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INTRODUCfiON 

STA1EMENT OF THE PROBLEM 

Tooth avlllsion can be a result of facial trauma .. Although replantation of 

avulsed teeth has been successfully carried out, and timely endodontic therapy can 

generally prevent tooth loss due to inflammatory resorption, the long-term prognosis 

for retention of these teeth is poor due to the replacement resorption that often . 

follows~ Numerous treatment modalities have been advocated to limit or prevent 

replacement resorption but have met with little success. 

TOOTH AVULSION AND RESORPTION 

Complete avulsion, or exarticulation, of a tooth occurs when the tooth is 

completely displaced from its socket. According to Andreasen (1972), avulsion 

accounts for 1-16% of the injuries to the permanent dentition, and 7-13% of injuries 

to the primary dentition. The primary etiologic factor in trauma to the permanent. 

dentition is fight injury, whereas a fall against an object is the primary factor in injury 

to the primary dentition. Avulsed teeth can be replanted after luxation, but 85-96% 

suffer from progressive root resorption (Andreasen 1972) and are usually lost within 

4-6 years (Heithersay 1985). 
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Injuries to the tooth following avulsion are both external and internal. When 

the tooth is avulsed, its periodontal ligament (PDL) is torn and deprived of its blood 

supply. The root is mechanically injured - cementoblasts, precementum and 

sometimes cementum are stripped from the root surface. Healing and reestablish

ment of the PDL after avulsion will depend on the extent of the trauma to these 

tissues. 

Internally, the pulp of a replanted tooth must achieve· a re-anastomosis of it$ · 

vascular supply in order to survive. While this occasionally happens in teeth with 

incompletely formed apices, it ·rarely occurs in teeth with ·fully developed roots . 

(Andersson 1988). Generally the pulp will undergo ischemic necrosis once deprived 

of its blood supply, and toxic degradation products .will diffuse out of the root canal 

through cementa} cracks ·and exposed dentinal tubules, perpetuating the inflam~ 

matory response on the exterior surface of the root (Tronstad 1988). 

Unlike bone, which undergoes continuous, physiological tUrnover, the 

mineralized tissues of the tooth are not normally resorbed. The tooth root is 

protected on its internal'surface by odontoblasts and the ·predentin, and on its 

external surface by precementum and cementoblasts (Hammarstrom and Lindskog 

1985). During avulsion, small areas of mechanical damage to the cementum surface 

are sustained. Shallow resorptive lacunae are formed, termed surface resorption 

(Andreasen 1981), which show spontaneous repair by deposition of new cementum, 

thus making this type of resorption' self-limiting. Evidently the dentin surface itself 



3 

does not provide a strong enough stimulus to maintain progressive resorption .. 

(Lindskog et aL 1987). This process is estimated to be taking place in some 62% of 

anterior teeth and 98% of posterior teeth at any given time (Seltzer eta!. 1966). It 

is not detectable radiographically. 

Lindskog et aL (1988) have further elucidated the process of surface . 

resorption. Initially, resorbing cells of hematogenous origin attach to dentin surfaces. 

They explore the surface looking for an area suitable for resorption, one that has 

been bared to expose the mineralized tissue beneath. Once attached they actively 

resorb the surface aftet developing ruffled borders and ultrastructural features that 

characterize hard tissue-resorbing cells. No clear zones are developed, however, 

which Lindskog and assciciates (1987) interpret to mean that the dentin lacks the 

necessary stimulus to induce· them. Therefore, the clastic cells do not firmly attach, 

which limits their effectiveness. 

Invading fibroblast-like cells then spread on the surface and commence the 

production of cementum, which is poorly attached to the underlying dentin except 

in the areas where it has previously undergone resorption (Lindskog et a!. 1987). 

Therefore, it would appear tha.t surface resorption prepares the dentin surface for 

cementum apposition and thus is an integral part of.the healing process of the 

attachment apparatus. 

· A second type of resorption, inflammatory resorption, is seen clinically as 

increased mobility and/or extrusion of the tooth, and radiographically as loss of tooth 

structure with a bowl-shaped radiolucency in the adjacent bone. This type of 
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resorption can be seen as early as two weeks after replantation, and can cause 

complete loss of the tooth in a matter of months (Andreasen 1981) .. In contrast to 

temporary surface resorption, progressive external inflammatory resorption occurs 

through a sustained resorptive process. This is due to continued stimulation of the 

clastic cells by the inflammatory response in the PDL produced· by the necrotic 

contents of the root canal. As long as the cementum covering the root surface 

remains intact, the bacteria and products of pulp degradation remain confined to the 

root canal (Hammarstrom et al. 1986). If the predentin·or precementum be~omes 

mineralized or is mechanically removed, multinucleated clastic. cells will colonize the 

denuded surface and resorption will occur (Lindskog et ·al 1987). . When a 

devascularized tooth is replanted, microorganisms from the environment can reach 

the root canal through enamel-dentin cracks and exposed dentinal tubules so that an 

infection may be established within two to three wee~ (Tronstad 1988). By that 

time, either the initial mechanical damage to the root or the transient resorption 

induced by denuded areas in the root will have exposed the tubular root dentin. 

Bacterial products from the infected root canal can then diffuse through the dentinal 

tubules to reach the lacunae on the root surface and serve as a stimulus to 

perpetuate the resorption. 

Inflammatory resorption can be prevented or arrested by extirpation of the· 

infected, necrotic pulp, followed by endodontic therapy. In some cases, however, 

intense periods of inflammatory resorption are seen as long as forty weeks after 

replantation and endodontic therapy (Hammarstrom et al. 1989), possibly due to 
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residual bacteria in the periapical area, or to patent lateral and/or accessory canals 

in the replanted teeth. 

A third type of resorption, replacement resorption, is detected clinically by its 

frequent infraposition and by a high-pitched sound to percussion. Radiographically 

it is characterized by replacement of lost root substance with bone and disappearance 

of the normal PDL space adjacent to the resorptive area. It is usually detected radio

graphically in the apical third of the root approximately three months after 

replantation; most cases are seen within a year (Andreasen 1972). Replacement 

resorption, following dento-alveolar ankylosis, may be seen histologically as. early as 

one to two weeks post-replantation in small areas that heal by deposition of 

reparative cementum and PDL replacement, and may therefore ·be only transitory 

(Hammarstrom et aL 1989). Severe replacement resorption is seen when the 

involved tooth has been allowed to dry extraorally or has been stored· in ·an 

unsuitable medium before replantation, resulting in large areas of the PDL becoming 

necrotic. 

The mechanism behind the development of ankylosis and replacement 

resorption is unknown, but continued vitality of the PDL is critical if ankylosis is to 

be avoided (Hammarstrom 1989). When the injured areas are large, fibroblasts are 

unable to proliferate over the surface to repair and rebuild the PDL, and permanent 

dento-alveolar ankylosis develops.· Recent research, while not definitive, indicates 

that· the initial root resorption may be associated with an inflammatory reaction 

against the infected periodontal ligament on the replanted tooth, or with phagocyte-
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sis of its necrotic· PDL (Lindskog et aL 1985). This type of resorption has serious 

consequences because the root will be replaced by bone, ·and eventually · the 

unsupported, rootless crown will be lost. 

The length of time that the tooth remains out of the mouth is a crucial 

variable. It has been shown that after sixty minutes of either dry storage or storage 

in tap water, very few viable PDL cells remain (Soder et aL 1977). Storage in saliva 

allows the PDL to remain viable for up to two hours, and storage in milk can extend 

the time to six hours. Wrapping moistened teeth in plastic film can also be effective 

for up to an hour (Blomlof 1983). 

Although -a number of treatments have been effective in . reducing or 

eliminating inflammatory resorption, neither drugs nor- endodontic therapy. will 

· prevent the development of dentoalveolar ankylosis. Chambers and associates (1988) 

initially showed that early endodontic therapy could virtually eliminate inflammatory 

resorption, but in their six-year follow-up group, 100% of the affected patients' teeth· 

were suffering from replacement resorption. 

Although it is not known why an ankylosed tooth is resorbed, Hammarstrom 

et al. (1989) suggested that the answer may lie·in the different mechanisms involved 

in periodontal (inflammatory) root resorption, as contrasted with endosteal (replace-

. ment) root resorption. In periodontal root resorption, the stimulus is inflammatory 

in nature, caused by the. tissue reaction· to bacteria or their products. In endosteal 

resorption, however, the resorbing cells may be stimulated by parathyroid hormone 

(Plli) which mediates root resorption in the same way as it mediates normal bone 
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remodeling. The root is thus progressively resorbed and the alveolar bone fuses with 

the dental hard tissues. This may occur, as Tronstad . (1988) suggests, ·due to a 

"mistake" by the clastic cells. Once the organic covering of the root is removed, the 

cells involved in the remodeling of bone are unable to distinguish between cemen

tum, dentin, and bone, and therefore resorb all -the mineralized tissues, replacing 

them with osteoid. There is no effective treatment for dento-alveolar ankylosis 

(Andersson et aL 1989). 

OSTEOCLASIS/DENTINOCLASIS · 

The cells responsible .for the resorption of mineralized tissues can be 

collectively called "clastic ·cells". All have a· similar morphology, suggesting a 

common mode of action (Lindskog et aL 1988). These cells are usually large and 

multinucleated, but may also be seen. as mononuclear cells. Ultrastructurally they 

are highly vacuolated with many mitochondria, indicative of .a high metabolic rate. 

They have two unique membrane specializations. First, they possess a ruffled border 

consisting of a network of cytoplasmic folds which serves as the active site of. 

resorption. Second, encircling the ruffled border is a transitional (clear) zone, an 

organelle-free area of the cytoplasm that anchors the cell to the bone surface (Lucht 

1980). The ultrastructure of these cells varies according to their stage of activity and 

proximity to the mineralized tissue surface. Lindskog and associates (1988) have 

suggested that the size of the clear zones expressed by dentinoclasts is a reflection 

of their resorptive activity and does not differentiate them from osteoclasts. 
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Mononuclear precursor cells of the clastic series are thought to be derived 

from the hematopoietic tissues of the spleen and/or bone marrow. These precursor. 

cells circulate through the blood vascular system to the resorption site, where they 

fuse to form multinucleated clastic cells upon exposure to .bone mineral surfaces 

(Marks 1983). There is some debate about whether the stem cell is part of the 

mononuclear phagocyte system, but certainly the clastic cells.are phagocytic cells that 

share many functional similarities with the monocyte/macrophage (Pierce 1989). 

Administration of parathyroid hormone (PTH) in vivo very quickly produces 

an increased proportion of osteoclasts that display a ruffled border compared to 

·those that do not possess this characteristic and, within a few hours, an increase .in 

·the· total number of circulating osteoclasts. Calcitonin administration has just the . · 

opposite effect, namely loss of the ruffled border and decreased resorption 

(Chambers 1985). Calcitonin acts directly on the osteoclasts themselves through 

specific receptors (Chambers and Magnus 1982). There is little evidence, however, 

for the existence of PTH receptors on osteoclasts (Rodin and Martin 1981), and 

investigators have frequently found that PTH does not stimulate isolated osteoclasts 

in tissue culture. (Chambers and Dunn 1983). The explanation, proposed by 

Chambers (1981) and Sakamoto and· Sakamoto (1982), is that PTH stimulates 

osteoblasts (resident bone lining cells) to secrete bone collagenase that removes the 

organic protection locally, allowing phagocytic recognition of the underlying mineral. 

This bared mineral surface in tum attracts and activates osteoclasts from the blood-
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vascular system. Similarly, denuded root surfaces following trauma could act as a 

.chemoattractant for dentinoclasts, which are probably identical cells (Pierce 1989) ... 

Osteoclast activation, then, may largely be controlled by osteoblasts, which 

receive systemic hormonal·regulation by PTH, 1,25 dihydroxyvitamin D3 (1,25(0H)2 

D3), and local regulation by cytokines and possibly by electric potentials generated 

by mechanical forces operating on the bone (Chambers 1985). These osteoblasts 

secrete a yet uncharacterized factor recoverable from osteoblast-containing cell 

culture supemates (McSheehy and Chambers 1986) which, in .turn,.regulates the 

activity of the ostedclasts. Activated osteoblasts are known to respond with increased 

cyclic AMP concentrations and prostaglandin production. In- tissue culture, 

prostaglandin E1 and ~ and prostacyclin all have the same effect on osteoclasts as 

calcitonin, implying that these cells possess receptors for these agents. Therefore, 

osteoblasts have the ability to increase osteoclastic activity by exposing mineralized 

bone surfaces, or decrease it by secreting down-regulating prostaglandins. 

The actual mechanism of endocytosis and degradation of calcified tissues by 

the clastic cells can be divided into two processes: attachment of the resorptive cells 

to the mineralized surface, and dissolution of the tissue by the attached cells 

-
(Chambers 1981). The attachment of the osteoclasts occurs directly to the mineral 

component of the bone; and the ensuing endocytic process principally involves 

dislodging and phagocytosing mineral crystals. The clastic cells, once attached, 

resorb bone by secreting lysosomal enzymes and procollagenase, so that the organic 

components of the matrix are digested in the extracellular space. Acid hydrolases 
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are released into the resorptive lacunae, which are acidified by-a proton pump within 

the cell membrane of the clastic· cell. This not only provides the necessary low pH 

for enzymatic activity, but also may aid in mineral dissolution. The mineralized 

crystals then become dislodged and are phagocytosed by the ·clastic cells and 

collected in cytoplasmic vacuoles where they are solubilized enzymatically (Bonucci 

1980). 

ATTEMPTED TREATMENT MODALITIES 

Surface resorption is self-limiting, as indicated above, and presumably part of · 

the reparative process· as long as itis not perpetuated by bacterial products, in which 

case it becomes inflammatory resorption. Interceptive endodontic therapy can help 

prevent or arrest inflammatory resorption. Ankylosis and later replacement 

resorption due to an extensively damaged PDL, however, remains-largely without 

effective therapy. Numerous treatment modalities have been advocated for avulsed 

teeth and will be reviewed here. 

CALCIUM HYDROXIDE 

Calcium hydroxide has long been recommended for use as an intracanal 

medicament in exarticulated teeth to eliminate periapical inflammation and to · 

prevent or arrest root resorption (Andreasen 1972). The mechanism behind the 

effect of calcium hydroxide remains unknown, but it has long been postulated that 

a diffusion of hydroxyl ions through the dentinal tubules causes an increase in the 
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pH of the root ami/or adjacent PDL, which in some way influences the resorptive . 

processes that are occurring there. Tronstad and associates (1981) tested this 

. hypothesis by measuring the pH changes in the PDL, cementum, and four 

circumferential zones of calcium hydroxide-filled roots after four weeks in vivo. They 

found a gradient created through the dentin, but no change in areas where the 

cementum was intact. In areas where resorption was occurring and the cementum 

was damaged, an alkaline pH was observed. The authors concluded that calcium 

hydroxide. exerts an influence on the local environment in resorptive areas, perhaps 

neutralizing acid products formed ·by osteoclasts and also decreasing the pH

dependent activity of acid hydrolases. 

Hammarstrom and associates (1986), however, showed that as long as there 

was cementum covering the root surface, healing of the PDL was affected neither by 

the calcium hydroxide nor by the bacterial products from an infected root canal 

system, indicating that treatment is not effective in areas with intact cementum. 

More importantly, in areas where the cementum was not intact, they found extensive 

inflammation in the PDL, and the adjacent bone was covered with osteoclasts. The 

calcium hydroxide induced bone formation in the PDL to such a degree that 

ankylosis was established after one week. The alkaline effect was of short duration, 

· about 24 hours, and the resorptive areas produced may have spontaneously resolved 

as with any surface resorption. The important implication of this finding is that the 

recommended periodic changing of the material (Camp et aL 1983) may be harmful 
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to the reparative process, actually promoting ankylosis and subsequent replacement · 

resorption. 

More recently, Blomlof and colleagues (1988) found that calcium hydroxide 

diffused through exposed dentinal tubules into an experimentally created periodontal 

defect, provoking an inflammatory reaction and clastic activity on the tooth surface 

with concomitant cervical ankylosis appearing before connective tissue repair took 

place. Andreasen and Kristerson (1981) found a significantly higher frequency of 

replacement resorption in calcium hydroxide-treated teeth, as well as evidence that 

the material produced coagulation necrosis in the PDL subjacent to the apices of the 

teeth, where their foraminae were located, Suggesting that calcium hydroxide may be 

toxic to the PDL. Not only does calcium hydroxide fail to eliminate inflammation, 

but it can compromise the viability of cells within the PDL and result in a higher 

incidence of ankylotic repair. Therefore, since the viability of the· PDL is the key to 

prevention of ankylosis in replanted teeth, and the primary goal of therapy is to 

minimize damage to it (Hammarstrom et aL 1986), the usefulness of calcium · 

hydroxide for the prevention of ankylosis and replacement resorption is in doubt 

FLUORIDE 

Numerous authors have advocated dipping exarticulated teeth in fluoride 

before replanting them. Schulman and co-workers (1968) found significantly less 

resorption in monkeys when their teeth were extracted and immersed in 1 M sodium 

fluoride (NaF) for varying periods of time and then replanted, versus controls 
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immersed in saline. They noted that fluoride produced larger hydroxyapatite crystals 

that may be more resistant to resorption. Bjorvatn and Massier (1977) found that 

10% stannous fluoride (SnF2) reduced root resorption in replanted rat molars, but 

also had a detrimental effect on the healing process in the PDL. Varying the 

concentration of fluoride produced a dose-dependant effect with higher concentra

tions resulting in less resorption but more damage to the PDL. 

The potential for damage is so great that Schuhnan and associates (1972) 

warned not to use fluoride on teeth replanted within 30-60 minutes of avulsion, when 

PDL fibers can be expected to still be viable, because the fluoride may devitalize 

these remaining fibers. Schuhnan speaks of "fluoride enhanced ankylosis" where · 

fluoride seemed to minimize inflammatory resorption while enhancing ankylosis. 

More recently Taylor and colleagues (1989) have shown that NaF decreases pit depth 

and inhibits osteoclast movement in tissue culture, as well as suppressing osteoclast· 

secretory functions. Yet, Taylor and associates (1990) showed that the effect on the 

osteoclasts is not cytotoxic but inhibitory, and is dose-related. Lindskog and -co

workers (1989) showed that the inhibition lasted only while fluoride was concentrated 

in plasma, with the osteoclasts recovering after it was cleared from the blood. 

Therefore, aithough fluoride may produce a root surface that is resistant to 

resorption and temporarily reduce osteoclastic activity, it would appear that it is also 

damaging to the cells of the PDL and may actually enhance ankylosis and ultimately 

replacement resorption. 
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ANTIBIOTICS/CORTICOS1EROIDS 

Antibiotic therapy, both systemic and in the root canal, has been advocated 

by many authors. Hammarstrom and associates (1986) found that systemic treatment. 

· at the time of replantation prevented inflammatory root resorption, and that 

application of antibiotics to the root canal three weeks post replantation almost 

completely eliminated it. However 30-45% of the root surfaces became ankylotic 

within eight weeks. While Pierce and coworkers (1988) have shown a direct 

inhibitory effect of an antibiotic/corticosteroid· mix (Ledermix) Qn the ability· of 

dentinoclasts in cell culture to adhere to a plastic surface, Pierce and Lindskog 

(1987) found that ankylosis and surface resorption dominated the root surfaces of 

similarly treated teeth. in vivo. 

Therefore, although antibiotics and antibiotic/corticosteroid combinations can 

be effective in reducing or eliminating inflammatory resorption, they do not seem to 

offer any advantage in terms of reducing ankylosis and replacement resorption over

conventional endodontic therapy. 

CALCITONIN 

Calcitonin, the hypocalcemic hormone, has been shown to directly affect. 

osteoclasts in tissue culture (Kallio et a/. 1972) and in vivo (Lucht 1973). · The 

ultrastructural effects suggest that exocytosis of lysosomal enzymes ceases, 

endocytosis is reduced or inhibited, and autophagocytosis is increased. Chambers 
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and Magnus (1982) found that all lamellipodal activity ceased within a few minutes 

of administration, and was followed by an inactive, quiescent state that was related. 

to concentration but did not produce osteoclast death. 

Pierce and associates (1988) report using a calcitonin paste in replanted teeth . 

after debridement of the root canal. This treatment reduced residual inflammation 

to less than 1% of the root surface. Ankylosis (75%) and surface resorption 

(22.2%), however, dominated the remaining root surface. Calcitonin therefore 

substitutes what the authors consider a preferred ankylotic reaction for inflammatory 

resorption, ·but in failing to prevent ankylosis and replacement resorption, calcitonin 

therapy also does not seem to offer any advantage over conventional endodontic 

. therapy. 

BISPHOSPHONATES 

Interest in bisphosphonates began when it was discovered that certain 

substances occurred in plasma and urine that could inhibit the precipitation of 

calcium phosphate from solution. Additionally it was discovered that part ·of this 

activity could be destroyed by alkaline phosphatase. Condensed phosphates, 

characterized by a p:Q-P bond, were likely candidates. Research led to the isolation 

of inorganic pyrophosphate from these fluids (Fleisch 1983). Pyrophosphate slows 

the crystallization of calcium phosphate, impairs the aggregation of calcium 

phosphate crystals, and prevents precipitation and aggregation of calcium. All these 

effects are undoubtedly related to the compound's high affinity for hydroxyapatite. 
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Pyrophosphate also inhibits calcification of living tissue. Pyrophosphate has 

not been found to affect bone mineralization or resorption in vivo, however, despite 

therapeutic plasma levels. It was hoped that pyrophosphate might be used to protect 

soft tissues from calcification, as well as to affect the rate of calcification and 

resorption in bone. Unfortunately, pyrophosphate is ineffective when taken orally 

due to its rapid hydrolysis. This stimulated a search for chemical analogues that 

would display similar actions but resist degradation. 

Such compounds are the geminal bisphosphonates - chemical analogs of 

pyrophosphate which replace the P-0-P bond with a less labile P-C-P bond.· Many 

variants are possible by changing the two lateral chains on the carbon atom or .by 

esterifying the phosphate groups. Many such compounds have been elaborated, each 

of which has its own unique physiochemica,l and biological characteristics. 

The P-C-P bond is relatively stable to heat and most chemical reagents, and 

entirely resistant to enzymatic hydrolysis. The bisphosphonates have a strong affinity 

for metal ions such as Ca2+, Mg2+, and Fe3+. These compounds were originally used 

industrially as water softeners, due to their property of chelating metallic ions, and 

the fact that they reduce calcium carbonate precipitation through inhibition of crystal 

growth (Fleisch 198'9). 

The bisphosphonates, which are chemically similar to pyrophosphate, produce 

similar physiochemical effects. They inhibit precipitation' of calcium phosphate from 

solution, block the transformation of amorphous calcium phosphate into hydroxyapa

tite, slow the aggregation of apatite crystals into larger crystals, and reduce the 
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dissolution of these crystals. In addition, they disaggregate large clusters of apatite . 

crystals into a colloidal solution, which is known as peptization. Finally, they inhibit 

the formation and aggregation of calcium oxalate crystals. 

Like pyrophosphate, the bisphosphonates inhibit soft tissue calcifications of 

the arteries, kidneys, skin, and heart, and do so even when given orally. They can 

inhibit the formation of uroliths and that of ectopic ossification. Finally, when 

topically applied, they inhibit the formation of dental calculus (Fleisch 1987). 

Bisphosphonates have been used clinically to treat Paget's disease, heterotopic 

ossifications, hypercalcemia of malignancy, and postmenopausal osteoporosis (Watts 

et aL 1990). 

Autoradiographic studies have shown that bisphosphonate is deposited directly 

on the ~xternal surface of the bone whether or not it is covered by osteoid and bone 

cells (Francis 1988). Originally it was thought that the biological activity of these 

compounds resulted from their observed effect on crystal growth (Francis et aL 

1969). However, Shinoda et al. (1983) found no correlation between the amount of 

inhibition of bone resorption produced in vivo and the efficacy of inhibition of crystal 

dissolution in vitro, which suggested some other mechanism of action. Additionally, 

the observation was inade that bisphosphonates altered osteoclast morphology in vitro 

and in vivo. Carano and associates (1990) have recently shown that bisphosphonates· 

decrease osteoclast bone-binding capacity by 30-40%, reduce proton accumulation 

by the osteoclasis, and reduce their protein synthesis. These results suggest that the 

bisphosphonates act as potent metabolic inhibitors for these cells. Despite their 
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dramatic 50% reduction of bone degradation, 1-hydroxyethylidene-1,1 "bisphosphonic 

acid (EHBP) and dichloromethylenebisphosphonic acid (Cl2MBP) had only slight 

effects on viability of the osteoclasis, indicating that their effect is a reversible 

inhibition. 

In tissue culture without a mineralized substrate, bisphosphonates act as 

general metabolic inhibitors for both osteoclasis and fibroblasts. However, this is not 

the case in vivo (Carano et aL 1990). The reason these compounds do not produce 

generalized inhibition of other cells may be found in their rapid clearance within 

minutes from serum. Soft tissues are exposed to these ·compounds for very short · 

periods. Conditions are very different at mineralized sites where the. bisphosphon" 

ates are adsorbed to the existing or forming mineral, and released with mineral 

mobilization to accumulate in resorptive lacunae, affecting only the involved 

osteoclasis. Thus, their specificity in inhibiting osteoclasis may be due to the affinity 

of the drugs for bone, the osteoclastic substrate, rather than a particular susceptibility 

of these cells to the bisphosphonates. 

In view of the theoretical potential of the bisphosphonates to modify the bone 

loss suffered in periodontal disease, investigators soon began to try them in a dental 

context. Robinson and Shapiro (1976) extracted mandibular first molar teeth from 

Syrian hamsters, immersed them for ten minutes in either 0.1% disodium EHBP, 2% 

NaF, 1% pyrophosphate, or saline, and then transplanted them to a genetically 

compatible host. These investigators found no difference in the amount of root 

resorption between the groups. 
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Schaff and coworkers (1978) conducted a study .in which hamsters were 

injected with EHBP or saline, and periodontal disease was induced through a soft, 

high-sucrose diet. No inhibition of alveolar bone loss was observed for the 

experimental animals, but the authors noted ankylosis and concomitant loss of 

periodontal ligament and cementum after six months of drug administration. 

Gotcher and Jee (1981), however, conducted a similar study using.rice rats and 

CI2MBP, and found that the bisphosphonate did retard bone resorption in the 

experimental animals. No root ankylosis was observed at any time. 

A study (Wesselink et aL 1986) was done using liquid nitrogen to freeze 

mouse incisors, causing rapid, sterile necrosis of ihe PDL, in order to study healing 

and resorption over time. The extreme cold killed the cells in the PDL, which was 

repopulated with fibroblasts and macrophages within a few days. From three days 

on a mineralized material was deposited along the cementum. .After a week or so, 

this layer of mineralized material started to be phagocytosed and degraded. Finally, 

extensive root resorption and ankylosis resulted. Cells that looked identical to osteo

clasts were observed in the resorbed areas. It was hypothesized that this thin layer 

of mineralized material that was laid down might be an importantfactor in initiating 

dental root resorption. 

A follow-up study (Wesselink and Beertsen 1989) was·done in which mice 

were treated systemically with HEBP prior to the freezing. In the experimental 

group the osteoid was laid down but did not become mineralized. Large amounts 

of this material resulted in extensive union between the root surface and the alveolar 
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walL Up to 30 days after administration, the experimental group showed less than 

10% of the root surface with resorptive lacunae, compared to 80% in the control 

group. After 30 days, the osteoid began to mineralize and root resorption· increased, 

suggesting that either the nonmineralized bone matrix was not resorbable by the 

osteoclasts, or that residual adsorbed bisphosphonate affected the osteoclasts' ability 

to resorb the roots. 

GALLIUM NITRATE 

Gallium, a Group Ilia metal, is known to interact with hydroxyapatite crystal. 

formation, as well as with the cellular components ofbone. In clinical trials; gallium. 

has been found to be a potent inhibitor of bone resorption and an effective therapy 

for hypercalcemia of malignancy (Warrell et aL 1988). 

X-ray diffraction studies of bone from gallium treated rats showed a 

significant change in the hydroxyapatite crystals, the formation of larger and more 

perfect crystals. Bockman and associates (1988) ·hypothesized that the gallium 

promotes or stabilizes hydroxyapatite formation and/or maturation, producing larger 

and/or more perfect crystallites with higher calcium and phosphorus content that are 

more resistant to resorption. It may accomplish this by blocking matrix nucleation 

sites, preventing the formation of new hydroxyapatite crystals, which allows existing 

crystals to grow larger. These larger crystals would then be less soluble than the 

smaller ones (Donnelly eta/. 1991). 



21 

Short-term in vivo treatment with gallium nitrate resulted in a preferential 

uptake of the gallium in the metabolically niore active bone metaphyses, producing 

bone that was significantly less soluble in acetate buffers than bone from non-treated 

animals (Repo et al. 1988). Blumenthal (1989) studied the effect of gallium on 

hydroxyapatite and showed that gallium binds significantly to the surface of forming 

hydroxyapatite crystals until the surface becomes saturated with the metal, which 

poisons growth sites. This not only inhibits crystal growth but, since growth and 

dissolution sites are often the same, also decreases the dissolution kinetics of the 

hydroxyapatite. Bisphosphonates similarly bind strongly to hydroxyapatite crystal 

surfaces and have been shown to exert a -similar · effect on crystal growth and 

dissolution (Fleisch et aL 1989). 

In humans, calcitonin and the bisphosphonatessignificantlyreduce the severity 

of symptoms in some cases of Paget's disease, but no uniform and permanent clinical 

benefit has been shown (Matkovic 1990). Gallium nitrate is a more effective 

suppressor of bone resorption in hypercalcemia of malignancy than calcitonin or the 

bisphosphonates (Warrell et aL 1988). Treatment of patients with Paget's disease 

with gallium resulted in an immediate reduction in hydroxyproline excretion, 

followed shortly by· a fall in serum alkaline phosphatase level, suggesting that a 

reduction in osteoclastic bone resorption occurred, followed by reduced osteoblastic 

activity. Levels remained low after a 5-day treatment throughout a follow-up period 

of 85-141 days, indicating a prolonged action of the drug. The decline in resorption 

and formation suggested to Warrell and his coworkers that gallium may inhibit 
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osteoclasts directly and osteoblasts indirectly by some coupling .mechanism. The 

authors speculated that gallium may compete with calcium for binding sites in 

osteoclasts and osteoblasts, affecting calcium channels, leading to an inhibition of 

podosome formation necessary for resorptive and secretory functions. 

Hall and Chambers (1990) added gallium to cells in culture and found that 

osteoclasts were directly inhibited in a concentration-dependent manner. Similar . 

numbers of osteoclasts were found on treated and control bone slices, however, 

indicating that the gallium was inhibitory but not toxic to the osteoclasts. The 

authors also noted that surface adsorption of gallium may also have made the bone 

resistant to resorption, suggesting that at least two separate mechanisms may be 

operating with gallium, as with the bisphosphonates. 

When growing animals are treated with resorption inhibitors such as the 

bisphosphonates, their long bones become distorted histologically and clinically due 

to impaired remodeling (Schenk 1973). In contrast, gallium does not adversely affect 

normal bone growth, suggesting that the antiresorptive mechanism of the two classes 

of drugs may differ (Donnelly 1991). 

PURPOSE 

The purpose of this study was to investigate the ability of dentin slabs soaked 

in EHBP (Etidronate), CI2MBP (Clodronate), and gallium nitrate to resist dentino

clastic activity in vitro, and to compare the efficacy of these agents in this context. 



MATERIALS AND METHODS 

DENTIN SPECIMENS 

Intact, recently extracted human third molar teeth that had been fully 

impacted were obtained from the Department of Oral and Maxillofacial Surgery', 

Eisenhower Army Medical Center. The teeth were preserved in 70% ethanol. The 

root portion of each tooth was embedded in polymethyl methacrylate (Fastray, Harry 

J. Bosworth Co., Skokie, IL), which was trimmed on a laboratory model trimmer 

(Labmaster Model 12, Ray Foster Dental Equipment, Long Beach, CA) into a 

square approximating 1.5 X 1.5 em. This assembly was then mounted on a Buehler 

Isomet low speed saw (Buehler Ltd., Lake Bluff, IL) fitted with a 0.15 mm diamond 

wafering blade. Uniform slices of coronal dentin 0.5 mm in thickness were cut 

perpendicular to the long axis of the tooth. These discs were hand cut on a bench 

lathe (Model 26A, Handler Mfg. Co., Westfield, NJ) using a 7/8 X .009-inch ultra

thin carborundum separating disc (Jel-Thin 9's, Jelenko, Armonk, NY) into small 

squares approximating 3 X 3 X 0.5 mm. The dentin squares were marked on one 

side with a graphite pencil and stored in 70% ethanol. 

The dentin specimens were sonicated in sterile saline for 20 minutes and 

rinsed four times in sterile saline to remove residual alcohol. They were then placed 
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either in one of the experimental solutions or in sterile saline and stored in solution 

at 4°C for forty-eight hours. 

EXPERIMENTAL SOLUTIONS 

Etidronate (1-hydroxyethylidene-1,1-bisphosphonate) and Clodronate 

(dichloromethylenebisphospho'nate) were provided by Norwich Eaton. Pharma

ceuticals (Norwich, NY). Gallium nitrate solution, 25 pg/ml (Ganite, Fujisawa 

Pharmaceutical Co., Deerfield, IL), was obtained from the Eisenhower Army 

Medical Center pharmacy. Experimental solutions were prepared by dilution with 

sterile water to provide 10-6 M Clodronate and gallium nitrate, and 10·5 M Etidro

nate. · Concentrations were selected ·based on published dose response curves and 

pilot studies. 

OSTEOCLAST RESORPTION ASSAY 

Collagenase solution was prepared by solubilizing crude collagenase from 

Clostridium histolyticum, 151 U/mg (Worthington Biomedical Corp., Freehold, NJ) 

in 38 ml of Hank's Balanced Salt Solution (HBSS, Sigma, St. Louis; MO) to an 

approximate final concentration of 200 U/ml. Alpha minimal essential medium 

(MEM) plus Earle's salts (Sigma) with 1% heat-inactivated fetal bovine serum 

(Sigma), penicillin 100 U/ml (Sigma), streptomycin 100 llg!ml (Sigma), and gentami

cin 50 llg!ml (Sigma) was sterilized by passing it through a 0.45 llffi filter, after which 
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amphotericin B 2.5 .,.g/ml (Sigma) was added to the filtrate. The pH of the resulting 

solution measured 7.4 on a digital pH meter (Unifet Inc., San Diego, CA). 

Fertile chicken eggs from l7°C cold storage were incubated at 37.5° C and 

70% humidity. Chick embryos were haiVested on the nineteenth day of incubation. 

Their tibiae were dissected out, curetted to remove adherent muscle .and periosteum, 

and the epiphyses cut off. The diaphyses were placed into a 50-ml sterile beaker 

containing 2 ml of MEM and 2 ml of collagenase solution. The long bones were · 

finely minced into the solution using sharp, sterile scissors. The medium, containing 

both bone fragments and cells, was repeatedly ·expressed using a large-barreled 10 

cc syringe to aid the release of osteoclasts into the medium. Collagenase solution 

was added to bring the final volume to 20 mi. A sterile Teflon stirring bar was 

added, and the mixture was stirred slowly at 37°C for 30 minutes. 

The mixture was then removed from the incubator and the debris allowed to 

settle. The supernatant was poured off and centrifuged at 200 X g (Model J-6M, 

Beckman Instruments, Fullerton, CA) for 10 minutes at 10°C. The pellet was 

resuspended in 10 ml of MEM, plated in 25 cm2 tissue culture flasks (Corning 

Glassware, Corning, NY), and incubated at 37°C for five days. 

Collagenase solution was added to the original debris to a final volume of 20 

ml, and stirred slowly at 37° for 30 minutes. The supernatant was poured off, 

centrifuged, and the pellet resuspended and plated as above. Finally, the entire 

procedure was repeated a third time. However, microscopic obseiVation of the 
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cultures indicated a vecy low cell count from the third extraction, SQ only the first 

two debris processings were used. 

Evecy other day 2 ml of trypsin solution (trypsin 500 J,lg/ml plus 5.3 X 10 .. M 

EDTA•4Na in PBS, Sigma) was added to the culture flasks and incubated at 37° for 

ten minutes in order to selectively reduce the number of adherent fibroblasts in the 

cultures. The trypsin solution was poured off, 10 ml of fresh MEM was added, and 

the flasks returned to the incubator. 

After five days of incubation, 80 dentin specimens, 20 from each of the three 

experimental solutions and 20 frc;>m the saline control solution were placed, graphite

marked side down, in a 96-well culture plate. Two milliliters of the above trypsin 

solution were added to the culture flasks, which were then incubated for 25 minutes. 

The liquid was poured off, and 1 ml of the same trypsin solution was added to each 

of the flasks. The flasks were thoroughly scraped with a rubber policeman to remove 

all adherent cells. The contents of the flasks were combined and centrifuged at 500 

X g for 15 minutes at l0°C. The pellet was resuspended in 32 ml of MEM, and 250 

...,I aliquots were added into each well containing a dentin wafer. Samples of the 

suspension were placed onto ten 1-cm round glass coverslips for use in the tartrate

resistant acid phosphatase (TRAP) assay. An additional five dentin specimens 

received 250 ml of MEM but no cells in order to serve as vehicle controls. The plate 

was incubated at 3TC for 72 hours. The plate was removed from the incubator and 

the solutions aspirated, then 250 p.l of 5% sodium hypochlorite was added to each 

well containing a dentin specimen to digest the cells and permit the surface to be 
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examined for pitting. The dentin specimens were sonicated for 60 seconds, and 

allowed remain in the sodium hypochlorite for 30 minutes, after which they were 

sonicated again for 60 seconds and rinsed four times in sterile water to remove 

residual sodium hypochlorite. The dentin specimens were then stained for five 

minutes in 1% toluidine blue (Sigma), rinsed four times in sterile water, and allowed 

to dry. They were then examined by light microscopy for evidence of pitting. 

The stained dentin specimens were placed on a glass slide and examined 

under epi-illumination on a light microscope (American Optical Division of Warner 

Lambert, Buffalo, NY) fitted with a fiberoptic illuminator (Intralux Model lOOHL, 

Volpi AG, Zurich, Switzerland), and 35 mm camera {Canon, Long Island, NY) for. 

photomicrography. In order to consistently use the same portion of each wafer for 

evaluation, the dentin specimen was first centered in the microscopic field at 35X 

magnification, then counted at 100X magnification. This provided a 2-mm diameter 

field of view. In the scaled eyepiece (Bausch and Lomb Division of Cambridge 

Instruments, Buffalo, NY) each division on the scale represented 100 J.LIIl· Only pits 

exceeding 25 J.LIIl were counted. All pits were counted at one sitting, and the counter 

was blinded as to which group an individual specimen belonged. 

Dentin speciinens to be examined for osteoclasts and pitting by electron 

microscopy were fixed for 30 minutes in 3% glutaraldehyde in 0.15 M cacodylate 

buffer (pH 7.4), then dehydrated successively for five minutes in each of a graded 

series of alcohols: 50%, 75%, 95%, and three times in 100% ethyl alcohol. 

Following dehydration, they were critical-point dried from liquid COz, sputter-coated 
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with gold, and viewed with a scanning electron microscope, (JEOL USA, Peabody, 

MA) Model JSM-35CFII at 25 kV. Photomicrographs were taken on Polaroid B/W 

PIN film at various magnifications. 

TARTRATE-RESISTANT ACID PHOSPHATASE ASSAY 

Staining for the tartrate-resistant acid phosphatase (TRAP) assay was 

performed using an acid phosphatase, leukocyte diagnostic kit (Sigma). The kit is 

based on the modified Burstone method (Burstone 1958). The cells adhering to the 

cover slips were first fixed by momentary immersion in a solution containing 25 ml 

citrate solution provided in the kit (citric acid 1.8 X 10"2 M, sodium citrate 9X 10·3 

M, sodium chloride 1.2 X 10·2 M, and an unspecified surfactant, pH 3.6), · 65 ml 

acetone, and 8 ml of 37% formaldehyde. The cover slips were then rinsed 

thoroughly in deionized water without being allowed to dry. Two solutions were pre- · 

pared: Solution A which did not contain tartrate, and Solution B with tartrate. 

Solution A was prepared by mixing 45 ml deionized water pre-warmed to 3rC, 1 ml 

diazotized Fast Garnet GBC Base (7.0 mg/ml)/sodium nitrite (0.1 M) solution, 0.5 

ml naphthol AS-BI phosphate solution (12.5 mg/ml), and 2 ml sodium acetate 

solution (2.5 M) from the kit. Solution B was prepared identically with the addition 

of 1 ml sodium tartrate solution (0.335 M). Five coverslips were incubated in each 

solution for one hour in a 37°C water bath (GCA/Precision Scientific, Chicago, IL) 

protected from light. After one hour, all coverslips were rinsed thoroughly in 

deionized water, and counterstained for two minutes in hematoxylin solution (6.0 
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giL). All coverslips were then rinsed for several minutes in tap water (pH 7.66), air 

dried, and mounted on glass slides for microscopic evaluation. 

STATISTICAL ANALYSIS 

Statistical analysis was performed on an Atronic ATC 386 computer (Atronic 

Corporation, Industry, CA) using Statgraphics 5.0 (STSC, Rockville, MD) software. 

Homogeneity of variance of the data was tested by Bartlett's test. The data 

was found to be non.randomly distributed, and the variance non-homogeneous 

among groups, so distribution-free nonparametric tests were used. The Kruskall

Wallis test was used to determine whether a difference existed among groups, and 

Mann-Whitney U tests were run between groups to find where the differences lay. 



RESULTS 

MORPHOLOGY 

Osteoclast-like cells were evident in culture, even unstained, as large cells with 

abundant cytoplasm among the more numerous fibroblasts and mesenchymal cells 

(Figure 1). When stained with toluidine blue, the multiple nuclei, cytoplasmic 

organelles, and pseudopodia of the cells were readily apparent (Figure 2). Nuclei 

tended to be polarized in the peripheral cytoplasm, remaining clearly discrete. The 

nuclei were of similar size, rounded, with evenly dispersed condensed peripheral 

chromatin, and one or two prominent nucleoli. Cells were generally rounded or 

ovoid in appearance, but with multiple cytoplasmic extensions. 

When viewed under the scanning electron microscope, osteoclast-like cells 

were easily recognized by their large size and complex shape. These cells displayed 

lobulated and folded pseudopodia, and distinct "humps" corresponding to their 

multiple nuclei (Figure 3). 

TARTRATE-RESISTANT ACID PHOSPHATASE ASSAY 

The fast garnet GBC method used in this study produced a reaction product 

that was distinctly granular in appearance. For proper identification, smears of the 
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Figure 1: Unstained cells in culture, 24 hours old. Note the large osteoclast
like cell in the left center (a"ows) with multiple nuclei (N), and 
what may be mononuc/eate osteoclast precursor cells (0) nearby. 
Also seen are fibroblasts (F) and mesenchymal cells (M). Original 
magnification IOOX 
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Figure 2: 72 hour-old toluidine blue stained osteoclast-like cell in culture (arrows), 
which appears to be in the process of fusing with another putative 
osteoclast (0). The nucleus or nuclei of the smaller cell are not visible. 
Several nuclei are distinctly visible (N) in the larger eel~ and more may 
be hidden in the hyperchromatic area at center right. Note the abundant 
vacuoles (J?) in the cytoplasm. Surrounding the cell are fibroblasts (F). 
Original magnification 400X 
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Figure 3: Scanning electron micrograph of an osteoclast-like cell (arrow) over the 
resorption pit (P) that it has created. The bulges that represent nuclei 
(N) can be seen on its superior surface. A smaller, mononucleate putative 
osteoclast precursor cell,(O) can be seen over its resorption pit to the left 
center, and another to the top right. The background debris on the dentin 
surface (S) is the smear layer created by the diamond wafering saw. 
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same cell population were stained for both acid phosphatase (AP) and tartrate-

resistant acid phosphatase (TRAP). In the control slides stained for AP, the 

megakaryocytes and granulocytes, especially neutrophils, showed considerable 

enzymatic activity in the form of colored granules in their cytoplasm. Addition of 

tartrate inhibited this activity in all but the cells containing TRAP, so that the 

discrete bright to dark red granules in these cells stood out clearly from the 

surrounding unstained cells. The cells with TRAP activity were considered to be 

osteoclasts or precursor cells. A representative TRAP-positive cell is shown 

surrounded by nonstaining fibroblasts (Figure 4). 

BONE RESORPTION BY ISOLA TED OSTEOCLASTS 

In the present study pits, excavated by disaggregated chick osteoclasts on 

specimens of devitalized human dentin were found to stain readily with toluidine 

blue. Distinct excavations of the dentin surface contrasted readily with its normally 

homogeneous surface (Figure 5). Concavities showed a fibrillary base with a distinct 

margin or interface with the surrounding dentin when viewed under the SEM (Figure 

7). These depressions were sometimes seen either in proximity to or still covered by 

the effecting osteoelast (Figure 6). The pits seen generally formed one of two 

patterns: either circular, deep, and of the same approximate size as the effecting 

osteoclast, or elongated, shallower excavations that gave the appearance of having 

been made by a motile osteoclast resorbing as it migrated along the dentinal surface 



Figure 4: TRAP-positive cell demonstrating stained cytoplasmic granules (G), 400X 
original magnification. This photomicrograph depicts two TRAP-positive 
cells that are either fused or fusing (T). The TRAP stains cytoplasmic 
granules, not nuclei, so the latter are not visible. Note how the TRAP
containing cytoplasmic . granules contrast with · su"ounding . unstained 
fibroblasts (F). 
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Figure 5: Pitted dentinal surface, epi-illuminated light microscope, JOOX original 
magnification. The regularly spaced vertical lines on the dentin were 
produced by the diamond saw used to create the dentin specimens. Note 
the resorption pits (arrows) which, when stained with toluidine blue, 
contrast against the dentin background. 
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Figure 6: 

Figure 7: 

Round resorption pit with resorbing osteoclast-like cell (0 ). The resorption 
pit (P) is approximately 40 -x 50 J67l in size. Also seen is a smaller, 
resorptive cell (M). Dentinal suiface details are obscured by the smear · 
lilyer (S). The diagonal pattern of parallel lines is produced by the 
diamond blade used to cut the dentin. 

Elongated resorption pit (arrows), approximately 40 pm across by 160 pm 
long. This resorption zone is very shallow. Although the smear layer has 
been dissolved, most of the tubules (T) remain occluded with smear plugs 
that extend several microns into the tubules. Note the lip surrounding 
some of the tubules, which is a remnant of the peritubular dentin. This 
resorption paUem may be caused by a motile resorptive cell resorbing as 
it travels across the suiface. This specimen was treated with NaOCl to 
remove cells. 
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Figure 8: 

Figure 9: 

Light micrograph of two osteoclasts over their resorptive pits, original 
magnification 435X The vertical striations were produced by the 
diamond blade. The osteoclast-like cells (0), blurred due to the extremely 
shallow depth of focus of the light microscope at this magnification, are 
lighter in color than the subjacent pits (P) due to .the incident lateral epi
illumination. Note the correspondence between this micrograph and the 
SEl.f below. 

Scanning electron micrograph of the same two osteoclasts (0) as in Figure 
8 above, original magnification 400X Note the improved clarity due to 
the greater depth of field of the SEM The multiple nuclei of the cells can 
be seen as raised "bumps'~ and pseudopodia (PP) are also evident. The 
resorption pits are clearly seen beneath the cells. 
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(Figures 6 and 7). Evidence for the accuracy of interpretation of the light 

microscopic observation was provided by the exact · correspondence. of these 

images.with the images obtained with the scanning electron microscope (Figures 8 

and 9). Therefore it was decided to count the number of discrete excavations on the 

toluidine blue-stained dentin slices by light microscopy. A diameter of 25 1-Lm was 

chosen as the lower limit of pit size to be counted because, although the .average size 

of a multinucleated osteoclast is considered to be 50-100 IJ.ffi, there is increasing 

evidence thatmononucleated TRAP-positive cells which may be osteoclast precursors 

are also involved in the resorptive process. . A 25 IJ.ID diameter pit was chosen 

because it was thought to be large enough to eliminate surface discrepancies while 

not eliminating pits made by the smaller cells. 

EFFECf OF THE EXPERIMENTAL AGENTS ON RESORPTION 

The experiment was performed twice to ensure the reliabiiily of the results. 

Methods and materials were identical, with the exception of the number of eggs that 

were used, sixteen in the first experiment and eight in the second. None of the 

vehicle control dentin specimens in either experiment contained any evidence of 

pitting. 

In the first experiment, the control (untreated) dentin showed an average of 

3.80 pits per 2 mm diameter field examined. In contrast, dentin specimens in each 

of the experimental groups showed less than two pits per field. In. the second 

experiment, the absolute number of pits was lower in both control and experimental 
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groups. The control dentin showed an average of 2.10 pits per field, while in each 

of the experimental groups the dentin specimens averaged Jess than one pit per field. 

When the data were combined, the control specimens showed an average of 2.95 pits 

per wafer, with the combined experimental groups averaging 1.09 pits per field 

(Table I). 

In the first experiment the osteoclast-like cells produced an overall mean of 

2.20 pits per field, with a median of 1.00, and standard deviation of 2.59. In the 

second experiment the cells produced an overall mean of 0.91 pits per field, with a 

median of 0.00 and standard deviation of 1.93. Considerable variation in scores was 

evident in the raw data, where slices within a given treatment group contained from 

zero to twelve pits. The data were not normally distributed, being positively skewed 

and leptokurtic 

Etidronate 

Clodronate 

Gallium 

Control 

TABLE I 

Average number of resorption pits per 

2 mm diameter area of dentin examined 

1.90±2.8 0.65±1.2 

1.50±1.7 0.60±1.0 

1.60±2.0 0.30±0.7 

3.80±3.1 2.10±3.3 

1.28±2.2 

1.05±1.5 

0.95±1.6 

2.95±3.2 
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(Figure 10). The values for standardized skewness and kurtosis were 5.56 and 4.86, 

respectively, for the first experiment, and 10.54 and 15.96.for the second experiment 

Bartlett's test was run on the results of the first experiment, which yielded a B= 1.11, 

which was significant (p<0.05). Therefore, since neither the assumption of normalcy 

of distribution nor homogeneity of variance was met, a Kruskal-Wallis non-para

metric, distribution-free analysis of variance was used to evaluate the results. This 

test yielded a test statistic of 8. 77, indicating that a significant difference existed 

among the groups (p<0.04). Mann-Whitney U tests were performed between 

groups, which indicated that no difference existed between experimental groups, but 

that statistically significant differences did exist between each experimental group and 

the control group (p<0.03). The histogram in Figure 11 depicts the means and 

standard errors of the groups in Experiment 1. 

When the results of the second experiment were analyzed, Bartlett's test 

yielded B= 1.96 (p=7.13 X 10·11
), which again was highly significant. Therefore, a 

Kruskal-Wallis analysis was run, which yielded a test statistic of 4.43 (p=0.22). This 

result indicated no significant difference existed between groups. A trend was noted 

in the data, however, which supported the results of the first experiment (Figure 12). 

When the data of the two experiments were combined (Figure 13), a Kruskal

Wallis analysis yielded a test statistic of 10.54 (p=0.01), indicating that an overall 

difference existed among the groups tested. When Mann-Whitney U tests were run 

between groups, no significant difference was found between experimental groups, 
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but a significant difference did exist between each experimental group and the 

control group (p<0.04). 



Figure 10: Number of pits per 2 mm field on dentin slices. This histogram 
demonstrates the number of specimens examined with various numbers 
of resorptive pits. Note the non-norma~ positively skewed distribution. 
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Figure 11: Effects of experimental treatments on dentin resorption - Experiment 1. 
There is no significant difference between the three experimental groups, 
but each reduced resorption significantly from control (p<0.03). Bars 
represent 1 SE. 
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Figure 12: Effects of experimental treatments on dentin resorption - Experiment 2. 
There is no significant difference between any of the groups, but a trend 
for the three experimental groups to show reduced resorption from 
control can be seen. Bars represent 1 SE. 
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Figure 13: Effects of experimental treattnents on dentin resorption - Combined 
Experiments 1 and 2. The three experimental groups each show 
significantly reduced resorption compared to control (p=0.01). Bars 
represent 1 SE. 
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DISCUSSION 

IN VI1RO METHODOLOGY 

Traditionally, investigators have sought to elucidate the relationship between 

osteoclasts and bone resorption by in vitro means using the measurement of calcium 

release from rodent bones in organ culture ·(Horton et at. 1978). This technique 

proved useful in identifying factors and agents that stimulate or inhibit bone 

resorption. There were some limitations, however, to this technique (ICN 

Biochemicals 1991 ). First, an indirect technique such as the measurement of calcium 

flux between the tissue and the medium does not necessarily reflect osteoclastic bone 

resorption, as the demineralization could be cau~ed by processes other than the 

excavation of resorption lacunae by osteoclasts, e.g., microbial enzymes. Second, the 

technique requires intact bone, where the presence of a multiplicity of cell types 

makes it eXtremely difficult to identify the cells that are affected by the agent. Third, 

the technique has been restricted to rodent or avian tissue and therefore some 

previous results may not be applicable to man, due to documented differences in 

hormonal responses (Arnett and Dempster 1987). A technique using isolated · 
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hematogenous cells, which does not require an intact calvarium, would be adaptable 

to the study of hard tissue resorption in more species, including man. 

Indirect techniques have largely been supplanted by culturing osteoclasts 

.isolated from bone qn various calcified substrates, such as devitalized bone 

(Chambers eta/. 1984) and sperm whale dentin (Boyde et al 1984). Rather than 

allowing the cells to attach to a culture plate and using indirect measurement 

techniques to quantify their resorptive activity, cells are instead allowed to attach to 

a mineralized substrate upon which they excavate authentic resorption lacunae. The 

cells can then be fixed in situ and observed in their lacunae, or removed chemically 

and the lacunae measured or counted for quantification. 

In the present experiment, cells were fixed in situ and observed by both light 

and electron microscopy. This provided qualitative evidence for the presence of . 

osteoclast-like cells, which presented characteristic features such as large size and · 

multinuclearity, and were seen situated in the resorptive lacunae they presumably 

created. The cells were then removed mechanically and chemically by sonication in 

sodium hypochlorite so that their lacunae might be observed and counted. 

Before 1980, multinucleated osteoclasts were problematic to study due to the . 

difficulty of culturing these cells. In 1981, Testa and coworkers reported a system 

in. which these cells could be generated in vitro by inoculating marrow cells flushed 

from cat femurs into tissue culture flasks with MEM, antibiotics, and 30% horse 

serum. Ibbotson and coworkers in 1984, using the same technique, reported that 
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these cells began to appear in significant numbers after· two days, reached· a 

maximum around day five, and remained stable until day 24. · 

Osteoclasts are end cells, formed by the fusion of mononuclear or possibly 

binucleated precursor cells, and thus depend upon continuation of this ongoing 

process for their survival. Other cell types in a mixed culture, such as fibroblasts, 

tend to overgrow the osteoclasts. These cells must be periodically removed by 

medium exchanges and/or trypsinization, which spare the osteodasts adhering to the 

culture flask. Of concern would be the loss of essential endogenous growth factors 

during frequent medium changes. However, the observation that the .number of 

mono- or binucleated cells in culture remains stable despite depopulation by media 

exchanges implies that they, too, are multiplying, .albeit much slower than other cell 

types in the mixture. These mono- and binucleated cells may fuse to form new 

·polykaryons, or may increase the multinuclearity of existing cells. Of course, the 

multinucleated cells themselves may also fuse. 

In the present study, alternate day medium exchanges after incubation with 

trypsin were used to prevent overgrowth by fibroblasts. A fairly long (ten minute) 

incubation with trypsin was found necessary to detach the adherent fibroblasts. A. 

suitable end point was considered to be when the majority of the cells appeared .. 

rounded under the inverted microscope. 

In vitro investigations have followed one of two experimental designs. In the 

first model, long-term osteoclastic generation in tissue culture flasks is studied, eg. 

Alvarez et al. (1991). In this model, the cultures are purified by medium exchanges 
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to remove non-adherent cells. Selective treatment with trypsin, .EDTA, or a 

·combination of these agents can also help to eliminate cells that are less adherent 

than the osteoclasts. In the second model, the resorptive activity of these cells is 

studied by seeding them immediately onto.calcified substrates. Here, purification is 

achieved by rinsing the substrate after an interval thought to be long enough for the 

osteoclasts to attach, to eliminate non-adherent cells, and then simply allowing the 

cells to resorb the substrate for 24 hours or so, e.g., Murrills and Dempster (1990). 

When · assessing resorption, the first model is limited by the need for 

technically complicated indirect measurements, which may be questioned in terms. 

of their true representation of the resorptive process.as carried out by osteoclasts, 

as previously mentioned. The second model allows simple, direct measurement of· 

resorption and microscopic verification that osteoclasts are indeed present on or near · · . 

· the resorptive lacunae. It could be criticized, nevertheless, for the possibility that 

dead, autolyzed cells could release acid hydrolases and other enzymes that could 

resorb the substrate in the vicinity of the dead cells, as these short-term experiments 

do not change medium or attempt to dispose of non-adherent, non-viable cells once 

they are seeded onto the substrate . 
. 

The design chosen for the present investigation attempts to combine these two 

techniques. Cells were initially cultured in flasks; with treatment by trypsin/EDT A 

to selectively eliminate less adherent, non-osteoclast cells, as well as those that were 

non-viable. Five days were allowed for maximum enrichment of the osteoclastic 
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population, after which the resultant cells were seeded onto the substrate dentin 

specimens and allowed to resorb. 

Human dentin was. chosen for the substrate in the present investigation 

because it is the tissue of concern in replacement resorption. Jones and coworkers 

(1985) additionally demonstrated the utility of sperm whale dentin in resorption 

studies. The homogeneous surface of dentin is broken only by a regular tubular 

pattern, making it far easier to analyze for resorption than the highly irregular 

surface of bone, with its Haversian systems, Volkmann's canals, canaliculi, etc. 

Human dentin thus presents a homogeneous surface that serves·as an ideal substrate· . 

for use in studies of replacement resorption. 

RESORPTION ASSAY 

Historically, resorption pits were quantified by volume measurement, which 

required a specially-built stereocomparator attached to a scanning electron 

microscope (Boyde et al. 1986). This device operated by providing 10-20° tilt angle 

difference pairs to a microcomputer programmed by special software that allowed 

measurement of volumes, areas and depths. This high-grade equipment is expensive, 

-
highly specialized, and not readily available. Takada and coworkers (1992) found 

that pits, when measured in tangential section tended to be quite shallow, which 

suggests that pit area may be as valid a parameter to assess osteoclastic bone . 

resorption as pit volume. Chambers and coworkers (1985) calculated bone 

resorption by multiplying the total area of the resorptive pits by their mean depth. 
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They concluded that if.the absolute amount of substrate loss is not of concern, but 

rather the relative loss, as when ·making comparisons between. experimental 

treatments, then the constant mean depth·figure can be eliminated-and the pit area 

used. 

In 1990 Murrills and Dempster found a "clear and dependable" correlation 

between the results obtained by simply counting the number of pits and measuring 

the total area or volume resorbed. Sato and Grasser (1990) and Arnett and Demp-

ster (1987) demonstrated that counting resorption pits under reflected light 

microscopy correlated well (r=0.92, p<0;001) with the· computerized imaging-of 

electron microscopy in deteimining plane area or volume, requires only 10% of the 

effort, and can be accomplished without elaborate· equipment. In addition,-

observations by Boyde et aL (1984), Arnett and Dempster (1987), and Murrills and 

Dempster (1990) indicated that resorption lacunae (pits) on the surface of devitalized-· 

bone may be readily visualized by staining with toluidine blue. Thus, the amount of 

resorption can be reasonably assessed by staining the dentin specimens with toluidine 

blue, observing them under the light microscope with epiciiJumination, and counting 

the stained pits. This counting technique provides an accurate-method for assessing 

-
osteoclastic resorption while eliminating the necessity for either electron microscopy · 

with specialized attendant hard- and software, or light microscopy with attached 

video cameras feeding into computer-driven image analyzers. The exact correspon-

dence between the LM and EM images demonstrated in the present investigation 

suggests that toluidine blue and light microscopy can serve as a simple method for 
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quantitative assessment of dentin resorption by these cells, with results comparable 

to those obtained by electron microscopy. · 

The surface of the dentin was not uniformly resorbed, even within a given 

dentin specimen. Frequently there were numerous excavations evident within the 

same microscopic field, while adjacent fields contained few pits or no pits at all. 

This may have been the result of uneven seeding of the dentin speciinens with clastic 

cells caused by "clumping" due to failure of the centrifuged cell pellet to uniformly 

resuspend in the medium. 

TARTRATE-RESISTANT ACID PHOSPHATASE ASSAY 

One of the difficulties in determining the origin of the osteoclast has been the 

search for a suitable osteoclast "marker". Mature osteoclasts are generally identified 

by their large size, multiple nuclei, and certain ultrastructural characteristics, such as 

possession of a clear zone and ruffled border (Gothlin. and Ericsson, 1976). 

Resorption by putative osteoclast precursors has been studied by examining their 

ability to resorb bone fragments in vitro (Kahn et aL 1978), but since the investigators 

were unable to observe the membrane ultrastructure of a mature, multinucleated. 

osteoclast in these cells, it could not be determined for certain whether these cells 

were capable of becoming osteoclasts. Clearly, a biochemical or cell-surface marker 

would have greatly strengthened their experimental approach. 

Such a biochemical marker may be the presence of tartrate-resistant acid 

phosphatase (TRAP). Histochemical studies (Hanker et al. 1971) have demonstrated 
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that osteoclasts can. be differentiated from other bone cells by the. presence of acid 

phosphatase that is not inhibited by sodium tartrate. Tartrate-resistant acid 

phosphatase of bone has been widely used as a biochemical marker of osteoclast 

differentiation and function (Minkin 1982, Ibbotson et al. 1984, Roodman et aL 1985, 

Takahashi et aL 1988, Hata et aL 1992). Amano et aL (1992) showed a marked 

relationship between the number of these cells and bone resorptive activity. 

Although the presence of TRAP has been used to identify multinucleated· 

osteoclasts in many studies, it is interesting to note that Takahashi and coworkers 

· (1988), in their initial work, noted that many mononuclear cells showing TRAP 

activity also appear during osteoclast formation. Athanasou and associates (1991) 

also demonstrated, using monoclonal antibodies to cell-surface markers, the existence 

of mononuclear as well as lllultinuclear cells with a similar antigenic phenotype to 

that of osteoclasts. These cells were also active in bone resorption. This evidence 

suggests that some mononuclear cells that are destined to fuse to become osteocyte 

polykaryons are capable of actively resorbing bone. 

Hattersley and Chambers (1989) demonstrated that the presence of TRAP 

may not be an exclusive property of osteoclasts and their precursors. Under their 

experimental conditions, some· bone· marrow ·and peritoneal cells that were·initially 

· TRAP-negative, became TRAP-positive during incubation, without the emergence 

of osteoclastic function.· They concluded that in bone, osteoclasts can only be 

reliably identified as multinucleated cells, but in so doing, only a small proportion 

of the functionally resorptive cells will be identified, as judged from the number and 
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size of small pits· formed. Their results are at variance with Takahashi and 

coworkers (1988), who reported that mouse macrophages do not develop TRAP

positivity in vitro, even when incubated with 1,25-dihydroxy vitamin D3• The results 

of Chang and associates (1992) also did not support Chambers' report that 

macrophages could not be induced to resorb bone. These authors found that 

macrophages could produce extensive surface roughening of bone surfaces,. which is 

consistent with earlier studies, eg. Teitelbaum and associates (1979). This resorption 

occurs, however, without pit formation. Since the earlier studies did not look at pit 

formation but rather relied upon indirect measurements of -resorption, such as 

calcium flux, this difference in resorptive characteristics went undiscovered. 

Chambers and Horton (1984) cast doubt on the validity of using macrophages as a 

model for bone resorption when they failed to find pit formation on boneJnduced 

by either human monocytes or rodent peritoneal macrophages. This, however, does 

not eliminate the possibility of an overall mineral loss that they did not detect 

microscopically. 

Therefore, in interpreting the present investigation, several points were 

considered. First, osteoclasts can be positively identified only if they possess all three 

characteristics, namelymultinuclearity, TRAP-positivity, and ability to resorb lacunae. 

This extremely conservative approach avoids overestimating the number of 

multinucleate resorptive cells that Will develop while reliably identifying cells that are 

contributing to the resorption that is taking place. It also unavoidably results in the 

underestimation of the population of resorbing osteoclast precursor cells, as it 
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eliminates all the mononuclear precursors. Secondly, mononuclear cells that possess 

TRAP positivity and resorb lacunae can be presumed to be osteoclast precursors, 

however the ability of macrophage precursors or other mononucleate cells to resorb 

bone is currently in dispute, as is the question· of whether they develop TRAP 

positivity and under what conditions. Finally, there are other cells that possess some 

but not all of these characteristics which are not osteoclasts or precursors. 

Accordingly, the present investigation required the presence of all three 

characteristics in order to identify with certainty the osteoclast-like cells that were 

observed. The possibility of resorption by mononuclear cells was also considered in 

setting the lower limit for pit size to be counted. It was deemed essential to 

demonstrate the presence of large, multinucleate TRAP-positive cells in culture to 

verify the presence of putative osteoclasts among the cells. Many smaller, TRAP-

positive cells were also seen, which supports the observations of Takahashi et aL 

(1988). The range of pit sizes observed suggested that the smaller cells were indeed 

actively resorbing the dentin. 

CONCENTRATIONS OF THE EXPERIMENTAL AGENTS .. -. 

Sato and Grasser (1990) used conce~trations·from 10:9 to 10'3 M Etidronate 

and several second-generation bisphosphonates in order to determine the effective 

concentration (EC50) of these agents, ie. the concentration that reduced resorptive 

activity by 50%. They found that the inhibitory ECSti for Etidronate was ·10·6 M, 

while the other agents were approximately ten times as potent Flanagan and 
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Chambers (1989) found a dose-dependant inhibition of resorption by Clodronate in 

the range from 10"9 to 10-s M in osteoclasts mechanically disaggregated from neonatal 

rat long bones. Hughes and associates (1991} agreed that Clodronate is considerably 

more potent in inhibiting resorption than is Etidronate. Accordingly, for the present 

investigation it was decided to use one order of magnitude greater concentration of 

Etidronate than Clodronate to allow for their differing potencies. 

Bone slices were preincubated with gallium nitrate in the range of 10"7 to 10"3 

M by Hall and Chambers (1990). Inhibition of resorption was found in the range 

between 10-6 and 10·3 M. Using their dose-response curve, a pilot study confirmed 

that the use of 10-6 M gallium nitrate and Clodronate, and 10-s M Etidronate would 

suppress resorptive activity. 

EXPERIMENTS 

In culturing the cells harvested in the first experiment, confluence was 

achieved within 24 hours and the cell population appeared very dense. It was 

desired to quantitate the density of osteoclasts in the culture, but the mixture of cells 

made it impossible to obtain a meaningful count When the data were analyzed, the 

large standard deviation prompted a closer examination of the data, which was found 

to be positively skewed and leptokurtic. Tests for standardized skewness and kurtosis 

yielded 5.56 and 4.86 respectively. · Standardized coefficients test for significant 

deviations from the normal distribution. With large samples the coefficients should 

be approximately unit normaL Values outside the range from -2.0 to +2.0 indicate 
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that the data may depart significantly from normal (STSC 1991). Since parametric 

statistics require that the assumptions of a .normal distribution of the data and 

homogeneity of variance be met, this suggested the need for a distribution-free 

statistical analysis of the data, hence the use of the Kruskall-Wallis analysis of 

variance. 

· In the second experiment, fewer tibiae were used to reduce the number of 

non-osteoclast-like cells in the culture. The cells in the resultant culture were 

notably less dense in distribution than in the first experiment Several days were 

required before they reached confluence. A cell count was· attempted, but the 

maximum number of cells per field counted was one, corresponding to a .density of · 

105 cells per ml, and many fields examined did not include any cells at all. These · 

cells produced only 41% of the average pits per field found in the first experi

ment The difference in the means between the two experiments suggests that the 

lack of significance in the second experiment could be attributed to decreased cell 

density resulting from the use of fewer tibiae, which in turn produced· a lower 

absolute number of pits. The variability in the data was also greater than expected. 

This was seen in the raw data, where dentin specimens in the same group contained 

from zero to twelve pits per field. This may reflect insufficient dispersal of the 

centrifuged pellet during resuspension, resulting in agglomerations of cells being 

seeded in some wells, while others received only those cells dispersed in the medium. 

In future studies, consideration should be given to more vigorous pipetting of 

the pellet to facilitate a more even dispersal of the cells into the medium. 
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Additionally, no fewer than 36 embryonic chick tibiae should be used, to ensure that 

adequate numbers of osteoclast-like cells will be available. 

EFFECT OF THE EXPERIMENTAL AGENTS 

The three experimental agents in the combined experiments, which were not 

significantly different from each other, produced a 57 - 68% reduction in pits per 

field compared to the saline control. This difference was significant at the O.Ollevel, 

and indicates that all three experimental agents, at the concentrations used, were 

able to significantly reduce dentin resorption.· This is consistent with previous studies 

of the bisphosphonates on bone and dentin, and of gallium on bone; but the use of 

gallium in a dental context has not been previously reported. 

The relative potencies of these agents were not directly assessed in.the present 

study, but in pilot studies Etidronate failed to reduce resorption when used in lower 

concentrations than 10"5 M. Clodronate and gallium nitrate were found to be 

approximately equipotent at 10-6 M, while Etidronate was perhaps one order of 

magnitude less efficacious, requiring a concentration of 10·5 M. 

·The findings of the present study demonstrate that osteoclast-like cells 

isolated from chick· tibiae and cultured on human dentin can excavate resorption 

lacunae. Additionally, pretreatment of these slices by soaking them in either 

Etidronate, Clodronate, or.gallium nitrate will reduce or suppress this resorption to 

a level of 37% of that seen in untreated dentin slices. Since these agents can reduce 
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dentinal resorption by osteoclast-like cells in vitro, they may be useful in reducing 

dentinal resorption in vivo as well. This possibility will require further investigation .. 

CLINICAL IMPLICATIONS 

In general, past investigations have fallen into two broad categories, in vitro 

or clinical.. Early in vitro studies sought to confirm the suitability of a model as an 

experimental tool, while more recent studies have attempted to elucidate the effects 

of physiological control mechanisms on bone resorption (ie. the effects of parathyroid 

hormone, calcitonin, 1,25-dihydroxycholecalciferol, prostaglandins, interleukins;and 

a whole host-of other mediators). Clinical investigations, on the other hand, have 

dealt with the use of systemically administered agents in an attempt to determine · 

tlieir efficacy in reducing bone resorption produced by various disease states such as 

· post"menopausal osteoporosis, Paget's disease, and hypercalcemia of. malignancy. 

Even the few investigations of dental root resorption have been conducted by 

systemic administration of the agents. 

The results of the present investigation suggest that local administration, i.e., 

by using the root canal of an avulsed and replanted tooth as a reservoir for the 
. 

agents and allowing them to diffuse through the dentinal tubules to the exterior 

surface of the root, or by immersing the root for a period of time in these agents 

could be an effective treatment for the prevention of replacement resorption. A 

recent study (Galvan 1992) was conducted to determine whether a solution of 4· X 

10-4 M 14C-Jabeled Etidronate would diffuse through radicular dentin from the root 
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canal reservoir. In that investigation, 92% of the radiolabeled Etidronate was found 

to bind ·to the dentin internally and within the dentinal tubules within 20 minutes, to 

the extent that measurable activity was not detected outside the root. When an 

attempt was made to saturate the binding sites with a 1 M solution, the Etidronate 

may have formed crystals that covered both surfaces of the dentin and obstructed the 

tubular lumina, preventing its permeation through the.dentinal tubules. It was con

cluded that Etidronate would not likely be useful clinically if used as an intracanal 

dressing as it would not be able to diffuse to the external root surface where it could 

affect replacement resorption. Modification of Galvan's methods and materials, 

however, may produce an effective treatment. 

In the present study a solution of w-s M Etidronate was used, and the results 

indicate that this concentration at the external surface of the root is sufficient to 

significantly reduce resorption. If a 104 M concentration does not provide enough 

Etidronate to bind to all sites in the tubular dentin, while allowing for a measurable 

amount to diffuse through to the external surface, then increasing the concentration 

to saturate those sites may be effective. It is possible that a 1 M solution of 

Etidronate simply precipitated out under the conditions of Galvan's experiment, and 

some concentration greater than 4 X 104 b_ut less than 1 M would yield an optimal 

result. Further investigation of the dose-response curve of this bisphosphonate is 

indicated to explore this possibility. 

Alternately, this very property of crystallization and binding to hydroxyapatite 

could be made use of clinically by soaking an avulsed tooth in a concentrated 
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solution of Etidronate before replantation. This procedure would ensure that an. 

effective quantity of Etidronate would be-available on the external root surface. The 

results of the present experiment suggest that Clodronate or gaiiium nitrate could 

be used in a similar fashion. Follow-up in vivo studies using an animal model are 

indicated. Teeth could be extracted and allowed to dry for one hour to allow the 

PDL cells to necrose, in order to promote ankylosis. Then, they could be soaked in 

the experimental agents and replanted. The teeth could be examined histologically 

at a later date for differences in resorption compared to saline-treated controls .. 

Still another approach would be to change the agent used. Bisphosphonates 

vary.widely in their properties accordingly to their chemical structure. Of the first

generation bisphosphonates, Clodronate is recognized as one of the most potent 

antiresorptive agents despite its decreased affinity for hydroxyapatite (Sietsema et aL 

1989). This combination of properties could make it a better agent to dispense via 

the root canal reservoir. Gallium is thought to be adsorbed to the calcified surface 

of bone or other mineralized substrate (Hall and Chambers, 1990), but its properties 

have not been fully investigated in comparison to the bisphosphonates. If gallium 

can permeate root dentin and achieve an external or surface concentration of 10"6 M, 

it might also be very useful clinically. Additional studies are needed to determine 

whether these agents are capable of permeating the dentin when placed in the root 

canal reservoir, and to determine what concentrations are effective. Once this is 

known, an animal model could be used to determine the efficacy of these agents in 

reducing replacement resorption. The results of the present study suggest that if 



63 

Etidronate, Clodronate, or gallium nitrate can permeate dentin from the root canal 

reseiVoir to provide an inhibitory concentration at the external root surface, or if 

soaking the teeth in one of these agents before replantation leads to decreased 

replacement resorption in an animal model, human clinical trials should be 

undertaken. A significant savings of time and money could accrue to the victims of 

traumatic avulsion, due to the decreased need for prosthetic replacements, if they 

were able to retain their replanted teeth indefinitely. 
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