) 1(0.03) 

[Total teeth examined 29 29 
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Figure 3.12: Features of the cemento-enamel junction (CEJ) structure in feline teeth embedded and 

sectioned and examined by SENI (20k%', all BSE; D= dentine, E= enamel). A: Enamel abutting 

cementurn (CE) in a left P3. B: Enamel (E) continuous with exposed dentine in a left mandibular C. 

C: Enamel margin (EM) extending as a thin projection along dentine and abutting cementum (CE) 

in a left P. I. D: Enamel-like margin (EM) extending as a thin projection overlapping cementurn 

(CE) in a right P4. All bars = 50 ýtm. 
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Dentine 

Tubular dentine, radiating from the pulp chamber was present in all teeth (see Table 
3.8). Dentine tubules were 1-2ýtm in diameter, spaced 7-10ýtm apart. At the dentine- 

cementum junction, the branching terminal ends of tubules < 1ýtm. in diameter were 

present (see Figure 3.13A). A region similar to descriptions of the granular layer of 
Tomes' was present at the dentine-cementum and enamel-dentine junctions of all teeth, 
12-25ýtm wide (see Figure 3.13B). A region of parallel rows of von Korff fibres, 25- 

250ýtm wide was present in 8/36 (22%) teeth at the dentino-enamel junction (see Figure 

3.13C). 

Table 3.8: Features of dentine in embedded and sectioned teeth. Values represent number of total 

teeth examined (n = 36) and frequency. 

Number of teeth 
Dentine tubules 36(1.0) 
Granular layer of Tomes' 36(1.0) 
Von Korff fibres 8(0.22) 
Total teeth examined 36 
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Figure 3.13: Features of dentine, cementum, and alveolar bone in embedded and sectioned teeth 

examined by SEM (20kV, all BSE; D= dentine, CE = cementum). A: Dentine tubules (DT) at the 

dentine-cementum junction (DCJ) in a left MI. Fine tubules are present branching off from larger 

tubules (indicated by asterisk, Bar = 50ýtm). B: Granular layer of Tomes' (GLT) of dentine at the 

cementum-dentine junction (CDJ) of a left mandibular C (Bar = 50ýtm). C: Von Korff fibres (VK-F) 

of dentine at the dentine-enamel junction (DEJ) of the crown tip of a right mandibular C (Bar = 50 

- /fI, 
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mm). D: Extrinsic fibre (EF) projections extending from the dentine-enamel junction (DEJ) to the 

root surface (RS), associated with incorporated cementocyte lacunae (CL) in a right P4 (Bar = 

50gm). E: Alveolar bone (AB) at the periodontal ligament (PDL)-bone interface showing osteons 

(OS; one osteon is indicated within arrows) and osteocyte lacunae (OL) in a right P3. The alveolar 

bone attaches to the PDL by Sharpey's fibre (SF) insertions (Bar = 200gm). 

Cementum 

In general, cementum was very thin or absent near the CEJ and at the proximal third of 

teeth, increasing in thickness towards the root apex. Extrinsic fibre projections were 

present in all teeth at all locations on the root, extending from the dentine-cementum 

junction to the root surface (see Figure 3.13D). Cementocyte lacunae, 7-10ýtm in 

diameter, were incorporated into cementuni at all locations on the root, increasing in 

number and density towards the apex. At the proximal root, seven teeth (19%) showed 

cementocyte lacunae, spaced 20-500[tm apart. At the mid-root, 22 (61%) teeth showed 

cementocyte lacunae, spaced 20-250ýim apart 

cementocyte lacunae, spaced 20-150ýtm apart. 

Alveolar bone 

At the root apex, all teeth showed 

The alveolar bone at the alveolar crest, mid-root, and root apex, within 500[im 

transverse of the PDL space, was assessed in 36 teeth. In all teeth and locations on the 

root, Haversian systems and osteocyte lacunae were present. In all teeth, Sharpey's 

fibres were present at locations on bone associated with the PDL attachment (see Figure 

3.13E). 

3.3.5. Measurement of tissue thickness and distance in embedded and sectioned 

teeth 

Enamel 

Enamel was significantly thicker at the crown tip compared to the mid-crown enamel, 

and enamel at the CEJ (within 250Vtm of the CEJ; P<0.001, see Table 3.9). Enamel at 

the mid-crown was also significantly thicker than enamel at the CEJ. 
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Table 3.9: Thickness of coronal tip, mid-crown, and CEJ (within 250Pm of CEJ) enamel in 
embedded and sectioned teeth. Values shown are the mean and standard deviation (SD) 

Location Number Mean thickness 
(SD) pm 

Crown tip 29 297(103) a, 

Mid-crown 35 176 (62)b 
CEJ 35 55(22) 
- Significantly thicker than mid-crown, P<0.001. 
b Significantly thicker than CEJ, P<0.001. 

Cementum 

Cementurn thickness increased significantly from the proximal root to the root apex (see 
Table 3.10). No significant differences were observed between buccal and lingual 

cementurn thickness at the CEJ. 

Table 3.10: Thickness of cementum at the CEJ (within 250gm), proximal root, mid-root, and apical 

root in embedded and sectioned teeth. Values shown are mean and standard deviation (SD). 

Location Number Mean thickness (SD) 
Jim 

CEJ - Buccal (250gm apical) 22 11.1(5.5) 
CEJ - Lingual (250gm apical) 20 12.3(5.5) 
Proximal root 31 18.3 (13.6)a 
Mid-root 34 79.9(62.2) a, b 

Apical root 27 286.1 (160.3) a, b, c 

Significantly thicker than CEJ, P<0.001, ' Significantly thicker than proximal root, P<0.001, 
Significantly thicker than mid-root, P<0.001. 

Alveolar bone 

The distance of the CEJ from the alveolar crest could be measured in 26 teeth. The 

average distance of the CEJ from the alveolar crest on the buccal surface of teeth was 

522ýtm (SD = 238), and on the lingual surface was 524ýtm (SD = 403). There was no 

significant difference in distance between sides. 
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3.3.6. Measurement of mineralisation in embedded and sectioned teeth 

Enamel 

Inter-ameloblastic enamel appeared to have lower mineralisation than prismatic enamel 
in pseudocolour micrographs (see Figure 3.14A). This is due to the organic content of 
the inter-ameloblastic enamel, which contains proteins removed from prismatic enamel 
during the maturation of prisms. The lower mineral density of inter- ameoloblastic 
enamel compared to surrounding prismatic enamel also reflects the different orientation 
of inter-ameloblastic enamel crystals compared to the prismatic enamel crystals (Boyde, 

personal communication). 
In all cases enamel had a gradient of mineralisation with increased 

mineralisation at the enamel surface, and lower mineralisation near the enamel-dentine 
junction (see Figure 3.14B). Analysis of grey levels showed significant differences in 

mineralisation (P < 0.00 1, see Table 3.11) between crown tip surface enamel and inner 

crown tip enamel with the enamel at the enamel-dentine junction. No significant 
difference could be detected between crown tip surface enamel and inner crown tip 

enamel. A significant difference (P < 0.05) in mineralisation was detected between 

mid-crown surface enamel and enamel at the enamel-dentine junction. However, no 

significant difference was observed between crown tip enamel mineralisation (including 

surface, inner, and junctional enamel) and mid-crown enamel mineralisation (including 

surface and junctional enamel). The average crown tip and mid-crown enamel 

mineralisation was significantly higher than the mineralisation of enamel at the CEJ (P 

< 0.001). 
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Figure 3.14: Mineralisation of enamel, dentine, cementum, and alveolar bone of embedded and 

sectioned teeth depicted as pseudocolour micrographs. Figures A and B were standardised using 

monobromo (Br) to tetrabromo (Br4) standards (see bar below Figure Q. Figures C-F were 

standardised using monobromo (Br) to monoiodo (NH) standards (see bar below Figure F). (20kV, 

all BSE; D= dentine, E= enamel, AB = alveolar bone, CE = cementum). A: Inter-pristntic enamel 

(IP) was lesser mineralised compared to prismatic enamel (EP) in a right mandibular C (Bar = 

k 

E 



Chapter 3: Scanning electron microscopy study of the normal feline tooth 153 

50gm). B: Coronal enamel showed a gradient of mineralisation, with less mineralised enamel at the 
dentine-cementum junction (DCJ), and increasing mineralisation towards the crown surface (CS) 
in a right P3 (Bar = 200gm). C: Dentine tubules (DT) were less mineralised compared to 
surrounding dentine in a left mandibular C. The granular layer of Tomes' (GLT) at the dentine- 
cementum junction (DCJ) showed areas of lower density compared to surrounding dentine (Bar = 
501im). D: Dentine mineralisation was lower at the secondary dentine (SD) margin bordering the 
dental pulp (DP), compared to primary dentine (PD) in a left P3 (Bar = 500gm). E: Cementum 
density was consistent from the dentine-cementum junction (DCJ) to the root surface (RS) and was 
lower than dentine in a left mandibular C (Bar = 200gm). F: Osteons (OS) within alveolar bone 

showed a sharp gradient of mineralisation with surrounding bone in a right P4 (Bar = 500pm). 

Table 3.11: Mineralisation of the crown tip and mid-crown enamel in embedded and sectioned 
teeth. Mineralisation is represented by the mean grey level and standard deviation (SD). 

Location Number Mean grey level 
(SD) 

Crown tip Surface 26 180(6.7) a 
Inner 24 182(4.0) a 
Enamel-dentine junction 27 174(6.7) 
Mean 22 179 (4.5)c 

Mid-crown Surface 27 181 (6.4)b 
Enamel-dentine junction 27 176(9.2) 
Mean 27 178 (5.5)c 

CEJ Mean 28 1 173( 
' Significantly higher mineralisation compared to the crown tip enamel-dentine junction, P<0.001. 
b Significantly higher mineralisation compared to enamel at the mid-crown enamel-dentine junction, P< 
0.05, c Significantly higher mineralisation compare to enamel at the CEJ (within 250[tm of the CEJ). 

Dentine 

Based on pseudocolour micrographs, dentine surrounding tubule spaces (peri-tubular 

dentine) appeared more highly mineralised than inter-tubule dentine (see Figure 3.14C). 

The granular layer of Tomes' region appeared less mineralised compared to inner 

dentine (see Figure 3.14C). In general, all teeth showed a gradient of mineralisation 

where the dentine at the pulpal margin was the least mineralised, increasing in 

mineralisation towards the root surface (see Figure 3.14D). 

Quantitative analysis showed no significant difference between crown tip and 

mid-crown dentine mineralisation, although both were found to be significantly higher 

than the dentine at the CEJ (P < 0.001 and 0.05, respectively, see Table 3.12). The 
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dentine at the CEJ was significantly more mineralised compared to dentine at the 

proximal root (P < 0.05). However, the dentine at the mid-root and root apex was 
significantly more mineralised than the dentine at the CEJ and alveolar crest (P < 
0.001), although they were not significantly different in mineralisation from each other. 

Table 3.12: Mineralisation of dentine at the crown tip, n-dd-crown, CEJ, proximal root, mid-root, 
and apical root, in embedded and sectioned teeth. Mineralisation is represented by grey level, 

adjusted to standard values. Values represent mean and standard deviation (SD). 

Location Number Mean grey level 
(SD) 

Crown tip dentine 25 117 (17. )a 
Mid-crown dentine 29 114(16. I)b 

CEJ dentine 27 106 (6.4)' 
Proximal root dentine 25 100(7.4) 
Mid-root dentine 29 119(21.0 d 

ical root dentine 21 123( 8.1)d 
' Significantly higher mineralisation than CEJ, P<0.001, ' Significantly higher mineralisation than CEJ, 
P<0.05, ' Significantly higher mineralisation than proximal root, P<0.05 ,d Si gnificantly higher 
mineralisation than CEJ and alveolar crest, P<0.001. 

Cementum 

In pseudocolour micrographs cementum mineralisation was consistent throughout the 

root, and was consistent between the PDL-cementum junction to the dentine-cementum 

junction (see Figure 3.14E). Cementum mineralisation was not analysed quantitatively 

at the CEJ due to the thinness of cementurn at this location. No significant differences 

in mineralisation could be established between cementurn at any location on the root, or 

between cementurn at the cementurn-dentine junction and at the cementum-PDL 

junction (see Table 3.13). 
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Table 3.13: Mineralisation of cementum at the proximal root, mid-root, and root apex in embedded 

and sectioned teeth. Mineralisation is represented by grey level. Values represent mean and 

standard deviation (SD). 

Location Number Mean grey level 
SD) 

Proximal root 13 117(12.3) 
Mid-root Dentine-cementurn junction 14 116(4.3) 

Cernenturn-PDL junction 15 122(15.8) 
Mean 22 118(9.7) 

Apical root Dentine-cementurn junction 18 121(13.5) 

Cementum-PDL junction 18 22 (12.1) 
Mean 21 

±L± 
12 1 22(10.0) 

Alveolar bone 

The mineral density of alveolar bone was not analysed in this study. However, the 

general pattern of mineralisation could be evaluated from pseudocolour micrographs. In 

general, the overall mineralisation of alveolar bone did not appear different from 

dentine and cementum, although there were sharp gradients of mineral density in bone 

between Haversian systems (see Figure 3.14F). 
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3.4. DISCUSSION 

The present study has described the normal surface features of the root and the CEJ in 
feline teeth using backscattered and secondary SEM, and has compared the surface 
characteristics of teeth at different locations of the root, and between individual tooth 
types. This study has used SEM to measure the thickness and mineralisation 
characteristics of enamel, dentine, and cementum in embedded and sectioned teeth. 

Enamel 

In the surface study, normal feline surface enamel was primarily smooth, lacking 

evidence of perikyrnata (incremental growth lines) and surface prisms, and is consistent 

with observations made by Skobe et al. (1995). This aprismatic layer was also observed 
in the study of embedded and sectioned teeth, overlying inner, prismatic enamel. A 

smooth enamel surface has also been described in dogs (Skobe et al., 1985). This 

smooth surface is formed as a result of the slowing down of the incremental growth of 

enamel prisms by ameloblasts, associated with a change in the shape of the Tomes' 

process, which results in a lack of distinction between prisms and inter-ameloblastic 

enamel (Boyde, personal communication). Skobe et al. (1995) suggested that the 

absence of perikymata in the cat is due to the shallow angle of incremental growth lines 

of Retzius in carnivores, which approach the enamel surface nearly parallel to the 

surface. The lack of perikymata visible on the surface of teeth may also be due to the 

slowing down of terminal enamel secretion. It is possible that the lack of surface 

texture of feline teeth is a limiting factor for the adherence of calculus, and may underlie 

the lack of caries observed in cats. 

The high incidence of exposed enamel prisms on occlusal surfaces and bulbous 

parts of the crown in teeth in this study indicates that the smooth enamel layer is 

commonly worn away throughout life, exposing underlying prismatic enamel. The 

presence of exposed pockets of enamel prisms in the fissures of crowns and near the 

CEJ, not associated with wear, has not been previously described in other studies of cat 

tooth enamel (Boyde, 1967; Skobe et al., 1985). The cellular process associated with 

the formation of this feature is unclear, but may be the result of premature termination 
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of enamel matix secretion by ameloblasts. At cusp infoldings, adjacent populations of 
ameloblasts may converge and "strangulate" due to constrictions of space and 
competition for nutrients from adjacent blood vessels, resulting in a lack of maturation 
of enamel prisms, and a lack of formation of the smooth enamel layer (Boyde, personal 
communication). The approximate diameter of enamel prisms was determined to be 
5ýtm, which is consistent with the diameter of prisms described in man and dog, and in 

previous studies of the cat (Boyde, 1967; Skobe et al., 1985; Boyde et al., 1988). 

Analysis of enamel thickness showed significantly increased thickness from the crown 
tip (thickest) to the CEJ (thinnest), consistent with previous findings using light 

microscopy (Crossley, 1995). The difference in enamel thickness between the crown tip 

and CEJ in cats and dogs is an adaptation to wear and transmission of biting forces, 

where the primary application of force and site of wear is the crown tip (Crossley, 

1995). 

At the CEJ, several patterns of organisation of the enamel margin and root surface were 

observed in the cat. A "cobbled" enamel margin was frequently observed in the study 

of surface features of teeth, and has not been described in the cat previously. From the 

surface study, it was unclear if the "cobbles" represent a pattern of terminal-phase 

enamel secretion by ameloblasts forming sphere-like structures, or a thin layer of non- 

prismatic enamel overlying round dentine globules of the granular layer of Tomes'. 

Evidence of a thin enamel layer overlying dentine was supported by the study of 

embedded and sectioned teeth that showed a thin layer of enamel overlaying dentine. 

Very thin enamel at the CEJ in cats has been reported previously using reflection light 

microscopic analysis of sectioned teeth (Crossley, 1995). Enamel only a few microns 

thick may be prone to destruction by mechanical force or factors in the gingival 

crevicular fluid, which may stimulate osteoclastic resorption of the tooth surface. 

Analysis of teeth in section, possibly by TEM, where the CEJ could be studied in 

association with surrounding soft tissue and crevicular space, would provide 

information about the nature of damage to the CEJ, and the association of the enamel 

margin with tissues and cells which may mediate resorption. Histological study of 
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embryonic teeth, at different stages of development, could be used to establish the 
developmental basis to the formation of enamel at the CEJ. 

An enamel margin "overhanging" the root surface at the CEJ was also 
commonly observed in the study of the surface features of teeth, and has been described 
in studies of human teeth as a feature associated with periodontal disease (Neuvald and 
Consolaro, 2000). The high incidence of a porous surface associated with an 
overhanging enamel margin in cats suggests loss of periodontal ligament and cementum 
attachment to the CEJ associated with exposure of underlying dentine. This may be due 
to physical damage to the CEJ in vivo, for example, due to abrasion or periodontal 
disease, or may be due to damage to the specimen due to processing. In general, the 
high incidence of exposed dentine tubules at the proximal surface of the root suggests 
the presence of changes associated with early periodontal disease in some teeth, which 
progresses apically from the proximal root. The cobbled enamel margin may represent 
the "normal" pattern of CEJ structure, and other patterns, particularly enamel 
overhanging exposed dentine, may represent a damaged CEJ structure. In the study of 

embedded and sectioned teeth, an enamel margin overhanging the root surface was not 
observed. Therefore, the high frequency of this feature observed in the surface study 

may reflect damage to the CEJ during processing. Further analysis of more specimens 

in section would be necessary to establish if this feature is an artifact. Preparation of 

surface specimens using different techniques may allow better preservation of the 

delicate CEJ structure. 

An unusual finding at the CEJ of one embedded and sectioned mandibular 

prernolar tooth (408) was the presence of an enamel-like margin projecting over fibrillar 

cementurn (Figure 3.12D). This pattern was not observed in any teeth in the surface 

study, and has not been described in any other species. It is possible that this may be a 

thin layer of highly mineralised calculus covering enamel and cementum. at the CEJ. 

Inspection of the junction at high magnification (1000x) failed to show any 

discontinuity with surrounding enamel. The developmental basis of the formation of this 

feature is unclear, as enamel at the CEJ is formed prior to the deposition of fibrillar 

cementurn. It suggests that formation of cervical enamel by the enamel organ epithelial 

cells occurred at an advanced stage of development of the tooth, subsequent to the 
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fragmentation of the HERS and deposition of cementum matrix by differentiated 

mesenchyrnal cells of the dental follicle. 

Dentine 

Dentine was generally not observed on the surfaces of teeth, except where tubules were 
exposed at the proximal root, likely associated with the loss of fibrillar cementum due to 

abrasion or periodontal disease. The features of feline dentine were studied in 

embedded and sectioned teeth, where dentine tubules, the granular layer of Tomes', and 
Von Korff fibres were observed. In general, these features were consistent with 
descriptions reported in man, and in the cat in other studies (Jones and Boyde, 1984; 

Bishop et al., 1991; Okuda and Harvey, 1992a; Ten Cate, 1998). 

Cementum 

The surface characteristics of normal feline fibrillar cementum described are consistent 

with descriptions of cementum of man (Jones and Boyde, 1972; Jones, 1981; Bosshardt 

and Selvig, 1997). Extrinsic fibre diameters were within the range described for man 

(man = 3-12ýtm), although, overall, the average diameter of fibres in the cat (2-5ýtm) is 

lower than in man (5-7ýtm) (Jones and Boyde, 1972). Feline cementocyte lacunae were 

in the size range of lacunae observed in human cementum (Jones, 1981). Features of 

root cementum in embedded and sectioned teeth were consistent with surface findings, 

including evidence of dense extrinsic fibres and osteocyte lacunae embedded in 

cementum matrix. 

The size and arrangement of extrinsic fibres varied by location on the tooth 

surface of the cat, and as in man, the organisation of extrinsic fibres in cementum is 

described as associated with an adaptation of the PDL fibres to organize along lines of 

mechanical force (Hassell, 1993). Analogies can be made with descriptions in man of 

the adaptation of the PDL to tranmission of mechanical force in the tooth, which can be 

used to interpret the organisation of extrinsic fibre cementum in the cat. 

In the cat, extrinsic fibres were generally dense and small at the proximal root, 

becoming larger, more widely spaced, organised in rows, and associated with more 
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cellular intrinsic fibre cementuni towards the apex. In human teeth, the presence of 
small dense, perpendicular fibres at the proximal root is associated with opposing lateral 
compressive forces and protecting deeper PDL structures. Organisation of PDL fibres at 
oblique angles is associated with an adaptation of the PDL to vertical compressive 
force, and large fibre bundles are thought to prevent luxation and tooth tipping (Hassell, 
1993). The similarities between extrinsic fibre organisation in the cat and PDL fibre 

orientation in man suggest adaptation to similar types of mechanical force. However, 

analysis of the force distribution at specific locations on the feline tooth would be 

necessary to interpret the association of force transmission and resorption and 
remodelling of the tooth surface, and could be used to address the question of the 

association of localised force with a predisposition for FORL. 

The clusters of pores observed on the cementum surface of cat teeth are likely to be the 

canallicular extensions of buried cementocytes, although similar surface features have 

not been described in man or other animals. Cytoplasmic extensions of cementocytes 
have been described in man in histological studies of cementum, where extensions 

radiate from embedded cementoblasts to other cells in the cementum matrix, and to the 

root surface (Jones, 198 1; Bosshardt and Selvig, 1997). Based on histological studies of 

human cementum, the radial extent of cementocytes appears to be 2-3 times wider than 

the cell (therefore 20-30 ýLm in diameter), encompassing the range of diameters 

observed of clusters of pores on the surface of teeth observed in the present study. 

Individual pores not associated in clusters were also associated with the cementum 

surface. Many of these pores were within the diameter range of extrinsic fibres, and 

may represent new Sharpey's fibre insertion sites where an incompletely mineralized 

extrinsic fibre was lost during sample preparation. 

Measurement of cementum thickness in embedded and sectioned teeth showed 

significantly increased thickness from the CEJ to the root apex. These findings support 

observations made in the surface study that remodelling of the root surface increases 

towards the apex, associated with greater thickening of cementum. The relative thinness 

of cementum at the proximal root may indicate that this region is prone to damage due 

to abrasion, mechanical force, or periodontal disease. The thinness of cementum at the 

proximal root in the cat may be associated with a predisposition of this region to be 
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resorbed, although the factors associated with stimulating resorption of cementum are 
unknown. 

Alveolar bone 

The surface features of alveolar bone were not described in this study, but the distance 
between the alveolar crest and the CEJ was measured in embedded and sectioned teeth 
as it has been suggested that alveolar recession associated with periodontal infection is 
associated with resorption of teeth. The "normal" distance between the alveolar crest 
and the CEJ has not been established by any previous study in the cat, and it is not 
known if differences exist between buccal or lingual sides of the tooth. In this study, 
the distance between the CEJ and alveolar crest was approximately 500ýtm, although 
considerable variation existed among specimens, probably reflecting a gradient of 
distance from a normal association between regions to early alveolar recession. No 

significant differences were detected in the apical distance of alveolar bone from the 
CEJ between buccal and lingual surfaces of teeth. This suggests that the relationship of 
the bone to the tooth is the same on both sides in the absence of disease. Clearly, the 

presence of periodontal disease may result in the different rates of recession reported on 
buccal and lingual sides. 

Differences between tooth types 

A study was undertaken to determine whether differences exist between tooth types in 

the structure of enamel, the CEJ, and root surface. The purpose of this part of the study 

was to explore the relationship between surface structures and sites associated with a 

predisposition for resorption, as epidemiological studies have suggested that certain 

teeth, particularly the posterior premolars and molars, are predisposed to resorb 
(Schneck and Osborn, 1976; Reichart et al., 1984; van Wessum et al., 1992; Lyon, 

1992; Ingham et al., 2001). 

A limitation of this part of the study was that the numbers of each type of tooth 

examined were small. Nevertheless, some general structural features were detected that 

were associated with specific tooth types. Exposed prisms associated with wear were 
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most frequently detected among the mandibular molar teeth, indicating that this tooth 
may be heavily used, or the enamel may be more prone to wear. Cusp fissures were 
primarily observed in mandibular premolars and molars, and may be associated with a 
common developmental feature shared among these teeth. Scratching of the crown was 
most frequently present in the mandibular canine, and is likely to be associated with the 

use of this tooth for biting and tearing. 

In general, at the CEJ, the maxillary premolars and the fourth mandibular 
premolar predominantly exhibited a cobbled enamel margin associated with fibrillar 

cementurn. Mandibular third premolars and molars showed a mix of cobbled enamel 
with fibrillar cementum and an enamel margin overlapping a porous root surface. 
Given that the cobbled enamel margin may represent the "normal" pattern of CEJ 

structure, and enamel overhanging exposed dentine may represent a damaged CEJ 

structure, it is possible that some mandibular teeth have a greater degree of damage to 

the CEJ, potentially associated with periodontal disease. 

Overall, canine teeth and mandibular premolars and molars more frequently had 

pores, cementocyte lacunae, and remodelling of the root surface, compared to maxillary 

teeth. A greater degree of remodelling in these teeth may be associated with greater 

mechanical loading, or due to another stimulus, such as inflammation. As the 

mandibular premolars are frequently associated with resorption, as reported by 

epidemiological studies, there may be an association of the CEJ structure or root surface 

with a predisposition for resorption, or the stimulus for tooth damage and remodelling 

may also result in osteoclast activation. Due to limited samples, variation among tooth 

types was not studied among embedded and sectioned teeth. 

In both the surface study, and the study of embedded and sectioned teeth, 

variation between teeth of individual cats was not studied. However, individual patterns 

of variation in tooth structure should be investigated further, as it has been suggested 

that some cats are more prone to FORL than others, and general patterns of tooth 

structure could be associated with a predispostion for disease. The relationship of tooth 

structure with age was not examined in this study; future studies should be undertaken 

to study the progression of root remodelling and cementum organisation and the 

association of CEJ structure with advancing age in the cat. 



Chapter 3: Scanning electron microscopy study of the normal feline tooth 163 

Mineralisation 

The mineralisation of feline enamel, dentine, and cementum was investigated as it is 
possible that reduced mineralisation in some areas of the tooth may be associated with a 
predisposition to FORL. The gradient of mineralisation in feline enamel has been 
described previously in the cat using microindentation and mineral composition analysis 
(Sasaki et al., 1984; Hayashi and Kiba, 1989). These studies showed greater 
mineralisation at the crown tip, and lower mineralisation at the CEJ. The results of the 
present study of embedded and sectioned teeth confirm these results showing that 

enamel at the CEJ is significantly less mineralised compared to enamel at the crown tip 

or mid-crown. Lower mineralisation of the enamel at the CEJ may be a developmental 
feature of teeth, where the enamel at the CEJ undergoes the shortest period for 

mineralisation compared to the rest of the crown (Boyde, personal communication). 
The significance of this in relation to a predisposition for resorption at the CEJ is 

unclear. However, it is known that the less mineralised a material is, the more rapidly it 

will be resorbed by osteoclasts (Jones et al., 1995). It is also well established that local 

acidity stimulates osteoclast activity (Meghji et al., 2001). The role of the gingival 

crevicular fluid in stimulating resorption could be investigated by measuring pH, and 
levels of factors associated with osteoclast stimulation (e. g. IL-lP, PGE2), and tissue 

destruction (e. g. MMPs). 

Based on examination of pseudocolour micrographs, inter-ameloblastic enamel 

appeared less mineralised compared to prismatic enamel. This has been previously 

described in the teeth of man and other mammals as a feature associated with the 

development of enamel, where organic matrix transported out of mineralising prisms 

during the maturation phase of enamel development accumulates to form inter- 

ameloblastic enamel (Boyde, 1967). 

Based on examination of pseudocolour micrographs, peritubular dentine 

surrounding tubules appeared more mineralised than surrounding dentine, as reported in 

an SEM examination of human teeth (Jones and Boyde, 1984). Secondary dentine was 

less mineralised than primary dentine, and it may be that differences in mineral 

composition of secondary dentine in the cat may be related to a lack of resorption of this 

tissue in advanced FORL when surrounding primary dentine is significantly resorbed. 

Image analysis showed that the mineralisation of coronal dentine at the crown tip is not 
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significantly higher than at the mid-crown, which is consistent with the results of 

microindentation analysis (Hayashi and Kiba, 1989). The present study showed that 

CEJ and proximal root dentine is significantly less mineralised compared to coronal and 

root dentine. The relationship of lower mineralisation of dentine at the CEJ and 

proximal root with the CEJ enamel is unclear, but may reflect a normal feature of 
dentine, or local dernineralisation of the CEJ-proximal root area due to exposure to 

crevicular fluid. 

The lack of any significant differences in mineralisation of cementum, between 

the dentine and PDL layers, and between different locations on the tooth, suggests that 

formation and mineralisation of cementurn is unifon-n in cat teeth. 
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3.5. SUMMARY 

o Enamel 

e The enamel surface was primarily smooth and featureless, although prisms were 

exposed due to wear and were present in the fissures between enamel cusps or at 

the root bifurcation. 

9 Enamel prisms (- 5ýtm in diameter), inter-ameloblastic enamel (- l[tm thick), a 

zone of surface aprismatic enamel (20-30ýtm wide), and Hunter-Schreger bands 

were observed in all teeth. 

* The thickness of enamel decreased significantly from the crown tip to the CEJ 

(P < 0.001). 
* Enamel on the crown tip surface, inner crown and mid-crown surface was 

significantly more mineralised than enamel at the enamel-dentine junction (P < 

0.001 and P<0.05 respectively). Enamel at the crown tip and mid crown was 

more mineralised than enamel at the CEJ (P < 0.001). 

9 CEJ 

* Five basic patterns of CEJ surface structure were detected including: 

1. A "cobbled" enamel margin associated with fibrillar cementum (12%) or a 

porous root surface (10%). 

2. A porous enamel margin continuous or abutting the root surface, associated 

with fibrillar cementurn (6%) or a porous root surface (12%). 

3. An enamel margin overhanging or overlapping a porous root surface (44%). 

4. Cementum. overlapping the enamel (2%). 

5. A "trough" between enamel and cementum (2%). 

9 Four basic patterns of CEJ structure were detected in embedded sections, 

including: 

1. Enamel abutting cementum (buccal: 66%; lingual: 52%). 

2. Enamel continuous or overlapping exposed dentine (buccal: 21%; lingual: 

18%). 
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3. Enamel margin extending as a thin projection along dentine before abutting 
cementurn (buccal: 10%; lingual: 28%). 

4. Enamel margin extending as a thin projection overlapping fibrillar 

cementurn (buccal: 3%; lingual: 3%). 

* The average distance of the CEJ from the alveolar crest on the buccal surface of 
teeth was 522ýtm, and on the lingual surface was 524ýtm. There was no 

significant difference in distance between sides. 

o Dentine 

* Dentine was generally not observed on the surfaces of roots, although dentine 

tubules were exposed at the CEJ and proximal root of some teeth. 

9 Dentine tubules (1-2ýtm in diameter), the branching terminal ends of tubules (< 

1 [tm in diameter), and the granular layer of Tomes' were present in all teeth. 

Von Korff fibres were observed in 22% of teeth. 

o Crown tip and mid-crown dentine was more mineralised than the dentine at the 
CEJ (P < 0.001 and 0.05, respectively). CEJ dentine was significantly more 

mineralised than dentine at the proximal root (P < 0.05). Dentine at the mid-root 

and root apex was significantly more mineralised than the dentine at the CEJ and 

alveolar crest (P < 0.001). 

* Cementum 

o Extrinsic (1 -I Ogm in diameter) and intrinsic fibre (< 1 gm wide) cementum was 

present on all teeth. Fibrillar cementum was associated with cementocyte 

lacunae, isolated pores (probably associated with unmineralised Sharpey's 

fibres), and clusters of pores, which are likely to represent the canalicular 

processes of buried cementocytes. 

* Extrinsic fibres were dense and small at the proximal root. Towards the apex of 

the tooth fibres increased in size, were organised in rows, and were widely 

spaced. In the apical region there was also a greater association between 

extrinsic fibre cementum. and the more cellular intrinsic fibre cementum. There 

was also a higher frequency of remodelling towards the tooth apex. 
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e Cementocyte lacunae (7-10ýtm in diameter) were incorporated into cementum at 

all locations on the root, increasing in number and density towards the apex. 

* Cementurn thickness increased significantly from the proximal root to the root 

apex (P < 0.001). At the CEJ no significant differences in thickness were 

observed between buccal and lingual cementum. 

9 No difference in mineralisation was established between cementum at any 
location on the root, or between cementum at the cementum-dentine junction 

and at the cementum-PDL junction. 

9 Comparison of surface characteristics in different types of teeth: 

*A number of surface characteristics were more frequently found to be associated 

with certain types of teeth. These included: 

9 Focal wear on mandibular molars. 

e Exposure of enamel prisms in cusp fissures and at the root bifurcation of 

mandibular and maxillary premolars and molars. 

0 Scratching of mandibular canines. 

0 An enamel margin overlapping a porous root surface at the CEJ in fourth 

mandibular premolars and maxillary canines. 

0Af cobbled' enamel margin associated with fibrillar cementum in maxillary 

premolars. 

0 Exposed dentine tubules at the proximal root in mandibular canines and third 

premolars. 

Overall, canine teeth and mandibular premolars and molars more frequently had 

pores, cementocyte lacunae, and remodelling of the root surface, compared to 

incisors and maxillary premolars and molars. 
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3.6. CONCLUSIONS 

This is the first study to use SEM to describe the surface features of the feline cemento- 

enamel junction and root, and the first study to measure the thickness and mineralisation 

of enamel, dentine, and cementurn. 

Rseults have shown that there are specific features of the tooth that may predispose it to 

surface resorption by osteoclasts. Feline enamel has several distinctive features 

including the presence of smooth prismless enamel and exposed enamel prisms within 

fissures. There is also preliminary evidence of enamel overlying fibrillar cementum. 

A particularly important finding was that the enamel at the CEJ is very thin in feline 

teeth, and the enamel and dentine in this region is less mineralised than elsewhere in the 

tooth. This region may be particularly prone to damage by osteoclastic resorption, 

which could be triggered by a number of factors e. g. mechanical forces, changes in pH, 

and inflammatory mediators and cytokines associated with diseases such as gingivitis 

and periodontitis. 
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3.7. FUTURE RESEARCH 

There are a number of potential areas for future research that could be explored to gain 
further insight into the relationship between the normal anatomy of the feline tooth, and 
a predisposition for resorption. This could include: 

*A detailed study of the CEJ, in normal teeth, and at different stages of FORL, in 

which the association with surrounding soft tissue and crevicular space is preserved. 
This would enable the nature of damage to the CEJ to be charaterised, as well as 
features of the association between the enamel margin with adjacent tissues and 
cells that may predispose the site to resorption. To achieve this, teeth would need to 
be analysed in section using iodinated methacrylate-embedded specimens which 
allows visualisation of soft tissues for BSE analysis and by TEM. 

9A histological study of embryonic teeth, at different stages of development to 

describe the developmental basis of the formation of enamel at the CEJ. 

9 Analysis of the force distribution at specific locations on individual feline teeth ex 

vivo, and an in vivo longitudinal study of the effects of different dietary textures to 

establish the association between mechanical loading and predisposition to FORL. 

9A quantitative study of differences in dental tissue mineralisation in different types 

of teeth. This would help to establish why some teeth are more predisposed to the 

development of FORL. 

A more extensive study of the variation in tooth structure that exists among cats to 

establish why some animals are more prone to developing FORL than others. 

eA study of CEJ structure and the progression of root remodelling and cementum 

organisation with advancing age in the cat. 
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4. SCANNING ELECTRON MICROSCOPIC SURVEY OF RESORPTIVE 
LESIONS 

INTRODUCTION 

To date, there have been several descriptive studies of the characteristics of FORL. At 
early clinical stages of the disease, lesions are reported to appear as small, localized pits 
on the root or crown surface, which progress to large defects in the tooth involving 
dentine, giving the tooth an "apple-core" appearance. Radiographically, lesions appear 
as translucencies, often associated with evidence of periodontal destruction and alveolar 
bone recession (Okuda and Harvey, 1992a; Verstracte and Lommer, 2000) (John 
Robinson, personal communication). At present, carefal visual examination, periodontal 
probing, and radiography are considered the most sensitive methods for detecting 
lesions. 

Resorption may initiate anywhere along the root surface where the periodontal 
ligament attaches, although FORL have been exclusively described by some researchers 

as "neck" lesions at the cemento-enamel junction of the tooth which progress coronally, 

apically, and circumferentially on the tooth (Hopewell- Smith, 1930; Schneck and 

Osborn, 1976; Okuda and Harvey, 1992a; Berger et al., 1996; Reiter, 1997). Any tooth 

may be affected, although the buccal and labial surfaces of premolars and molars have 

been described as the most commonly involved teeth, and multiple teeth may be 

affected in an individual. (Lyon, 1992; Reiter, 1997). The incidence of FORL increases 

with age, although it occurs inftequently in cats under four years of age (Coles, 1990; 

Okuda et al., 1994; Gengler et al., 1995; Lund et al., 1998). Lesions, in younger 

animals, at early stages of advancement have not been reported primarily due to the 

limitations of methods of clinical visualisation. Thus, it is not known when in life 

lesions may initiate, and which areas of the tooth are prone to resorptive activity. 

Histologically, early lesions occur as small, surface defects that extend into the tooth 

and are progressively filled with granulation tissue. Vascular granulation tissue 

originating from the periodontal ligament fills the defect. This tissue contains plasma 
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cells, neutrophils, fibroblasts, lymphocytes, mononuclear macrophages, resting 
osteoblasts, and TRAP+ osteoclasts, which align along the resorption front of the 
dentine in Howship's (resorption) lacunae (Okuda and Harvey, 1992a; Ohba et al., 
1993; Okuda et al., 1995; Berger et al., 1996; Gauthier et al., 1999; Gauthier et al., 
2001). 

Along the resorbing front, dentine is decalcified by osteoclasts, although the 
dentine immediately beyond the resorbing front characteristically shows no histological 

evidence of decalcification or other structural modification (Schneck and Osborn, 1976; 
Ohba et al., 1993). However, one study using x-ray microanalysis has demonstrated that 
dentine beneath the resorbed surface is less well mineralised than normal dentine, which 
may be due to dernineralisation by osteoclasts (Gauthier et al., 1999). FORL is also 
associated with resorption at the alveolar bone surface and destruction of the periodontal 
ligament attachment to the root (Okuda and Harvey, 1992a; Ohba et al., 1993; Okuda et 
al., 19 9 5). 

With advancing disease, the gingiva becomes increasingly inflamed, and 
TRAP+ cells can be detected in blood vessels (Okuda and Harvey, 1992a). The pulp 

chamber may or may not become exposed in late-stage FORL, but seems to resist 
involvement, unlike in carious lesions that progress to infection of the pulp chamber 
(Lommer and Verstraete, 1998). This may be either due to the fact that bacteria are 

usually not involved in FORL, or possibly due to differential mineralisation of 

secondary and predentine that resists osteoclastic resorption. Late-stage FORL is 

characterised by a reduction in osteoclast numbers and an increase in osteoblast and 

inflammatory cell numbers within the lesion, associated with a repair response 

(Hop ewell- Smith, 1930; Okuda and Harvey, 1992a). 

Repair of dentine has been observed to occur in approximately half of all teeth 

affected with FORL, most commonly in early lesions, and in younger cats (Reiter, 

1997). Repair is initiated by osteoblasts in the granulation tissue, and is described as 

being a cellular "bone-like" cementum matrix with osteocyte lacunae and penetration by 

collagen bundles from the granuloma (Okuda and Harvey, 1992a; Gengler et al., 1995). 

Regeneration of the periodontal attachment to the tooth is usually not established in 

advanced FORL, and ankylosis to the alveolar bone may occur. Repair and resorption 
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may proceed simultaneously, although ultimately dentine resorption exceeds bone 
formation, and the tooth is lost (Reiter, 1997). 

Early and advancing lesions have been described using standard histology, and there has 
been one SEM study examining the surface characteristics of advanced lesions 
(Gauthier et al., 2001). To date, there have not been any studies describing the surface 
characteristics of early lesions, and the distribution and localisation of lesions within the 
tooth and between tooth types has not been established. Furthermore, the sites of initial 

osteoclastic resorption of the tooth, not visible by eye or by radiography, have not been 
identified. A significant disadvantage of studying FORL using standard histology is 

that thin sections do not provide information about the three-dimensional characteristics 

of resorption and repair, or the extent of resorption within the entire tooth. Another 

disadvantage is that teeth have to be decalcified for sectioning, resulting in complete 
loss of enamel and destruction of the normal gingival attachment at the CEJ. As a 

result, the role of enamel in resorption has been altogether ignored in studies of FORL, 

and the normal and diseased CEJ has not been properly characterised. Thus, SEM, 

which does not require dernineralisation or sectioning of specimens, is an ideal method 
for studying the surface characteristics and extent of resorption. 

SEM has been used in a number of surface studies and studies of embedded and 

sectioned pathological human and animal teeth. Osteoclastic resorption of enamel and 

dentine during primary tooth root resorption, and cementum resorption and repair 

associated with normal tissue turnover has also been described using SEM (Jones, 1987; 

Arana-Chavez and Andia-Merlin, 1998). Resorption of cementum associated with 

periodontitis in man or experimental replantation of teeth in man and in dogs has also 

been described using this technique (Gunday et al., 1995; Lomcali et al., 1996; Crespo 

Abelleira et al., 1999; Yamamoto et al., 2000a). Quantification of relative mineral 

density of dental tissues using SEM has been applied to analysis of demineralisation of 

enamel and dentine by caries (Baneýee and Boyde, 1998). Enamel mineralisation 

defects have also been studied in human teeth (Fearne et al., 1994; Kodaka et al., 1995). 

The existing literature on FORL makes no distinction between resorption that is 

due to FORL, and that which may be associated with normal tumover of the root 
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surface, or associated with another disease process. For the purposes of this study, any 

site of osteoclastic resorption on the tooth is considered FORL, although it is not 

possible to know which lesions observed on the tooth may be associated with normal 

remodelling or another disease process. In the present study, early resorption is defined 

as resorption that cannot be detected by visual examination or radiography. Advanced 

resorption is defined as resorption that can be detected by these methods. 
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HYPOTHESES: 

This study explores the following hypotheses: 

1. FORL are associated with specific sites on the surface of the tooth and with specific 
types of teeth. 

2. The incidence of resorption is much higher than that which can be observed during 

clinical examination or using radiography. 

OBJECTIVES: 

To use SEM to analyse the surface of teeth to: 

1. Establish the frequency of early resorptive lesions not detected by radiography in a 

range of complete feline dentitions. 

2. Compare the frequency of FORL in different types of teeth. 

3. Compare the pattern of FORL between individual cats and with age. 

4. Identify sites on the tooth where FORL occur, the size of lesions, and the surface 

characteristics of the tooth adjacent to lesions. 

5. Characterise the features of advanced FORL. 
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4.2. MATERIALS AND METHODS 

Samples 

Surface survey of teeth without radiographic evidence of FORL 
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138 teeth from 13 individuals were surveyed for surface resorption using SEM. 
Samples were collected and prepared as described in Chapter 2 (see Table 4.1). 
Specimens were fixed or frozen at -20'C. All samples were radiographed as described 
in Chapter 2. Seven dentitions were radiographically "normal" (ie. no evidence of 
FORL or periodontitis). Six had slight alveolar bone recession. In no cases was there 

evidence of resorption, absesses, or missing teeth. Ages were known for seven of the 13 

cats, and ranged between 1 and 8 years. Ages were not known for six cats, although 
they were known to be adults. 

Table 4.1: Teeth used for surface survey analysis. 

Cat Maxillae Mandible Age (years) Storage Number of 
teeth 

examined 
A left left 3 Fixed 13 
B left right 3 Fixed 11 
C right right 3 Fixed 14 
D left right 3 Fixed 12 
E right right 8 Fixed 8 
F left left Adult Fixed 11 
G right right Adult Frozen 15 
H left left I Fixed 12 

right right Adult Frozen 15 
left --- Adult Fixed 2 

K right right 2 Fixed 15 
L left left Adult Frozen 3 
M ---- left Adult Frozen 7 

TOTAL 138 

Surface study of advanced FORL 

22 teeth affected with advanced resorption were collected from 12 cats attending 

veterinary practices for dental surgery. The presence of FORL was diagnosed by visual 

examination and periodontal probing while the subjects were under general anaesthesia. 

Resorption was determined to be at an advanced stage according to the criteria defined 
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by Lyon (1992). The extent of tooth destruction was staged at 2 or 3, and involved the 
presence of deep erosions progressing into dentine through enamel or cementum, the 
presence of inflammed gingiva overlapping the defect that bled when probed, and the 
absence of pulp chamber involvement. Extraction of teeth by the veterinary surgeon 
involved sectioning the crown with a burr, followed by loosening the root with an 
elevator and rotating the tooth with extraction forceps until it could be removed. One 
incisor, 1 canine, 3 molars, and 17 premolars were collected. 

Immediately following collection, teeth affected with FORL were fixed in 

formalin or stored at 4'C for several hours until they could be cleaned of organic matter. 
Teeth were digested of organic matter and prepared for surface examination as 
described in Chapter 2. 

Definition of early osteoclastic resorption 

For the surface study, sites of osteoclastic resorption were defined as being focal or 

conjoined circular depressions with clear, sharp boundaries, with or without evidence of 

reparative tissue. These features have been described by other SEM studies of in vivo 

bone and tooth resorption (Jones and Boyde, 1988). For the purposes of this study, 

early osteoclastic activity was defined as the presence of focal lesions of osteoclast 

attachment, or larger areas of resorption related to multiple sites of attachment or 

tracking of resorbing osteoclasts on the tooth surface. 

4.2.2. Microscopic examination and image analysis: Survey of resorption and 

study of advanced FORIL 

The buccal or labial (in case of incisors), lingual, mesial, and distal surfaces of all teeth 

were examined, where possible (see Table 4.2). The root surfaces of teeth were 

systematically surveyed for evidence of resorption in the X-Y axis at 350-500x 

magnification using the microscope and methods described in Chapters 2 and 3. 

Images of 1024 x 512 pixel resolution were recorded of all areas of resorption and the 

associated tooth surface. The location of resorption was recorded as occurring on the 

crown, CEJ, proximal root (proximal 1/3 of root), mid-root (mid 1/3 of root), or at the 
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apical root (apical 1/3 of root). Stereo-pair images were recorded of teeth affected with 

advanced FORL, at a resolution of 1024 x 1024 pixels. Images were taken at 0 and 6- 

degrees tilt. Red-green anaglyphs were created using Paint Shop PrOTM(version 5, Jasc 

Software, U. S. A. ) graphics software. 
Areas of resorption were measured from printed images using distance 

calculated from the calibration standard. The maximum diameter of circular pits, and 

the maximum length and width of non-circular areas of resorption were measured. Pit 

depth could not be measured. Statistical analysis of the frequencies of distribution of 

resorption between specific teeth, between individual cats, and between locations on the 

tooth is in progress, and the data presented herein is observational. 

Table 4.2: Teeth surveyed for evidence of resorption without radiographic evidence of FORL. 

Location Tooth Number Buccal/ Lingual Mesial Distal 
Labial 

Maxilla 
T 

r--TT 
3 1 1,1 27 20 19 20 18 

C 9 8 8 6 6 
P2 9 9 9 7 7 
p3 10 8 7 6 6 
p4 10 10 9 7 6 
MI 9 7 7 9 9 

Total 74 62 59 55 52 

Mandible 115 12ý 13 20 16 17 17 16 
C 9 9 9 7 7 
P3 12 9 9 7 7 
P4 12 9 11 8 8 

M, 11 11 9 7 8 

Total 64 54 55 46 46 

TOTAL 138 116 114 101 98 
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4.3. RESULTS 

4.3.1. Surface survey of teeth without radiographic evidence of FORL 

General features of resorptive lesions 
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Resorptive lesions ranged in size from small lesions approximately 20[tm in diameter, 

up to lesions as large as 2mm in diameter, involving considerable resorption of the root 

structure. For the purposes of analysis, lesions were classified as focal (20-50[tm in 

diameter, see Figure 4.1A), medium sized (50-100[tm in maximum dimension, see 

Figure 4.1B), or large (> 100[tm in diameter in any dimension, see Figure 4-lQ- 

"Tracking" lesions were defined as being 20-50[tin wide and 150[tm or longer in length 

(see Figure 4.1 D). 
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Figure 4.1: Size classification of resorptive lesions on the tooth surface examined by SENI (20kV, all 

BSE). Resorption was defined by the presence of focal or conjoined circular depressions (CD) %%ith 

clear, sharp boundaries (B), as sho%%n in Figure B. In all figures, lesions are indicated bv arro"s. 

A: "Focal" (20-50mm in diameter). Located at the proximal root of a right P2 (Bar = 50ýtm). B: 

"Medium" (50-100ýim in diameter). Located at the mid-root of a left 13 (Bar = 50ýLm). C: "Large" 

(>IOOýLrn in diameter). Located at the apical root of a left N11 (Bar = 250ýLm). D: "Tracking" (20- 

50ýLrn "ide, and > 150ýim in length). Located at the mid-root of a right p4 (Bar = 504m). 
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Distribution of resorption among individual teeth 
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In total, 73 (53%) teeth, including 39 (53%) maxillary teeth and 34 (53%) mandibular 
teeth showed evidence of at least one resorptive lesion (see Table 4.3). The frequency 

of resorption varied between tooth types (30-82%). The lowest frequency of resorption 
occurred in the mandibular incisors (30%), and the highest fTequency occurred in 
mandibular molars (82%). 

Table 4.3. Frequency of resorption between tooth types. Frequency = teeth with resorption / total 
teeth examined. 

Location Tooth Teeth with Total teeth Frequency 
resorption examined 

Maxilla il, 12, V 12 27 0.44 
C 4 9 0.44 
P2 6 9 0.67 
P3 6 10 0.60 
P4 7 10 0.70 
MI 4 9 0.44 
Total 39 74 0.53 

Mandible lb 6 13 6 20 0.30 
C 4 9 0.44 
P3 7 12 0.58 
P4 8 12 0.67 
M, 9 11 0.82 
Total 34 64 0.53 

TOTAL 73 138 0.53 

Among teeth with resorption, the average number of areas of resorption per tooth was 

calculated for each tooth type. A "location" of resorption was defined as occurring at 

the CEJ, proximal root, mid-root, or apical root on the buccal/labial, lingual, distal, or 

mesial sides. On average, there were 3.5 lesions per tooth examined, including 3.4 

lesions per maxillary tooth, and 3.5 lesions per mandibular tooth (see Table 4.4). The 

average number of lesions per tooth ranged among tooth types (2.0 - 6.5). The 

maxillary incisors had the lowest number of lesions (2.0). The maxillary canine had the 

greatest number of lesions per tooth (6.5). 
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Table 4.4. Average number of areas of resorption per tooth. 

Location Tooth Total number Teeth with Average number of 
of locations of resorption locations of resorption 

resorption per tooth 
Maxilla 11 ) 

12, V 
24 12 2.0 

C 26 4 6.5 
P2 16 6 2.7 
P3 29 6 4.8 
P4 34 7 4.9 
MI 11 4 2.8 
Total 140 39 3.4 

Mandible 11,12) 13 16 6 2.7 
C 22 4 5.5 
P3 25 7 3.6 
P4 24 8 3.0 
M, 32 9 3.5 
Total 119 34 3.5 

TOTAL 259 73 3.5 
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Distribution of lesions among individual cats and associated with age 

Among the 13 cats examined, 11 (85%) had evidence of at least one tooth with one area 

of resorption (see Table 4.5). Three individuals had resorption on 100% of teeth 

examined. Two individuals had no evidence of resorption, although few teeth were 

examined in these cases. Among the 11 cats with resorption, the average number of 

teeth affected per individual was 6.6. Four cats with evidence of resorption were under 

4 years of age. Among the six cats whose age was known, the frequency of resorption 

increased with age (see Figure 4.2). 
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Table 4.5: Frequency of teeth with resorption among individual cats. Frequency = number of teeth 
with resorption / number of teeth examined. 

Cat Age (years) Number of 
teeth with 
resorption 

Total teeth 
examined 

Frequency 

E 8 8 8 1.0 
F Adult 11 11 1.0 
M Adult 7 7 1.0 
G Adult 14 15 0.93 
D 3 10 12 0.83 
B 3 8 11 0.73 
C 3 7 14 0.50 
A 3 4 13 0.31 
K 2 2 15 0.13 
H 1 1 12 0.08 

Adult 1 15 0.07 
Adult 0 2 0.0 

L Adult 0 3 0.0 
TOTAIL 73 138 0.53 

c 1.0 
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4.1 
CL 
I- 0 
0 0.8 

0.6 

CD 0.4 
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0.2 (D 
m 
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m 

Figure 4.2: Relationship between age and the number of teeth per individual with resorption. The 

frequency of resorption increases with age. 

10 
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Distribution of lesions on different aspects of the tooth 
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The highest frequency of resorption was on the buccal surfaces of teeth (53%), followed 
by the distal (45%) and the mesial (39%) surfaces (see Table 4.6). The lowest 
frequency of resorption was on the lingual surfaces of teeth (37%). 

Table 4.6. Frequency of resorption on the buccal/labial, lingual, mesial, and distal surfaces of teeth. 
Frequency = number of teeth with resorption / number of surfaces examined. 

Side Surfaces with 
resorption 

Total number 
of surfaces 
examined 

Frequency 

Buccal/Labial 62 116 0.53 
Lingual 42 _ 114 0.37 
Mesial 39 101 0.39 
Distal 44 98 0.45 

Location of resorption on the tooth surface 

Cemento-enamel junction: 52 teeth (38%), including 31 (42%) maxillary teeth, and 21 

(33%) mandibular teeth featured resorption involving the cemento-enamel junction (see 

Table 4.7). Of these teeth, 25 (18%), including 15 (20%) maxillary teeth, and 10 (16%) 

mandibular teeth featured resorption exclusively involving the CEJ, with no evidence of 

other resorption of the root surface. 

Table 4.7: Distribution of resorption at the CEJ and on the root surface. Values represent number 

of total teeth examined and frequency. 

Location Maxilla Mandible Total 
CEJ Total 31(0.42) 21(0.33) 52(0.38) 

CEJ only 15(0.20) 
_1 

0 (0.16) 25(0.18) 
Root surface Total 25(0.34) 24(0.38) 49(0.36) 

Root only 8(0.11) 13(0.20) 21(0.15) 
Total teeth exa"ned 74 64 138 

There were five distinct patterns of resorption at the CEJ (see Table 4.8; Figures 4.3A- 

E). 
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1. Resorption exclusively of the junctional enamel (within 250ýim coronal of the 

CEJ) (37%) 

2. Resorption at the CEJ margin projecting coronally involving junctional enamel 

(23%). 

I Resorption at the CEJ margin projecting apically along the root surface (15%). 

4. Resorption at the CEJ margin with no directional bias (12%). 

5. Resorption exclusively involving the root surface (within 250ýtm apical of the 

CEJ) (13 %). 

Overall, resorption involving the enamel margin at the CEJ occurred in 26 (19%) of all 

teeth. In cases where multiple types of resorption of the CEJ were observed, the 

predominant type was recorded. 
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Figure 4.3: Patterns of resorption at the cemento-enamel junction examined bý SENI (20KV, all BSE, E= 

enamel, RS = root surface, CEJ = cemento-enamel junction). A: Resorption of the junctional enamel onlý 

("ithin 250pm coronal of the CF-J) of a right p4. Resorption did not extend to in, *oi%e the CLI (Bar = 510ýim). 

B: Resorption at the CEJ margin (indicated bý star) projecting coronallý to in% oIN e the junctional enamel on a 

right P3 (Bar = 50l. Lm). C: Resorption at the CEJ extending apicallý along the root surface of a right p2 (Bar 

=501im). D: Resorption at the CEJ v%ith no directional bias, inNol%ing both junctional enamel and the root 

surface of a left I., (Bar =100pm). E: Resorption excluskely inNolving the root surface (ýOthin 250gni apical of 

the CEJ) of a left 11. Resorption did not extend to inNolNe the CEJ (Bar =510ýLm). 
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Table 4.8: Distribution of types of resorption at the CEJ. Values represent number of total teeth 
with resorption and frequency. 

Type of resorption Number 

Junctional enamel ly 19(0.37) 
CEJ margin Projects coronally 12 tO. 23) 

Projects apically . 8(0.15) 
No directional bias 6(0.12) 

Root surface only 7(0.13) 
Total teeth with resorption 52 

Root surface: 49 teeth (36%), including 25 (34%) maxillary teeth, and 24 (38%) of 

mandibular teeth featured resorption involving the root surface (see Table 4.7). Of 

these teeth, 21 (15%), including 8 (11%) maxillary teeth, and 13 (20%) mandibular 

teeth featured resorption exclusively involving the root surface, with no evidence of 

resorption at the CEJ. 

Resorption of the root surface occurred at the proximal, mid-root, and apical root 

surfaces. Resorption involving the proximal root occured in 33 (67%) cases (see Figure 

4.1A. Table 4.9). 28 (57%) cases featured mid-root resorption (see Figures 4.1B, D)5 35 

(71 %) cases featured apical resorption (see Figure 4.1 

Table 4.9. Distribution of resorptive lesions on the root surface. Values represent number of total 

teeth examined and frequency. 

Type of resorption Number of 
teeth 

Proximal root 33(0.67) 
Mid-root 28(0.57) 
Al)ical root 35(0.71) 
Total teeth with resorption 49 

Size of resorptive lesions in different regions of the tooth 

Focal, medium, large, and tracking lesions were present on all tooth surfaces (see Table 

4.10). Resorption was most frequently focal at the CEJ (39,75%) and at the rald-root 
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(18,64%). Lesions were most frequently large at the proximal root (21,64%), and 
medium sized at the apical root (22,63%). 

Table 4.10. Size of resorptive lesions at the CEJ, proximal root, mid-root, and apical root surfaces. 
Values represent number of total teeth with resorption and frequency. 

Pit size CEJ Prox. Root Mid-root Apical root 

Focal 39(0.75) 20(0.1) 18(0.64) 11(0.31) 
Medium 8(0.15) 17(0.52) 13(0.46) 22(0.63) 
Large 17(0.33) 21(0.64) 12(0.43) 19 (0.54L 
Tracking 14(0.27) 5(0.15) 8(0.29) _ 2(0.6) 
Total teeth with resorption 52 33 28 35 

The structure of the CEJ and root surface adjacent to resorptive lesions 

The features of the root surface immediately adjacent to regions of resorption were 

studied at the CEJ and on the root surface. 

Cemento-enamel junction: The non-resorbed CEJ adjacent to areas of resorptive 

activity was studied in 43/52 teeth. The non-resorbed CEJ in nine teeth could not be 

studied as resorption was too extensive. 
The most frequently observed CEJ structure associated with resorption involved 

enamel overlapping or overhanging a root surface with exposed dentine tubules. This 

was identified in 19 (44%) teeth (see Table 4.11, see Figure 4.4A). Enamel abutting or 

continuous with fibrillar cementum was associated with resorption in 10 (23%) teeth 

(see Figure 4.4B). An enamel margin overhanging or overlapping a root surface 

featuring a "trough" between the enamel edge and fibrillar cementum was present in 8 

(19%) teeth (see Figure 4.4Q. A cobbled enamel margin associated with fibrillar 

cementum at the root surface was present in 4 (9%) teeth (see Figure 4.4D), and a 

cobbled enamel margin associated with a porous root surface was present in 2 (5%) 

teeth (see Figure 4.4D). Figures 4.4A, C, and D are the same as figures 3.8C, E, and A, 

of nonnal. teeth, and are used to illustrate the basic structure of the non-resorbed CEJ 

adjacent to areas of resorptive activity. 
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Figure 4.4 The cemento-enamel junction (CE. J) surface structure associated " ith resorption examined bý SENI 

(20kV, all BSE, E= enamel, RS = root surface, P= pores, EF = extrinsic fibre). A: Enamel oNerhanging a 

porous root surface on a right 11 (Bar = 50gm). B: Enamel continuous "ith extrinsic fibre cementum on the 

root surface of a right p3 (Bar = 25gm). C: Enamel associated isith a porous -trough" feature (indicated bN 

arro") betNseen enamel margin and extrinsic fibre cementum on the root of a left P' (Bar = 25gm). D: 

-Cobbles- (CB) at the enamel margin associated "ith extrinsic fibre cementum on the root surface of a left P-, 

(Bar =251im). E: -Cobbles" (CB) at the enamel margin associated "ith a porous root surface on a left P4 (Bar 

= 25pm). 
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Table 4.11: Characteristics of the CEJ adjacent to sites of resorption. Values represent number of 

total teeth with resorption and frequency. 

Enamel margin Root surface Number of teeth 
Cobbled Fibrillar cem. 4(0.09) 

Porous 2(0.05) 

Continuous with root (abutting) Fibrillar cem. 10(0.23) 
Porous 0(0.0) 

OverhangMg/overlapping root Fibrillar cem. 0(0.0) 
Porous 19(0.44) 

Cementurn overlapping enamel 0(0.0) 
"TrougW' between enamel and cementurn 8(0.19) 
Total teeth with resorption 43 

Root surface: The root surface adjacent to areas of resorption was studied in all 33 

teeth with resorption at the proximal root, in 22/28 teeth with resorption at the mid-root, 

and in 33/35 teeth with resorption at the apical root (see Table 4.12). The root surfaces 

of six teeth at the mid root and two teeth at the root apex could not be assessed due to 

damage or extensive resorption of these areas. 

At the proximal root, 16 (48%) of teeth featured fibrillar cementum associated with 

remodelling and cementocyte lacunae associated with resorption (see Figure 4.5A). 

Eight (24%) teeth featured fibrillar cementum associated with exposed dentine tubules 

(see Figure 4.5B), 5 (15%) teeth featured fibrous cementum without associated 

remodelling, or dentine tubules (see Figure 4.5Q. At the mid-root, 19 (86%) teeth had 

fibrillar cementum associated with remodelling and osteocyte lacunae adjacent to sites 

of resorption. Three (14%) teeth featured fibrillar cementum. without associated 

remodelling, tubules, or afibrillar areas. At the apical root, 30 (91%) teeth had fibrillar 

cementum, with remodelling and osteocyte lacunae associated with resorption, and 3 

(9%) teeth with fibrillar cementuni not associated with remodelling, tubules, or afibrillar 

areas. Figure 4.5C is the same as figure 3.10B, and is included as it is representative of 

the type of remodelling observed on the surfaces of teeth with resorption. 
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Figure 4.5: Features of the root surface adjacent to regions of resorption examined by SENI (20k%" 

BSE and SE). A: Remodelling of the root surface of a right P4 by intrinsic fibre (IF) cementum, 

associated with cementocN, te lacunae (CL), surrounded by extrinsic fibre (EF) cementum (SE). B: 

Dentine tubules (DT) exposed at the proximal root surface "ith extrinsic fibre cementum located 

apically on a left p3 (BSE). C: Fibrous cementum, including extrinsic (EF) and intrinsic (IF) fibres 

on the surface of a left MI (BSE) (All Bars = 25ýtm). 

--' 
'-: ' 



Chapter 4: Scanning electron microscopy study of resorption 191 

Table 4.12: Characteristics of the root surface at the proximal root, mid-root, and apical root 

adjacent to regions of resorption. Values represent number of total teeth with resorption and 
frequency. 

Root surface Proximal Mid-root Apical root 
root 

Fibrous cernenturn Fibrous cementurn 5(0.15) 3(0.14) 3(0.09) 
(extrinsic fibres 2-10 only 
ýtm in diameter, Remodelling and 16(0.48) 19(0.86) 30(0.91) 
intrinsic fibre cenientocyte 
cernenturn) lacunae 

Dentine tubules 8(0.24) 0(0.0) 0(0.0) 

Afibrillar cementum. 4(0.12) 0(0.0) 0(0.0) 
Total teeth with resorption 33 22 33 

Resorption associated with repair 

18 teeth (25%) with resorption had evidence of pits associated with repair (see Table 

Repair tissue included intrinsic fibre matrix filling in areas of resorption or 

overlapping the edges of pits (see Figure 4.6). Teeth of all types featured remodelling 

of pits. Only one tooth (2%) with resorption at the CEJ margin showed evidence of 

repair. On the root surface, 7 (21 %) teeth had repair of proximal root surfaces, 3 (11%) 

had repair of mid-root surfaces, and 7 (20%) of teeth had repair of resorption at the 

apical root. Most teeth had repair of medium sized or large pits (13/73 teeth, 18%). 2 

teeth had repair of focal pits (2/73,3%), and 2 (2/73,3%) featured repair of focal and 

medium-sized pits. 
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Figure 4.6: Repair of' a resorptire lesion on a right P;, examined bý SENI. Repair of the root 

in%ol, *ed the formation of a %%o%en bone-like or intrinsic fibre (IF) matrix filling in areas of 

resorption (RPN) (Bar = 504m). 
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Table 4.13. Frequency of repair of resorptive lesions at the CEJ, proximal root, n-dd-root, and 

apical root. Values represent number of total teeth with resorption and frequency. 

CEJ Proximal Mid-root Apical root Total 
root 

Repair of lesions with intrinsic 1(0.02) 7(0.21) 3(0.11) 7(0.20) 18(0.25) 
fibre cernenturn 
Total teeth with resorption 52 33 28 35 73 

4.3.2. Surface study of advanced FORL 

In all 22 teeth affected with advanced FORL, resorption involved the cementum and 

underlying dentine. In 21 (95%) teeth, resorption also involved the enamel and 

underlying dentine. In no case was enamel exclusively resorbed without involvement of 

cementurn. In 21 teeth (95%), resorption was localised to the proximal aspect of the 

root and involved the cemento-enamel junction. In one tooth (5%) resorption was 
localised to the mid-root surface. In 18 (82%) teeth, resorption extended pulpally, 

circumferentially, and apically along the root, and coronally to involve enamel or to 

undercut enamel into dentine, giving the tooth an "apple-core"-Iike appearance (see 

Figure 4.7). In 3 (14%) teeth, resorption extended exclusively in an apical direction 

from the coronal aspect of the root or root midshaft. In one tooth (5%), resorption 

extended exclusively in a coronal direction from the cemento-enamel junction. One 

tooth (5%) showed focal resorption on locations elsewhere on the cementum. 3 (14%) 

teeth with intact enamel showed focal resorption of enamel at the CEJ, identical to that 

seen in radiographically normal teeth. 

In all teeth, resorption lacunae were present on exposed dentine surfaces (see 

Figure 4.8). A feature of 12 (55%) teeth was the presence of a horizontal and 

circumferential resorption "front" at the apical aspect of resorption (see Figure 4.7). 12 

(55%) teeth had the majority of resorption localised to buccal surfaces, of which 8 

(36%) also showed evidence of involvement of the lingual surface (see Table 4.14). 4 

(18%) teeth had the majority of resorption localised to lingual surfaces, and all of these 

teeth showed evidence of buccal involvement. 6 (27%) teeth showed equal degrees of 

resorption on both buccal and lingual surfaces. 19 (95%) multi-rooted teeth had 
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involvement of the bifurcation zone between roots. The pulp chamber was not involved 

in any teeth examined. 12 (55%) teeth had calculus associated with resorption of the 

crown or the coronal aspect of the root. In no case was calculus found at locations on 

the root apical to the coronal third of the tooth. 

Table 4.14. Frequency of resorptive lesions on buccal and lingual surfaces of teeth affected with 

advanced FORIL. Values represent number of total teeth examined and frequency. 

Side Number of 
teeth 

Predominantly buccal Buccal only 4(0.18) 
Lingual also 8(0.36) 
Total 12(0.55) 

Predominantly lingual Lingual only 0(0.0) 

I Buccal also 4(0.18) 
1 Total 4(0.18) 

Equal buccal and lingual 6(0.27) 
Total teeth examined 22 

In 6 (27%) teeth, there was evidence of remodelling with a cellular "bone-like" 

mineralized tissue both within lesions, deposited directly on resorbed dentine surfaces, 

and on cementum surfaces without evidence of resorption (see Figures 4.9). Teeth with 

evidence of repair with a bone-like cementum matrix were more extensively resorbed 

than teeth without repair. 
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Figure 4.7: Advanced osteoclastic resorption of feline left p4 examined by SEM. (20kV, BSE; E= 

enamel, RS = root surface, CEJ = cemento-enamel junction, RPN = resorption). A: Resorption 

extended coronally, apically, pulpally, and circumferentially, giving the tooth an "apple-core" 

appearance. Calculus (CA) was present at the CEJ. A horizontal "front" was present at the apical 

boundary of resorption (indicated by arrow; Bar = 2mm). B: Anaglyph stereo-pair image of A (tilt 

6 degrees). View with red-cyan sPectacles provided in envelope attached to back cover, red for left 

eye- 
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Figure 4.8: Resorption of dentine associated with advanced FORIL in a right P4, examined by SEM 

(20kV, BSE). A: Resorption was associated with exposure of dentine tubules (DT) in resorption 

lacunae (RPNL) (Bar = 100ýtm). B: Anaglyph stereo-pair image of A (tilt 6 degrees). View with 

red-cyan spectacles provided, red for left eye. 
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Figure 4.9: Resorption and repair of dentine associated with advanced FORIL in a right P4, 

examined by SEM (20kV, BSE). A: Dentine (D) showed Howship's lacunae and exposed tubules. 

Reparative matrix (RM) contained osteocyte lacunae (OL) and Sharpey's fibre-like projections 

(SF) (Bar = 100[tm). B: Anaglyph stereo-pair image of A (tilt 6 degrees). View with red-cyan 

spectacles provided, red for left eye. 
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4.4. DISCUSSION 

Surface survey of teeth without radiographic evidence of FORIL 
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The size of small focal lesions observed in this study (20-40[im), representing the site of 
attachment of a single osteoclast, were within the size range of focal lesions described 

in another SEM study of FORL (20-40[tm) (Gauthier et al., 2001). Focal lesions were 

also within the size range reported in studies of deciduous tooth root resorption in the 

cat (20Rm) (Ten Cate and Anderson, 1986; Sasaki et al., 1990). In an in vitro study of 
feline osteoclastic resorption, the minimum size of resorptive lesions were 

approximately 40Rm in diameter (Musylak et al., 2002). Resorption lacunae in cat teeth 

were also similar in size to those described in human teeth (Jones and Boyde, 1988), 

although, in vitro study has demonstrated that individual feline osteoclasts may be much 
larger than human osteoclasts (Musylak et al., 2002). The size of larger resorptive 
lesions in cat teeth has not been compared with lesions described in other studies of the 

cat or in man, but would provide information about the extent of osteoclast activity on 

the tooth surface. 
A limitation of this study was that it could not provide information about the in 

vivo activity of osteoclasts on the tooth surface. It would be of interest to know if 

resorption occurs as a result of many osteoclasts at once, or few osteoclasts over a 

longer period of time, and whether the rate of activity and number of osteoclasts 

changes throughout the progression of the lesion. Histological studies have indicated 

that there is a reduction of osteoclasts with advanced FORL; however, future research 

should be directed to more fully understand the activity of osteoclasts on the tooth 

surface. This could be done using serial histological sections of teeth affected with 

lesions over a range of stages of disease to examine the presence of osteoclasts, and 

markers for osteoclast activity could be used to identify actively resorbing cells. 

In this study, approximately half of all teeth surveyed featured evidence of resorption 

that could not be detected radiographically, indicating that resorptive lesions are very 

prevalent. The frequency of teeth affected with resorption increased in an anterior- 

posterior direction, as has been described clinically, and mandibular molar was found to 
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be the most commonly affected tooth in this study. In contrast, in an epidemiological 
study of the distribution of advanced FORL, the third mandibular premolar is described 

as the tooth most commonly affected (Ingham et al., 2001). This difference may reflect 
a clinical underdiagnosis of resorption in the molar, or differences in the distribution of 
teeth affected between cat populations. Alternatively, non-radio graphically detectable 
lesions in the mandibular molar may not progress to FORL and may be associated with 
normal remodelling, whereas, resorption associated with the third mandibular premolar 
may progress to lesions. Early lesions observed in the cat resemble resorption associated 
with remodelling described in human teeth (Jones, 1981). A detailed study of the 
incidence and distribution of "early" lesions on the teeth of other species may provide 

an indication of how much of early resorption observed in the cat is associated with 

remodelling. 
Among different types of teeth, the average number of resorptive lesions was 

highest in canines, which are not commonly affected with FORL, again supporting the 

suggestion that not all resorption detected on the tooth surface may progress to FORL, 

but may be associated with the normal remodelling of cernenturn. In general, the 

average number of teeth affected with resorption was higher (6.6) than that reported in 

epidemiological studies of FORL (1.6-3.9 teeth per cat) (Coles, 1990; Okuda et al., 

1994; Lund et al., 1998; Verstraete and Lominer, 2000; Ingham et al., 2001). Statistical 

analysis of the frequencies of resorption between specific teeth, between individual cats, 

and between locations on the tooth is in progress to establish any significant patterns in 

the distribution of lesions. 

The frequency of resorption among individuals (85%) was higher than that generally 

reported (20-75%) by epidemiological studies of the prevalence of advanced FORL 

(Schlup, 1982; Hennet, 1997) (van Wessum et al., 1992) (Schneck and Osbom, 1976; 

Coles, 1990; Gengler et al., 1995; Reiter, 1997; Lommer and Verstraete, 1998; Lund et 

al., 1998; Harvey, 1999; Verstraete and Lommer, 2000; Ingham et al., 2001). Again, a 

limitation of the present study is that it provides no indication as to which lesions 

observed microscopically would progress to clinically evident FORL, and the high 

frequency of resorption may reflect resorption associated with normal remodelling of 

the tooth. 
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The frequency of teeth affected with resorption increased with age, as has been 
reported in epidemiological studies of FORL (Coles, 1990; van Wessum et al., 1992; 
Okuda et al., 1994; Gengler et al., 1995; Lund et al., 1998; Ingham et al., 2001). In this 
study, resorption of the root was present in a cat one year of age. Among three year old 
cats, the frequency of teeth affected with resorption ranged between 31-83%, although 
epidemiological studies have shown that resorption occurs infrequently in cats under the 
age of four years. The results of this study suggest that resorption is prevalent among 
very young cats, but is not clinically evident until the cat is older and the lesion has 

progressed to a size that is detectable by visual examination or radiography. 
hnportantly, although FORL is considered a disease of older animals, these results 

suggest that the initiating events associated with resorption may occur in young animals. 
A longitunal in vivo study of teeth would provide an understanding of the progression of 

resorption with age. 

The buccal surfaces of teeth were most frequently affected, as has been described in 

epidemiological studies (Schneck and Osborn, 1976; Reichart et al., 1984; van Wessum 

et al., 1992; Lyon, 1992; Ingham et al., 2001). The distal surfaces of teeth were also 
frequently affected, although this has not been reported in any study. The reason for the 
buccal side bias of FORL is not well understood, but it has been suggested that FORL 

may be a sequelae of periodontal disease, and a buccal side bias in periodontal 
inflammation and plaque accumulation has been described in feline periodontitis 
(Mallonee et al., 1988). 

This study described the distribution of early resorptive lesions on the entire surface of 

the tooth root. Many radiographic, clinical, and histological studies over the years have 

emphasized the CEJ-origin of FORL, hence the term "neck" lesions (Hopewell- Smith, 

1930; Schneck and Osborn, 1976; Okuda and Harvey, 1992a; Berger et al., 1996; 

Reiter, 1997). The results of this study confirmed that of all locations on the tooth, 

early resorption was primarily localised to the CEJ, within 250ýtm coronally of the CEJ, 

and at the proximal root surface. 
The pattern of resorption at the CEJ was distinct when it was compared to sites of 

resorption elsewhere on the root. At the CEJ, resorption was most commonly focal or 
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involved large areas, made up of a number of smaller, coalesced pits. The CEJ structure 
most frequently associated with resorption involved an enamel margin overlapping 
exposed dentine tubules. The relationship of this structure with a predisposition to 
resorption cannot be discerned using the techniques employed in this study, but the 
exposure of dentine tubules suggests loss of cementum or overlying enamel associated 
with damage or periodontitis. The actual tissue associated with the CEJ and proximal 
root could not be discerned in this study, but may include attachment of the PDL and/or 
gingiva to the tooth surface, and exposure of the CEJ to the gingival sulcus and 
crevicular fluid. Clearly, the CEJ region is a complex environment where the PDL, 

gingiva, or factors in the oral cavity may be the source of osteoclasts and factors 

associated with the stimulation of osteoclast activity. The environment of the CEJ 
differs from the environment associated with the root surface, which is not in contact 

with gingiva or the oral cavity. Therefore, the stimulating factors associated with 

resorption at the CEJ may differ from those associated with resorption elsewhere on the 

root. 

The frequent presence of resorptive lesions on enamel was an intriguing finding of this 

study. It has not been reported in other studies of FORL, and has only been described in 

studies of resorption of deciduous enamel during primary tooth shedding in other 

species, and in horses, where enamel is normally partially resorbed prior to tooth 

eruption, where resorption precedes the formation of cementum on the crown surface 

(Jones and Boyde, 1974; Jones and Boyde, 1988). In man, resorption of enamel may 

occur rarely in unerupted teeth, on areas that lose the protection of the enamel 

epithelium due to trauma or tumours (Jones and Boyde, 1988). 

A lack of evidence for enamel resorption in erupted teeth in other species may 

reflect the standard practice of examining only decalcified teeth. Alternatively, 

resorption of enamel is unique in the cat, where the structure of enamel is prone to 

resorption, or gingival tissue and crevicular fluid around the tooth is an exceptionally 

hospitable environment to aggressive osteoclast activity. Further studies examining the 

physico-chemical properties of feline enamel, and a detailed examination of the 

development of the CEJ may provide answers regarding the question of the physical 

role of enamel in resorption. Examination of gingival crevicular fluid for the presence 
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of factors associated with osteoclast activity, such as cytokine levels and acidity, would 

also enable a better understanding of how the microenvironment of the CEJ may 

support the activation and survival of osteoclasts. 
The observation that cellular intrinsic fibre cementum is associated with root 

resorption and areas adjacent to resorption on the root indicates that the root undergoes 

remodelling in response to the stimuli associated with the activation of resorption. In 

contrast to the root, resorption at the CEJ was rarely found associated with remodelling 

or repair. This implies that the cells involved in repair at the root are not located at the 

CEJ, or are not stimulated to initiate a repair response of the CEJ, or are unable to form 

reparative matrix due to the physical nature of the environment. This indicates that 

resorption at the CEJ is probably progressive, whereas resorption of the root may 

undergo repair. 

Surface study of advanced FORL 

Nearly all of the teeth collected for this study with FORL were premolars, which is 

consistent with existing data suggesting that resorption occurs predominantly in these 

teeth (Schneck and Osborn, 1976; Schlup, 1982; Schlup and Stich, 1982; Reichart et 

al., 1984; Harvey, 1992; Gengler et al., 1995; Ingharn et al., 2001). Due to the advanced 

state of most lesions, it was impossible to establish the origin of the resorptive activity 

on the tooth surface, although most teeth exhibited resorption localised to the coronal 

aspect of the root, supporting the hypothesis that resorption may originate near the CEJ 

of the tooth (Schneck and Osborn, 1976; Schlup and Stich, 1982; Reichart et al., 1984; 

Lyon, 1992; Holmstrom, 1992; Okuda and Harvey, 1992a; Ohba et al., 1993; Gengler et 

al., 1995). Resorption predominantly involved the buccal surfaces, consistent with other 

morphological and epidemiological studies of FORL (Schneck and Osborn, 1976; 

Schlup and Stich, 1982; Reichart et al., 1984; Harvey, 1992; Ohba et al., 1993). 

The presence of plaque was observed in many teeth affected with FORL, and 

has also been described in other studies (Schlup, 1982; Holmstrom, 1992; Okuda and 

Harvey, 1992a). The relationship between calculus formation and the presence of 

bacteria-induced gingivitis or periodontitis in FORL remains unclear. However, it has 

been hypothesised that calculus may form on lesions at advanced stages due to the 
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roughened surface of lesions, rather than causing the disease, as no extensive 
accumulation of calculus is observed in early stages of resorption (Okuda and Harvey, 
1992a). 

Microscopic analysis showed that all specimens exhibited resorption progressing 
coronally, apically, circumferentially, and pulpally along the tooth, as has been 

observed in other morphological and histological studies (Reichart et al., 1984; Lyon, 

1992; Holmstrom, 1992; Okuda and Harvey, 1992a; Reiter, 1998c). Many teeth in the 

present study showed a preferential resorption of the root in an apical and pulpal 
direction, and more limited coronal resorption. This may be due to the highly 

mineralised nature of enamel compared to dentine or cementum, which may be resorbed 

at a slower rate than dentine or cementum (Jones et al., 1995). Alternatively, this 

pattern of resorption may be due to the tooth crown projecting predominantly above the 

gingival margin, not being associated with the same cellular environment as the root 

surface. 

In no case did resorption extend to penetrate the pulp chamber of teeth. The lack 

of pulp chamber involvement is a feature of FORL that has been documented in other 

studies (Lyon, 1992; Okuda and Harvey, 1992a; Ohba et al., 1993), and it has been 

suggested that secondary dentine adjacent to the pulp chamber may resist osteoclast 

activity (Schneck and Osborn, 1976). Secondary dentine, which is secreted slowly 

throughout life by osteoblasts lining the pulp chamber, has been described as resisting 

osteoclastic resorption in man (Jones and Boyde, 1988). It is possible that the different 

mineral and protein composition of secondary dentine resists osteoclast adhesion and 

degradation. 

An unique feature of teeth observed in this study was the presence of a 

circumferential, horizontal boundary zone of resorption at the apical aspect of the 

lesion. This has not been described in any other microscopic studies, probably because 

it is not apparent when teeth are analysed in section. It is not clear why a boundary 

exists at the apical margin, but not at the coronal margin of resorption; however, it 

suggests that the extent of destruction may be limited by the periodontal attachment. 

Three (14%) of teeth had resorption of enamel at the CEJ identical to that described in 

radiographically normal teeth, indicating that the two stages of disease may co-exist, 

although the association between them cannot be proven in this study. Further 
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investigation of the progresssion of early to advanced resorption is clearly necessary to 
establish a CEJ origin to FORL. This could involve a longitudinal in vivo study, or 
further SEM analysis of the surface features of particular teeth prone to FORL (ie. third 

mandibular premolar), over a range of stages of progresssion of the disease. 

Approximately a quarter of all teeth with advanced FORL had evidence of remodelling 

on root surfaces and within resorbed cavities. The reparative matrix did not resemble 

remodelling cernenturn, or dentine matrix, but appeared more similar to descriptions of 

remodelling bone callus (Cui et al., 1996). This tissue has been identified in other 

studies as being "bone-like" in character; it is described as having lacunae including cell 
bodies, penetration of collagen bundles from granulomatous tissues, lamellar structures, 

and osteoblasts visible on newly formed mineralized tissue (Reichart et al., 1984; Okuda 

and Harvey, 1992a). Some studies of FORL have suggested that this tissue is involved 

in the formation of an ankylosis of the tooth to the alveolar bone (Okuda and Harvey, 

1992a). The tissue is "cement-like" in its location on the tooth, but it lacks the 

organisation and fibrillar characteristics of reparative cementurn. An unique feature 

that was observed in this study were Sharpey fibre-like projections extending into the 

lesion space. Mineralised projections have been described in histological studies of 

FORL as collagenous attachment sites of inflammatory tissue to reparative matrix 

(Okuda and Harvey, 1992a). 

It has been suggested that FORL is a consequence of a modem diet and living 

conditions among cats, and a macroscopic study has observed a low incidence of FORL 

in a historical collection of cat teeth (Harvey and Alston, 1990; Reiter, 1998a). Future 

investigation should examine the incidence of resorption in historic domestic cat teeth, 

and in wild modem and historic cat teeth using SEM or reflection light microscopy. 

Furthermore, the dentitions of other modem carnivore species, such as domestic dogs, 

ferrets, and wild carnivores such as wolves and foxes, should be examined using SEM 

to compare the incidence and distribution of early resorption in these species with that 

found in cats. 
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4.5. SUMMARY 

9 Distribution of lesions among radiographically normal teeth: 
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* Resorptive lesions were detected ranging in size from small lesions 20ýtm in 

diameter, up to lesions as large as 2mm in diameter. 

* 53% of teeth showed evidence of at least one resorptive lesion. 

* On average, there were 3.5 lesions per tooth, including 3.4 lesions per maxillary 

tooth, and 3.5 lesions per mandibular tooth. 

9 The highest frequency of resorption was on the buccal surfaces of teeth (53%), 

followed by the distal (45%), mesial (39%), and lingual (37%) surfaces. 

9 Resorption at the CEJ: 

e 38% of teeth, including 42% maxillary teeth, and 33% mandibular teeth had 

resorption at the CEJ. Of these, 18% had resorption exclusively involving 

the CEJ. 

e There were five distinct patterns of resorption at the CEJ: 

1. Resorption exclusively of the junctional enamel (within 250gm coronal 

of the CEJ) (37%) 

2. Resorption at the CEJ margin projecting coronally involving junctional 

enamel (23%). 

3. Resorption at the CEJ margin projecting apically along the root surface 

(15%). 

4. Resorption at the CEJ margin with no directional bias (12%). 

5. Resorption exclusively involving the root surface (within 250[tm apical 

of the CEJ) (13%). 

9 The most frequently observed structure of the CEJ adjacent to resorption 

involved enamel overlapping a root surface with exposed dentine tubules 

(44%). 
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9 Resorption of the root: 

* 36% of teeth, including 34% maxillary teeth, and 38% mandibular teeth 
featured resorption of the root surface. Of these, 15% had resorption 
exclusively involving the root surface. 
Resorption involving the proximal root occurred in 67% of teeth, at the mid- 

root in 5 7% of teeth, and at the apical root in 71 % of teeth. 

The most frequently observed structure of the root surface adjacent to areas 

of resorption was fibrilllar cementum associated with cellular, remodelling 

cementum. 

e Size of lesions: Resorption was most frequently focal (20-50[tm) at the CEJ 

(75%) and at the mid-root (64%). Lesions were most frequently large (> 

100ýtm) at the proximal root (64%), and medium sized (50-100[tm) at the apical 

root (63%). 

Repair of lesions: repair was present in 25% of teeth, including 2% with 

resorption at the CEJ, 21% with resorption at the proximal root, 11% with 

resorption at the mid-root, and 20% with resorption at the apical root. 

e Distribution of lesions among cats: 

85% of cats had evidence of at least one tooth with resorption. Three 

individuals had resorption of 100% of teeth. The average number of teeth 

affected per individual was 6.6. 

* Four individuals with resorption were under 4 years of age. The frequency of 

teeth affected with resorption increased with age. 
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* Distribution of resorption among individual tooth types: 

* The number of teeth affected with resorption varied between tooth types; the 
lowest frequency of resorption occurred in mandibular incisors and the highest 

frequency occurred in mandibular molars. 

9 The number of lesions per tooth varied between tooth types; the lowest number 

of lesions occurred in maxillary incisors, and the highest number occurred in 

maxillary canines. 

9 Surface study of advanced FORL: 

9 95% of teeth had resorption localised to the proximal root. 

0 In 82% of teeth, resorption extended pulpally, circuraferentially, apically, and 

coronally. 

* 14% teeth showed focal resorption of enamel at the CEJ identical to that seen in 

the survey of radiographically nonnal teeth. 

0 55% of teeth had a horizontal and circumferential resorption "front" at the apical 

aspect of resorption. 

55% of teeth had resorption localised to the buccal aspect of the tooth. 

The pulp chamber was not involved in any teeth. 

55% of teeth had calculus. 

27% of teeth had remodelling with a cellular "bone-like" mineralised tissue 

within esions. 
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4.6. CONCLUSIONS 

This study has shown that the presence of resorption is widespread in radiographically 
nonnal feline teeth. 

The prevalence of resorption in cats under 4 years of age suggests that the initiating 

events associated with resorption occur in young animals, and long before lesions may 
be detected by standard clinical methods. 

In this study, teeth not commonly reported to be affected with FORL (i. e., canines and 
mandibular molars) showed a high incidence of early resorption, indicating that not all 
early lesions may progress to advanced FORL. A limitation of a cross-sectional study 
is that it clearly cannot be predicted which lesions would progress to FORL. 

Notwithstanding, there was a high frequency of resorption in premolars and molars, and 
there was a buccal side bias to early lesions, which is consistent with other descriptions 

of the distribution of FORL. This indicates that a significant proportion of early lesions 

are likely to progress to clinically detectable FORL (i. e. can be visualised on 

radiographs). 

This study suggests that the CEJ is the primary site of resorption in the tooth and, as 

discussed previously, this may reflect unique structural features of enamel in this region. 

This is the first description of focal sites of resorption on enamel; this may be unique to 

the cat, and has not been observed previously. 

Repair of resorption occurred at the root, but was only present in one tooth at the CEJ. 

This suggests that repair does not normally occur at the CEJ, and may explain why 

lesions in this area are progressive. 

Surface analysis of advanced FORL has shown resorption localised to the proximal root 

and CEJ, and to buccal surfaces. These observations are consistent with the results of 

other studies of advanced lesions. 
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4.7. FUTURE RESEARCH 

* Future research should be directed to more fully understand the activity of 
osteoclasts on the tooth surface. This could be done using serial histological 

sections of teeth affected with lesions over a range of stages of disease to examine 
the presence of osteoclasts. Markers for osteoclast activity could be used to identify 

actively resorbing cells. 

* To understand the progression of resorption with age, a longitudinal in vivo study of 
teeth should be conducted. 

9 Further studies examining the physico-chemical properties of feline enamel, and a 
detailed examination of the development of the CEJ may provide answers regarding 

the question of the physical role of enamel in resorption. Examination of gingival 

crevicular fluid for the presence of factors associated with osteoclast activity, such 

as cytokine levels and acidity, would enable a better understanding of how the 

microenvironment of the CEJ may support the activation and survival of osteoclasts. 

o Further investigation of the progresssion of early to advanced resorption is clearly 

necessary to establish the CEJ origin of FORL. This could involve a longitudinal in 

vivo study, or further SEM analysis of the surface features of particular teeth prone 

to FORL (ie. third mandibular premolar), over a range of stages of progresssion of 

the disease. 

9 Future study should examine the incidence of resorption in historic domestic cat 

teeth, and in wild modem and historic cat teeth, as well as in other carnivore species 

(e. g. dogs, ferrets, wolves, foxes), using SEM or reflection light microscopy. 
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5. CYTOKINE EXPRESSION IN NORMAL TEETH AND IN TEETH 
AFFECTED WITH FORL 

5.1. INTRODUCTION 

The specific cell types involved in the regulation of resorption and repair associated 
with FORL have not been extensively described. Furthermore, the cytokines and other 
local mediators responsible for regulating bone cell activity in the normal adult cat tooth 

microenvirom-nent and in FORL remain unknown (Okuda and Harvey, 1992a). Only 

two studies have identified proteins associated with bone cell activity in FORL (Okuda 

and Harvey, 1992b; Shigeyama et al., 1996). The aim of the present study was to 

establish the mRNA and protein expression of a number of cytokines associated with 
bone cell activity, including RANKL, OPG, IL- I P, IL-6, and the extracellular matrix 

proteins OCal and OPN, in cells and tissues of normal feline teeth, and in teeth affected 

with FORL. 

RANKL and its decoy receptor OPG are novel regulators of osteoclast differentiation 

and activity in bone, and have also been shown to play a role in mediating osteoclast 

activity in teeth. RANKL is synthesized by osteoblasts and stromal cells, and binds to 

receptors (RANK) on pre-osteoclasts or osteoclasts, stimulating the differentiation of 

pre-osteoclasts and the activity and survival of mature cells (Lacey et al., 1998; Yasuda 

et al., 1998b; Burgess et al., 1999). OPG is a secreted molecule produced by osteoblasts 

and stromal cells that competes with RANK for RANKL, inhibiting differentiation of 

osteoclast precursors and impairing resorptive activity of mature osteoclasts (Yasuda et 

al., 1998a; Hofbauer et al., 2000). 

The mRNA and protein expression of RANKL has been described in human and rat 

periodontal ligament cells, including dental osteoblasts and fibroblasts, pulp osteoblasts, 

osteoclasts, gingival fibroblasts, osteocytes, alveolar bone osteoblasts, mononuclear, 

and stromal cells (Oshiro et al., 2001; Lossdorfer et al., 2002; Oshiro et al., 2002; 

Kanzaki et al., 2002; Hasegawa et al., 2002). OPG expression has been described in 
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dental osteoblasts, gingival cells, pulp cells, and PDL cells (Sakata et al., 1999; Liu et 
al., 2000; Rani and MacDougall, 2000; Wada et al., 2001; Nagasawa et al., 2002; 
Kanzaki et al., 2002; Hasegawa et al., 2002). 

It is suggested that RANKL and OPG are involved in regulating the normal 
remodelling of teeth and bone, and may mediate resorption of bone in periodontitis (Liu 
et al., 2000; Rani and MacDougall, 2000). RANKL and OPG have also been shown to 
have important functions in regulating deciduous tooth resorption, and resorption of 
alveolar bone associated with application of force (Shiotani et al., 2001; Oshiro et al., 
2002; Kanzaki et al., 2002). Both RANKL and OPG are expressed in developing 

murine dental follicle cells, and RANKL has been demonstrated to be required for 

murine tooth eruption (Kong et al., 1999; Rani and MacDougall, 2000). To date, the 

expression of RANKL and OPG mRNAs have not been described in the cat, and their 

role as potential mediators of tooth resorption in the absence of periodontal disease is 
unknown. 

In bone, IL- 1P and IL-6 stimulate the formation of osteoclasts from precursors and the 

activation of mature osteoclasts (Horowitz and Lorenzo, 1996; Roodman, 1999). In 

man, IL-lP and IL-6 are known to be associated with resorption of teeth and alveolar 

bone due to periodontal disease, and are produced by cells in the gingiva, gingival 

crevicular fluid, and periodontal ligament (Roberts et al., 1997; Rasmussen et al., 2000). 

IL-1 P has been demonstrated to upregulate OPG mRNA in cultured human PDL 

fibroblasts and pulp osteoblasts, and it is suggested that IL-lp may also function to 

inhibit the resorption of alveolar bone during inflammation (Sakata et al., 1999; Wada et 

al., 2001). IL-6, however, appears to have no affect on OPG expression in dental tissues 

(Sakata et al., 1999). 

A preliminary study has immunolocalised IL-lP, EL-6. and TNF(x in 

inflammatory cells and in TRAP-postive mononuclear and multinucleated cells of teeth 

and gingival tissue affected with FORL (Okuda and Harvey, 1992b). These findings 

suggest that inflammatory cytokines may be involved in regulating the differentiation 

and activity of osteoclasts in FORL, although their expression in normal teeth or in 

lesions at earlier stages of resorption has not been described. IL- 1P expression has also 
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been observed associated with periodontitis in cats (Levine et al., 2001), and IL-6 
mRNA expression has been observed in oral tissues in cats affected with gingivo- 
stomatitis (Harley et al., 1999). 

Osteocalcin (OCal) is secreted by osteoblasts and regulates matrix remodelling by 
limiting the extent of bone mineralisation by osteoblasts and recruiting and promoting 
attachment of osteoclasts at sites of resorption (Ducy et al., 1996). OCal is used as a 
marker of late-stage mineralisation activity of osteoblasts (Aubin and Triffitt, 2002). 
OCal is incorporated into bone matrix during mineralisation, and has been 
immunolocalised to bone, cementum, dentine, and mineralised cartilage (Bronckers et 
al., 1987; McKee et al., 1992; Bronckers et al., 1994; Bosshardt et al., 1998). 

Osteopontin (OPN) is an extracellular matrix protein widely expressed by many 
cell types, including T-cells, epithelial cells, osteoblasts, cementocytes, and periodontal 
ligament cells (Mazzali et al., 2002; Robey, 2002). OPN has a role in the maintenance 

and remodelling of tissue during inflammation and wound healing by recruiting 
inflammatory cells, and limiting host susceptibility to bacterial infection (Potter et al., 

2002). OPN is also involved in increasing cell migration, activation of growth factor 

pathways, and proteolytic enzyme activity in cancer, and is generally involved in 

inhibiting apoptosis (Tuck and Chambers, 2001; Mazzali et al., 2002). OPN expression 

in osteoblasts is suggested to be associated with stages of matrix formation prior to 

mineralisation and may be involved in mediating the attachment of osteoblasts and 

osteoclasts to bone (Robey, 2002). OPN expression has been described at the resorbing 

front and reversal lines of resorptive lesions in FORL, and may be involved in 

regulating resorption and repair of lesions by regulating the attachment of osteoclasts 

and osteoblasts to sites of resorption (Shigeyama et al., 1996; Butler et al., 1996; Robey, 

1996). 
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HYPOTHESIS: 

FORL is associated with changes in the expression of local mediators involved in 
regulating the differentiation and activity of osteoclasts in the tooth microenvirorunent. 

OBJECTIVES: 

I To use RT-PCR to establish the mRNA expression of-. 

o IL- 1 P, IL-6, RANKL, and OPG in nonnal teeth and gingiva, and in teeth and 

gingiva affected with FORL. 

* IL-1p, IL-6, RANKL, and OPG innormal alveolar and femoral bone. 

9 RANKL and OPG mRNAs in a range of normal feline tissues including liver, 

spleen, lymph node, and muscle. 

To describe the features of nonnal teeth and teeth affected with FORL using 

standard histology. 

3. To use immunocytochemistry to localise the protein expression of- 

e RANKL and OPG in cells and tissues of nonnal. teeth and in teeth affected with 

FORL. 

e OCal and OPN in cells and tissues of normal teeth and in teeth affected with 

FORL to identify cells of the osteoblast lineage. 
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5.2. MATERIALS AND METHODS 

5.2.1. RT-PCR 

Sample collection and preparation 

Samples of muscle, spleen, lymph node, liver (n = 3), intact femoral bone, (n = 3), teeth 
(n = 10), associated gingival tissue (n =10) and alveolar bone (n =10) were dissected 

from 10 young adult cats with no evidence of oral disease, as described in Chapter 2. 

Teeth affected with FORL (n = 11), and associated gingival tissue (n = 10), were 

collected from 11 cats undergoing clinical extraction of affected teeth. Gingival tissue 

could not be collected from one cat affected with FORL. All tissues were snap frozen 

and stored as described in Chapter 2. Total RNA was extracted and cDNA synthesised 

as described in Chapter 2. 

RT-PCR Primers 

Oligonucleotide Primers for OPG and RANKL were designed from conserved regions 

of human and mouse homologues (see Table 5.1). Primers for IL-6 (Ohashi et al., 

1993) and IL-lp (Daniel et al., 1992) were designed from cDNA sequences for the 

domestic cat available online from GenBankTm. Glyceraldehyde-3 -phosphate 

dehydrogenase (GAPDH) primers were designed from published human cDNA 

sequences. 
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Table 5.1: Primer sequences used for RT-PCR 

Factor Primer A 5'- Primer B 5'- Product Ta Cycles 
size 

RANKL AGACCTAGCTACAG ACTGGCTGTAAATAC 449 bp 50 C 35 
AGTATC GCGTG 

OPG GACAGCTGGCACAC AGGCCCTTCAAGGT 820 bp 65 C 35 
CAGTGACG GTCTTGGTC 

IL-6 GCCTTCAGTCCACTC CCTGCAGGCCAACTT 500 bp 70 C 35 
GCCTT CTACGG 

IL-Ip AGTACCTGAACTCAC TAGTCCTGTGACTGT 350 bp 55 C 35 
CAGTG ATGGC 

GAPDH GGAAATCCCATCAC CATCACGCCACAGTT 375 bp 55 C 24 
CATCTTCCA TCCCGGAG I I II 

Polymerase Chain Reaction (PCR) 

The procedure used for PCR is described in Chapter 2. The optimal number of PCR 

cycles for each set of primers was established to ensure that the analysis was done on 

the linear phase of DNA amplification (see Figure 5.1). Optimal PCR conditions were 

as follows: 94'C for 4.5 min, then 24 (GAPDH) or 35 (RANKL, OPG, IL-6, IL-1p) 

cycles including denaturation at 94'C for 1 min, annealing (Ta = annealing temperature) 

for 1.5 min (Ta GAPDH, 55'C; RANKL, 50'C; OPG, 65'C; IL-6,70'C; IL-1 P, 55'C), 

and extension at 72'C for I min, followed by a final extension period of 10 min at 72'C. 

Products were visualized on agarose gels by electrophoresis as described in Chapter 2. 

PCR products were sequenced as described in Chapter 2. 
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Figure 5.1: Optimisation of PCR cycling conditions for RANKL. Agarose gel electrophoresis 
comparing intensity of product amplified over 20 - 45 PCR cycles. Bands show RANKL mRNA 
expression in alveolar bone. Lane 1: 100 bp DNA ladder; lane 2: 20x cycles, lane 3: 25x; lane 4: 
30x; lane 5: 35x; lane 6: 40x; lane 7: 45x. 

PCR gel analysis 

Gels were digitally captured and band densities were quantified with gel-analysis 

software (LabWorkSTM, UVP). Results were expressed as the ratio of the value for the 

product (RANKL, OPG, IL-lP or IL-6) to the GAPDH control value. To assess 

differences in mRNA expression between femur, alveolar bone, and teeth collected 

from normal cats, and between pathological and normal dental tissues, band ratios were 

compared by analysis of variance (ANOVA, Microsoft Excel 200OTM, Microsoft, USA). 

5.2.2. Immunocytochemistry 

Tissue collection and preparation 

17 intact teeth, including incisors (n = 1), canines (n = 3), premolars (n = 8), and molars 

(n = 5), with associated supporting tissues, were used for immunocytochemical analysis. 

Five specimens showed radiographic evidence of resorption due to FORL, and twelve 

specimens were radiographically normal. Lymph node tissue and one tail vertebra were 

collected, as negative and postive controls, respectively. All tissues were fixed and 

stored as described in Chapter 2.0. Samples were demineralised, embedded and 

sectioned as described in Chapter 2. 
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Immunocytochemistry procedure 

Immunocytochernistry procedures were followed as described in Chapter 2. Antigen 

recovery using a Proteinase K digest was used with RANKL and OPG antibodies only. 

Primary Antibodies: The RANKL polyclonal antibody (raised in rabbit) was a kind 

gift of M. T. Gillespie (St. Vincent's Institute of Medical Research, University of 

Melbourne, Melbourne, Victoria, Australia). The OPN and OCal polyclonal antibodies 

(raised in rabbit) were a kind gift from Larry Fisher (National Institute of Dental 

Research, Craniofacial and Skeletal Diseases Branch, Bethesda, Maryland, U. S. A. ). 

The purified OPG antibody (raised in goat) was from a commercial source (Anti-human 

OsteoprotegerinJTNFRSF1 1B TM ,R&D systems, Abingden). RANKL, OCal, and OPN 

antibodies were used at a dilution of 1: 200. OPG antibody was used at a concentration 

of 15 [tg / mL. For sections incubated with RANKL, OCal and OPN primary 

antibodies, negative controls were incubated with normal rabbit serum. For OPG, 

negative controls were incubated with normal goat IgG. 

Secondary antibody: Biotinylated MultiLink Swine Anti-Goat, Mouse, Rabbit IgGTM 

(Dako A/S, Denmark) was used with all primary antibodies at a dilution of 1: 200. 

Histological stains 

All sections were stained with hemotoxylin/eosin and van Giesen stains for histological 

analysis as described in Chapter 2. 

Imaging and analysis 

Sections were visualised using a standard light microscope, and a digital light 

microscope (Leica Q5501WTM, Leica, Milton Keynes). Images were recorded using 

Leica QwinTm software at a resolution of 1300 x 1030 pixels. 
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5.3.1. IL-1P, IL-6, RANKL, and OPG mRNA expression in normal and diseased 

teeth and gingiva 

Analysis of band intensities showed significantly higher levels of IL-lP and IL-6 

mRNA expression (P < 0.01 and P<0.001, respectively) in teeth affected with FORL 

than in normal teeth (see Figures 5.2A-C). No significant differences in IL- 1P or IL-6 

mRNA expression were detected between nonnal gingival tissue and gingival tissue 

associated with teeth affected with FORL (see Figures 5.3A-C). 

Sequence analysis of PCR products showed feline RANKL to be 89% and feline OPG 

to be 88% identical to human DNA sequences over the regions amplified. RANKL and 
OPG mRNA expression was detected in teeth and gingival tissue (see Figures 5.4A and 

5.5A). Analysis of band intensities showed that normal teeth and those affected with 

FORL did not differ significantly with respect to RANKL and OPG mRNA expression 

(see Figures 5.4 B and Q. 

Significantly higher RANKL mRNA expression (P < 0.05) was detected in normal 

gingival tissue compared to gingival tissue associated with teeth affected with FORL 

(see Figure 5.5B). Significantly higher (P < 0.05) OPG mRNA expression was detected 

in gingival tissue associated with teeth affected with FORL than in gingival tissue 

associated with normal teeth (see Figure 5.5Q. The identity of the lower band in the 

OPG gels is not known. 



Chapter 5: Cytokine expression in nonual teeth and in FORL 

1 10 11 

A IL-I 

IL-6 

GAPDH 

0.8 

0.6 

0.4 ' 

0.2 ' 

01 

CONTROLS FORL 

1.6 ' 

1.4' 

1.2" 

1 
0.81 cc 
0.6- 

0.4' 

0.2 T 

0 
CONTROLS 

350 bp 

500 bp 

5bp 

-I- -I- 

FORL 

219 

Figure 5.2: IL-IP and IL-6 mRNA expression in normal teeth and in teeth affected with FORL. A: 

Agarose gel electrophoresis comparing IL-10 (350bp) and IL-6 (350 bp) mRNA expression in teeth 

affected with FORL with normal teeth. Lane 1,100 bp ladder; lanes 2-5 teeth with FORL; lanes 6- 

9, normal teeth; lane 10, positive control; lane 11, negative control. B and C: Quantification of 

changes in mRNA expression in teeth with FORL (n = 11) and normal teeth (n = 10). B: 

Significantly higher P<0.01) expression of IL-1P mRNA in teeth affected with FORL. C: 

Significantly higher P<0.001) expression of IL-6 mRNA in teeth with FORIL. Bars represent 

the mean (± SD) ratio of product to GAPDH control. Results were analysed by ANOVA. 
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Figure 5.3: IL-10 and IL-6 mRNA expression in gingival tissue associated with normal teeth and 

teeth affected with FORL. A: Agarose gel electrophoresis comparing IL-10 (350 bp) and IL-6 (500 

bp) mRNA expression in gingival tissue associated with teeth affected with FORL with normal 

gingival tissue. Lane 1,100 bp ladder; lanes 2-5, gingival tissue associated with FORL; lanes 6-9, 

normal gingival tissue; lane 10, positive control; lane 11, negative control. B-C: Quantification of 

changes in mRNA expression in gingival tissue associated with teeth affected with FORL (n = 10) 

and normal gingival tissue (n = 10). B: No significant change in IL-1 0 mRNA expression as a result 

of FORL. C: No significant change in IL-6 mRNA expression as a result of FORL. Bars represent 

the mean (± SD) ratio of product to GAPDH control. Results were analysed by ANOVA. 
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Figure 5.4: OPG, and RANKL mRNA expression in normal teeth and teeth affected with FORL. 

A: Agarose gel electrophoresis comparing OPG (820 bp) and RANKL (449 bp) mRNA expression 

in teeth affected with FORL with normal teeth. Lane 1,100 bp ladder; lanes 2-5 teeth with FORL; 

lanes 6-9, normal teeth; lane 10, positive control; lane 11, negative control. B-C: Quantification of 

changes in mR. NA expression in teeth with FORL (n = 11) and normal teeth (n = 10). B: No 

significant change in RANKL mRNA expression in teeth with FORL. C: No significant change in 

OPG mRNA expression in teeth with FORL. Bars represent the mean (± SD) ratio of product to 

GAPDH control. Results were analysed by ANOVA. 
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Figure 5.5: OPG, and RANKL mRNA expression in gingival tissue associated with normal teeth 

and teeth affected with FORL. A: Agarose gel electrophoresis comparing OPG (820 bp), and 
RANKL (449 bp) mRNA expression in gingival tissue associated with teeth affected with FORL 

with normal gingival tissue. Lane 1,100 bp ladder; lanes 2-5, gingival tissue associated with 
FORIL; lanes 6-9, normal gingival tissue; lane 10, positive control; lane 11, negative control. B-C: 

Quantification of changes in mRNA expression in gingival tissue associated with teeth affected with 

FORL (n = 10) and normal gingival tissue (n = 10). B: Significantly higher (* P<0.05) RANKL 

mRNA expression in normal gingival tissue. C: Significantly higher (* P<0.05) OPG mRNA 

expression in gingival tissue associated with teeth affected with FORL. Bars represent the mean 

SD) ratio of product to GAPDH control. Results were analysed by ANOVA. 
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5.3.2. IL-1P, IL-6, RANKL, and OPG mRNA expression in normal alveolar and 
femoral bone 

IL- IP mRNA was moderately expressed in femur, but levels of expression were lower 

in alveolar bone. IL-6 mRNA expression was negligible or absent in these tissues (see 

Figure 5.6). 

IL-1 

IL-6 

GAPDH 

350 bp 

500 bp 

Figure 5.6: IL-1P and IL-6 mR-NA expression in femoral and alveolar bone by agarose gel 

electrophoresis of PCR products. Lane 1,100 bp ladder; lanes 2-4, femoral bone; lanes 5-7, 

alveolar bone; lane 8, positive control; lane 9, negative control. 

OPG and RANKL mRNA expression was detected in femoral and alveolar bone (see 

Figure 5.7A). OPG mRNA expression in femoral and alveolar bone samples was 

significantly lower than in normal teeth (P < 0.001) (see Figure 5.7B). In contrast, 

similar levels of RANKL mRNA expression were detected in teeth, alveolar bone and 

femur (see Figure 5.7Q. 
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Figure 5.7: OPG and RANKL mRNA expression in femoral and alveolar bone. A: Agarose gel 

electrophoresis of PCR products. Lane 1,100 bp ladder; lanes 2-4, femoral bone; lanes 5-7, 

alveolar bone; lane 8, positive control; lane 9, negative control. B-C: Quantification of differences in 

OPG and RANKL mRNA expression in femoral bone (n =3), alveolar bone (n = 3), and normal 

teeth (n = 10). B: OPG mRNA expression was significantly higher in teeth (** P<0.001). C: No 

significant differences in RANKL mRNA expression detected. Results were analysed by ANOVA. 
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5.3.3. RANKL and OPG mRNA expression in liver, spleen, lymph node, and 
skeletal muscle 

RANKL and OPG mRNAs were expressed in liver, spleen, lymph node, and skeletal 
muscle (see Figure 5.8). However, a higher level of expression was seen in spleen and 
lymph node than in liver and muscle. 

123456 

OPG *--820 bp 

RANKL -4-449 bp 

GAPDH 4-375 bp 

Figure 5.8: OPG and RANKL mRNA expression in adult feline tissues. Agarose gel electrophoresis 

of PCR products. Lane 1: 100 bp ladder; lane 2: liver; lane 3: spleen; lane 4: lymph node; lane 5: 

muscle; lane 6: negative control. 

5.3.4. Histological features of normal teeth 

The tissues that could be identified in normal feline teeth included dentine, pulp, PDL, 

cementurn, alveolar bone, and epithelial and connective tissue gingiva (see Figures 

5.9A-F). Due to the demineralisation process, enamel was not present. Primary and 

secondary dentine could be distinguished since primary dentine stained a darker colour 

than secondary dentine (see Figure 5.9B). Dentine tubules containing the cytoplasmic 

extensions of pulp osteoblasts lining the dentine-pulp junction, extended from the pulp 

chamber to the dentine-cementum junction, where tubules branched into a network of 

smaller tubules. Within the pulp chamber, many fibroblastic -type cells were identified 

(see Figure 5.9B). 
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PDL fibres were present in all teeth fonning Sharpey's fibre insertions into 
cementum and alveolar bone (see Figure 5.9Q. At the proximal root, cementuni fibre 

insertion sites were small and densely organized, becoming larger and more widely 

spaced towards the apex. The PDL contained many fibroblastic cells within the 

ligament and osteoblastic cells lining the root (cementum) surface and alveolar bone 

face (see Figure 5.91)). Vascular channels, which penetrated the PDL fibres were 

present in cross-section (Figure 5.9E). Cementocytes and alveolar bone osteocytes were 

present in all twelve teeth (see Figures 5.9D and E). Epithelial gingiva and connective 

tissue gingiva, which surround the tooth crown, were distinguished in all specimens (see 

Figure 5.9F). In nine teeth, the junctional attachment of gingiva to the root surface was 

intact. In all cases, the connective gingiva formed the junctional attachment. In one 

case, the attachment was to dentine, and in eight cases, the attachment was to 

cementum. 
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Figure 5.9: (Previous page) Histological features of normal feline teeth. A: Left P3 showing dentine 
(D), pulp (P), alveolar bone (AB), periodontal ligament (PDL), cementum (C), epithelial gingiva 
(EG) and connective tissue gingiva (CTG). Due to the demineralisation process, enamel was absent 
(Bar = 200ýtm). B: Right P3 showing the dentine - pulp junction. Primary dentine (PD) stained a 
darker colour than secondary dentine (SD). Osteoblasts (OB) lined the pulp chamber at the dentine 
interface. Dentine tubules (DT), containing the cytoplasmic extensions of pulp osteoblasts, extended 
from the pulp chamber towards the dentine-cementum junction. Within the pulp chamber, many 
fibroblastic-type cells (FB) were present (Bar = 50gm). C-E: The periodontal ligament. The 

periodontal ligament attached to cementum and alveolar bone by Sharpey's fibre (SF) insertions. 

The periodontal ligament contained fibroblasts within the ligament and osteoblasts lining the root 
(cementum) surface and alveolar bone face. Vascular channels (VC) penetrated the periodontal 
ligament (E). Within cementum were cementocytes (CC), and within alveolar bone were osteocytes 

(OC) (C: Right Mi, Bar = 50gm; D: Right p3 , Bar = 50gm; E: Left P3, Bar = 100gm). F: Left M, 

showing epithelial (outer) gingiva and connective tissue gingiva (inner) surrounding the crown of a 

(Bar = 100gm). Figures A, B, and D-F were stained using hemotoxylin and eosin stains. Figure C 

was stained using aVan Gieson stain. 

5.3.5. Histological features of teeth affected with FORL 

All teeth affected with FORL showed evidence of resorption of the root. Adjacent to 

the resorption front and within the resorption cavity there was a fibrous, cellular matrix 

(see Figure 5.10A). One tooth was nearly completely resorbed, and the socket 

unidentifiable except for root fragments sequestered in remodelling bone matrix. In all 

four cases where components of the tooth structure were intact, teeth featured sparse 

and disorganized PDL fibres associated with large empty spaces, which at some 

locations were associated with vascular canals (see Figure 5.10B). In all cases, few or 

no lining osteoblasts were present in the ligament space. Resorption lacunae were 

visible on the root and alveolar bone surfaces of all teeth (see Figure 5.10C). In three 

teeth, multinucleated cells were observed associated with the cementum surface (see 

Figure 5.10D). In all 4 teeth, the pulp chamber appeared generally devoid of cellular 

material, although two teeth featured lymphocytic cells within the pulp chamber. 
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Figure 5.10: Histological features of teeth affected with advanced FORE A: Left M, showing 

resorptive lesion extending into dentine (D). Adjacent to the resorption front (RSNF) was a fibrous, 

cellular matrix (FM). Along the resorption front were scalloped resorption lacunae (RSNL) (Bar = 

5%tm). B: Right P3 with sparse and disorganized periodontal ligament (PDL) fibres associated with 

large empty spaces with few or no cells (Bar = 100ýtm). C: Left mandibular C with resorption 

lacunae on the alveolar bone (AB) surface (Bar = 5%tm). D: Right P4 with multi-nucleated cell 

(MNC) adjacent to cementum surface. A vascular channel (VC) was also present (Bar = 5%tm). 

All sections were stained using hemotoxylin and eosin stain. 
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5.3.6. Immunolocalisation of RANKL in normal and diseased teeth and gingiva 

Normal teeth: High levels of RANKL expression were detected in dentine tubules, 
cementocytes, periodontal fibroblasts and osteoblasts, bone osteocytes, and the 
connective tissue gingiva in all teeth, and in pulp osteoblasts of most teeth (see Table 
5.2, see Figures 5.11A and B, and 5.12A). In all teeth, expression was absent in the 

secondary dentine (see Figure 5.1 IA). The intensity of staining of cementoblasts 
increased apically. RANKL expression in epithelial gingiva was variable (Figures 
5.11 A, 5.12A). 

Table 5.2: Summary of results of RANKL immunolocalisation in normal teeth (n = 12) and in teeth 

affected with FORIL (n = 5). 

Tissue Normals FORIL 
Dentine tubules +++ (12), A (0) ... (5), A (0) 
Pulp osteoblasts ... (8), + (2), A (0) N/A (5) 
Secondary dentine A (12) A (5) 
Cementocytes ... (12), A (0) .. (3), A (1), N/A(1) 
PDL fibroblasts ... (12), A (0) + (3), A (0) 
PDL osteoblasts ... (12), A (0) N/A (5) 
Bone osteocytes ... (12), A (0) ... (2), + (1), A (1), N/A (1) 
Epithelial gingiva ... (1), ++ (3) + (8), A (0) 3 +, 2 absent 
Connective tissue ... (12), A (0) ... (2), ++ (2), 1 absent 
gingiva 
Expression: +++ = high, ++ = moderate, += low, A= absent, N/A = could not be assessed. 

Teeth affected with FORL: In the majority of teeth affected with FORL, RANKL 

expression was high in dentine tubules and cementocytes (see Table 5.2, see Figures 

5.11 C and D). There was no RANKL expression in secondary dentine of any teeth (see 

Figure 5.11 Q. RANKL expression was low or absent in PDL fibroblasts (see Figure 

5.1 1D). RANKL expression in bone osteocytes was variable (see Figure 5.1 1D). Due to 

the lack of cellular material, expression in PDL osteoblasts could not be assessed. 

Expression in epithelial. gingiva was either low or absent (see Figure 5.12B), and 

expression in cells of the connective tissue gingiva was variable. 

Due to the lack of cellular material in the pulp of all teeth affected with FORL, the 

expression of factors in pulpal cells could not be studied. In one tooth where the roots 
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were nearly completely resorbed, the expression of factors in cementum and the PDL 

could not be assessed. 

Tissue controls: Low levels of RANKL were detected in lymph node cells. Osteoblasts 

and growth plate chondrocytes in the control tail vertebrae showed high expression of 

RANKL. There was very low or no staining of staining of negative control sections 

incubated with non-nal rabbit serum (see Figures 5.11 E and F, and 5.12C). 
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Figure 5.11: Immunolocalisation of RANKL in normal teeth and in teeth affected with FORL. A: 

Normal dentine (D)-pulp (P) junction (Right PO. High levels of expression were present in dentine 

tubules (DT) (also inset) and pulp ostcoblasts (013). No expression was detected in secondary 

dentine (SD) (PD = primary dentine). B: Normal periodontal ligament (PDL) (Right PO. High 

levels of expression were present in cementocytes (CC) within cementum (C), PDL osteoblasts (OB), 

PDL fibroblasts (FB), and osteocytes (OC) within alveolar bone (AB). C: Dentine-pulp junction of 

tooth affected with FORL (Right P4). High expression was present in dentine tubules (also inset). 

Lining osteoblasts were not present within pulp. No expression was detected in the secondary 

dentine. D: Periodontal ligament of tooth affected with FORL (Right MI). High to moderate 

expression was present in cementocytes and osteocytes. Expression in fibroblasts is very low or 

absent. No PDL osteoblasts could be detected. E and F: Negative control sections of the dentine- 

pulp junction and periodontal ligament (E: left mandibular C; F: right mandibular PO. All bars 

50ýtm. Sections were counterstained using hemotoxylin. 
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Figure 5.12: Immunolocalisation of RANKL in normal gingiva and in gingiva of teeth affected with 

FORIL. A: Normal gingiva (Right p). There is high expression in cells of the connective tissue 

gingiva (CTG) and epithelial gingiva (EG). B: Gingiva associated with FORL (Right P3). There is 

high expression in cells of the connective tissue gingiva, and no expression in epithelial gingiva. C: 

Negative control section of gingiva shows low staining (Right p). All bars = 50ýtm. Sections were 

counterstained using hemotoxylin. 
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5.3.7. Immunolocalisation of OPG in normal and diseased teeth and gingiva 

234 

Normal teeth: Expression of OPG was primarily absent in dentine tubules, although 
high expression was detected in a few specimens (see Table 5.3, Figure 5.13A). OPG 
expression in pulp osteoblasts was absent in most teeth, although moderate to low 

expression was detected in some (see Figure 5.13A). There was moderate to low 

staining of secondary dentine among teeth (see Figure 5.13A). In the majority of teeth, 
OPG was not expressed in the cementocytes, although high to moderate levels of 
expression were observed in some, with intensity of expression increasing apically (see 

Figure 5.13B). Extracellular expression in the PDL was variable (see Figure 5.13B). No 
intracellular staining was associated with osteoblasts or fibroblasts in the PDL (see 

Figure 5.13B). OPG was not expressed in the bone osteocytes in the majority of teeth; 
however, variable expression was detected in osteocytes of some teeth (see Figure 

5.13B). There was no staining in the epithelial gingiva of any teeth (see Figure 5.14A). 

Expression of OPG in the extracellular connective tissue gingiva was moderate to low. 

The connective tissue gingiva of two teeth could not be studied due to damage to the 

specimens. 

Table 5.3: Summary of results of OPG immunocytochemistry in normal teeth (n = 12) and in teeth 

affected with FORL (n = 5). 

Tissue Normals FORL 
Dentine tubules ... (3), A (9) ... (4), A (1) 
Pulp osteoblasts ++ (1), + (2), A (9) N/A (5) 
Secondary dentine ++ (6), + (6), A (0) ... (5), A (0) 
Cementocytes +++ (3), ++ (1), A (8) ... (3), ++ (1), N/A (1) 
PDL extracellular ... (5), ++ (1), + (5), A (1) ... (4), N/A (1) 
PDL fibroblasts A (12) A (4), N/A (1) 
PDL osteoblasts A (12) A (4), N/A (1) 
Bone osteocytes +++ (1), ++ (1), + (2), A (8) ... (1), A (4) 
Epithelial gingiva A (12) ++ (1), A (4) 
Connective tissue gingiva ++ (5), + (5), 2 N/A ... (2), + (1), A (2) 
Expression: ... = high, ++ = moderate, += low, A= absent, N/A = could not be assessed. 

Teeth affected with FORL: Teeth affected with FORL showed high OPG expression 

in dentine tubules and in secondary dentine in all or most teeth (see Table 5.3 1, Figure 

5.13C). Expression was high to moderate in cementocytes (see Figure 5.13D). The 
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extracellular PDL showed high expression of OPG in all teeth (see Figure 5.13D). OPG 

expression was absent in PDL fibroblasts, PDL osteoblasts, and in most cases, bone 

osteocytes (see Figure 5.13D). OPG expression was primarily absent in epithelial 

gingiva and primarily present in extracellular connective tissue gingiva, where 

expression was variable (see Figure 5.14A). 

Tissue controls: OPG was not detected in any cells of the lymph node. There was no 

staining or a very low level of staining of negative control sections incubated with 

normal goat IgG (see Figures 5.13E and F, and 5.14C). 
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Figure 5.13: Immunolocalisation of OPG in normal teeth and teeth affected with FORIL. A. Normal 

dentine (D) - pulp (P) junction (Left MI). Expression was absent in dentine tubules (DT) (also 

inset). Moderate expression was present in pulp osteoblasts (OB) and in secondary dentine (SD) 

(PD = primary dentine). B: Normal periodontal ligament (PDL) (Right P3). Expression was absent 

in cementocytes (CC) within cementum (C) and osteocytes (OC) within alveolar bone (AB). 

Moderate to high expression was present in the extracellular periodontal ligament, although no 

expression was detected in PDL fibroblasts (FB) or osteoblasts (013). C: Dentine-pulp junction of 

tooth affected with FORIL (Left P4). High expression was present in dentine tubules (also inset) and 

secondary dentine. No pulp osteoblasts were present. D: Periodontal ligament of tooth affected 

with FORIL (Right P4)- Moderate or absent expression was present in cementocytes. High 

extracellular expression was detected in the periodontal ligament, although no expression was 

detected in PDL fibroblasts or osteoblasts. No expression was present in bone osteocytes. E and F: 

Negative control sections of the dentine-pulp junction and periodontal ligament (E: Left 

mandibular C; F: Right PO. All bars = 50ýtm. Sections were counterstained using hemotoxylin. 
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Figure 5.14: Immunolocalisation of OPG in normal gingiva and in gingiva of teeth affected with 

FORL. A: Normal gingiva (Right p). No expression was detected in epithelial gingiva (EG), but 

moderate expression was present in the extracellular connective tissue gingiva (CTG). B: Gingiva 

associated with FORIL (Right P4). No expression was detected in epithelial gingiva, and high 

expression was present in the extracellular connective tissue gingiva. C: Negative control section of 

gingiva (Right p). All bars = 50ýtm. Sections were counterstained using hemotoxylin. 
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5.3-8. Immunolocalisation of OCal in normal and diseased teeth and gingiva 
OCal and OPN were immunolocalised in tooth sections in order to identify osteoblasts 
and osteocytes, as these are phenotypic markers for these cell types. The results were 
used to confirm the localisation of staining of RANKL in these cells. 

Normal teeth: In all or the majority of teeth, high OCal expression was detected in 

osteocytes in dentine tubules, cementocytes, and alveolar bone (see Table 5.4, Figures 

5.15 A and B). The intensity of OCal staining of cementocytes increased apically. 
OCal expression in the pulp osteoblasts was variable (see Figure 5.15A). All teeth 

featured moderate staining of secondary dentine. OCal expression in the osteoblasts and 
fibroblasts within the PDL was variable (see Figure 5.15B). OCal expression was 

absent or low in cells of the epithelial and connective tissue gingiva in the majority of 
teeth (see Figure 5.16A). All specimens showed extracellular staining in bone, PDL, and 

cementum (see Figure 5.15B). 

Distribution of OCal and RANKL: The pattern of high OCal expression in dentine 

tubules, cementocytes and bone osteocytes in normal teeth was consistent with the 

pattern of high expression of RANKL in these cells. OCal expression in pulp 

osteoblasts and PDL cells was more variable than RANKL expression, which was 

uniformly high in all teeth. OCal expression was moderate in secondary dentine in all 

teeth, whereas RANKL expression was absent. OCal and RANKL expression were 

both generally low or absent in epithelial gingiva. However, OCal expression in 

connective tissue gingiva was not similar to the pattern of staining of RANKL: whereas 

OCal was generally low, RANKL expression was high in connective tissue gingiva. 
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Table 5.4: Summary of results of OCal immunocytochen-dstry in normal teeth (n = 12) and teeth 

affected with FORL (n = 5). 

Tissue Normals FOWL 
Dentine tubules +++ (12), A (0) ... (4), N/A (1) 
Pulp osteoblasts ... (3), + (6), A (3) N/A (5) 
Secondary dentine ++ (12), A (0) ++ (5), A (0) 
Cementocytes ... (12), A (0) +++ (1), ++ (1), 2 absent, I N/A 
PDL fibroblasts ++ (3), + (4), A (5) + (2), A (2), N/A (1) 
PDL osteoblasts +++ (2), ++ (4), + (1), A (4) ++ (1), 1 (A), N/A (3) 
Bone osteocytes ... (11), + (1), A (0) +++ (3), + (1), A (1) 
Epithelial gingiva ... (1), + (5) +, A (6) ++ (1), + (2), A (2) 
Connective tissue gingiva + (5), A (7) + (4), A (1) 
Expression: +++ = high, ++ = moderate, += low, A= absent, N/A = could not be assessed. 

Teeth affected with FORIL: All teeth affected with FORIL showed high expression of 

OCal in dentine tubules (see Table 5.4, Figure 5.15C) and moderate staining of 

secondary dentine (see Figure 5.15C). Expression in bone osteocytes and cementocytes 

was variable (see Figure 5.15D). Expression was generally low or absent in PDL 

fibroblasts and osteoblasts (see Figure 5.15D). Expression in epithelial gingiva was 

moderate to low, and expression was low or absent in connective tissue gingiva (see 

Figure 5.16B). All teeth showed extracellular staining in bone, PDL, and cementum 

(see Figure 5.15D). 

Tissue controls: Cells within the lymph node showed very low staining for OCal. As 

expected, osteoblasts, osteocytes, and chondrocytes in the control tail vertebrae showed 

high expression of OCal. There was only a very low level of staining of negative 

control sections incubated with normal rabbit serum (see Figures 5.15E and F, and 

5.16C). 
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Figure 5.15: Immunolocalisation of OCal in normal teeth and teeth affected with FORE A. Normal 

dentine (D) -pulp (P) junction (Right PO. High expression was present in dentine tubules (DT) and 

in pulp osteoblasts (013). Moderate expression was present in secondary dentine (SD) (PD = 

primary dentine). B: Normal periodontal ligament (PDL) (Right p). High expression was present 

in cementocytes (CC) within cementum (C), osteocytes (OC) within alveolar bone (AB), PDL 

fibroblasts (FB), and PDL osteoblasts (OB). Dentine, cementum, the PDL, and alveolar bone 

showed extracellular staining. C: Dentine-pulp junction of tooth affected with FORL (Right 

maxillary Q. High expression was present in dentine tubules, and expression was moderate in 

secondary dentine. No pulp osteoblasts were observed. D: Periodontal ligament of tooth affected 

with FORIL (Left P4)- Moderate to high expression was present in bone osteocytes and 

cementocytes. Low or absent expression was present in PDL fibroblasts and osteoblasts. Dentine, 

cementum, the PDL, and alveolar bone showed extracellular staining. E and F: Negative control 

sections of the dentine-pulp junction and periodontal ligament (E: Right p3 ; F: Left P3). All bars 

50ýtm. Sections were counterstained using hemotoxylin. 
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CTG 

Figure 5.16: Immunolocalisation of OCal in normal gingiva and in gingiva of teeth affected with 

FORL. A: Normal gingiva (Left P3). Expression of OCal in cells of the epithelial gingiva (EG) and 

connective tissue gingiva (CTG) was low. B: Gingiva associated with FORIL (Left P3). Expression in 

cells of the epithelial gingiva was moderate, and expression in cells of the connective tissue gingiva 

was low. C: Negative control section of gingiva (Left P3). All bars = 50ýtm. Sections were 

counterstained using hemotoxylin. 
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5.3.9. Immunolocalisaton of OPN in normal and diseased teeth and gingiva 

Normal teeth: OPN expression was not detected in dentine tubules of any teeth (see 

Table 5.5. Figure 5.17A). OPN was generally not expressed in pulp osteoblasts, 

although low expression of OPN was seen in some teeth (see Figure 5.17A). In all 
teeth, there was a low level of staining of secondary dentine (see Figure 5.17A). OPN 

expression in PDL fibroblasts and osteoblasts, and in cementocytes was variable (see 

Figure 5.17B). The intensity of staining of cementocytes increased apically. OPN 

expression in bone osteocytes varied from being moderate or low in half of teeth, while 

no expression was detected in the other half (see Figure 5.17B). OPN expression was 

mostly absent in epithelial gingiva, although high to moderate expression was observed 

in some teeth (see Figure 5.18A). High expression was observed in the cells of the 

connective tissue gingiva of most teeth, but low or no expression was observed in some 

teeth (see Figure 5.18A). 

Distribution of OPN and RANKL: The pattern of OPN expression in cementocytes, 

PDL fibroblasts and osteoblasts, and bone osteocytes in normal teeth was variable, and 

not consistent with the pattern of uniformly high expression of RANKL in these cells. 

Furthermore, OPN was not detected in dentine tubules, and expression was generally 

absent in pulp osteoblasts, whereas RANKL was highly expressed in these cells. OPN 

expression was low in secondary dentine, while RANKL expression was absent. OPN 

expression in gingiva was similar to the pattern of staining of RANKL. Both OPN and 

RANKL expression was generally low or absent in epithelial gingiva, and high in 

connective tissue gingiva. 
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Table 5.5 Summary of results of OPN immunocytochemistry in normal teeth (n = 12) and teeth 

affected with FORL (n = 5). 

Tissue Normals FORL 
Dentine tubules A (12) A (4), N/A (1) 
Pulp osteoblasts + (4), A (8) N/A (5) 
Secondary dentine + (12), A (0) A (5) 
Cementocytes +++ (2), ++ (2), + (4), A (4) + (1), A (3), N/A (1) 
PDL fibroblasts +++ (2), ++ (7), + (2), A(l) + (1), N/A (4) 
PDL osteoblasts ... (3), ++ (6), + (2), A (1) + (1), N/A (4) 
Bone osteocytes ++ (3), + (3), A (6) A (5) 
Epithelial gingiva ... (2), ++ (2), A (8) ... (2), + (1), A (2) 
Connective tissue gingiva ... (8 ,+ (1), A (3) ... (1), ++ (3), A (1) 
Expression: +++ = high, ++ = moderate, += low, A= absent, N/A = could not be assessed. 

Teeth affected with FORL: OPN was not expressed in dentine tubules, secondary 

dentine, or bone osteocytes in any teeth with FORL (see Table 5.5, Figures 5.17C and 

D). OPN expression in cementocytes was low or absent (see Figure 5.17D). Variable 

expression of OPN was detected in the epithelial gingiva, and there was moderate to 

high expression in the connective tissue gingiva of most teeth (see Figure 5.18B). 

Overall, the PDL was too damaged in FORL sections to be assessed; however, in one 

tooth, where cells were visible, OPN expression was low (see Figure 5.17D). 

Tissue controls: OPN expression was not detected in cells of the lymph node. 

Osteoblasts and chondrocytes in the control tail vertebrae showed high expression of 

OPN. There was only a low level of staining of negative control sections incubated 

with normal rabbit serum (see Figure 5.17E and F, and 5.18C). 
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Figure 5.17: Immunolocalisation of OPN in normal teeth and teeth affected with FORL. A. Normal 

dentine (D) - pulp (P) junction (Right PO. Expression was absent in dentine tubules (DT) (also 

inset), and in pulp osteoblasts (013). Low expression was detected in secondary dentine (SD) (PD = 

primary dentine). B: Normal periodontal ligament (PDL) (Right PO. High expression was present 

in cementocytes (CC) within cementum (C), bone osteocytes (OC) within alveolar bone (AB), and 

PDL fibroblasts (FB) and osteoblasts (013). C: Dentine-pulp junction of tooth affected with FORL 

(Right MI). Expression was absent in dentine tubules (also inset) and secondary dentine. No pulp 

osteoblasts were present. D: Periodontal ligament of tooth affected with FORL (Right MI). 

Expression was absent in bone osteocytes and cementocytes. Expression was low in fibroblasts and 

ostcoblasts within the periodontal ligament. E and F: Negative control sections of the dentine-pulp 

junction and periodontal ligament (E: Left mandibular C; F: Left mandibular Q. All bars 

50ýtm. Sections were counterstained using hemotoxylin. 
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Figure 5.18: Immunolocalisation of OPN in normal gingiva and in gingiva of teeth affected with 

FORIL. A: Normal gingiva (Right p4). Expression was absent in epithelial gingiva (EG), although 

expression was high in cells of the connective tissue gingiva (CTG). B: Gingiva associated with 

FORIL (Right P4)- High expression was present in epithelial and connnective tissue gingiva. C: 

Negative control section of gingiva (Left mandibular Q. All bars = 5011m. Sections were 

counterstained using hemotoxylin. 
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5.4. DISCUSSION 

246 

This study has examined the mRNA and protein expression of a number of cytokines 
associated with osteoclast activation in normal cat teeth, and in teeth affected with 
FORL using RT-PCR and immunocytochemistry. The mRNA expression of cytokines 
associated with osteoclast activation was also studied in a range of nornial feline tissues 
using RT-PCR. Results indicate that there are changes in expression of cytokines in 
teeth and gingiva associated with FORL that may be associated with stimulation or 
inhibition of osteoclast activity. 

IL-10 and IL-6 mRNA expression in normal and diseased teeth and gingiva 

IL- IP and IL-6 mRNA expression in normal teeth and in teeth affected with FORL was 

studied as these cytokines are known to be potent stimulators of osteoclast 
differentiation and activity in vitro and in vivo, and are involved in mediating osteoclast 

activity in tooth and bone resorption associated with periodontitis in man (Horowitz and 
Lorenzo, 1996; Roodman, 1999; Rasmussen et al., 2000). 

Results of this study demonstrated increased expression of IL-lP and IL-6 

mRNAs in teeth affected with FORL, suggesting that these cytokines act as local factors 

regulating osteoclast activity at advanced stages of disease, although the mechanism by 

which these cytokines may stimulate osteoclast activity is not known. Alternatively, it 

is possible that IL- IP and IL-6 have no primary role in osteoclast activation but are 

instead associated with inflammatory changes in periodontal tissues associated with the 

disease. Our findings support the findings of a preliminary report describing 

immunolocalization of these cytokines in inflammatory cells and in TRAP-postive 

mononuclear and multinucleated cells in teeth and gingiva affected with FORL (Okuda 

and Harvey, 1992b). 

It was surprising that IL-lP and IL-6 mRNA expression was not elevated in 

gingival tissues associated with teeth affected with FORL, since gingival inflammation 

has been reported in this condition (Okuda and Harvey, 1992a). In the cat, low 

expression of IL-6 has been reported in clinically healthy gingival tissue, and IL-6 
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MRNA is significantly upregulated in feline gingivo-stomatitis, a disease characterized 
by gingival inflammation due to oral infection (Harley et al., 1999). In man, low levels 

of IL- 1P and IL-6 have been reported in normal, healthy gingival cells in vivo and in 
vitro, and increased expression is associated with oral bacterial infections (Hirose et al., 
2001; Uchida et al., 2001). IL-lP and IL-6 protein expression was not studied in teeth 

using immunocyto chemistry since the appropriate antibodies were not available. 
However, future studies should be directed at identifying specific cell types and tissues 
in the tooth that express these cytokines. 

IL-1 P, 11-6, RANKL and OPG mRNA expression in normal alveolar and femoral 

bone 

IL- 1P mRNA, but very low or absent expression of IL-6 mRNA, was detected in nonnal 

alveolar and femoral bone. IL- 1P mRNA expression was higher in femur compared to 

alveolar bone. IL- IP is expressed in healthy human bone (Ralston et al., 1994; Tao et 

al., 2000), and our findings were consistent with those of Vargas et al (Vargas et al., 

1996), who found IL-6 levels in normal mouse bone to be low or undetectable. Ralston 

et al., (Ralston et al., 1994) reported that IL-6 expression was variable in human bone. 

Unfortunately, the expression of IL-lp and IL-6 mRNAs in alveolar bone of teeth 

affected with FORL could not be assessed, as the surgical procedure used for tooth 

extraction avoided removal of alveolar bone. 

RANKL mRNA expression was found to be high in femoral bone in the cat, as 

in other species (Yasuda et al., 1998b). In contrast, the expression of OPG mRNA in 

feline bone appeared to be lower than that described for bone of other species (Yasuda 

et al., 1998a); it should be borne in mind, however, that variations in OPG and RANKL 

expression in non-pathological bone have been reported (Kon et al., 2001). 

Under normal conditions, mature teeth, unlike the rest of the skeleton, do not 

undergo extensive resorption and remodelling by bone cells. Our finding of 

significantly higher mRNA expression of OPG mRNA in feline teeth than in alveolar 

and femoral bone supports the hypothesis that OPG provides a mechanism for inhibiting 

resorption of mature dental tissues. Levels of RANKL mRNA expression did not differ 
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SignifiCarttlY in teeth and bone, providing further evidence that OPG may be the key 
factor in the RANKURANK pathway modulating osteoclast function in teeth. 

RANKL and OPG mRNA expression in liver, spleen, lymph node, and muscle 
This study is the first to describe the expression of RANKL and OPG mRNAs in feline 
tissues, and shows that their pattern of expression is similar to that previously described 
in man and the mouse. In the cat, high RANKL and OPG mRNA levels were detected 
in lymph node and spleen, and low levels in muscle and liver; which accords with 
findings in murine and human studies (Anderson et al., 1997; Wong et al., 1997b; Lacey 

et al., 1998; Yasuda et al., 1998b; Kartsogiannis et al., 1999). 

RANKL and OPG have been described as playing a role in the regulation of cells 
in other tissues, although the tissue distribution of these factors in the cat has not been 
described (Anderson et al., 1997; Wong et al., 1997b; Lacey et al., 1998; Yasuda et al., 
1998b; Kartsogiannis et al., 1999). The significance of tissue- and species-related 
differences in RANKL and OPG expression remains to be determined (Yasuda et al., 
1998a). 

Histological analysis 

Immunocytochernical staining procedures disrupt the morphology of cells and tissues. 

Therefore, a light microscopic study was undertaken in order to precisely define the 

cellular anatomy of normal teeth and teeth affected with FORL to facilitate the 

interpretation of immunocytochernical results. Descriptions of expression in specific 

cell types were based on the morphological characteristics of cells and tissues, and their 

location in the tooth environment using standard histology. Histological features of 

normal teeth were consistent with other previous histological descriptions of cells and 

structures of cat teeth, and descriptions of teeth in man (Thilander and Hugoson, 1969; 

Forsberg et al., 1969; Nalbandian and Frank, 1980; Ten Cate, 1998). Histological 

features of teeth affected with advanced FORL were also entirely consistent with other 

descriptions of this disease (Okuda and Harvey, 1992a; Reiter, 1998c). 
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RANKL and OPG mRNA and protein expression in normal and diseased teeth 
and gingiva 

The potential role of RANKL and OPG in the pathogenesis of FORL was examined in 
this study since it has recently been shown that these molecules function together to 
play an important role in controlling osteoclast formation. There is also accumulating 
evidence that these factors regulate osteoclast activity in the tooth microenvironment 
during tooth development, eruption, and movement, and may be involved in mediating 
bone resorption in periodontitis (Kong et al., 1999; Sakata et al., 1999; Liu et al., 2000; 
Rani and MacDougall, 2000; Oshiro et al., 2001; Shiotani et al., 2001; Nagasawa et al., 
2002; Lossdorfer et al., 2002; Oshiro et al., 2002; Kanzaki et al., 2002). 

RANKL expression: RANKL protein expression was identified in dentine tubules, 

cementocytes, PDL cells, bone osteocytes, pulp osteoblasts, and gingiva in nonnal 
feline teeth by immunocytochemistry, and in teeth, gingiva, and alveolar bone by RT- 
PCR. 

RANKL expression has been described in cells of the PDL, pulp, osteocytes, and 

gingiva of other species (Sakata et al., 1999; Shiotani et al., 2001; Lossdorfer et al., 
2002; Oshiro et al., 2002; Kanzaki et al., 2002; Hasegawa et al., 2002). RANKL 

expression in periodontal ligament cells has been described in several studies, and it is 

suggested that expression is associated with the stimulation of osteoclast differentiation 

and activity in the PDL, and may be involved in mediating the resorption of alveolar 

bone during tooth movement (Oshiro et al., 2001; Shiotani et al., 2001; Oshiro et al., 

2002; Kanzaki et al., 2002). RANKL expression in fibroblasts in the PDL may also 

serve another function not related to stimulation of osteoclastogenesis, or be involved in 

regulating immune response or the differentiation and turnover of other cell types 

(Kartsogiannis et al., 1999; Quinn et al., 2000). The expression of RANKL in pulp 

cells has been described in several studies (Rani and MacDougall, 2000; Lossdorfer et 

al., 2002), although its function remains unclear, since it has been suggested that 

osteoclast differentiation does not normally occur in the pulp space (Lossdorfer et al., 

2002). This is the first study to describe the expression of RANKL in the dentine 

tubules of any species. 
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Increasing apical expression of RANKL (and also OPG, OCal, and OPN) in 
cementocytes observed in the present study may be related to the relatively "younger" 
age of these cells (ie. more "osteoblastic") compared to more proximal cells (more 
4(osteocytic"), due to the late forination of the root apex. Alternatively, high levels of 
expression may be due to the increased rate of cementum remodelling associated with 
the root apex, which may require greater stimulus from osteocytes than the cementurn at 
the proximal root. 

RANKL was also expressed in epithelial cells and connective tissue in nonnal feline 

gingiva. However, studies of RANKL expression in gingival fibroblasts in man have 

provided variable results. One study has reported no RANKL expression in cultured 

normal gingival fibroblasts (Sakata et al., 1999). Another has shown elevated RANKL 

mRNA expression in human gingival fibroblasts associated with severe periodontal 
inflammation (Liu et al., 2000), while another study has shown reduced RANKL 

expression in gingival fibroblasts simulated with lipopolysaccharide, a product of 
bacteria in periodontitis, in vitro (Nagasawa et al., 2002). These findings suggest that 

RANKL expression in gingival cells may be upregulated in response to inflammation, 

but the nature and severity of the stimulus may influence the level of expression. 

Immunocytochernistry demonstrated a general reduction of RANKL expression in PDL 

tissue of teeth affected with FORL; which may be associated with reduced osteoclast 

activity in late-stage disease, although reduced RANKL expression was not detected in 

other cell populations in the tooth. In the RT-PCR study, RANK-L mRNA expression 

was not significantly lower in teeth with advanced FORL, although levels were reduced 

compared to normals. 

The reason for the discrepancy between results from the immunocytochemistry 

and RT-PCR studies is unclear, but may be due to a number of factors. In the RT-PCR 

study it was not possible to completely separate the different tissue types, and therefore 

results may represent the expression of factors in a mix of cells from different tissues. 

Alternatively, changes in RANKL expression in teeth affected with FORL may occur at 

a transcriptional level, but not at a protein translation level. The next stage of research 

should be to localise the mRNA expression of RANKL in cells and tissues of teeth 
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using in situ hybridisation for comparison with immunocytochemistry results. RT-PCR 
and digital gel analysis are semi-quantitative techniques, and the lack of significance in 
RANKL mRNA expression between normal and diseased groups may also reflect the 
inaccuracies of these methods. Future study using real-time PCR, which involves the 
detection of a fluorescent signal produced proportionally during the amplification of a 
PCR product, would provide a more accurate quantification of mRNA expression. 

Immunocytochernistry showed increased RANKL staining in the epithelial gingiva in 

some normal teeth compared with teeth affected with FORL. Results of the RT-PCR 

study also showed significantly higher RANKL mRNA expression in normal gingiva 

compared to gingiva from teeth affected with FORL. The role of the gingiva in 

modulating bone cell activity at the surface of the tooth has not been extensively 
described. However, research in human idiopathic cervical root resorption suggests that 

the gingiva plays a part in regulating the activity of osteoclast precursors at the tooth 

root surface (Moody and Muir, 1991). The results of the present study suggest that 

RANKL expression in gingiva may have a role in stimulating osteoclast actvity in the 

normal tooth microenvironment. Expression may be downregulated in gingiva affected 

with advanced FORL which is known to be associated with reduced osteoclast numbers, 

and a quiescent phase of osteoclast activity (Okuda and Harvey, 1992a). 

Downregulation of RANKL in gingival fibroblasts has been described as being 

associated with the presence of periodontal disease in man (Nagasawa et al., 2002). In 

FORL, the source of osteoclast precursors is not known; however, the PDL and 

connective tissue gingiva are a likely source, and reduced RANKL expression may 

reflect a supression of cell differentiation and activity in these tissues. 

OPG protein expression: OPG protein expression was identified in dentine tubules, 

cementocytes, the extracellular PDL, bone osteocytes, connective tissue gingiva, pulp 

osteoblasts, and secondary dentine in feline teeth by immunocytochemistry. OPG 

mRNA expression was identified in teeth, gingiva, and alveolar bone by RT-PCR. 

OPG expression has been identified in cells of the PDL, pulp, and gingiva in humans 

and rodents (Sakata et al., 1999; Liu et al., 2000; Ram and MacDougall, 2000; Wada et 
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al., 2001; Nagasawa et al., 2002; Kanzaki et al., 2002; Hasegawa et al., 2002). OPG 

mRNA expression has been described in normal human PDL cells in culture, (Sakata et 
al., 1999; Wada et al., 2001) and mRNA levels are observed to increase in vivo in 
human cells affected with periodontitis (Liu et al., 2000). It is suggested that OPG 
functions to block osteoclast activation in the PDL in health and disease, and thus may 
have an important role in inhibiting the resorption of mature dental tissues (Rani and 
MacDougall, 2000). 

In the present immunocytochemical study, cells within the PDL and connective 
tissue gingiva of normal teeth did not stain for OPG; however, OPG staining occurred in 

the extracellular matrix of these tissues. This pattern of distribution may reflect the fact 

that OPG is a secreted factor, and may exist within the tissue matrix of the PDL and 

gingiva. The extracellular distribution of OPG in these tissues has not been reported by 

any other studies. OPG expression has been described in human pulp osteoblasts in 

vitro by one study (Sakata et al., 1999), supporting the observation of expression in the 

feline pulp osteoblast. The expression of OPG in dentine tubules has not been 

previously described in any other species. 

OPG protein was not localised in normal feline epithelial gingival tissue, while 

expression in connective tissue gingiva was moderate or low. One study has reported 

an absence of OPG expression in normal human gingival fibroblasts (Sakata et al., 

1999). However, another study has reported OPG mRNA expression in normal human 

gingival fibroblasts in vitro (Sakata et al., 1999). It is suggested that OPG expression in 

normal gingival cells may function in a paracrine manner to block RANKL activity in 

the bone surrounding the teeth (Sakata et al., 1999). OPG mRNA levels have also been 

shown to be elevated in human gingiva affected with periodontitis (Liu et al., 2000). In 

vitro OPG mRNA expression has been demonstrated to be elevated in human gingival 

fibroblasts stimulated with lipopolysaccharide (Nagasawa et al., 2002). 

In teeth affected with FORL, immunocytochemistry demonstrated increased expression 

of OPG in dentine tubules, cementoblasts, and the extracellular PDL compared with 

normal controls. However, in the RT-PCR study, OPG mRNA expression did not 

appear to be altered in teeth affected with FORL. Furthermore, RT-PCR showed 

significantly elevated OPG mRNA expression in gingiva associated with teeth affected 
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with FORL compared to normals; however, the protein expression of OPG in gingiva 
did not appear significantly different between normal and diseased teeth. 

The reason for these differences between the immunocytochemical and RT-PCR 

studies is unclear, but as discussed in relation to RANKL, may relate to the specific cell 
populations and tissue represented in the teeth and gingiva used for RT-PCR, or 
differences between OPG mRNA transcription and protein translation. The next stage of 
research should be to localise the mRNA expression of OPG in cells and tissues of teeth 

using in situ hybridisation for comparison with immunocytochemistry results. 
Elevated OPG expression in teeth and gingiva further supports histological 

evidence that advanced FORL is associated with reduced osteoclast activity in the tooth. 

Expression in dentine tubules may prevent resorption of dentine. Elevated OPG 

expression in the PDL and gingiva may inhibit osteoclastogenesis in these tissues in 

late-stage disease, and/or play a role in reparative processes in which new bone is 

formed by osteoblasts at the tooth root surface. This is supported by evidence from 

studies of bone repair that show elevated OPG mRNA levels at sites of new bone 

formation, indicating that OPG may have a role in inhibiting the resorption of reparative 

tissue (Kon et al., 2001). 

Elevated OPG expression has been reported in human PDL cells in culture associated 

with elevated IL- 1P expression (Sakata et al., 1999), and it is suggested that IL- 1P (but 

not IL-6) stimulates an anti-resorptive response in the ligament space by stimulating 

OPG production. As IL-lP mRNA expression was elevated in teeth affected with 

FORLý it is possible that IL-lP has a similar function in modulating resorption in 

advanced FORL by stimulating OPG production. IL-lP has also been described to 

stimulate bone resorption by stimulating the upregulation of RANKL mRNA (Hofbauer 

et al., 1998; Hofbauer et al., 1999). The results of the RT-PCR study, however, do not 

support a role for IL- 1P in mediating the expression of RANKL in teeth affected with 

FORL, as IL-lP mRNA expression was increased in teeth affected with FORL, but 

RANKL mRNA expression was not similarly elevated. 
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OCal protein expression in normal and diseased teeth and gingiva 
OCal and OPN expression were immunolocalised in tooth sections to identify 
osteoblasts and osteocytes, and this data was used to confirm the localisation of 
RANKL expression in osteoblastic cells. 

OCal protein expression was identified in dentine tubules, cementocytes, PDL 
fibroblasts, PDL osteoblasts, bone osteocytes, pulp osteoblasts, secondary dentine, and 
gingiva of normal teeth by immunocytochemistry. The findings of this study are 
consistent with other descriptions of OCal expression in osteoblasts (including 

expression in dentine tubules), cementocytes, and PDL fibroblasts in man and in the rat 
(Gundberg and Nishimoto, 1999; Sawa et al., 2000; Hashimoto et al., 2001; Papagerakis 

et al., 2002). OCal expression is described as particularily prominent in osteocytes, and 
it is suggested that expression in osteocytes may be involved in the ongoing maturation 

of bone following the deposition of matrix by osteoblasts (Lian et al., 1999; Nijweide et 

al., 2002). 

In teeth affected with FORL, expression of OCal was generally lower in cementocytes, 

PDL fibroblasts, and PDL osteoblasts compared to normal teeth, although changes were 

not detected in bone osteocytes. The reason for this general reduction of OCal 

expression is unclear, but may be related to an imbalance of factors regulating normal 

bone turnover in FORL, or may be due to the presence of factors associated with FORL 

which impair the normal function of osteoblasts, osteocytes, and fibroblasts. Studies 

have indicated that OCal may be involved in regulating bone turnover by attracting and 

activating osteoclasts, and that reduced expression may be associated with reduced 

resorption (Ingram et al., 1994; Gundberg and Nishimoto, 1999). In the case of 

advanced FORL, where osteoclast activity is reduced (Okuda and Harvey, 1992a), local 

factors involved in arresting the resorptive process at advanced stages of disease may 

also be involved in downregulating OCal expression. There was no apparent alteration 

in OCal expression in gingiva between normal and diseased teeth. 

in general, RANKL staining in dentine tubules, cementocytes, bone osteocytes, and 

epithelial gingiva was consistent with the pattern of staining of OCal in these cells. 
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However, OCal and RANKL expression was not similar in pulp osteoblasts, PDL cells, 
secondary dentine, and connective tissue gingiva. The reason for this discrepancy 
beween OCal and RANKL in some cells and tissues is unclear, but may reflect the 
different distribution and function of these factors. 

OPN protein expression in normal and diseased teeth and gingiva 
OPN protein expression was identified in cementocytes, pulp osteoblasts, secondary 
dentine, PDL fibroblasts, PDL osteoblasts, bone osteocytes, and gingiva in normal 
feline teeth. The expression of OPN in feline teeth is consistent with expression 
described in other species. OPN expression in cementocytes has been described in the 

rat by Hashimoto et al. (Hashimoto et al., 2001) and Bronckers et al (1994), although 
the specfic function of OPN in cementum has not been defined. OPN expression in 

periodontal ligament cells has been described in the rat and in man (1vanovski et al., 
2001; Li et al., 2001; Lekic et al., 2001), and it is suggested that expression is involved 

in maintenance and regeneration of the ligament and bone surface during wound healing 

(Lekic et al., 1996; Ivanovski et al., 2001; Lekic et al., 2001). It has also been suggested 

that OPN expression by cells associated with the cementurn may facilitate the 

attachment of the ligament to the root surface (Bronckers et al., 1994). 

In general, the expression of OPN was lower in secondary dentine, cementocytes, bone 

osteocytes in FORL compared to normals. The reason for this is unclear, but as OPN 

may be associated with the attachment of osteoclasts to bone, lower expression may be 

related to reduced resorptive activity in late stage disease. Unfortunately, due to the 

lack of cellular material, the expression of OPN in PDL cells and pulp cells could not be 

assessed in most teeth affected with FORL. In one tooth that could be assessed, OPN 

was expressed in cells of the PDL, but there appeared to be few cells present. Future 

research should investigate the expression of OPN in the PDL of teeth affected with 

FORL, as it is an important molecule involved in maintenance and remodelling of tissue 

during inflammation and wound healing, and may be uniquely expressed in FORL 

(Potter et al., 2002). There was no apparent alteration in OPN expression in gingiva 

between normal and diseased teeth. 
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OPN expression has been previously observed at the resorbing &ont and reversal lines 
of resorbing dentine in FORL (Shigeyama et al., 1996). These authors suggest that 
OPN may be involved in attachment of both osteoclasts to the resorbing front, and 
attachment of osteoblasts to the reversal line, regulating resorption and repair 
(Shigeyama et al., 1996). In the present study, the localised expression of OPN at sites 
of resorption was not observed. This may be the result of the stage of resorption 
observed, or use of different antibodies, or differences in sample preparation between 

studies. 

OPN staining in cementocytes, PDL fibroblasts and osteoblasts, and osteocytes was 

variable, and not consistent with the pattern of uniformly high expression of RANKL in 

these cells. Furthermore, OPN was not detected in dentine tubules, and expression was 

generally absent in pulp osteoblasts, whereas RANKL was highly expressed in these 

cells. OPN expression was low in secondary dentine, while RANKL expression was 

absent. The reason for this lack of consistency in distribution of OPN and RANKL may 
be due to the different functions of these factors in cells and tissues. OPN has a wide 

variety of functions in mediating the activity of many cell types in inflammation, and 

variable expression in cells of teeth may reflect its variety of function. Both OPN and 

RANKL expression was generally low or absent in epithelial gingiva, and high in 

connective tissue gingiva, and may be regulated by similar factors. 

Although it was possible to draw conclusions from this data, considerable variation in 

expression was detected between samples using both immunocytochemistry and RT- 

PCR, which may be related to different stages of disease being represented, the 

processing of samples, or inherent individual variation. Future RT-PCR and 

immunocytochernical analysis should focus on obtaining a greater of number of teeth 

affected with various stages of FORL to establish the association of extent of resorption 

with variation in cytokine expression. One major limitation of this study was the 

absence of staining for a marker of osteoclasts, such as TRAP or the vitronectin receptor 

avP3. The next stage of this project is to localise osteoclasts in sections for specific 

markers using immunocytochemical and histochemical techniques. 
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5.5. SUMMARY 

RT-PCR study: 

o IL-lb and IL-6: 
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9 IL-lP and IL-6 mRNA expression was significantly higher (P < 0.01 and P< 

0.00 1, respectively) in teeth affected with FORL compared to nonnals. 

9 No significant differences in IL-lP and IL-6 mRNA expression were detected 

between normal gingival tissue and FORL gingival tissue. 

9 IL-Ip mRNA expression was moderately expressed in femur, and low in 

alveolar bone. IL-6 mRNA expression was negligible or absent in femoral and 

alveolar bone. 

o RANKL and OPG: 

e Sequence analysis of PCR products showed feline RANKL to be 89% and feline 

OPG to be 88% homologous to human DNA sequences over the regions 

amplified. 

9 No significant differences were detected in RANKL and OPG mRNA 

expression between teeth affected with FORL and nornial teeth. 

0 RANKL mRNA expression was significantly higher (P < 0.05) in nonnal 

gingival tissue compared to FORL gingival tissue. 

0 OPG mRNA expression was significantly higher (P < 0.05) in FORL gingival 

tissue compared to normal gingiva tissue. 

0 OPG mRNA expression was significantly higher in teeth compared to femoral or 

alveolar bone (P < 0.001). 
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No significant differences in RANKL mRNA expression were detected between 
femoral bone, alveolar bone, and teeth. 

9 RANKL and OPG mRNAs were expressed in liver, spleen, lyrnph node, and 
muscle. Higher expression was detected in spleen and lymph node compared to 
liver and muscle. 

Histology: 

* The histological appearance of nonnal teeth and teeth affected with FORL was 
consistent with that described previously. 

Immunocytochemistry: 

9 RANKL: 

9 Normals: RANKL expression was high in dentine tubules, cementocytes, PDL 
. C"-l- 

fibroblasts, PDL osteoblasts, bone osteocytes, connective tissue gingiva, and in 

pulp osteoblasts of most teeth. Expression in epithelial gingiva was variable. 

No expression was detected in secondary dentine. 

9 FORL: RANKL expression was high in dentine tubules and cementocytes. Low 

expression was detected in PDL fibroblasts and epithelial gingiva. Expression in 

bone osteocytes and cells of the connective tissue gingiva was variable. No 

expression was detected in secondary dentine. 

o OPG: 

9 Normals: OPG expression was primarily absent in dentine tubules, 

cementocytes, and bone osteocytes, and completely absent in PDL fibroblasts, 

PDL osteoblasts, and epithelial gingiva. There was moderate to low expression 

in the secondary dentine. OPG expression was absent in the pulp osteoblasts of 

most teeth. Expression in the extracellular PDL and in the connective tissue 

gingiva was variable. 
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* FORL OPG expression was high in dentine tubules, secondary dentine, and the 
extracellular periodontal ligament. No expression was detected in PDL 
fibroblasts or osteoblasts, and in general there was no expression in bone 
osteocytes and epithelial gingiva. Expression in cementocytes and the 

connective tissue gingiva was variable. 

9 OCal: 

e Normals: OCal expression was high in dentine tubules, cementocytes, and bone 

osteocytes. Moderate expression was present in secondary dentine. OCal 

expression in pulp osteoblasts and cells of the PDL was variable. OCal 

expression was primarily absent in epithelial gingiva and connective tissue 

gingiva. 

9 FORL: OCal expression was high in dentine tubules. There was moderate 

expression in secondary dentine. Expression in cementocytes and bone 

osteocytes was variable. Moderate to low expression was present in epithelial 

gingiva. Low or absent expression was present in PDL fibroblasts and 

osteoblasts, and cells of the connective tissue gingiva. Expression was primarily 

nu ausent in PDL osteoblasts. Expression in bone osteocytes was variable. 

e OPN: 

Normals: OPN was not expressed in dentine tubules, and was primarily not 

expressed in pulp osteoblasts, and epithelial gingiva. There was low expression 

in secondary dentine. Expression in cementocytes, PDL fibroblasts, PDL 

osteoblasts, bone ostecytes, and cells of the connective tissue gingiva was 

variable. 

FORL: OPN was not expressed in dentine tubules, secondary dentine, and bone 

osteocytes. Expression was low or absent in cementocytes. Expression was 

variable in epithelial and in connective tissue gingiva. 
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5.6. CONCLUSIONS 
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The results of this study have shown that there are changes in the mRNA and protein 
expression of local mediators involved in regulating the differentiation and activity of 
osteoclasts in the tooth microenvironment in advanced FORL. 

IL- IP and IL-6 mRNA expression was increased in teeth affected with FORL, which 
indicates that these cytokines may act as local factors regulating osteoclast activity 

when this diseases is at an advanced stage. These findings are consistent with a 

preliminary report which used immunocytochemistry to show describe changes in the 

expression of these cytokines in FORL. However, IL-lP and IL-6 may not have a 

primary role in osteoclast activation but could instead be associated with periodontal or 

granulomous tissue inflammation or could be involved in regulation of the limited bone 

repair that is associated with this disease. The role of these IL- 1P and IL-6 in mediating 

resorption at early stages of disease is unclear. 

This is the first study to describe RANKL and OPG mRNA expression in cat tissues, 

including bones and teeth, which indicates that these factors are involved in regulating 

normal cellular activity in a variety of tissues. For example, OPG mRNA expression 

was significantly higher in teeth compared to alveolar and femoral bone, supporting the 

hypothesis that OPG provides a mechanism for inhibiting resorption of mature dental 

tissues. 

h=unocytochemical studies showed that OPG expression was generally higher and 

RANKL expression lower in teeth affected with FORL. These results suggest that in 

advanced disease these factors act to inhibit osteoclast differentiation in the tooth 

microenvironment. This is consistent with earlier observations made from histological 

studies that showed that the number and activity of osteoclasts is reduced in advanced 

disease. Future studies are now required, both of normal teeth and early stage FORL, to 

examine how establish RANKL and OPG expression changes with disease progression 

and how their expression is regulated. RT-PCR did not show similar changes in 
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RANKL and OPG mRNA expression in FORL teeth but a limitation of this technique is 

that changes in expression in specific cell types cannot be detected. 

Gingiva associated with teeth affected with FORL was found to express significantly 
higher OPG but lower RANKL mRNA levels than normal tissues. This suggests that 

gingiva adjacent to lesions may inhibit osteoclastogenesis at the surface of the tooth in 

late-stage disease and may be involved in reparative processes involving new bone 

formation by osteoblasts. RANKL has been shown to have a role in lymphocyte 

survival and may have a similar role in mediating the activity of cells in the oral 

environment involved in host defense or tissue turnover. 



Chapter 5: Cytokine expression in normal teeth and in FORL 

5.7. FUTURE RESEARCH 
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9 It is important that the expression of RANKL, OPG, IL-10 and IL-6 should be 

studied at different stages of disease (early, intermediate and late). This should be 

done using a combination of techniques including immunocytochemistry, in situ 
hybridisation and quantitative PCR (e. g real time PCR). In any future studies it is 

also important to identify cells of the osteoclast lineage in the tooth 

microenvironment using specific markers e. g. the vitronectin receptor ((XvP3), 

cathepsin K, the calcitonin receptor, and TRAP activity. 

9 The potential role of other local factors in regulating osteoclast differentiation and 

activity in the feline tooth should be investigated; e. g. TNFoc, PTHrP, IL- 11, matnx 

metalloproteinases etc. 

e The expression of cytokines in teeth affected with periodontal disease should be 

compared to the cytokine profile in FORL. 

0 While studies of cytokine expression in teeth in situ are valuable, in vitro studies 

may be required (e. g. using cultures of gingival cells and PDL fibroblasts), to 

identify how the expression of local factors is regulated. For example, in vitro 

studies could address the question of how IL- 1P and 11-6 regulate RANKL and OPG 

expression. 
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6. A STUDY OF BIOCHEMICAL MARKERS OF BONE CELL ACTIVITY 
IN NORMAL DOMESTIC CATS AND CATS AFFECTED WITH FORL 

6.1. INTRODUCTION 

The skeleton is continuously undergoing turnover throughout life as a result of the 

processes of bone formation by osteoblasts and bone resorption by osteoclasts (Marks, Jr. 

and Hermey, 1996). Bone formation and resorption is normally balanced, however, 

alterations in these processes may occur during growth, as a result of ageing, hormonal 

changes, physical activity, or musculo-skeletal disease. Biochemical products of bone 

cell activity are excreted into serum and urine, and may be measured to assess bone cell 

activity in health and disease. In general, biochemical markers of bone turnover are 

enzymes expressed by osteoblasts or osteoclasts, or organic compounds released during 

the synthesis and resorption of bone matrix (Seibel, 2000). 

Assays for measuring biochemical/molecular markers of osteoblast and osteoclast 

activity in serum and urine have been widely used for many years in the diagnosis and 

monitoring of human metabolic diseases such as osteoporosis, arthritis, Paget's disease, 

and hyperparathyroidism (Christgau et al., 1998; Gallagher et al., 1998; Chapurlat et al., 

2000) (Seibel et al., 1989; Delmas et al., 1993). A number of studies have described the 

measurement of biochemical markers of bone cell activity in sheep, horses, pigs, cattle, 

and dogs and have shown dynamic changes in bone cell function associated with skeletal 

maturation, exercise, ovariectomy, osteomyelitis, and the effects of hormones and drugs 

on the skeleton (Scott et al., 1993; Weiler et al., 1995; Price et al., 1995; Philipov et al., 

1995; Johnson et al., 1997; Allen et al., 1998; Liesegang et al., 2000; Allen et al., 2000a; 

Chavassieux et al., 2001; Price et al., 2001). 

Biochemical markers of bone turnover have not been widely used to assess 

skeletal disease in cats, although musculo-skeletal disease involving abnonnal bone 

turnover is a significant cause of morbidity and mortality (Leonard and Tillson, 2001). 

Conditions include metabolic diseases such as nutritional and secondary 

hyperparathyroidism and hypervitaminosis A, as well as neoplasia, arthritis, disuse 

osteopenia and non-union fractures (Hill, 1977; Bennett, 1994; Barber and Elliott, 1998; 
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Heldmann et al., 2000). It has also been suggested that FORL is a consequence of 
abnormalities in bone metabolism, resulting from dietary imbalances or systemic disease 
(ie. hyperparathyroidism) (Zetner, 1990; Reiter, 1998b). The purpose of the present study 
was to determine whether FORL is associated with a generalised alteration in osteoclast 
and osteoblast function. This required establishing the applicability of a number of non- 
invasive serum and urinary assay methods for monitoring changes in bone cell function 
for use in cats. 

Markers of bone formation include bone-specific alkaline phosphatase (BAP) and 

osteocalcin (OC), which are products associated with osteoblast mineralisation activity, 

and the carboxy- and N-terminal propeptides of type I collagen (PICP and PINP), which 

are cleaved during collagen maturation. In this study, we measured serum levels of 

BAP, which catalyses the hydrolysis of phosphate esters at the surface of osteoblasts 
leading to the precipitation of calcium-phosphate complexes that convert to 

hydroxyapatite crystals between collagen fibrils (Ten Cate, 1998; Demers, 2001). BAP 

was measured using two methods: using wheatgerm lectin precipitation, and using an 

ELISA. 

Other isofonns of alkaline phosphatase (AP), including liver, kidney, intestinal, 

and placental isoforms, have been identified in humans and in other mammals, 

including cats (Goldstein et al., 1980). The other isoforrns also function to catalyse the 

hydrolysis of phosphate esters, although the specific role of these enzymes in the 

turnover of other tissues is unknown (Henthom et al., 1999; Wiwanitkit, 2001). An 

increase in serum AP concentrations is frequently associated with a variety of diseases 

such as bile obstruction disorders, liver disease, hepatitis, and cancer (Wiwanitkit, 

2001). In the adult cat, AP of liver origin is the predominant type found in serum, 

whilst among growing cats BAP is the predominant type (Homey et al., 1992; Foster 

and Thoday, 2000). 

Bone resorption can be assessed by measuring serum concentrations of the enzyme 

tartrate resistant acid phosphatase (TRAP), which is secreted by osteoclasts during 

resorption. Resorption can also be assessed by measuring concentrations of products of 

type I collagen degradation. These include: pyridinoline (PYD) and deoxypyridinoline 
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(DPD) cross links, the cross-linked amino and carboxy-terminal collagen telopeptides 
(NTX and CTX), and the helical portion of the collagen molecule. In this study, we 
measured serum and urinary concentrations of collagen degradation fragments DPD and 
CTX by HPLC and by ELISA. 

The breakdown of collagen matrix is a normal component of bone turnover, but 

can be accelerated during repair, functional adaptation to exercise, and metabolic bone 
disease (Seibel, 2000). Osteoclasts secrete proteases, metalloproteases, collagenases, 
gelatinises, and stromelysin, which degrade organic collagen matrix (Eyre, 1996). The 
breakdown of the collagen molecule results in the reduction of cross-linked fibrils into 
intact peptide fragments which then enter the circulation directly or are degraded further 
by the liver and kidneys and excreted into urine. PYD and DPD may be excreted in 

urine as free molecules, or as molecules bound to other collagen fragments (Rubinacci 

et al., 1999). Telopeptide groups are cleaved by proteases or specific collagenases from 

the rest of the molecule, while the alpha-helix portion of collagen remains intact 

(Keeling et al., 1993). The measurement of total DPD is considered a more accurate 

measure of bone resorption than free DPD alone, as it is a measure of all DPD excreted. 
Both PYD and DPD crosslinks are found in bone and teeth, but DPD crosslinks 

are only approximately 25% the concentration of PYD crosslinks (1: 3.5) (Eyre, 1996; 

Fledelius et al., 1997). There is a comparable amount of DPD in bone as in other 

tissue; however, bone has the lowest ratio of PYD to DPD of any tissue. DPD excreted 
in serum and urine is considered specific to the skeleton as the ratio of PYD to DPD 

crosslinks excreted is almost comparable to that found in bone (3.8: 1) (Eyre, 1996; 

Fledelius et al., 1997). 

NTX and CTX fragments are considered to be relatively specific markers of 

resorption as they are specific to type I collagen, which is the main organic component 

of bone matrix. This is supported by research that has shown that the ratio of non- 

isomerized and isomerised (oc and P) forms of CTX excreted in urine reflects the ratio 

found in bone (Fledelius et al., 1997). Furthermore, the pronounced effects of 

antiresorptive therapies (i. e. bisphosphonates) on serum NTX and CTX levels suggests 

that the majority of these molecules released into serum and urine are bone-derived 

(Christgau et al., 1998). 
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HYPOTHESIS: 

The presence of FORL may be associated with a generalised alteration in bone turnover. 

OBJECTIVES: 

The aims of the present study were: 

1. To evaluate a number of human biochemical assays of markers of bone formation 

and resorption for measuring bone cell activity in cats. 

2. To use bone markers to assess the relationship between age and bone turnover in 

nonnal cats. 
3. To use bone markers to assess the relationship between the presence and seventy of 

FORL and bone turnover. 
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6.2. MATERIALS AND METHODS 

6.2.1. Samples 

128 serum samples and 81 urine samples were collected from cats aged between 4 

months and 14 years that were of mixed gender, housed at the WALTHAM Centre for 

Pet Nutrition, U. K. All cats were healthy, maintained on a normal commercial diet and 

exercise regime, and were kept indoors in a virus-free environment. None of the cats 

were known to have intercurrent disease affecting bone at the time of sample collection 
(e. g. hyperthyroidism). Serum and urine was collected from cats aged I year and older 

who were undergoing dental examination as part of an epidemiological study of FORL 

(see Chapter 2). Serum and urine was collected from cats under I year undergoing 

other medical procedures (ie. neutering). All cats were fasted overnight and serum and 

urine was collected in the morning to minimize the effects of diurnal variation in marker 

levels. Serum and urine was collected while cats were under anesthesia. The presence 

of FORL was diagnosed by visual examination and radiography. For each individual, 

the number of teeth affected with lesions, and missing teeth was recorded (see Table 

6.1). 

Serum was collected from five cats affected with hypeithyroidism attending the 

Beaumont Animal Hospital at the Royal Veterinary College, U. K. Serum was collected 

at first diagnosis of disease, and at 1-7 months following treatment by drugs and/or 

nutritional management. Hyperthyroidism was diagnosed and monitored by the 

measurement of serum thyroxine (T4) and total AP levels. 

Samples from normal cats were used for the validation of assays. A preliminary study 

measuring marker concentrations in cats affected with hyperthyroidism was undertaken 

to further validate assays. In human medicine, the potential clinical value of an assay is 

assessed by its ability to measure changes in bone cell function before and after 

treatment of metabolic bone disease (i. e. osteoporosis). 
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All samples were measured in duplicate (except where indicated) and concentrations 
were calculated from the average of duplicate sample measurements. Samples with 
duplicate coefficient of variations (CV) greater than 15% were excluded from analysis. 

Table 6.1 Demographics of normal cats and cats affected with FORL. Values represent range and 

mean. 

Controls FORIL 
Age range (average) 4 mo. - 10 yr (3.4) 2- 13 yrs. (6.4) 
Number of teeth affected with 
lesions (average) 

0 1-14(3.6) 

Serum samples 81 47 
Urine samples 58 23 

6.2.2. Biochemical assays 

Bone formation: Serum BAP measured by wheatgerm lectin precipitation (WGL) 

BAP activity was measured in serum by WGL precipitation (BAP WGL), using the 

materials and methods described in Chapter 2 (see Table 6.2). As samples are not 

measured in duplicate, the intra-assay coefficient of variation (CV) could not be 

calculated. The "in-house" inter-assay CV was 7.9%. 

Bone formation: Serum BAP measured by ELISA (Alkphase B TM) 

The Alkphase B Tm ELISA (BAP 
SE 

; Metra Biosystems, Great Haseley, U. K. ) for 

measuring BAP activity in serum is a direct enzyme substrate-conversion immunoassay 

using purified monoclonal munne antibodies specific for human BAP (see Table 6.2). 

The assay was prepared according to the manufacturer's instructions. Standards, 

controls, and unknown serum samples were added to antibody-coated microtitre wells 

with assay buffer and incubated for 3 hrs at room temperature (RT). Following 

washing, substrate solution was added to wells (containing 4-nitrophenyl phosphate in 

2-amino-2-methyl-l-propanol solution), and allowed to incubate for 30 min. RT. The 

reaction was stopped, and absorbance was measured at 405 nm. The concentration was 
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measured as units / litre (U / L). The intra-assay CV was 3.6% and the inter-assay CV 

was 

Bone resorption: Total urinary DPD measured by reverse ion-pair high 

performance liquid chromatography (HPLC) 

Total urinary DPD was measured by HPLC according to the procedure described in 

detail in Chapter 2 (see Table 6.2). The intra-assay CV was 4.7% and the "in-house" 

inter-assay CV was 9.5%. 

Bone resorption: Free urinary DPD measured by ELISA (Pyrilinks-D TM) 

The Pyrilinks D Tm ELISA (DPD FUE 
, 
Metra Biosystems) for measuring free urinary DPD 

is a competitive immunoassay using purified monoclonal murine antibodies specific for 

human DPD (see Table 6.2). The reference antigen is DPD purified from bovine bone, 

and conjugated to alkaline phosphatase. The assay was prepared according to the 

manufacturer's instructions. Standards, controls, and unknown serum samples were 

diluted 1: 10, and added to antibody-coated microtitre wells along with buffer and the 

enzyme conjugate, and incubated for 2 hrs at 4'C in the dark. Following washing, 

substrate solution was added to wells (containing diethanolamine), and allowed to 

incubate for 60 min. at RT. The reaction was stopped, and absorbance was measured at 

405 nm. Results were corrected for urinary creatinine excretion and measured in 

nanomoles per millimole (nmol / mmol) of creatinine. The intra-assay CV was 8.7%. 

As only one assay was performed, the inter-assay CV is unavailable. 

Bone resorption: Total serum DPD measured by ELISA (Total DPD SeruMTM) 

The Total DPD Serum Tm ELISA (DPD TSE 
, Metra Biosystems) measures total serum 

DPD, utilising the Pyrilinks-DTMimmunoassay described above (see Table 6.2). The 

assay was prepared according to the manufacturer's instructions. Samples and a 

hydrolysis control were acid hydrolysed to release bound fonns of DPD to produce total 

DPD. The hydrolysis step involved incubation of samples at 1000C overnight in the 
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presence of HCI, followed by neutralization with NaOH. The hydrolysate was then 

assayed normally using the Pyrilinks-D Tm kit, however standards, controls, and assay 
buffer solution were used from the Total DPDTm kit, according to the manufacturer's 
instructions. The reaction was stopped, and absorbance was measured at 405 nm. 
Concentrations were measured in nanomoles per litre (nmol / L). The intra-assay CV 

was 10.8% and the inter-assay CV was 7.4%. Although over 100 samples were 

measured using the DPD TSE 
assay, results from only 57 samples could be used for 

analysis due to variability between duplicates. 

Bone resorption: Total urinary DPD measured by ELISA (Total DPD Urinef I") 

The Total DPD Urine Tm ELISA (DPD TUE 
, 

Metra Biosystems) measuring total serum 

DPD, utilises the Pyrilinks-DTM immunoassay described above (see Table 6.2). The 

assay was prepared according to the manufacturer's instructions. Samples and a 

hydrolysis control were acid hydrolysed and assayed as described for the Total DPD 

Serum7m ELISA. Absorbance was measured at 405 nm. Concentrations were measured 

in nmol / mmol of creatinine. The urine intra- and inter-assay CVs could not be 

measured due to the poor performance of the assay. 

Bone resorption: CTX measured in serum by ELISA (CrossLapSTM One Step 

ELISA) 

The serum CrossLapSTm ELISA (CTX SE 
, Osteometer, Dem-nark) is performed as a one- 

step sandwich immunoassay with monoclonal antibodies specific for human P- 

isomerised CTX (see Table 6.2). The assay was prepared according to the 

manufacturer's instructions. Standards, controls, or unknown serum samples are added 

to streptavidin coated microtitre wells, followed by a mix of biotinylated antibody and a 

peroxidase-conjugated antibody, and incubated for 2 hrs. at RT on a microwell plate 

shaker. A complex between CTX fragments, biotinylated antibody, and peroxidase- 

conjugated antibody was generated, binding to the surface of the streptavidin via the 

biotinylated antibody. Plates were washed, and a chromogenic substrate (containing 

tetramethylbenzidine) was added and incubated for 15 min. in the dark on a plate 
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shaker. The reaction was stopped, and absorbance was measured at 405 mn. Serum 

concentrations were measured in picomole/L (pM). The intra-assay CV was 4.6% and 
inter-assay CV was 3.5%. 

Bone resorption: Urinary CTX measured by ELISA (CrossLapSTM) 

The CrossLapSTm ELISA (CTXUE, Osteometer, Denmark) for measuring urinary 
isomerised CTX is a competitive immunoassay, involving the competitive binding of 

monoclonal antibodies raised in rabbits to either soluble CTX antigen or to plate-bound 

antigen. The assay was prepared according to the manufacturer's instructions. 

Standards, controls, and unknown urine samples were added to synthetic CTX antigen- 

coated microtitre wells. It was necessary to dilute the samples of cats less than I year 

old to bring the concentration of CTX to within the measurement range of the assay. 

The primary antibody solution was added, and the plate was incubated for 60 min. at RT 

on a microwell plate shaker. Plates were washed, and a peroxidase-conjugated 

secondary antibody was added. Plates were washed again, an a chromogenic substrate 

(containing tetramethylbenzidine) was added and incubated for 15 min. in the dark on a 

plate shaker. The reaction was stopped, and absorbance was measured at 405 Mu. 

Results were corrected for urinary creatinine excretion and measured in nanomoles per 

millimole (m-nol / mmol) of creatinine. The intra-assay CV was 8.7%. As only one 

assay was performed, the inter-assay CV is unavailable. 

Both urinary and serum ELISAs recognize the isomerised amino acid sequence 

EKAHD-P-GGR of the carboxy-terminal telopeptide region of the CC(l) chain of 

collagen, where the peptide bond between the aspartic acid (D) and glycine (G) residues 

are rearranged from the oc- to the P-carboxyl group of the aspartate side chain 

(Christgau et al., 1998; Leary, 2001). The assay recognizes both crosslinked and non- 

crosslinked P-isomerized fragments containing the EKAHD-P-GGR epitope (Fledelius 

et al., 1997; Christgau et al., 1998). 
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Bone resorption: CTX measured in serum by auto-analyser (Elecsys P-CTX"m) 

The Elecsys P-CTXTm autoanalyser (Roche, Germany) utilises a double monoclonal 

antibody sandwich technique where each antibody recognizes the P-isomerised amino 

acid sequence of the CTX molecule (Hoyle et al., 2000). The assay does not involve 

microtitre plates, and the formation of antigen-antibody complexes occurs in solution. 

One antibody is specific for one epitope of the amino acid sequence, and the other, 

ruthenium-labelled antibody is specific for another epitope. Quantitation is made via 

the electrochemiluminescent signal generated by the ruthenium-labelled sandwich 

complex (Hoyle et al., 2000). Samples are not analysed in duplicate, and quantitation is 

made using an internal standard. CTX concentration was measured in nanograms per 

millilitre (ng / mL). The "in-house" intra-assay CV was 2.7% and the "in-house" inter- 

assay CV was 5.5 %. 
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Table 6.2: Biochemical assays used for measuring markers of bone formation and resorption in 

serum and urine. 

Assay Marker Serum Marker Controls FORIL 
Abbrev. Urine 

Wheat germ lectin 
precipitation (WGL) BAP WGL Serum BAP 38 19 

Alkphase-BTm ELISA kpSE B, Serum BAP 81 47 
High performance liquid 
chromatography 
(HPLC) DPD TUH Urine Total DPD 58 23 

Pyrilinks DTm ELISA DPD FUE Urine Free DPD 17 0 

Total DPDTm ELISA DPD TSE 
and Serum and Total DPD 37 Serum, 20 Serum, 0 

DPD TUE Urine 25 Urine Urine 

CrossLaps"m ELISA CTXSE and Serum and CTX 18 Serum, 13 Serum, 
CTXUE Urine 30 Urine 18 Urine 

Elecsys"m P-CTX CTXAUTO Serum CTX 56 44 

BAP WGL = Bone alkaline phosphatase measured by wheat germ lectin precipitation, BAP SE = Bone 
alkaline phosphatase measured in serum by ELISA, DPD TUH = Total deoxypyridinoline measured in urine 
by HPLC, DPD FUE = free deoxypyridinoline measured in urine by ELISA, DPD TSE = Total 
deoxypyridinoline measured in serum by ELISA, DPD TUE = Total deoxypyridinoline measured in urine 
by ELISA, CTX SE = carboxy-terminal telopeptide fragment concentration measured in serum by ELISA, 
M&E = carboxy-terminal telopeptide fragment concentration measured in urine by ELISA, CTXAUTO 

carboxy-terminal telopeptide fragment concentration measured in serum by auto-analysis. 

Other biochemical assays 

Urinary creatinine was measured by the Department of Clinical Chemistry, Northern 

General Hospital, Sheffield, U. K. The assay for urinary creatinine was a modified Jaffe 

reaction. Urinary creatinine concentrations were expressed in millmoles per litre 

(mmol/L). For cats over age 7 years, gamma-glutamyl transferase (GGT), alanine 

aminotransferase (ALT), urea, and creatinine were measured in serum to assess liver 

and kidney function (Department of Pathology, Royal Veterinary College, UK. ), since 

the presence of intercurrent disease may affect bone cell function. None of the cats in 

the study were found to have levels outside of the normal laboratory reference range. 
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6.2.3. Analysis 

In order to validate assays, normal serum and urine samples were serially diluted and 

results compared with the assay standard curve. To assess the relationship between 

biochemical parameters and the relationship between age and bone marker levels, 

Spearman's rank correlation analysis was perfon-ned using data from normal cats, using 

SPSSTM software (version 10, SPSS, Inc., USA). Analysis of variance was performed to 

assess differences in marker levels between age groups of controls. Analysis of 

variance was also used to assess differences in marker levels between groups before and 

after treatment for hyperthyroidism, and between controls and groups of cats affected 

with FORL of different severity (ie. number of teeth affected). A significance level of P 

:! ý 0.05 or more was used in all analyses. 
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6.3. RESULTS 

Dilution curves for immunoassays 

275 

Dilution curves were prepared to assess the cross-reactivity of different assays with 

feline serum and urine, and to ensure that marker concentrations could be measured 

within the range defined by the assay standard curves. Standard curves drawn through 

points derived from the serial dilution of normal serum and urine were found to be 

parallel with assay standard curves for the BAP SE 
, 

DPD FUE, CTXUE 
, and CTXSE assays, 

indicating specific cross-reactivity between the antibody raised against human antigen 

and feline antigen (see Figures 6.1 A-D). Dilution curves did not show parallelism with 

standard curves for the DPD TSE 
5 

DPD TUE 
. and CTXAUTO assays (data not shown). The 

results of the DPD TUE assay could not be interpreted, as measurements were either 

extremely low, or extremely high, and could not be measured accurately from the 

standard curve. The results of this assay were therefore not used in any further analysis 

of the intercorrelation with other assays or with age. 
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Figure 6.1: ELISA standard curves and dilution curves. Feline serum or urine was serially diluted 

and concentrations plotted against optical density. The slope of the feline curve is parallel to that of 

the human standard, confirming that there is specific cross-reactivity between the human antibody 

and the feline antigen for the following assays: A: BAP SE 
, B: DPD FUE, C: CTXUE , D: CTXSE. 

6.3.2. Relationship between bone markers measured using different assays 

The relationship between bone markers measured using different assay methods was 

established to cross-validate assays measuring the same markers (le. BAP measured by 

WGL vs. ELISA), to compare assays measuring the same markers in serum and urine 

(ie. DPD measured in serum and urine by ELISA), and to compare assays measuring 

different products of collagen degradation (ie. DPD vs. CTX). Interassay correlations 

were established between assays measuring markers of osteoblast (le. BAP) and 

osteoclast activity (ie. DPD, CTX) to assess the relationship between processes of 

formation and resorption. Interassay correlations were calculated using data from 
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normal cats to avoid the confounding influence of disease status in FORL. The results 

are surnmarised in Table 6.3 and Figures 6.2A-L. 

BA_pSE and BA_pWGL were sipificantly correlated (r, = 0.97, P<0.001). BAP SE 
was 

also significantly correlated with CTXSE , DPD TUH, 
and CTXUE (r, = 0.76,0.67,0.84, P 

0.001), but not with DPD TSE (r, = 0.20). DPD TSE 
and DPD FUE 

were significantly 

correlated with DPD TUH (r, = 0.69 and 0.95, P<0.001). CTXUE was significantly 

correlated with DPD TUH (r, = 0.65, P<0.001). CTX UE 
and CTXSE were significantly 

correlated (r, = 0.82, P<0.001). CTX SE 
was less significantly correlated with DPD TUH 

(r, = 0.59, P<0.05). CTXAUTO did not have a significant relationship with DPD TUH (r, 

0.3 1), and had a significant relationship with CTX SE (r, = 0.64, P<0.05). 
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Figure 6.2: Relationship between bone markers measured using different assays. A: BAP WGL and 
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and DPD TUH 

, D: BAP 
SE 

and CTkUE, 
, E: BAP 

SE 
and 
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, F: DPD TuH and DPD TSE 

. r, = Spearman's rank correlation, **P < 0.001, *P<0.05. 
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Figure 6.2: (Continued) Relationship between bone markers measured using different assays. G: 

DPD TUH 
and DPD FUE 

, H: DPD TUH 
and CTkUE, 1: CTXSE and CTXUE, J: DPD TUH 

and CTXSE , K: 

DPD TUHand CUCAUTO, L: CTXAUTO and CTXSE . r, = Spearman's rank correlation, **P < 0.001, *P 

0.05. 
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6.3.3. Bone turnover in cats affected with hyperthyroidism 

281 

A preliminary study was undertaken to establish whether assays could detect changes in 
bone cell activity before and after treatment for hyperthyroidism. Unfortunately, due to 
limited amounts of serum available, only the BAP SE and CTXSE assays could be 

assessed. Serum T4 levels were measured in 4 cats and serum alkaline phosphatase 
(AP) levels were measured in 5 cats pre- and post-treatment. BAP SE was measured in 

all 5 cats pre- and post-treatment. Serum CTX concentrations were measured in all 5 

cases pre-treatment, but only in 4 cases post-treatment, as one sample produced poor 

assay duplicate results. Significantly decreased T4 and AP concentrations were 
detected in all cases following treatment (P < 0.05; see Table 6.4, Figures 6.3A, B). 

BAP was found to decrease in all 5 cases following treatment of disease, although 
differences were not significant (see Figure 6.3Q. CTX concentrations decreased 

following treatment in 3 cases, except in one case where levels appeared to increase (see 

Figure 6.3D). There was no significant difference between pre- and post-treatment for 

CTX. 

Table 6.4: Thyroxine (T4), alkaline phosphatase (AP), BAIP SE 
, and CTXSE concentrations in cats 

before and after treatment for hyperthyroidism. Results are expressed as mean (SD). 

Pre-treatment Number Post-treatment Number 
of cats of cats 

T4 (mmol L) 160.8 (50.2) 4 20.6 (7.8)** 4 
AP (units L) 334.0 (310.1) 5 9 9.0 (8 9.8) ** 5 
BAP SE (units / L) 52.0(79.5) 5 14.5(19.5) 5 
CTXSE (PM) 6683.4 (2991.0) 5 4822.0 (3006.0) 4 

** Concentrations post-treatment were significantly lower than concentrations pre-treatment (P < 0.001). 
BAP SE = bone alkaline phosphatase measured in serum by ELISA, CTXSE = carboxy-tem-iinal telopeptide 
fragment concentration in serum by ELISA. 
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Figure 6.3: Thyroxine (T4), alkaline phosphatase (AP), BA-P SE 
, and CTXSE levels in cats affected 

with hyperthyroidism pre- and post-treatment. A: Thyroxine (T4), B: Alkaline phosphatase (A-P), 

C: BAP SE and D: CTXSE. CTXSE levels could not be assessed post-treatment in one cat due to poor 

assay duplicate results. *P<0.05. 

6.3.4. Relationship between bone markers with age 

The correlation between bone markers with age was established to evaluate the ability 

of assays to detect changes in bone cell activity associated with phases of skeletal 

growth (le. in growing cats) vs. skeletal maturity (ie. fully-grown cats). The correlation 

of marker concentrations with age was calculated using data from normal cats to avoid 

the confounding influence of disease status. The results are summarised in Tables 6.5 

and 6.6, and in Figures 6AA-H. 

Pre-treatment Post-treatment Pre-treatment Post-treatment 

Pre-treatment Post-treatment Pre-treatment Post-treatment 
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BAP SE and BAP WGL were significantly inversely correlated with age (rs = -0.66 and - 
0.88, P<0.001). DPD TUH was also significantly inversely correlated with age (rs 

0.61, P<0.001). DPD TSE and DPD FUE were not significantly correlated with age (r, 

0.13ý -0.43), although the latter showed a general inverse trend in the data with age. 

CTX UE was significantly inversely correlated with age (r, = -0.70, P<0.001). CTX SE 

showed a less significant inverse correlation (rs = -0.51, P<0.05). CTXAUTO showed a 

significant inverse correlation with age (rs = -0.42, P<0.001). 

Cats under one year of age (group 1) were found to have significantly higher 

BAP SE 

ý BAP WGL 

ý DPD TUH 
, and CTXUE concentrations than cats aged 1 year old and 

older (P < 0.001, see Table 6.5). Cats between 1-2 years (group 2) had significantly 

higher BApSE 
, BAP WGL 

and Mff concentrations (P < 0.001 and P<0.05, 

respectively) compared to older animals. Among cats over 2 years of age (groups 3 and 

4), there were no significant differences in BAP SE 

ý 
BAP WGL 

9 DPD TUH 
I DPD FUE 

, or 

Mff concentrations. CTXAUTO was signficantly lower in cats in group 4 (P < 0.05). 

Significant differences could not be established between any age groups for the DPD TSE 

DPD FUE 
. or CTX SE 

assays. 
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Figure 6.4: Relationship between bone markers with age. A: B kPSE 
, B: BApWGL, C: DPD 

TUH 
9 D: 

DPD TSE 

, E: DPD FUE 

, F: CTXuE. r, = Spearman's rank correlation, ** P<0.001, *P<0.05. 
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Figure 6.4: (Continued) Relationship between bone markers with age. G: CTXSE , H: CTXAUTO. r, 

= Spearman's rank correlation, ** P<0.001, *P<0.05. 

6.3.5. Bone turnover in cats affected with FORIL 

The relationship between the presence and severity of FORL and bone markers was 

assessed by comparing concentrations of BAP SE 
, 

BAP WGL 
, 

DPD TUH 
, 

DPD TSE 
, 

CTX SE 
5 

CTXUE 
, and CTXAUTO in normal cats with cats affected with FORL. The presence or 

absence of disease was determined by clinical examination. Marker concentrations 

were compared between groups of individuals with different severity of FORL (ie. 

number of teeth affected). No significant differences in any marker concentrations were 

detected between cats affected with FORL and normals (see Tables 6.7 and 6.8). 
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Table 6.7: Bone marker concentrations in normal cats and cats affected with FORL. 

288 

Marker Units Normal FORL 

Number Mean (SD) Number Mean (SD) 
of cats of cats 

B"WGL units /L 21 14.4(6.9) 19 15.6(13.7) 
BAP SE 

units /L 63 8.5(3.2) 47 8.9(4.4) 
DPD TUH 

mnol/nunol 46 11.3(11.7) 21 11.4(8.2) 
creatinine 

DPD TSE 
mnol /L 21 6.0(3.2) 20 7.0(4.2) 

CTXSE PM 13 3033.2 (1607.6) 13 3619.9 (2819.2) 
CTXUE mnol/mmol 20 301.2 (112.7) 18 331.1 (100.9) 

creatinine 
CTXAUTO ng / mL 47 0.57(0.23) 44 0.58 (0.25) 

Values represent mean and standard deviation (SD). DPD FUE and DPD TUE are not included. BAP WGL = 
bone alkaline phosphatase measured in serum by wheatgerm. lectin precipitation, BAP SE = bone alkaline 
phosphatase measured in serum by ELISA, DPD TUH = total deoxypyridinoline measured in urine by 
HPLC, DPD TSE = total deoxypyridinoline measured in serum by ELISA, CTX SE = carboxy-terminal 
telopeptide ftagment concentration measured in serum by ELISA, CTXUE = carboxy-terminal telopeptide 
fragment concentration measured in urine by ELISA, CTXAUTO = carboxy-terminal telopeptide 
concentration measured in serum by auto-analysis. 
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Table 6.8: Bone marker concentrations in normal cats and cats affected with different numbers of 
teeth with resorptive lesions. Values represent mean and standard deviation (SD). 

Bone alka line phosphatase (BAP WGL) 

Number of teeth with Number Mean BAP SD 
resorptive lesi ns of cats (units / L) 

0 (controls) 21 14.3 6.9 
1-2 10 20.3 17.3 

3-14 9 10.4 5.5 

Bone alkaline phosph tase (BAP SE) 

Number of teeth with Number Mean BAP SD 
resorptive lesions of cats (units / L) 

0 (controls) 63 8.5 3.2 
1-2 20 8.4 3.0 
3-4 14 7.8 3.1 
5-14 13 10.9 6.5 

D Deox pyridinoline eox DPD TUH) 

Number of teeth with Number Mean DPD SD 
resorptive lesions of cats (nmol/mmol 

creatinine) 
0 (controls) 46 11.3 11.7 

1-2 11 10.6 8.8 
3-4 5 11.6 7.9 
5-14 5 13.0 8.5 

Bone alkaline phospha ase (DPD TSE) 

Number of teeth with Number Mean DPD SD 
resorptive lesions of cats (nmol/1) 

0 (controls) 21 6.0 3.2 
1-2 11 8.0 5.3 

3-14 9 5.8 2.0 
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Table 6.8: (Continued) Bone marker concentrations in normal cats and cats affected with different 

numbers of teeth with resorptive lesions. Values represent mean and standard deviation (SD). 

Carboxy-t rminal telop ptide (CTXSE) 

Number of teeth with Number Mean CTX SD 
resorptive lesions of cats (PM 

0 (controls) 13 3033.2 1607.6 
1-2 5 3334.0 924.4 

3-14 8 3798.6 3611.4 

Carboxy-tern-dnal telopeptide (CT3ýUE) 

Number of teeth with Number Mean CTX SD 

resorptive lesions of cats (nmol/mmol 
creatinine) 

0 (controls) 20 301.2 112.7 
1-2 8 341.1 87.4 

3-14 9 316.6 119.1 

Bone alkal ine phosphat se (CTXAUTO) 

Number of teeth with Number Mean CTX SD 

resorptive lesions of cats (ng/ml) 
0 (controls) 47 0.57 0.23 

1-2 19 0.55 0.19 
3-4 15 0.68 0.30 
5-14 10 0.49 0.17 
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6.4. DISCUSSION 

Assay validation 

291 

This study has demonstrated that a number of assays originally developed for use in 

human medicine can be used to monitor bone cell activity in the domestic cat. 

Bone alkaline phosphatase, a marker of bone formation by osteoblasts, can be 

reproducibly measured in cat serum using a wheatgerm lectin precipitation method or 
by ELISA. There was an excellent correlation between results obtained using these 

techniques, indicating that both methods are measuring the same enzyme activity. This 

is the first study to measure serum BAP using these methods in the cat, although the 

BAP isoenzyme has been identified in feline serum in other studies through 

electrophoresis separation (Hoffmann et al., 1977; Homey et al., 1992; Archer and 

Taylor, 1996; Foster and Thoday, 2000). Other studies have shown that WGL is able to 

precipitate dog and horse BAP (Farley et al., 1992; Sanecki et al., 1993; Allen et al., 

2000a), monkey (Jackson et al., 1996; Jerome et al., 1997). Species cross-reactivity 

with the BAP ELISA used in our study has been reported in the dog and in the horse 

(Allen et al., 2000a; Price et al., 2001). In terms of their practical application, sample 

preparation for the WGL assay is time consuming, and access to an auto-analyser is 

required. In contrast, the ELISA is more straightforward to use, provides rapid results, 

and can be performed in any laboratory, making it potentially a more appropriate 

method for clinical use. 

To our knowledge, this study represents the first reported measurement of urinary 

pyridinoline concentrations in the cat. As expected, deoxypyridinoline, a specific 

marker of bone collagen degradation, could be measured in cat urine using HPLC- 

However, this technique is time consuming and laborious, and requires specialist 

equipment, thus making it inappropriate for routine measurement in a general 

laboratory. Given the disadvantages of HPLC, an aim of this study was to explore the 

potential usefulness of other, more straightforward assay methods for measuring 

resorption markers in the cat. We also investigated the potential value of an assay for 
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measuring DPD in serum, rather than urine, as serum is easier to collect in practice, and 
doesn't require correction against creatinine. 

The ELISA for measuring free (non-hydrolysed) DPD in urine (Pyrilinks DTm), 

showed good cross-reactivity with the cat, and was significantly correlated with total 
DPD measured by HPLC. Unfortunately, the ELISA for measuring total urinary DPD 

(Total DPD Urine Tm) did not show good cross-reactivity with cat urine, as the dilution 

curve did not show parallelism with the assay standard curve, and marker 

concentrations could not be accurately measured. Measurement of total DPD in serum 
by ELISA (Total DPD Serum7m) also did not produce consistently reproducible results 

within or between assays, and the dilution curve did not show parallelism with the assay 

standard curve. As with the urine assay, this assay produced concentration values that 

could not be accurately measured from the standard curve. Notwithstanding, from the 

valid data obtained using the serum DPD ELISA, results showed a significant 

relationship with the results of total urinary DPD measured by HPLC. 

The reason for the poor performance of the total DPD ELISAs with feline serum 

and urine is unclear, as the ELISA used was essentially the same as that used for 

measuring free DPD, which showed good cross-reactivity when measured in feline 

urine. It is likely that the problem is of a technical nature and relates to the addition of 

the hydrolysis step for recovering total crosslinks, which may affect the assay. It is less 

likely to reflect poor species cross-reactivity with the antibody used in the assay. As a 

result, HPLC remains the most accurate, if not the most straightforward, method for 

measuring total DPD concentration in cat urine. The Pyrilinks DTm assay provides a 

useful method for measuring free urinary DPD in the cat. 

In the future, it would be useful to investigate the possibility of using other 

radioinununoassays (RIAs) or ELISAs for measuring collagen degradation products in 

feline serum and urine. This could include measurement of the c-telopeptide 

pyrodinoline crosslink (ICTP) concentration in serum by RIA; this assay measures a 

different region of the CTX molecule, and has good species cross-reactivity in the dog 

(Allen et al., 1998). Another marker of bone resorption is the (x-chain collagen peptide 

(i. e. helical peptide), which is measured in urine by ELISA. 
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ELISAs for measuring the resorption marker CTX in urine and serum showed good 
cross-reactivity with the cat, and there was a significant correlation between the assays. 
The urine ELISA has also been shown to cross-react in dogs and horses (Allen et al., 
2000b) (Jackson, personal communication). CTX measured in serum by ELISA showed 
a significant relationship with DPD measured by HPLC, although the relationship was 
less strong than between urinary CTX and urinary DPD measured by HPLC. 

Although this study showed that the CTX ELISAs can be used in the cat, an 
auto-analysis method for measuring CTX in man was also investigated. Auto-analysis 

methods are easier to use than the ELISAs, and capable of measuring many samples 

rapidly. Although this method has been used successfully for measuring CTX in human 

serum (Hoyle et al., 2000), this study has demonstrated that it appears not to be a 

suitable method for measuring CTX in cats. Samples repeatedly tested between runs 
did not produce consistent results. The dilution curve did not show parallelism with the 

standard curve, and results failed to show a significant correlation with DPD measured 
in urine by HPLC. However, there was a signficant relationship with CTX measured in 

serum by ELISA and results of this assay had a significant relationship with age. 

Difficulties with this method for detecting CTX in horse serum have also been reported 

(Brendan Jackson, personal communication). The inconsistency of results obtained 

using the auto-analysis method with animal serum may be related to the assay procedure 

that incubates the sample in the presence of antibodies for only minutes. This may not 

be sufficient time for the formation of antigen-antibody complexes with sera of non- 

human species. Further testing of this method with longer incubation times may show 

better cross-reactivity with feline serum. In summary, the serum CTX ELISA is the 

only serum assay of bone resorption that has been shown to consistently cross-react 

with the cat by this study, and therefore is the most appropriate method of measuring 

serum levels of resorptive activity in cats. 

In order to further validate some of the assays used in this study, preliminary research 

was undertaken to establish whether assays could detect changes in bone cell activity 

before and after treatment for hyperthyroidism. Hyperthyroidism is a common 

endocrine disease affecting older cats, resulting in increased thyroid homone activity, 

which stimulates osteoclastic resorption of bone (Barber and Elliott, 1996). The 
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condition is usually successfully treated using drugs and nutritional management. 
Serum BAP and CTX levels were observed to decrease post-treatment, although not 

significantly, and were associated with decreases in serum AP and T4 levels. The lack 

of significance of results is likely due to very small sample sizes. However, these 

preliminary result indicate that measurement of BAP and CTX in serum by ELISA may 
be a suitable method for evaluating and monitoring bone cell activity in cats undergoing 

treatment for hyperthyroidism, although further study of their ability to detect change 

with treatment in a larger study is required. 

Future research should examine the applicability of assays for measuring bone 

cell function in other disease conditions, such as hypervitaminosis A, arthritis, and 

orthopaedic conditions. A study investigating bone turnover among cats affected with 
feline calici-virus (FCV) disease is underway to establish the relationship between this 

chronic infection, which is associated with orthopaedic conditions, periodontitis, and 

FORL, with bone turnover. 

Another potential application of assays is to provide an objective assessment of 

whether drugs and nutraceuticals used in practice may alter bone cell function, and thus 

potentially compromise bone structure. For example, there is accumulating evidence 

that glucocorticoid (GQ administration leads to impaired bone formation in humans 

and there is evidence that GCs modify osteoclast survival (Kucharova and Farkas, 

2002). GCs are widely used in veterinary practice for the treatment of a number of 

diseases and yet their effect on osteoclast function in animals has not been widely 

investigated. 

Correlation between markers of bone formation and resorption 

During normal bone turnover, osteoblast and osteoclast activity occurs simultaneously. 

Correlation analysis has shown a positive relationship between serum BAP measured by 

ELISA with serum and urinary DPD measured by ELISA and HPLC, and between 

serum BAP measured by ELISA and serum and urinary CTX measured by ELISA. 

These findings indicate that in healthy cats, in the absence of skeletal disease, the 

processes of bone fonnation and resorption appear to be closely associated. Significant 
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correlations between markers of formation and resorption have been demonstrated in 

studies of normal dogs and horses (Price et al., 1995; Allen et al., 2000b). 

Age-related changes in bone turnover 

Results show that concentrations of markers of bone formation and resorption decrease 

with skeletal maturity in the cat. During growth, when bone is being modeled, turnover 

occurs rapidly, but once skeletal maturity is attained, osteoblast and osteoclast activity 

stabilises at a much lower level (Price et al., 1995; Mora et al., 1998; Allen et al., 
2000b). Closure of growth plates is reported to be complete in the cat by nine months of 

age, which coincides with the decline in BAP and DPD levels observed in this study. 
These results are consistent with findings in other mammals, including dogs, horses, and 
in man, where markers of bone turnover decrease with a cessation of skeletal growth 
(Sanecki et al., 1993; Robins et al., 1994; Jackson et al., 1996; Allen et al., 1998; Mora 

et al., 1998; Price, 1998; Allen et al., 2000b). 

BAP concentrations remained significantly elevated among cats until 2 years of 

age. In comparison, DPD and CTX concentrations were only found to be significantly 

higher in cats under I year of age. Significantly high serum BAP levels in cats under I 

year old has been reported in another study (Homey et al., 1992). The reason for the 

delay in the decrease of BAP concentrations in cats over age 1 year, compared to a more 

rapid decline of bone resorption markers, may represent ongoing mineralisation activity 

by BAP in bone. This indicates that skeletal maturity does not occur until the second 

year of life, even though longitudinal long bone growth ceases at 9 months of age. 

CTX measured by auto-analysis was significantly lower in cats >6 years than younger 

cats, although given the technical difficulties with this method, and the lack of similar 

findings with other assays of bone resorption, these results are probably unreliable. 

This study included only a small number of cats over 10 years of age, however, 

the levels of bone markers should be investigated in a larger sample of older animals as 

processes of bone turnover may be altered in advanced age. For example, BAP 

concentrations are reported to increase in dogs over 8 years of age (Allen et al., 1998). 

In the present study, the relationship of bone marker concentrations with gender or 
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neuter-status was not studied, but it is important that future research should investigate 
the relationship between these and other epidemiological factors with bone turnover. 

Bone marker concentrations in cats affected with FORIL 

The rationale for validating bone marker assays was that it was important to develop 

methods that could detect changes in systemic levels of bone cell activity associated 
with the presence and severity of FORL. It has been suggested that FORL may be 

associated with abnormal calcium levels in cats, which may be related to diet or 
imbalances in calciotrophic hormone levels associated with abnormal bone cell activity 
(Zetner, 1990; Reiter, 1998b). The results of this study indicate that FORL is not 

associated with systemic abnon-nalities in bone turnover, suggesting that changes in 

osteoclast activity associated with this disease are local to the tooth microenvironment. 
Furthennore, these findings suggest that the presence of FORL, which has a very high 

prevalence in older cats, would not confound the interpretation of bone marker 

measurements in studies of other diseases. 

In other animals there have been very few studies of the relationship of systemic 

markers of bone turnover with dental pathology in any species. Existing studies have 

shown elevated systemic levels of markers of forination and resorption associated with 

orthodontic tooth movement and periodontitis in humans (Keeling et al., 1993; 

Shibutani et al., 1997). More commonly, markers of bone turnover associated with 

these conditions are measured directly in gingival crevicular fluid (GCF). Elevated 

GCF concentrations of some markers of bone turnover, including osteocalcin, ICTP, 

and CTX, as well as inflammatory mediators such as IL-lP and PGE2, have been 

reported associated with tooth movement, implants, and periodontits (Insoft et al., 1996; 

Lerner et al., 1998; Schubert et al., 2001; Al Shaminari et al., 2001). Future studies 

could investigate the potential value of measuring markers of bone turnover in the 

gingival crevicular fluid of cats as a method for assessing the severity of tooth and bone 

resorption associated with FORL or periodontitis. 

The relationship of bone marker concentrations with age and the relationship between 

different bone markers was not examined in cats affected with FORL, primarily due to 
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the limited sample size. Preliminary investigation has shown that there are no 
differences in the relationship of marker levels with age among cats affected with FORL 

and normals, indicating that the stimulus for FORL is local to the tooth 

micro enviromnent. 
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6.5. SUMMARY 

* Assay validation: Standard curves drawn through points derived from the serial 
dilution of normal serum and urine were found to be parallel with assay standard 
curves for the BAP SE 

9 DPD FUE 
, CTXUE, and CTX SE 

assays. Dilution curves did 

not show parallelism with standard curves for the DPD TSE 

, DPD TUE 

, and 
CTXAUTO assays. 

9 Relationship between bone formation assays: BAP concentrations measured 

using WGL and by ELISA were significantly correlated (r, = 0.97, p<0.001). 

BAP SE concentrations were also significantly correlated with three bone 

resorption markers CTX SE 
, 

DPD TUH, and CTXUE (rs = 0.76,0.67,0.84, P< 

0.00 1), but not with DPD TSE (r, = 0.20). 

9 Relationship between bone resorption assays: 

* DPD TSE 
and DPD FUE 

were significantly correlated with DPD TUH (r, = 0.69 

and 0.95, p<0.001). CTXUE was significantly correlated with DPD TUH (rs = 

0.659 P<0.001). 

0 CTX UE 
and CTX SE 

were significantly correlated (r, = 0.82, P<0.001). 

CTX SE 
was less significantly correlated with DPD TUH (r, = 0.59, P<0.05). 

CTXAUTO did not have a significant relationship with DPD TUH (r, = 0.3 1), but 

did have a significant relationship with CTX SE (r, = 0.64, P<0.05). 

9 Hyperthyroidism study: Among cats affected with hyperthyroidism, serum BAP 

decreased in all 5 cases following treatment of disease, although differences 

were not significant. Serum CTX concentrations decreased following treatment 

in 3 cases, except in one case where levels appeared to increase. There was no 

significant difference between pre- and post-treatment for CTX. 
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Relationship between bone markers and age: 

BAP SE and BAP WGL were significantly inversely correlated with age (rs 

-0.66 and -0.88, P<0.001). The resorption marker DPD TUH was 

inversely correlated with age (r, = -0.61, P<0.001). DPD TSE and 

DPD FUE were not significantly correlated with age (rs = -0.13, -0.43). 
rUE CTX was significantly inversely correlated with age (r, = -0.70, P< 

0.001). CTXSE showed a less significant inverse correlation (r, = -0.51, 

P<0.05). CTXAUTO showed a significant inverse correlation with age (rs 

= -0.425 P<0.001). 

Cats under one year of age were found to have significantly higher 

BApSE 9 
BAP WGL 

5 DPD TUH 
. and Mff concentrations than cats aged I 

year old and older (P < 0.001). Cats between 1-2 years had significantly 

higher BAP SE 

, 
BMWGL and Mff concentrations (BAP: P<0.001 and 

CTX: P<0.05, respectively) compared to older animals. Among cats 

over 2 years of age, there were no significant differences in BAP SE 

BAP 
WGL 

5 DPD 
TUH 

ý 
DPD FUE 

, or CTXUE concentrations. CTX AUTO 
was 

sipficantly lower in cats over age six (P < 0.05). Significant differences 

could not be established between any age gToup for the DPD TSE 
5 

DPD 
FUE 

, or CTX SE 
assays. 

Bone marker measurements in FORL: 

No significant differences in BAP 
SE 

9 BAP 
WGL 

I DPD 
TUH 

) 
DPD 

TSE 

5 
CTX SE 

CTX UE 
. or CTXAUTO marker concentrations were detected between cats 

affected with FORL and normal age matched controls. 
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6.6. CONCLUSIONS 
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This study has shown that a number of assays can be used for monitoring systemic 
changes in bone cell activity in the cat. These include: 

9 Boneformation: 

* Bone Alkaline Phosphatase (BAP) measured in serum by wheatgenn 
lectin precipitation and by ELISA (Alkphase BTM). 

* Bone resorption: 

o Deoxypyridinoline (DPD) cross-links measured in urine by HPLC (for 

total) and by ELISA (Pyrilinks DTM for free) 

* The carboxy-terminal collagen telopeptide (CTX) measured in serum and 

urine by ELISA (CrossLapSTM ) 

A significant correlation was found between markers of bone formation and bone 

resorption indicating that these two processes are coupled in healthy adult cats. 

As expected, bone formation and resorption markers showed an inverse correlation with 

age and the observation that some bone markers remain elevated during the second year 

of life indicates that skeletal maturity in cats is not complete until two years of age. 

The presence or severity of FORL was not observed to be associated with changes in 
bone marker concentrations which shows that the disease is unlikely to be associated 

with a generalised alteration in bone turnover. This supports the earlier conclusion; that 

the stimulus for resorption is local to the tooth microenvironment. 

A preliminary investigation of hyperthyroidism showed that bone marker concentrations 

decreased following treatment, indicating these methods may be suitable diagnostic 

tools for monitoring bone cell activity in this disease. Other potential clinical 

applications include monitoring repair of orthopaedic conditions (e. g. fractures) and 

medical conditions associated with abnormal bone turnover (e. g. kidney disease, 

hyperparathyroidism) in the cat. Bone markers can also be used in studies to assess 
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changes resulting from the effects of diet, neutering, exercise, and pharmaceuticals on 
the feline skeleton. 
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6.7. FUTURE RESEARCH 
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9 There should be validation of other commercially available bone marker assays for 

use in the cat, in particular bone formation markers and bone resorption markers that 

can be measured in serum. These could include assays for measuring collagen 

synthesis e. g. including PICP, PINP (bone formation) and degradation ICTP (bone 

resorption). It is important to measure a range of markers in clinical studies since 

each reflects a different physiological process in bone. 

9 Bone marker concentrations should be measured in a larger sample of older animals 
(over age 8 years) to assess whether bone turnover increases with advanced age in 

cats, as it does in humans. 

* The influence of other controllable and uncontrollable sources of variability on bone 

marker levels should be studied. For example, the effect of factors such as diet, 

gender, neutering-status, circadian changes. 

*A prospective clinical study is now required to determine whether BAP and CTX 

measured in serum by ELISA provide suitable diagnositic/prognostic methods for 

evaluating bone cell activity in cats with hyperthyroidism. 

9 Future research should be directed at investigating the use of bone markers for the 

assessment of bone turnover in other feline diseases, e. g. hyperparathyroidism, 

hypervitaminosis A, arthritis etc. 

* Studies can now be undertaken to establish whether bone markers have value as 

objective measures for monitoring the effects of drugs (ie. glucocorticoids) and 

nutraceuticals on bone cell function in cats. 
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*A study investigating bone markers in cats affected with feline calici-virus (FCV) 

disease is in progress. This will establish whether there is a relationship between 

chronic infection with this virus and systemic changes in bone cell function. 

9 The measurement markers of bone turnover in the gingival crevicular fluid of cats 

should be explored as a method for assessing the severity of tooth and bone 

resorption associated with diseases such as FORL and periodontitis. 
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7. GENERAL DISCUSSION 

This thesis has used a range of approaches to address questions related to the 
aetiopathogenesis of FORL. The normal surface anatomy of the tooth, and the surface 
features of early and advanced FORL were described using SEM. The local expression 
of mediators involved in the differentiation and activity of osteoclasts in teeth and 
gingiva was investigated using RT-PCR and immunocytochemistry. Markers of bone 

turnover were measured in serum and urine to assess the relationship between the extent 
of FORL with systemic processes of bone formation and resorption. Results of this 

study indicate that the predisposing factors involved in FORL include anatomical 
features of the tooth, and changes in expression of local factors in the tooth 

microenvironment, but do not involve systemic alterations in bone cell activity. 

SEM study of normal teeth 

SEM analysis has demonstrated that there are features of the CEJ of normal teeth that 

may make this region prone to damage by osteoclastic resorption. Specifically, there is a 

very thin enamel margin at the CEJ. This has been reported previously in the cat using 

reflection light microscope analysis of sectioned teeth (Crossley, 1995); however, the 

significance of this as a factor predisposing teeth to resorption, and the associated tissue 

attachment to this region has been largely ignored in the literature on FORL. This is 

primarily due to the fact that most studies of lesions have involved light microscopy that 

involves the decalcification of teeth leading to the loss of enamel. 

The periodontal. or gingival tissue attachment to the CEJ could not be established 

in this study because all organic matter was removed; however, it can be hypothesised 

that if the tissue attachment was damaged or became inflarnmed, thin enamel may also 

be prone to destruction. In other species cells within the periodontal ligament and 

connective tissue gingiva are known to produce cytokines and other factors that can 

regulate osteoclast formation and activity in response to factors such as mechanical 

stimulation, plaque, or bacterial infection. Future studies should characterise the soft 

tissue attachment to the CEJ at different stages of disease in order to establish the 
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association between the enamel margin with tissues and cells that may predispose the 

site to resorption. 

Biomechanical forces associated with biting and chewing may lead to structural damage 

of tissues at the CEJ, and could also induce the expression factors associated with 
inflammation and osteoclast activity. It is well established that mechanical loading 

stimulates resorptive activity of osteoclasts in alveolar bone and teeth (Nomura and 
Takano-Yamamoto, 2000; Brezniak and Wasserstein, 2002). Epidemiological studies 
indicate that FORL may be a 'modem' phenomenon, and it has been suggested that its 

incidence has increased because domestic cats eat a diet of crunchy dry food that places 

unnatural forces on the dentition. 

In man, even small degrees of biomechanical stimulation can initate an 
inflammatory response in the gingiva and the periodontium and initiation of resorptive 

activity (Redlich et al., 1999; Long et al., 2002). In the cat, forces applied to the gingiva 

or periodontal ligament associated with chewing may be responsible for initiating 

similar resorptive activity, and may also explain the pattern of localisation of FORL to 

specific teeth and specific locations on the tooth. Ex vivo investigations of the 

mechanical loading of feline teeth is necessary to understand the association of FORL 

with the distribution of forces within the tooth and between tooth types. An 

investigation of the potential effects of dietary texture on the incidence of FORL would 

require a prospective longitudinal study in which cats are fed different diets from birth 

(i. e. raw meat, dry food, tinned wet food). The extent and distribution of FORL could 

then be monitored throughout life. 

Epidemiological studies have reported that particular teeth show a high 

incidence of FORL (Ingham et al., 2001). Preliminary observations made in this study 

suggest that there are no specific patterns of CEJ structure or root cementum 

organisation associated with specific tooth types. However, further investigation should 

address this question since in the present study only a small number of teeth in each 

category were examined. 

In the study of mineralisation in normal teeth, the enamel and dentine at the CEJ were 

found to be significantly less mineralised than enamel and dentine elsewhere on the 
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tooth. Lower mineralisation at the CEJ appears to be a normal feature of the feline 

tooth and the significance of this pattern of mineralisation in relation to a predisposition 
for resorption at the CEJ is unclear. However, it is known that osteoclasts will resorb 
surfaces that are less mineralised more rapidly than more mineralised surfaces (Jones et 
al., 1995). Assessment of the variability in enamel mineralisation betweeen different 

types of teeth and between individual animals was beyond the scope of this study, but 

future research should investigate this relationship. 

The biochemical composition of feline enamel and dentine may also be associated with 

a predisoposition for resorption. The presence of molecular factors within these tissues, 

such as adhesion molecules (ie. OPN) may facilitate the attachment of osteoclasts to the 

tooth surface. Future biochemical analysis of enamel and dentine could provide 
information regarding the components of enamel and dentine that may facilitate 

resorptive activity. 

SEM survey of resorption 

SEM analysis of the distribution of early lesions which could not be detected 

radiographically demonstrated that resorption is widespread, and may occur at any 

location on the root surface. In general, a greater incidence of early resorption was 

detected on teeth than is reported as FORL in the epidemiological literature, although 

most of these studies have been in older animals. Furthermore, particular teeth not 

commonly reported to be affected with FORL (i. e., canines and mandibular molars) 

showed a high incidence of early resorption in this study, indicating that not all early 

lesions may progress to advanced FORL. A limitation of a cross-sectional study is that 

it clearly cannot be predicted which lesions would progress to FORL. Notwithstanding, 

there was a high frequency of resorption in premolars and molars, and there was a 

buccal side bias to early lesions, which is consistent with other descriptions of the 

distribution of FORL, indicating that a significant proportion of early lesions are likely 

to progress to clinically detectable FORL (i. e. can be visualised on radiographs). 
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Although resorption was detected in all regions of the tooth, the CEJ was the most 
common site for resorption, and was frequently associated with resorption of enamel. 
The presence of resorption at the CEJ indicates that there exists a stimulus for osteoclast 
differentiation and activity in this region of the tooth, even in cats without clinical signs 
of oral inflammation. The stimulus for resorption at the CEJ may be mechanical 
damage to the attachment tissue of the CEJ, or local inflammation associated with 
gingivitis or periodontitis. Future studies of the association of attachment tissue with 
intact enamel at the CEJ would provide information regarding the association of tissue 
attachment with localised resorption. 

Traditionally, advanced FORL have been described as being located at the CEJ of the 
tooth (hence the term "neck" lesions), although the initial site of resorption of the tooth, 

either at the CEJ or lower down the root, had previously not been described. Our 
findings are not, however, consistent with the findings of a recent publication which 
describes the root surface as the site at which FORL is initiated (Gorrel and Larsson, 

2002). The findings of the present study has shown that early resorption of the root is 

widespread, but may be associated with normal remodelling. 
The aetiopathogenic mechanisms for resorption of the root may be completely 

unrelated to the mechanisms inducing resorption at the CEJ. The tooth 

microenvironment at the CEJ is completely different from the root; while the CEJ is 

normally associated with gingival tissue, the periodontal ligament, gingival crevicular 
fluid, and factors in the oral environment, the root surface is only associated with 

periodontal ligament, and has no association with the oral environment. Therefore, the 

stimulus for resorption and the tissue response may be completely different in these 

locations. Additionally, the mechanical stimuli to which cells are exposed may be 

different in the two sites. 

Cellular, intrinsic fibre cementuni was associated with root resorption and adjacent to 

areas of resorption, indicating that the root undergoes remodelling in response to stimuli 

associated with the activation of resorption. In contrast, resorption at the CEJ was 

found to be rarely associated with evidence of remodelling or repair. This implies that 

the cells at the CEJ do not initiate a repair response, or are unable to forrn reparative 
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matrix due to the physical nature of the environment. This would explain why 
resorption at the CEJ is probably progressive, whereas resorption of the root can 
undergo repair. This is further compelling evidence for the CEJ-origin of FORL. A 
detailed study of the progression of early to advanced resorption is clearly necessary to 

confirm the CEJ-origin of FORL. This could involve a longitudinal in vivo study, or 
further SEM analysis of the surface features of particular teeth prone to FORL (ie. third 

mandibular premolars), over a range of stages of progression of the disease. 

An important finding of the SEM study, was that early resorption of the tooth was 
detected in cats as young as 1 year old, and was prevalent among 3 year old cats, 

although FORL has rarely been described in cats younger than 4 years in 

epidemiological studies (Coles, 1990; van Wessum et al., 1992; Gengler et al., 1995; 

Lund et al., 1998; Ingham et al., 2001). The findings of the present study imply that 

although FORL is considered a disease of "older" cats, activation of osteoclastic tooth 

destruction may initiate much earlier. In terms of clinical practice, this implies that 

intervention against FORL should be implemented at a young age, before extensive 

lesions can be visualised on radiographs. Potential therapeutic avenues for intervention 

against FORL could include diet (i. e., altered texture, pH etc), tooth brushing, or the 

administration of antiresorbative agents, e. g. bisphosphonates. Clinical studies are in 

progress to assess the value of bisphosphonates for the treatment of FORL and recent in 

vitro studies in our laboratory have shown that feline osteoclast activity can be inhibited 

by bisphosphonates. 

Cytokine expression in normal teeth and teeth affected with FORL 

The results of this study have shown that there are changes in the mRNA and protein 

expression of local mediators involved in regulating the differentiation and activity of 

osteoclasts in the tooth microenviromnent in advanced FORL. 

IL- IP and IL-6 mRNA expression was increased in teeth affected with FORL, which 

indicates that these cytokines may act as local factors regulating osteoclast activity 

when this diseases is at an advanced stage. These findings are consistent with a 
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preliminary report that used immunocytochemistry to describe changes in the 
expression of these cytokines in FORL. IL- 10 and IL-6 may not have a primary role in 
osteoclast activation, but could instead be associated with periodontal or granulomous 
tissue inflammation, or could be involved in regulation of the limited bone repair that is 
associated with this disease. The role of these IL- 1P and IL-6 in mediating resorption at 
early stages of disease is unclear. 

This is the first study to show RANKL and OPG expression in the cat, and results 
indicate that these factors are involved in regulating normal cellular activity in a variety 
of tissues. RT-PCR and immunocytochemical analyses have shown reduced expression 
of RANKL and elevated OPG expression in teeth and gingiva affected with FORL, 

which suggests activity to arrest or prevent further resorption of the tooth. 
The function of RANKL expression in nonnal, non-resorbing feline teeth is 

unclear. RANKL expression is reported in non-p atho logical human teeth, and it is 
established that RANKL has a function in the differentiation, function, and survival of 

cells other than osteoclasts (Kartsogiannis et al., 1999; Rani and MacDougall, 2000). 

The function of RANKL as a potential stimulator of osteoclast activity in normal feline 

teeth requires further investigation, and it would be interesting to establish whether the 
levels of RANKL expression in normal feline teeth are different to other species such as 
humans and other carnivores. In this study, the expression of RANKL and OPG was 

only investigated in teeth affected with advanced disease, and therefore the potential 

role of these factors as stimulators of osteoclast activity at earlier stages of resorption 

remain unknown. Clearly, future studies should investigate the regulation of expression 

of these factors in teeth affected with various stages of FORL. 

With advanced disease there is a reduction of osteoclast numbers and activity 

associated with a suppression of RANKL and increase of OPG; however, the disease 

process is not arrested. This implies that there other factors, such as IL-lP and IL-6, 

which may continue to stimulate resorption. Future research should be directed at 

clarifying the mechanism of action of these cytokines, and to investigate the potential 

role other factors such as TNF(x, PTH, and IL- 11, and MMPs at various stages of 

disease. 
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One topic that could not be investigated in this study was the expression of local 
factors associated with osteoclast activity changes at different stages of disease, from 
the early initial stages of osteoclastic invasion of the tooth, to advanced stages where the 
majority of the tooth has been completely resorbed. Practically this would be very 
difficult to undertake since early lesions cannot be clinically detected. Furthermore 
obtaining suitable cadaveric material is becoming increasingly difficult. 

In man, periodontitis is associated with the stimulation of a variety of cytokines 
involved in stimulation of osteoclast differentiation and activity. In particular, IL- IP and 
IL-6 are known to be involved in mediating osteoclast activity in teeth and bone 

resorption associated with periodontal disease (Rasmussen et al., 2000), and recent 
evidence has also shown that RANKL and OPG are also important regulators of tooth 
destruction in human periodontitis (Liu et al., 2000; Nagasawa et al., 2002). 

Periodontitis is the most common oral disease of cats, involving progressive 

gingival and periodontal inflammation, loss of periodontal attachment, alveolar bone 

resorption, and plaque accumulation (Boyce, 1992; Lonsdale, 1995). At present no link 

has been established between the presence or severity of periodontal disease and the 

presence of FORL (Harvey et al., 1994; Okuda et al., 1995; Gengler et al., 1995; 

Verstraete and Lommer, 2000). Additionally, no research has been undertaken to 

establish the cytokine profile associated with periodontis in cats, and it is unknown if 

the factors involved in regulating periodontitis are also involved in FORL. 

However, there are several similarities between the pattern of periodontal 
disease and FORL, suggesting that there is an aetiopathogenic connection between the 

two conditions. For example, in periodontitis, inflammation and alveolar recession are 

reported to be most severe on posterior teeth, and occur on buccal surfaces of teeth, and 

this is consistent with descriptions of FORL, which characteristically occur on the 

posterior premolars and molars and also have a buccal side bias (Okuda and Harvey, 

1992a). Furthermore, both conditions also increase with age (Wiggs, 1997). If FORL is 

a sequelae of periodontitis, premolars and molars may the most common sites of 

resorption as these teeth are multirooted, and plaque and bacteria may accumulate 

between roots, leading to greater local inflammation. Clearly the relationship between 

FORL and periodontitis requires further study. 
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Most other mammals suffer periodontitis, but external tooth resorption has not 
been described in other species. If FORL is associated with periodontitis in the cat, it 

suggests that this species may have a unique immunological response to the microbes 
and inflammation associated with periodontitis, leading to FORL. For example, cats 

affected with Feline Calici Virus (FCV) and Feline Irnmuno-deficiency Virus (FIV), 

common viral diseases, are reported to suffer from severe periodontal disease, and 

recent unpublished data has shown that infected animals have extensive FORL 

(Wardley and Povey, 1977; Tenorio et al., 1991; Pedersen, 1992; Reiter, 1998a). This 

may imply an association between systemic immune dysfunction and the severity and 

extent of oral disease in the cat. The relationship between FORL and viral infection 

requires further study. This could involve an analysis of how viral challenge influences 

the expression of osteoclast activating factors in dental tissues. A study is in progress 

comparing bone marker concentrations in a virus-free population of cats, with a 

population of cats with endemic FCV infection. 

A study is also in progess investigating the potential role of pH in regulating feline 

osteoclasts as it has been hypothesised that changes in the acidity of crevicual fluid may 

initiate osteoclast activation in FORL. In vitro, the activity of osteoclasts has been 

shown to dramatically increase with lowering of pH (Arnett et al., 1994; Meghji et al., 

2001). Changes in pH in the crevicular fluid of cats may occur due to systemic disease 

(ie. renal failure) or may be a consequence of hypoxia of local tissues associated with 

infection, or due to a particular diet. Gingival crevicular fluid is also likely to contain a 

wide variety of cytokines, and inflammatory mediators produced by the local connective 

tissue gingiva, or the periodontal ligament may also induce osteoclast activity. To date, 

feline crevicular fluid has not been analysed for any factors. 

Examination of gingival crevicular fluid of cats for the presence of factors 

associated with osteoclast activity (ie. inflammatory cytokines, acidity) would enable a 

better understanding of how the micro environment of the CEJ may support the 

activation and survival of osteoclasts. 
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Biochemical markers of bone cell activity in normal cats and cats affected with 
FORL 

The presence or severity of FORL was not associated with systemic abnormalities of 
bone turnover, which further supports the hypothesis that the stimulus for tooth 

resorption occurs locally in the tooth micro environment. However, the results of this 

study were very informative since we have shown that a number of commercially 

available human assays can be used for monitoring systemic changes in bone cell 

activity in the cat. 

A preliminary investigation of hyperthyroidism showed that bone marker 

concentrations decreased following treatment, indicating these methods may be suitable 

diagnostic tools for monitoring bone cell activity in this disease. Other potential clinical 

applications include the monitoring repair of orthopaedic conditions (e. g. fractures) and 

medical conditions associated with abnormal bone turnover (e. g. kidney disease, and 

hyperparathyroidism, ) in the cat. Bone markers can also be used in studies to assess 

changes to the effects of diet, neutering, exercise, and pharmaceuticals on the feline 

skeleton. 
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