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INTRODUCTION 

STATEMENT OF THE PROBLEM 

The osteoclast and osteoclast-like multinuclear cells are believed to be the major 

cellular components responsible for the resorption of bone. These cells, in concert with the 

osteoblast, contribute toward the controlled remodeling and growth of bone. 

When the osteoclast does not work in harmony with the osteoblast, it becomes 

responsible for the disease processes of Paget's disease, osteoporosis, giant cell lesions, 

non-metastatic hypercalcemia, periodontal disease, multiple idiopathic root resorption and 

isolated root resorption. 

The osteoclast can potentially be inhibited at one or more functional stages: 

differentiation (Demulder eta/. 1992; Suda, eta/. 1992),, migration (Aiam eta/. 1992), 

chemotaxis, attachment to osteoid and resorption. In the 1970s, gallium· was found to 

accumulate in bone (Anghileui eta/. 1971 ), where it inhibits osteoclastic activity in a dose 

related fashion (Hall and Chambers 1990). The cation does not distort the structure of 

bone (Donnelly eta/. 1991 ). Gallium was found to concentrate in the most metabolically 
I 

active regions of bone (Bockman et a/. 1990). It was also discovered that gallium 

treatment resulted in a superior hydroxyapatite crystal with increased calcium and 

phosphate content, resulting in a more densely mineralized bone (Repo et a/.1988). 

Gallium inhibited the .release of calcium from bone in the presence of parathyroid hormone 

(Warrell eta/. 1984), a strong osteoclastic stimulating substance. Gallium-treated bone had 
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a two to three-fold increase in proline, suggesting that gallium not only inhibits osteoclasts 

but also enhances osteoblastic secretion of collagen (Bockman eta/. 1987). 

Root resorption associated with autogenous bone grafting in the periodontally 

compromised patient is of particular interest to the dental community. Autogenous bone 

grafts have great potential for the repair of bony defects (Schallhorn et a/1970). However, 

this success is compromised because of an associated root resorption (Schallhorn 1972). 

When bone particles and marrow cells are juxtapositioned with dentin, a connective tissue 

(CT) capsule will wall off the dentin (Morris 1969). At 6 months ther~ is atrophy of the CT 

and bone resorbing cells breach the barrier and begin to resorb the dentin. Once the 

osteoclasts breach the CT r~sorption ensues, unless a process exists to inhibit qr down 

regulate the osteoclasts. 

Gallium binds to dentin in a substantive manner over a wide range of 

concentrations (Bruce et a/. 1996). This is significant because we now may have a 

sub~tance that can be applied to the root surface that may inhibit local osteoclastic activity 

and consequently inhibit root resorption. 

REMODELING OF MINERALIZED TISSUE 

Bone is a dynamic tissue that undergoes modeling (bone formation) and remodeling 

(bone maturation). In man, remodeling occurs throughout the entire postnatal period of life. 

Remodeling is the mechanism that allows bone to compensate for the physical stresses 

placed on the skeletal system. Bone is also the repository for c~lcium, which is a tightly 
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regulated chemical whose serum concentration in health is considered a biological 

constant. The "Basic Multicellular Unit" (BMU) sequence specifies the order of occurrence 

. . 

and the time element of each phase in the remodeling process (Frost 1973). 

The BMU sequence is summarized below: 

1. Stimulus and Activation (hours). 

2. Cell Proliferation and Differentiation (days). 

3. Resorption of Bone (1 month). 

4. Change (1 week). 

5. Formation of Bone (3 months). 

6. New Bone with Osteocytes (5-20 years). 

The osteon or secondary haversian system constitutes a morphologically distinct, but 

static product of the BMU sequence. The original bony geometry is modified by resorption 

and the subsequently deposited bone conforms to the modified contour. The resorptive 

process always precedes the formative process. 

The bone cells that make up the "Basic Multicellular Unit" of bone work in harmony 

with one another. Together; they contribute toward the controlled remodeling of bone. 

When a portion of the BMU does not work in concert, then pathologic processes result. 

When the osteoclast is the source of nonconformity with the BMU, any of the following 

disease processes may occur: Paget's disease, osteoporosis, giant cell lesions, non-

metastatic hypercalcemia, periodontal disease, multiple idiopathic root resorption, and 

isolated root resorption. The osteoclast can potentially be inhibited at stages of 

differentiation (Demulger et a/. 1992), migration (Aiam et a/. 1992), chemotaxis,· 
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attachment, resorption, and by altering the products of cellular and hormonal osteoclastic 

regulators (Hughes eta/. 1989; Suda eta/. 1992). One method of inhibiting the osteoclast 

is to produce superior hydroxyapatite crystal, because one effect of gallium appears to be 

its beneficial effect on osteogenesis by producing a superior hydroxyapatite. The research 

of gallium's effect on osteogenesis is ongoing and the puzzle is incomplete. The material 

presented is what is presently known concerning the effects of gallium on osteogenesis 

and resorption. 

DEMINERALIZATION AND THE OSTEOCLAST 

The precise mechanism of mineralized tissue resorption is not clearly understood. 

The osteoclast is chiefly responsible for cellular resorption of mineral by creating a low pH 

compartment which dissolves the mineral extraceflularly (Gothen and Ericsson 1976). 

Exposed bone mineral is chemotactic for osteoclasts. Bone is protected from resorption 

by a continuous layer of osteoblasts and a layer of unmineralized_ bone matrix termed 

osteoid (Chambers et a/. 1985). Osteoid must first be removed by neutral collagenase 

produced by osteoblasts (Sakamoto and Sakamoto 1982) for the osteoclast to remove the 

hydroxyapatite-containing mineralized phase (~ahn eta/. 1987). 

THE ACTIVE OSTEOCLAST 

Two types of osteoclasts have been identified histologically: active and inactive 

(Jones and Boyde 1977). Both are up to 100 microns in diameter and contain 3 to 20 
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nuclei per cell. These large cells are formed from hematopoietic precursor cells in the bone 

marrow that circulate in the blood as mononuclear cells. The initial attachment of 

osteoclasts is nonspecific (Hiura eta/. 1997 ) and is capable of attachment to mineralized 

as well as nonmineralized tissue. The presence of mineral is necessary for the osteoclast 

to become active and begin the process of resorption (Chambers 1-981, 1985). A 

morphologic alteration in the osteoclast indicates its activity. An inactive osteoclast is oval 

and stands away from the surface to which it is attached. The active osteoclast ~ndergoes 

a dramatic morphologic change by assuming a flat profile over the osseous surface. A 

clear cytoplasmic border around the cell body is established in order to create a 

compartment for mineral degradation. The portion of the osteoclast that approximates the 

clear border and overlies the mineralized tissue is termed the ruffled border. The mineral 

surface area under the ruffled border is exposed to lysosomal enzymes and hydrogen ions. 

A proton pump transfers hydrogen ions across the ruffled border and effectively lowers the 

pH to 5.5, which enhances the degradation of the bone matrix by proteolytic enzymes. 

Endocytosis of dislodged organic material and inorganic crystals creates secondary 

lysosomes which solubilize their contents (Bonucci 1980). Mineral resorption by osteoclast 

continues for approximately ten days (Mundy 1989, 1991; Kurihara eta/. 1990). After the 

active phase, the osteoclast appears to undergo fission to form reversal cells which are 

mononuclear cells present in resorption bays following resorption (Bonucci 1980). 
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OSTEOCLAST REGULATION 

The osteoclast possesses receptors for calcitonin, interleukin-6 (IL-6) and 

prostaglandins (Chambers eta/. 1985; Akira eta/. 1990), as well as most of the receptors 

for resorptive hormone·s and cytokines, i.e. parathyroid hormone· (PTH), 1 ,25-

dihydroxyvitamin 0 3, glucocorticoids, IL-1 alpha and beta, IL~6 and tumor necrosis factor 

alpha (Redan and -Redan 1983). This suggests endocrine as well as paracrine 

responsiveness. After the osteoblast is exposed to resorption-promoting agents, the 

osteoblast morphology is altered, allowing access of the osteoclast to the mineralized 

matrix (Russell 1986). , Resorption is further enhanced by the recruitment of osteoclast 

precursors through the release of collagen and osteocalcin, by the removal of osteoid 

through the action of osteoblast derived collagenase, and by the secretion of osteoclast 

activating cytokines (IL-6) (Rod an and Marin 1981 ). Immune cells, such as lymphocytes 

and monocytes, are capable. of generating cytokines in, the bone microenvironment (Mundy 

1989). 

The multi-functional cytokine, interleukin-6 (IL-6), may be the central factor in 

cytokine- mediated osteoclastic bone resorption (Kurihara et a/. 1990). Macrophages, 

monocytes, T lymphocytes, -~tromal cells an~ oste~blasts produce IL-6. IL-6 production 

by osteoblasts occurs i~ response to PTH, 1,25 dihydroxyvitaf)'lin 0 3, IL-1 B , TNF-alpha 

(Mundy 1989, 1991) and.lipopolysacharides (lshimi eta/. 1990).1nterleukin-6 fun.ctions as 

a bone resorption mediator in the inflammatory process (Akira eta/. 1990). 
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HISTORY OF GALLIUM- From Discovery to Recent Research 

The use of metals and their salts as therapeutic agents was advocated as early as 

the 16th century by Paracelsus (Hart et a/.1971 ). Gallium was discovered by a French 

chemist Lecoq de Boisbaundran in 1875 (Bockman 1991 ). Studies on the metabolism. of 

gallium found gallium to· be preferentially absorbed in bone to levels 40 times higher than 

in any other tissue, with substantivity up to 180 days in the rat ·(Dudley et a/. 1949). 

Gallium was found to localize in nonosseous tumors in patients with Hodgkin's disease and 

other lymphomas ( Edwards and Hayes 1969) which led to the use of radioactive gallium 

in body scanning to localize malignant neoplasms ( Edwards and Hayes 1970). It was 

suggested that gallium may interact with "insoluble calcium" within cells (~nguhileri 1971 ). 

This study with mice also demonstrated. that bone was a major site of gallium 

accumulation. In the mid 1970s, gallium was found to have antitumor activity in 
. ' . ' . 

lymphomas, ovarian carcinoma, melanoma, and neural crest _tumors (Bedikiam 1978). 

In 1986, Bockman and Boskey eta/ published evidence that gallium is accumulated 

in higher concentrations in the most metabolically active regions of bone. In 1988, Repo 

and Bockman eta/ studied the effects of gallium on bone mineral properties and found 

gallium-treated rat bone to be more dense and less soluble than the control. Also in 1988, 

gallium was first used effectively as a treatment to regulate serum calcium levels for 

cancer-related hypercalcemia (Warrell et a/. 1988). Warrell's randomized, double-blind 

comparison of gallium nitrate to calcitonin showed that gallium nitrate therapy is highly 
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effective and superior to maximally approved doses of calcitonin for acute control of 

cancer-related hypercalcemia. 

Gallium was used to treat Paget's disease of bone in 1990 and significantly reduced 

serum calcium, urinary calcium and serum phosphate (Matkovic et a/. 1990). They also 

found that there was an initial suppression of bone resorption by osteoclasts followed by 

a period of bone formation by osteoblasts. Matkovic reported a reduced alkaline 

phosphatase level from 85-141 days after a five-day gallium treatment regimen. 

In 1990, Hall and Chambers discovered that gallium inhibits resorption by a direct 

effect on osteoclasts. Gallium nitrate induced no light microscopic change in the osteoclast 

morphology and did not affect the survival of the osteoclast on bone slices. They 

suggested that gallium can be absorbed onto the calcified surface of bone and inhibit bone 

resorption. In 1992, Blair et a/. found that there is a reversible inhibition of osteoclast 

activity by bone-bound gallium. These studies were the foundation for bone-relat~d gallium 

research. 

ELEMENTAL GALLIUM 

Gallium has an atomic number of 31 and a atomic weight of 69.72. It is a naturally 

occurring group lila metal. In increasing values of atomic numbers and atomic weight, the 

elements of Group lila metals of the periodic table are boron (B), aluminum (AI), gallium 

(Ga), indium (In), and thallium (Ti). The oxidation state of these cations is +3. The +3 

oxidation state of the Group· lila metals is stable, except for thallium which is slowly 
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converted to the +1 form. Gallium is a liquid at >29 degrees Celsius and it is capable of 

converting electricity into light. It is less electroconductive than its neighbors. 

PHARMACOKINETICS OF GALLIUM 

The toxicity of gallium is species specific and well documented. Nephrotoxicity of 

gallium occurs in man when gallium is administered above 750 mg/m2 (Krakoff eta/. 1979). 

The LD50 in rats is greater than 220 mg/kg and the LD50 in dogs is 18 mg/kg (Bruner eta/. 

1953). Death appears to be caused by mineral precipitates of gallium, calcium, and 

phosphate, which occlude the tubular lumina in the kidney (Newman eta/. 1979). 

Most of the in vivo effective doses are well below the established toxic levels of 

gallium. A concentration of 100 ug/ml (1 :4 X 10 -3 moles/liter) of gallium nitrate reduced 

resorptive pits by 50o/o in vitro (Hall and Chambers 1990). ·Warrell et a/. 1988 

demonstrated the clinical effectiveness of gallium nitrate in reducing hypercalcemia of 

malignancy using dose concentrations ( 3 ug/ml or 4.3 X 10 -5moles/liter) 30-40 times less 

than the doses used by Mall and Chambers. Metrovic.et a/. 1990 found gallium nitrate to 

inhibit bone resorption in patients with Paget's disease at doses similar to Warrell et a/. 

1988. The doses of gallium nitrate used to affect osteogenesis are well below nephrotoxic 

levels, unless patients with altered kidney function are to be treated. 

The pharmacokinetics of gallium nitrate in man was studied by Kelsen eta/. in 1980. 

The most widespread use of gallium is as a ·body scanning agent in the localization of 

malignant neoplasms and infections. Based upon reports on the antitumor effects of 
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gallium, Kelson examined two methods of administration; a seven~day continuous 

intravenous infusion and a weekly rapid intravenous infusion. The seven .. day continuous 

slow 24-hour infusion of a total of 1.4 g/m2
. of gallium was given with minimal 

nephrotoxicity. The urinary excretion of gallium after two to three days approximated the 
) 

daily dose. The proportion of the total administered gallium dose eventually recovered 

in the urine was 67 - 1 07o/o; consequently, the kidney appears to be the main site of 

clearance for gallium. This dosing technique introduced twice as much gallium as could be 

given with a rapid infusion. It is also nearly twice the documented levels for acute gallium 

toxicity (750mg/m2
), yet gave no toxic effects. 

EFFECTS OF GALLIUM ON BONE-MINERAL COMPOSITION 

The mineral composition of gallium-treated bone was compared to nontreated bone. 

The gallium content of the treated bone was less than 1% of the total mineral content 

(Bockman eta/. 1986). The carbonate-to-phosphate ratio of bone was slightly lower when 

gallium was used during its formation (Bockman eta/. 1986) being 0.45 compared to the 

control ratio of 0.49 (Bockman et a/. 1986). There was a 10% increase in calcium and 

phosphate in the treated bone. The increased calcium suggests that_ there was an 

increased uptake of calcium or an increased retention of newly deposited calcium. 

Decreased carbonate content decreases the solubility- of the hydroxyapatite crystal and 

renders the hydroxyapatite crystal more resistant to dissolution. This premise is supported 

by the finding of Repo eta/. 1988. He found that the mineral released from the gallium-

treated rat bone was significantly reduced when· compared to the gallium-free control 
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(P< 0.001). X-ray micro-anfilysis, was used to show where gallium was present in the 

bone. It showed that gallium was not present in osteoblasts or osteoclasts, but was 

noticed in other bone-marrow cells. Gallium was also seen at the extracellular spaces 

between the osteoblast and bony trabeculae. There ·were no isolated gallium-containing 

structures in the bone matrix. 

EFFECTS OF GALLIUM ON COLLAGEN SYNTHESIS 

Gallium treated b.one has a two to three-fold increase in proline content (Bockman 

eta/. 1987). The increased proline suggests that gallium influences gene expression in 

collagen synthesis. A change in the thermal stability of collagen is correlated with the 

content of proline plus hydroxyproline in collagen. The stability of the helical form of a 

single strand of tropocollagen depends on the stabilizing effect of proline and 

hydroxyproline residues. If collagen is insufficiently hydroxylated as in scurvy, the abnormal 

collagen cannot properly form fibers, and this results in skin lesions and blood vessel 

fragility. If collagen has a high hydroxyproline content, its melting point is raised and its 

stability increases. Thus, the increased proline contributes to the stability of the gallium-

enhanced bone. Gallium was incidently found to affect the morphology of cultured cells 
! 

that were grown in the presence of gallium (Krackoff eta/. 1979). There was more type I 

collagen and more space between the _mineralizing nodules in the culture system. The 

explanation for this phenomenon is that gallium has a stimulatory effect on type I collagen 

formation by osteoblasts (Stern eta/. 1994). 
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EFFECTS OF GALLIUM ON MINERALIZATION 

Alkaline phosphatase activity. is intimately associated with the process of 

mineralization (Golub et a/. 1992). Pyrophosphate is a large diphosphate structure that 

binds to hydr~xyapatite crystals and blocks mineral exchange. Alkaline phosphatase 

hydrolyzes pyrophosphate into two inorganic phosphates; which can then be incorporated 

into hydroxyapatite crystal formation. Gallium nitrate inhibits alkaline phosphatase activity 

in chicken chondrocytes (Boskey eta/. 1993). It is hypothesized that galliu~ binds to the 

alkaline phosphatase protein, rendering the alkaline phosphatase inactive. The 

administration of 100 uM (1 X 10-4 moles/liter) of gallium totally inhibited calcification by 

isolated matrix vesicles, while 10 uM (1 X 1 a-s moles/liter) of gallium had little effect (Sauer 

et a/. 1992). If alkaline phosphatase is not initiating hydroxyapatite formation in the 

gallium model, then another process may be present to enhance bone formation in the 

presence of gallium. This same study found that gallium causes alterations in the 

differentiation of mesenchymal cells into hypertrophic chondrocytes, suggesting a greater 

production capacity. 

Gallium nitrate reduced the constitutive and vitamin 0 3-stimulated osteocalcin 

protein levels as well as the osteocalcin mRNA levels in the rat osteoblast-like cell line 

(Guidon et a/.1993). Gallium did not destabilize the osteocalcin mRNA; instead it appeared 

to suppress osteocalcin gene promoter activity. Osteocalcin is a noncollagenous gla 

protein of the bone matrix that is synthesized only by osteoblasts and odon~oblasts. 
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Increased levels of osteocalcin are seen during skeletal growth periods, suggesting a role 

in osteogenesis (Price eta/. 1981). A proposed role of osteocalcin is the recruitment and 

differentiation of bone resorbing cells (Malone et a/. 1982). Osteocalcin synthesis is 

stimulated by vitamin 0 3 (Pan and Price 1984), vitamin A (Schule et a/. 1990), and 

parathyroid hormone (Noda et a/. 1988) . The synthesis of osteocalcin is inhibited by 

transforming growth factor Beta (Noda 1989), by glucocorticoids (Morrison eta/. 1989) , 

and by TNF-a and IL-6 (Li and Stashenko 1992). Reduction of osteocalcin levels is 

associated with enhanced minerali?ation. The reduction of osteocalcin levels in the 

presence of gallium was the first evidence that gallium affected osteogenesis via the 

osteoblast. 

EFFECTS OF GALLIUM ON HYDROXYAPATITE 

Blumenthal et a/. (1984) measured the absorption of gallium on the surface of 

forming and growing hydroxyapatite crystals. He found that gallium is readily absorbed 

in the hydroxyapatite crystal nuclei and by the hydroxyapatite crystal surface. lon 

substitution in the hydroxyapatite crystal is common. The spatial characteristics of calcium 

and gallium are similar enough to explain this phenomenon. The ionic radius of ca+2 is 0.99 

Angstroms and for Ga+3 is 0.62 Angstroms. It is believed that gallium can be incorporated· 

more readily into the forming calcium phosphate clusters. The ionic radius of Al+3 is' 0.51 

Angstroms. Aluminum, like gallium, has a strong affinity for hydroxyapatite nucleation sites 

along collagen; however, aluminum blocks the nucleation-sites an~ prevents 
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hydroxyapatite formation. Aluminum can cause renal dialysis-induced osteopenia 

(Blumenthal and Posner 1984). Blumenthal also found that GaCI3 delayed, the formation 

and proliferation of hydroxyapatite in a seeded growth system (Biumental eta/. 1989). 

Gallium may increase mineral nucleation. Glimcher (1989) attributes the nucleating 

event to the binding of calcium ions by organic phosphates in the bone matrix. The 

calcium-phosphate complexes form seeds at specific locations in the collagen on which the 

mineral may grow. Gallium has a higher positive charge (+3) and a· higher affinity for the 

forming hydroxyapatite matrix than does calcium. Gallium may be more effective than 

calcium in binding to matrix-bound phosphates and therefore initiate nucleation. Gallium 

may also increase the number of nucleation sites. Lower solution concentrations of 

gallium, resulting in lower nucleation rates, favor the growth of larger crystals. Higher 

gallium solution concentrations produce increase.d nucleations and favored a larger 

number of smaller crystals (Garside 1992). 

The crystal size is of interest because the larger a crystal is, the less surface area 

per gram is available to bone resorbing cells (Blumenthal eta/. 1989). Conversely, smaller 

crystals having the same total weight as the larger crystals will have a greater total surface 

area. Gallium was found to produce a smaller crystal size in Blumenthal's laboratory. This 

conclusion is in contrast to the studies of Bockman where the crystals from Ga(N03}s-fed 

rats were larger (Bockman et a/. 1986). The difference between the two studies is that 

Blumenthal used GaCI3 in a metastable solution in vitro while Bockman used Ga(NOs )s 

fed rats and examined the resultant bone which formed in vivo. 

In the ricketic rat model, the crystal size of apatite was decreased in those animals 



15 

that received gallium nitrate compared to those that did not (Donnelly eta/. 1993). Donnelly 

suggests that the increased crystal size in the gallium-treated, nonricketic rat may be due 

to reduced bone resorption that increas·es the average age of the bone and allows for a 

larger apatite crystal size. Different systems show various effects on the crystal size of 

gallium-treated hydroxyapatite. It is generally accepted in the literature, however, that 

gallium produces a larger hydroxyapatite crystal. 

Wide angle x-ray diffraction studies show that there are significant changes in the 

hydroxyapatite crystal when gallium is introduced. The line width measurements of the 

reflection along the c-axis (long axis) of gallium-treated bone and a control were compared. 

The gallium-treated bone had consistently sharper and narrower peaks. This indicates that 

an increase in crystal size along the c-axis of the hydroxyapatite crystal had occurred in 

the gallium-treated bone. This observation suggests that the hydroxyapatite from gallium 

administration is a larger and more mineralized crystal (Giimcher 1989) . 

Gallium may cause secondary parathyroid over-activity. There was an increase in 

parathyroid hormone levels in gallium-treated rats (Cournot-Witmer et a/. 1987). This 

phenomenon is attributed to the depressed serum calcium levels that occurred after 

gallium administration. The primary event was the lowering of serum calcium levels. This 

secondarily caused an increased secretion of PTH. Indeed, gallium has been shown to 

have a number of effects on osteoblasts (Warrell eta/. 1994; Gruber eta/. 1986; Lakatos 

eta/. 1991 ). 
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CONCLUSION 

The crystal properties of hydroxyapatite are·determined by bone cells. The bone 

cells are respons.ible for the remodeling of hydroxyapatite (Boskey and Posner 1984). The 

exact mechanism of gallium in bone morphogenesis is not as yet well understood. Gallium 

does appear to affect intracellular and extracellular pathways as well as chemical 

interactions with the hydroxyapatite crystal. It is known that gallium is not cytotoxic to bone 

cells at therapeutic levels. It is also understood that gallium is not permanently bound to 

the bone matrix like the bisphosphonates. Researchers cannot say whether gallium acts 

directly on the noncellular m~trix or indirectly by modulating bone cells that are responsible 

for the properties· of the matrix. The cells most affected by gallium are chondrocytes, 

osteoblasts (Stern et a/. 1994) and osteoclasts. The consequences of its use are a 

reduced serum calcium, reduced bone resorption with an enhanced bone deposition, 

decreased solubility of hydroxyapatite, increased gallium incorporation in hydroxyapatite, 

decreased carbonate in hydroxyapatite, increased substitution of gallium for calcium, 

increased crystal perfection, increased mineral content of bone, increased mineral 

nucleation, and decreased osteocalcin gen~ expression. 

There is much yet to ~e learned about the effects of gallium on osteogenesis. Too 

much attention may be directed to the alterations in crystal structure. This may be a 

contributing side effect or an unintentional consequence of a more profound modulation 

of an intercellular pathway. Gallium may simply enhance the differentiation of one cell line 



17 

(osteoblast) and simultaneously down regulate another (osteoclast). Gallium may block 

receptors, alter protein synthesis, down-regulate IL-6, alter intestinal calcium absorption, 

or affect some other, yet to be determined, process. Significant new knowledge will be 

forthcoming as studies continue concerning the effects of gallium on osteogenesis. 



HYPOTHESIS 

H0 : Gallium has no significant effecf on inhibiting resorption of 

dentin by osteoclast-like cells. 

HA: Gallium is effective in inhibiting the resorption of dentin by 

osteoclast-like cells. 

SPECIFIC AIMS 

18 

The objective of this study is to evaluate the ability of gallium to inhibit the resorption 

of dentin in vitro. If statistical and clinical significance is found, resorption associated with 

autogenous bone grafts and/or traumatized teeth may be better controlled or even 

prevented. Acute periodontal lesions may even be arrested with the administration of 

gallium. If an episode of periodontal disease progression is detected, gallium may diminish 

the effect of the periodontal lesion. In patients prone to periodontal disease or those 

patients identifiied as being at a high risk for periodontal disease (eg. diabetes and 

smoking) gallium may be a pharmacologic method to diminish the effects of periodontal 

disease. 



MATERIAL and METHODS 

I. DENTIN CHIP PREPARATION 
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Sagittal slices of unerupted human third molar roots were prepared with the dimensions 

of 1 mm X 4 mm X 4 mm. Sagittal slices were selected to minimize dentinal tubule 

confusion with resorption pits. The cementum was removed and solid pieces of dentin were 

obtained. The opposite surfaces were marked with an "X" to eliminate any confusion about 

which surface was the s~rface of interest. The dentin chips were stored in 70o/o ethyl 

alcohol. Prior to use, they were placed in distilled water and sonicated for 30 minutes, then 

allowed to dry. The night before their use, the dry chips were sterilized using ultraviolet light 

for 12 hours. 

II. COLLAGEN GEL MATRIX PREPARATION 

Culture dishes (60 x 15 mm, Fisher Scientific, Atlanta, Georgia) were coated with 2 ml of 

collagen gel 1-A preparation. (Collagen gel 1-A from Nika Labs,· Osaka, Japan) . Two ml of 

the collagen gel, 0.29 ml of HEPES, and 0.57 ml of alpha Minimum Essential Medium 

· (MEM) without NaHC03 were combined, being careful not to introduce air bubbles while 

mixing with a pipette, in a test tube in a cold ice-water bath. This solution was used to 

coat the culture dish and gently hand agitated to cover all surfaces. The dish was placed 

in an incubator at 37° C for 30 minutes where the solution became an adherent gel. 
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Ill. PREPARATION OF GALLIUM NITRATE SOLUTIONS 

To prevent the gallium from -precipitating the phosphate from the MEM, gallium nitrate 

(Johnson Matthey, Materials Tech. UK) was titrated with trisodiu.m citrate dihydrate in equal 

molar solutions prior to addition to MEM containing 10% fetal bovine serum (FBS) plus 1 

x 10 -8 moles/liter vitamin 0 3. The molecular weight of Ga(N0~ 3 is 255.8 and the molecular 

weight of sodium citrate (Na3C6H50 7 - 2~ 0) is 294.0 . A stock solution of 2 x 1 o-3 

moles/L of gallium nitrate was prepared by adding 25.6 mg of gallium nitrate and 29.4 mg 

of trisodium citrate dihydrate into 50 ml of dH20. The pH was adjusted to 7.3 by adding 2-3 

drops of 2N NaOH. Double strength solutions of MEM/1 0% FBS + 1 o-8 moles/L 0 3 at a pH 

- of 7.2 were prepared. A 1:10 dilution of the stock solution for a final concentration of 2 X 

1 o-4moles/L gallium nitrate in-,MEM was achieved by adding 50 ml of the 2 x MEM with 40 

ml dH20 and 10 ml of the gallium nitrate stock solution. Using a 1X strength MEM/1 0% 

FBS + 10 -8 moles/L 0 3 , a 1:100 dilution of the stock solution for a final concentration of 2 

x 1 o-s moles/L gallium nitrate (1 ml in 100 ml MEM = 2 x 10-M) and a 1:1000 dilution of the 

stock solution for a final concentration of 2 x 1 o-6 moles/L was prepared. This preparation 

produced MEM solutions of 2 x 1 o-4
, 2 x 10 -s, and 2 x 10-6 moles/L gallium. 



IV. ESTABLISHMENT OF OSTEOBLAST CELL CULTURE 

A. ANIMAL USE 
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Timed pregnant female mice (Mus musculus- Hsd: ICR (CD-1 R) were purchased 

from Harlan Spraque-Dawley Company (Indianapolis, IN). Mice were used since it has 

been shown that osteoblast cell formation is more rapid in the mouse system than in the 

feline, baboon, or human marrow cultures (Takahashi, et a/, 1988). Mouse pups 

(approximately 10 per litter) were euthanized by the staff veterinarian by means of cervical 

dislocation, within 48 hours of birth. Calvaria were obtained from the sacrificed newborn 

mice. Ten timed pregnant females (yielding approximately 100 total pups, or 100 calvaria) 

were sacrificed to achieve approximately 2x1 04 cells/ml in a total volume of 500 mi. The 

long bone of the mothers were dissected to harvest hematopoietic bone marrow 

osteoclast-like precursor cells. 

B. PRIMARY CELL CULTURE 

Using aseptic technique under a laminar flow hood, approximately 100 murine 

calvaria were collected. The calvaria, consisting of frontal, parietal and occipital bones,. 

were gently cleansed of periosteum and other soft tissue. Calvaria were minced and the 

fragments obtained were enzymatically digested in 5 ml of 0.05% crude collagenase 

(Worthington Biochemical Corporation, Freehold, NJ) to dissociate cells from the bone 

matrix.· The calvaria fragment/collagenase mixture was stirred for 20 minutes at room 

temperature. The supernatant containing the released bone cells, was washed with 1 0 ml 
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of Dulbecco's Modified Eagle medium (DMEM) (Gibco BRL, Grand Island, NY) and 

centrifuged for seven minutes at 700 x g at room temperature. The supernatant was 

discarded and the pellet resuspended in 10 ml Hank's balanced salt solution (HBSS, Gibco 

BRL, Grand lslalnd, NY). The mixture was again centrifuged for seven minutes at 700 x 

g. The supernate was discarded and the pellet resuspended in 4.5 ml DMEM. ,This 

suspension was then gently layered onto 4.5 ml of Ficoii-Paque (Pharmacia Biotech, 

Uppsala, Sweden). These steps were repeated for four digestions. The four suspensions 

on Ficoii-Paque were then centrifuged at 650 x g at room temperature for 50 minutes. The 

buffy coat from the four digestions were combined and washed with HBSS and centrifuged 

at 200 rpm for 10 minutes. The supernatant was discarded and the pellet resuspended for. 

a second wash in 14 ml of HBSS. The supernatant was discarded and the pellet 

resuspended in a final 4 ml volume of DMEM. After each harvest was completed, cell 

viability was estimated by the cells' ability to exclude trypan blue dye, a test of the integrity 

of the plasma membrane. The cells that excluded the trypan blue dye were considered 

viable and were included in the calculation of cell numbers harvested for use in each 

. experiment. 
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C. FROZEN CELLS 

Calvarial cells obtained from· the primary culture were subcultured three times and 

then frozen in 75o/o Cell Freezing Medium -·dimethyl sulfoxide (DMSO, Sigma Co, St 

Louis, MO) containing 25% fetal bovine serum (FBS, HyCione Laboratories, Inc, Loge:;tn, 

UT) at -150°C. The cells in the FBS/DMSO solution were cooled to -150° C in a Bicell 

Biofreezing vessel (Nihon Freezer Company, Ltd, Tokyo, Japan). For subsequent 

experimental use, the thawed cells were grown in 75 cm2 flasks with medium containing 

phenol red-free DMEM, 10% FBS, non-essential amino acids, 15 mM HE PES (N2-

hydroxyethyl piperazine-N-2-ethanesulfonic acid, United States Biochemical Corp, 

Cleveland, OH), sodium pyruvate (11 mg/liter, Gibco BRL, Grand Island, NY), penicillin 

(1 00 U/ml, Sigma, St Louis, · MO), streptomycin (1 00 IJg/ml, Sigma, St Louis, MO), 

amphotericin B (0.5 IJg/ml, Gibco BRL, Grand Island, NY), gentamicin (50 IJg/ml, Sigma, 

St Louis, MO) and 1 ,25-dihydroxyvitamin 0 3 (1 o-s moles/L, ICN Biomedicals Inc, Aurora, 

OH). This medium is referred ·to as MEM/1 O%FBS/D 3. The frozen cells were thawed, 

grown to confluency, detached using Dispase II (Boehringer Marinheim Co., Indianapolis, 

IN), and. utilized at passages five through eight. 

V. ESTABLISHMENT OF OSTEOCLAST CELL CULTURE 

A. MARROW HARVEST 

Osteoclast precursor cells were harvested· from the femurs ·of ·newly delivered and 

lactating mouse mothers. (Pilot studies indicated the osteoclast-like cell yield from 
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nonpregnant females, males, and newly delivered females to be similar.) The femurs were 

dissected free (figure 1 ), the epiphyses were cleaved off using veterinarian nail clippers 

(White nail trimmer,Fos~er and Smith, Cat#5Q-1106, Rhinelander, WI) (figure 2) and a 25 

gauge needle on a 1 cc syringe with 1 cc of MEM/1 O%FBS/D3 was introduced into the 

lumen (figure 3). After 5-6 vertical passages of the needle through the marrow cavity, the 

contents were irrigated out of the lumen with prewarmed (30° C) MEM/1 0% FBS/ 0 3 into 

a collecting tube. The contents of 12 femurs or 6 mice yielded approximately 2 x 106 

cells/ml in a total of 13-15 mi. 



FIGURE 1: Dissection of the femur from the laboratory-mouse for the bone marrow cell 
harvest. 
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FIGURE 2: The cleaned bone was stabilized with a vascular clamp and the epiphises 
at both ends were cleaved. 
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FIGURE 3: A 25 gauge needle on a tuberculin syringe was used to disect the marrow 
contents free and the lumin was irrigated with prewarmed MEM 
with.lO% FBS. 
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B. CO':'CUL TURE 

To avoid excluding any target cells from the population, all the marrow cells were seeded 

onto the confluel')t osteoblasts (figure 4 and 5). Pilot studies indicated that osteoblast 

densities of 50-100% of confluence would yield similar numbers of osteoclast-like cells 

after day 7 of co-culturing. The MEM/1 0°/oFBS/D 3 was changed at day 1 and 2. By day 

2, most of the cellular debris was removed as this portion did not become adherent to the 

collagen gel and/or died. By day 4, there was a noticeable shift in the cell population 

toward multinucleation. The cells appeared to refract light in a different manner and 

became more noticeable. By day 6, the co-culture appeared to have numerous large 

multinucleated cells (figure 6). By day 5-7, the co-culture had sufficient numbers of 

multinucleated cells to seed onto the dentin chips. 

VI. DIGESTION OF THE COLLAGEN GEL MATRIX 

Digestion of the co-culture matrix was accomplished by adding 2 ml of 0.001% pronase 

(Calbiochem-Novabiochem Corporation, La Jolla, CA) and 2 ml of 0.1 °/o bacterial 

collagenase (Worthington Biochemical Corporation, Freehold, NJ) to the co-culture, and 

then incubating the mixture for 2-3 minutes. The co-cult~re was gently suspended by 

repeated pipetting with a large diameter bore for 5 minutes. Five ml of MEM was added 

to neutralize the enzymes. The suspension was centrifuged at 1500 rpm for 5 minutes, the 

supernatant was discarded, 5 ml of MEM was add~d to the cell pellet, the cells were 

resuspended and then centrifuged at 1500 rpm for 5 minutes. The supernatant was again 



FIGURE 4: Alkaline phosphatase positive confluent osteoblasts. 
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FIGURE 5: Seeding of marrow cells onto confluent osteoblasts grown 
on a collagen-gel matrix. 
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FIGURE 6: Mature co-culture at 120 hours observed at 200 x. Ll, L2 and L3 are 
multinucleated cells that represent the fusion of bone marrow derived 
monocytes. The long spindle shaped cells represent the confluent osteoblasts. 
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discarded and the cells were resuspended in 5 ml of MEM. Cell counts were performed 

using a hemocytometer and the cell- population for seeding was adJusted to 1 X 10 4 cell 

per mi. 

VII. SEEDING AND INCUBATION OF OSTEOCLAST-LIKE CELLS 

A. CONTROL GROUP 

The control group was established by placing 4 sterilized dentin chips in the first 4 wells 

of a 24 well plate. Dentin chips were prewarmed in MEM/ 10% FBS/ 0 3 at 34 degrees 

Celsius for 30 minutes. The warmed chips were transferred to a dry sterile well and 1 ml 

of the cell suspension from the co-culture digestion was added to each of 4 wells of a 24 

well plate and incubated for 90 minutes. Ninety· minute~ was necessary for the osteoclast

like cells to become adherent to the dentin. After 90 minutes, the dentin chips were rinsed 

3 times and then were incubated in MEM/1 0% FBS/ 0 3 for 72 hours (figure 7). 

B. EXPERIMENTAL GROUPS 

The experimental groups followed the control protocol except the dentin chips and the cells 

were exposed to different concentrations of citrate-c~elated gallium at different times. 

There were three experimental groups; group 1 or the pre-exposure group, group 2 or the 

post-exposure group, and group 3 or the pre-exposure and post-exposure group. 



FIGURE 7:24 well plate protocol allowed for 90 minute dentin prewarming 
and preincubation wells, 90 minute seeding wells (where osteoclast
like cells are allowed to settle onto the dentin chips and are given 
time to become adherent), rinsing wells (where nonadherent cells 
are irrigated free), and the 72 hour incubation well. 
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1. EXPERIMENTAL GROUP 1 

In the pre-incubation group, the dentin chips were pre-warmed in MEM containing citrate

chelated gallium at concentrations of 2 X 10 -4 
, 2 X 10 -s , and 2 X 1 0 -s moles/liter. The 

dentin chips were transferred from the pre-warming wells to the seeding wells. In the 

experimental group A, the dentin chips were only treated with citrate-chelated gallium in 

the pre-warming wells. The remainder of the incubations were in gallium-free 

MEM/1 O%FBS/D 3. 

2. EXPERIMENTAL GROUP 2 

In the regular incubation group, the dentin chips were pre-warmed in gallium- free medium. 

The cells were seeded onto the dentin chips incubated in gallium-free medium and the 

chips were rinsed with 1 ml of the ·gallium-free medium 3 times. Once the chips were 

transferred to the · 72 hour incubation wells, the cells were exposed to the different 

concentrations of citrate-chelated gallium in MEM/1 Oo/o FBS/03. 

3. EXPERIMENTAL GROUP 3 

In this group, the chips and cells were continually exposed to citrate-chelated gallium 

containing medium (i.e. gallium was present in both the pre-incubation and post-incubation 

medium). 
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VIII. CELL FIXATION 

The recovered chips were fixed for 15, 20, 25 and 30 seconds using a mixture consisting 

of 65 ml acetone, 8 ml of 37% formaldehyde, and 25 ml citrate solution (18 mM/L citric 

acid, 9mM/L sodium citrate, 12 mM/L sodium chloride, with surfactant and buffered to 
I 

pH- 3.6). Cells were observed using SEM. 

IX. CELL QUANTIFICATION 

A. SEM 

Using the scanning electron microscope (JEOL, Model JSM, Tokyo, Japan), the fixed, 

critical point dried and gold sputter-coated dentin chips were photographed at 250X. 

Acetate squares of 100 urn on a side were_placed over the SEM micrographs and a cell 

count was made and verified a second time. An area of 200 urn X 400 urn on a 250 x 

Polaroid print was counted. Only the cells with evidence of a clear border or an underlying 

pit were counted. 

X. DEMINERALIZED DENTIN 

Prepared dentin chips (4 x 4 x 1 mm ) were exposed to saturated citric acid (pH=1) for 2 

minutes to demineralize the surface. Another set of dentin chips were demineralized with 

tetracycline (200 mg in 10 cc dH20) for 2 minutes. Osteoclast-like cells were seeded onto 

these surfaces using the previously described co-culture method. The cells were 

visualized using SEM. 
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XI. TARTRATE RESISTANT ACID PHOSPHATASE ACTIVITY 

The acid phosphatase test (Sigma Diagnostics, St. Louis, MO) was performed on the 

osteoclast-like cells. Deionized water was prewarmed to 37° Celsius. Glass slides 

containing osteoclast-like cells were fixed for 30 seconds at room temperature using the 

pre-prepared Fixative Solution from the kit, then rinsed in deionized water and allowed to 

dry. One slide was immersed in a solution of 45 ml deionized water, 1 ml diazotinized fast 

garnet GBC solution, 0.5 ml naphthol AS-81 phosphate solution, and 2 ml acetate. Another 

slide was immersed in a solution containing the previously mentioned reagents plus 1 ml 

tartrate solution. The solutions were incubated for 1 hour at 37° Celsius and sheltered from 

light. The slide were rinsed with deionized water and .counterstained in hematoxylin 

sol~tion for 2 minutes. Slides were rinsed several minutes in dH20, air dried and evaluated 

microscopically. 

XII. CALCIUM ANALYSIS 

Ionized calcium levels in the medium were determined using a Ml-600 calcium ion

specific electrode (Microelectronics, Inc., Bedford, NJ). Millivolt concentration levels were 

established after recording the millivolt readings of standards of known calcium chloride 

concentrations of 1 o-2
, 1 o-3

, 104
, and 1 o-s moles/L. The calcium level of each sample was 

recorded twice and averaged. The probe was irrigated with deionized water between 

samples. All data was measured at one time after a standard curve was established 

(figure 8). Millivolt data was transposed into moles/L using a standard curve . 



FIGURE 8: Standard curve for ionized calcium using a calcium microelectrode. 
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XIII. DENTIN ADSORPTION 

Since some dentin~ chips were preincubated in a gallium-containing medium (group 1) but 

· were incubated in gallium-free medium for 72 hours, the dentin may have released gallium 

into the medium where it may have exerted an effect. Similarly, the dentin chips used in 

group 2 received no prior exposure to gallium but may have begun taking up gallium from 

the incubation medium over the 72 hour incubation. The final concentration of gallium in 

the medium may have been different from the initial concentration. The dentin chips in 

group 3 were loaded with gallium by preincubating them in various concentrations of 

citrate-chelated gallium and then incubated for 72 hours in similar medium concentrations 

of gallium. In order to evaluate the adsorption/release of gallium, the following experiments 

were performed .. 

Dentin chips with the dimensions of 5.8 mm X 5.8 mm X 1 mm from unerupted 

human third molars roots were used. There were 17 experimental· groups of 16 

chips/group. The chips were stored in 70% ethanol. Prior to use, the chips were rinsed by 

hand agitation in distilled water and then air-dried. The chips were sterilized by placing 

them 20-50 mm beneath a high frequency ultraviolet light for 12 hours. Stock solutions of 

medium concentrations of citrate-chelated gallium were prepared at 2 X 10-2
, 2 X 10-3

, 2 

X 1 o-4
, 2 X 1 o-5 moles/L, as well as gallium-free medium. Four chips were pre-incubated 

in 4 ml of medium with different concentrations of gallium and placed in a C02 incubator 

at 34° C for 90 minutes. The chips were transferred to incubation wells containing 4 ml of 
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gallium-containing medium and the samples were rem.oved at periods of 12~ 24, 48, and 

72 hours. At each sample period, one chip and 1' ml of the medium was removed and 

saved. 
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TABLE I 40 

Dentin Adsorption of G:allium Study Design 

Group# 4 chips/ 90min In cub at. 12 Hour 24Hour 48 Hour 72 Hour 
well in 4 . pre-exp Medium remove 1 remove 1 remove 1 remove I 
wells= medium ml and 1 ml and I ml and 1 .ml and I 
total of (saved) chip chip.! 9hip_ chip 
16 

.Control 4 (16) NoGa NoGN 4 4 4 4 

A2 4 (16) NoGa 2X10~2 4 4 4 4 

A3 4 (16) -NoGa 2x1o·3 4 4 4 4 ., 
A4 4 (16) NoGa 2XI04 4 4 4· 4 

AS 4 (16) NoGa 2XIo-s 4 4 "4 4 

22 4 (16) '2XI0-2 2XI0"2 .· ·. 4 -4 4 4 

33 4 (16)· . 2x1o·3 2x1o·3 4 .4 4 4 
', .. 

44 4 '(16) 2X104 2X104 4 4 4 4 

55 4 (I6) 2X10-5 2X1o-s 4 4 4 4 

2A 4 (16) 2XI0-2 NoGa 4 4 4 4 

3A 4 (16) 2XI0-3 . NoGa 4" 4 4 4 
·-·· 

4A 4 (16) 2X104 NoGa 4 4 .4 4 

SA 4 (16) 2X1o-s No·Ga 4 4 4 4 

The above design allows for an N=4 for each group at each time period. "A" represents gallium-free 

medium. The numerical identifier represents the concentration of gallium containing medium. The size 

of the chips was 5.8 X 5.8 X 1 nun, yielding a total surface area of90 mm2
. 
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A. ATOMIC ABSORPTION SPECTROMETRY 

Atomic absorption specfrometry (Varian Spectra 20 Atomic Absorption 

Spectrophotometer, Varain Instruments Company, Sugar Land, TX) was utilized to 

determine if residual gallium was being transported from preincubation to incubation 

medium by the dentin.Using an acetylene/air flame at 403.3nm wavelength, standards of 

0, 10, and 50 ppm gallium were measured to establish a calibration curve and determine 

a standard curve for gallium. Medium samples from the different experimental groups were 

evaluated. The detectable limit for gallium was 1 X 1 o-4 moles/L. 

B. MASS SPECTROMETRY 

To further identify the changes in gallium concentrations in the medium, an 

inductively-coupled plasma mass spectroscopy (ICP-MS) (Finnigan Mat, San Jose, CA) · 

was used. This method much more sensitive than atomic absorption spectrometry. Medium 

samples were diluted to a range of 50-500 ppb (7 X 1 o-7 to 7 X 1 a-s moles/L) which was 

the optimal detection limits .for ICP~MS. The samples were drawn into the ICP-MS by a 

mechanical pump and forced through a nebulizer where the sample was mixed with argon 

and blown into a plasma core that is over 7000° Kelvin. The charged particles from the 

heated particulate passed through a sedes· of lenses where the specific energy levels 

associated with gallium were analyzed. Standard concentrations of gallium were drawn 

through the ICP-MS · to establish the relationship between gallium counts/second, 

measured by the detector, and gallium concentration (figure 9). 



FIGURE 9: Standard curve for gallium using inductively coupled plasma mass 
spectometry (ICP-MS). 
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XIV. INTERFERENCE MICROSCOPY 

An interference microscope (WYKO, Corp.,Tucson, Arizona) was used to determine the 

surface characteristics of the dentin with and without the cells on the surface. Using the 

"Vertical Scanning Interferometry" (VSI) mode, the surface is scanned vertically so that 

each point on the surface produces an interference signal. At specific intervals during a 

scan, "frames" of interference data were captured and processed. The computer 

determined the peak interfere~ce at each point on, the surface and processed them to 

determine the surface height profile. Samples were mounted on the computer controlled 

stage that was fixed to a vibration-isolation table. The surface of the dentin chips were 

scanned. Dentin 

chips with osteoclast-like cells on the surface were detected as positive surface structures 

(figure 18). Dentin chips treate~ with 0.25 moles/L am.monium hydroxide to remove the 

osteoclast-like cells from the surface exposing pits were detected as negative surface 

depressions (figure 19). 

XV. HISTOLOGY OF OSTEOCLAST-LIKE CELL ON DENTIN 

A dentin chip with adherent osteoclast-like cells was submitted to the pathology 

service at Eisenhower Army Medical Center. The dentin was demineralized with formic 

acid, fixed, stained using H & E and trichrome, then mounted for microscopic evaluation. 
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STATISTICAL ANALYSIS 

The ·analysis of variance (AN OVA) was used to test the hypothesis and .estimate the 

variance and means of the population. Parameter estimates were used to establish 

confidence intervals and statistically challenge the Null Hypothesis to determine any 

significant relationships. When ANOVA reveal~d a statistically significant differance 

(defined as p<0.05), a comparison of all groups versus the control was accomplished using 

Bonferroni's method to isolate the sources of this change. 



RESULTS 

I. OSTEOCLAST-LIKE CELL CHARACTERIZATION 

A. Cell Morphology 
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The characterization of the cell population suggests that the cells which become 

adherent to the dentin are osteoclasts or osteoclast-like (OC-Iike) cells. Morphologically 

and histologically, they compare to previous descriptions in the literature. In the co

culture, the osteoclast-like cells were derived from precursor cells of hematopoetic origin 

(figure 1, 2 and 3) that. form large multinucleated cells from undifferentiated monocytes in 

the presence of osteoblasts (figure 6) and vitamin 0 3• 

B. TRAP Activity 

The multinucleated cells from the mature co-culture are strongly TRAP 

positive(figure 1 0) after 4 days. TRAP activity is graded according to the number of stained 

amber vacules in the cell. When a cell has approximately 40 of the TRAP positive vacules, 

the cell is considered to be strongly TRAP positive and graded as"++++". The cells in this 

culture system were strongly TRAP positive as the cells had more than 40 stained vacules 

per. cell (figure 1 0). This was a consistent feature of multinucleated cells throughout the 

mature co-culture. 



FIGURE 10: This multinucleated cell from the mature co-culture 
was graded strongly TRAP positive due to the 
numerous stained amber vacules in the cell. 
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C. Effect of Time on, Cell Fixation 

The fixation times were critical. In pilot studies, the cells were fixed for 15, 20, 25 and 30, 

seconds. At 15 seconds, the cells were indistinguishable from the dentin surface (figure 

11 ). The chips fixed at 15 seconds were fractured while frozen to reveal very thin 

cytoplasmic-like processes that were in close proximity to the dentin surface (figure 12). 

At 20 seconds, the margins of the clear borders of the osteoclast-like cells rolled away from 

the dentin surface (figure 13). At 30 seconds, the cells shrank away from the dentin and 

could be visualized in the resorptive pits (figure 14 and 15). 

D. Dentin Resorption 

On non-demineralized dentin the osteoclast-like cells flatten (figure 11 ), establish 

a clear border (figure 12), and demineralize the matrix to form pits (figure 16). Using the 

interference microscope, views of the dentin surface with adherent osteoclast-like cells 

demonstrated positive surface structures (figure 17) Again, using the interference 

microscope, the surface of the dentin chip after removal of the osteoclast-like cells 

demonstrated negative surface depressions that are interpreted as pits (figure 18). Routine 

histologic examination failed to demonstrate deep pit activity, but there was evidence that 

thee compartment under the cell was different from the adjacent dentin surface (figure 19 

and 20). 

E. Effects of Demineralized Dentin ori Osteoclast-like Cell Morphology 

In the prese~ce of demineralized dentin the cells became adherent, but did not 

flatten and did not assume the morphology of an active osteoclast (figure 21 ~nd 22). 



FIGURE 11: SEM surface view of fractured dentin wafer at 1500 x after 15 second 
fiXation and gold sputter coating. Clear border of the osteoclast-like cell 
is seen at the periphery. 

FIGURE 12: SEM surface view of dentin wafer at 3000 x demonstrating the 
osteoclast-like cell morphology when ~~ed for 15 seconds. 

FIGURE 13: SEM surface view of dentin wafer at 3000 x demonstrating the 
osteoclast-like cell morphology when fiXed for 20 seconds. 
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FIGURE 14: SEM surface view of dentin wafer control at 750 x following 72 hour 
incubation and fiXation for 30 second. Osteoclast-like cells (t0-15 um 
diameter) appear active on mineralized surface. 

FIGURE 15: SEM surface view of dentin wafer control at 6500 x following 72 hour 
incubation and fixation for 30 second. Osteoclast-like cells (10-15 um 
diameter) appear actiye on mineralized surface. 
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FIGURE 16: SEM surface view of dentin wafer at 200 x following removal 
of osteoclast-like cells exposing pit-like activity. 
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FIGURE 17: Evidence of positive surface structures on the surface of the dentin wafer 
that represent adherent osteoclast-like cells using an interference 
microscope. 

FIGURE 18: Evidence of depressions on the·surface of the d'entin wafer after removal 
of osteoclast-like cells with ammonium hydroxide. These depresions are 
consistent with pi_t activity. 
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FIGURE 19: Hisologic section of the control chip using H & E stain. 

FIGURE 20: Histologic section of the control chip using trichrome stain. 
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FIGURE 21: SEM surface view of dentin wafer demineralized with citric acid (pH-1) at 
3500 x following 72 hour incubation demonstrating adherence of osteoclast
like cells which appear to be inactive. Cells were fixed for 25 seconds. 

FIGURE 22: SEM surface view of dentin wafer demineralized with tetracycline (pH-2.5) 
at 2500 x following 72 hour incubation demonstrating adherence of 
.osteoclast-like cells which appear to be inactive. Cells were fixed for 25 
seconds. 
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F. Effect of Calcitonin on Osteoclast-like Cell Number 

Exposure to 1 X 10 -s moles/L calcitonin resulted in decreased mean osteoclast-like 

attachment (figure 16). Even though the total cell number attached to dentin in the 

calcitonin experiment was approximately 50% of control values (figure 23), there was no 

statistical significance (p=0.315) (table II) between the values. This evidence suggests 

that the cells on dentin are in fact osteoclasts, since published literature indicates that 

osteoclast activity is inhibited by 1 X 10-12 moles/L calcitonin (Tamura eta/. 1993). 

II. Effect of Gender of Donor on Osteoclast Differentiation 

It is proposed that the gestation period and the tim~ immediately following delivery 

of the mouse pups is a phase where osteoclast recruitment by the mother is enhanced to 

satisfy the demands for fetal development and lactation. It was determined that this model 

did have an increased number of osteoclast-like cells produced in the co-culture when 

compared to age and weight matched nonpregnant females and males( see figure 24), but 

the differences did n9t reach statistical significance (p=0.09- 0.114) (table 3). 



FIGURE 23: Mean number of osteoclast-like cells in an area of 200 X 400 um 
on the dentin wafer surface after administration of 1 X 10-9 calcitonin 
in the medium. 
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TABLE II 

COMPARISON OF OSTEOCLAST-LIKE CELL NUMBER ON THE SURFACE 
OF DENTIN AFTER EXPOSURE TO CALCITONIN 

Raw Data 

Group Sample Sample Sample Sample Sample Total Mean 

56 

1 2 3 4 5 Number Number 

Control 4 39 16 30 2 91 18.2 

Cal cit- 5 8 4 27 9 53 10.6 
on in 

t-tests for Paired Samples of Calcitonin vs Control 

Variable #of Pairs Carr 2-tail Sig Mean Standard SEof 
Deviation Mean 

Calcitonin 5 0.428 0.472 10.6 9~4 4.2 

Control 5 0.428 0.472 18.2 16.1 7.2 

Paired Differences 

Mean Standard Deviat.ion Standard Error of Mean 

-7.6 14~8 6.6 

95°/o Cl (-25.967, 10.767) 

I 

t-value df 2-tail Significance 

-1.15 4 0.315 

SPSS for MS WINDOWS Release 6.1 was used to calculate this t-test. 1 X 10 .g 

moles/liter of calcitonin was added to the medium to saturate the calcitonin 
receptors. Cell number was determined using SEM at 250 X and counting the 
number of adherent cells in an area 200 X 400um. 



FIGURE 24: The effect of gender and pregnancy on osteoclast-like cell production. 
Animals were age and weight matched. Pregnant mouse group was 
sacrificed 1-2 days after delivery (during lactation). Mean number of 
osteoclast-like cells in an area of 200 X 400 um on the dentin surface was 
recorded. 



60 

50 

..... 
CD 40 .c 
E 
::l 
z 
(j) 30 
0 
c 
as 
Q) 

20 ~ 

10 

0 

Effect of Gender and Pregnancy 
on Osteoclast Production 

Pregnant Nonpregnant 
' 

Males 

57 



TABLE Ill 

COMPARISON OF GENDER AND PREGNANCY ON OSTEOCLAST-LIKE 
CELL NUMBER ON THE SURFACE OF DENTIN 

Raw Data 

Gender Sample 1 Sample 2 Sample 3 Sample 4 Total# Mean 

Pregnant 37 22 45 48 152 38 

Not Preg. 33 15 36 24 108 27 

Male 21 24 15 34 94 23.5 

pI. d D"ff a1re 1 erences f N or onpregnan t M I vs aes 

Mean SD SEM t-value df 2-tail Sig 

3.5 15.46 7.73 0.45 3 0.681 

95°/o Cl ( -21.1, 28.1) 

a1re 1 ere·nces or P . d D"ff f p regnan vs aes t M I 

Mean SD SEM t-value df SEM 

-14.5 13.1 6.55 -2.21 3 0.114 

95°/o Cl ( -35.35, 6.35) 

a1re 1 erences or P . d D"ff f N t p onpregnan vs reg nan tF emaes 

Mean SD SEM t-va_lue df 2-tail Sig 

-11.0 8.91 4.45 -2.47 3 0.09 

95°/o Cl ( -25.27, 3.17) 
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SPSS for MS·WINDOWS Release 6.1 was used to calculate this t-test. Cell number 
was determine~ using SEM at 250 X and counting the number of adherent cells in 
an area 200 X 400um. 
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Ill. EFFECT OF GALLIUM ON OSTEOCLAST-LIKE CELLS 

A. Experiment A 

In experiment "A" there were 2 experimental groups and a control. In group 1, the 

dentin chips were preiricubated in MEM containing gallium at 2 x 10-4
, 2 x 10 -s, and 2 x 

• '.- l 

1 0 -s moles/liter for 90 minutes. The d~ntin chips were then removed from the gallium 
I 

containing medium ·and 1 X 10 4 osteoclast-like (OC-Iike) cells/ml were seeded onto their 

surfaces and allowed 90 minutes to become adherent in gallium-free medium. Unwanted 
. . 

nonadherent cells were irrigated from the surfaces and incubated for 72 hours in gallium-

free medium. In group 2, the dentin chips were preincubated to gallium-free medium for 90 

minutes. The OC-Iike cells were seeded onto the dentin and allowed 90 minutes to become 

adherent. They were then incubated in gallium containing medium. The control dentin chips 

containing OC-Iike cells were exposed to "gallium-free" medium throughout (figure 25 

and 26). When control dentin chips that had been incubated in "gallium-free" medium for 

72 hours were demineralized and processed for routine histologic examination there was 

evidence of resorption pits in the control (figure 1_9 and 20). This light micrograph 

corresponds to the SEMs shown in figures 25 and 26. 

Using a One Way Analysis of Variance (AN OVA), a difference in the mean values 

among the experimental groups were greater than would be expected by chance 

(p=0.0001). There was a statistically significant reduction in the number of OC-Iike cells 

that adhered to the gallium-treated dentin compared to dentin chips that were not exposed 

to gallium. Isolation of the differences was determined by comparing all groups versus 
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FIGURE 25: SEM surface view of dentin. wafer at 200 x following 72 hour incubation with 
no gallium introduced to the chip or the medium. This represents the control. 
The osteoclast-like cells in an area of 200um X 400u~ was counted~ 

FIGURE 26: SEM surface view of dentin wafer at 1000 x following 72 hour 
incubation with no gallium introduced to the chip or the medium. 
This represents a higher magnification of the control. 
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TABLE IV 

RAW DATA COMPARISON OF OSTEOCLAST-LIKE CELL NUMBER ON THE 
SURFACE OF DENTIN AFTER EXPOSURE TO GALLIUM IN EXPERIMENT "A" 

Concen- Group Sample Sample Sample Sample Total Mean 
tration Number 1 2 3 4 Number 

0 Control 37 50 41 20 111 37 

2 x 10-4 1 5 10 11 7 33 8.25 

61 

2 x 10-5 1 27 25 21 30 103 25.75 

2 x 10-6 1 47 31 35 21 134 33.5 

2 x 10-4 2 16 9 12 9 49 11.5 

2 x 10-5 2 13 19 21 16 69 17.25 

2 x 10-6 2 43 35 30 32 105 35 

Group #1 represents dentin preincubated in gallium before cell seeding and incubated in 
"gallium-free" medium after cell seeding. Group #2 represents dentin preincubated in 
"gallium-free" medium and incubated in identified concentrations of gallium in the 
medium after the osteoclast-like cells were seeded onto the dentin. 
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TA8LEV 

STATISTICAL COMPARISONS OF GROUPS TO CONTROL IN EXPERIMENT A 

Molar .Standard Percent Signific-
Concen- Group Mean Standard Error of of ance 
tration Deviation the Mean ·Control from 

Control 

0 Control A 37 12.57 6.28 100 p<0.05 

2 X 10 4 A1-4 8.25 2.75 1.38 22.3 Yes 

2 X 10·5 A1-5 25.75 3.77 1.89 69.6 No 

2 X 10-6 A1-6 33.5 10.75 5.38 90.5 No 

2 X 10 4 A2-4 11.5 3.32 1.66 31.1 Yes 

2 X 10-5 A2-5 17.25 3.50 1.75 46.6 Yes 

2 X 10-6 A2-6 35 5.72 2.86 94.6 No 

Group A 1 represents '-'Experiment 8", where dentin was preincubated in gallium 
containing medium before seeding at concentration of 2 X 10 4 

, 10 -5 
, or 10 -6 M/L 

then incubated in "gallium-free" medium. Group A2 represents "Experiment 8", 
where dentin was preincubated in "gallium-free" medium then gallium at a 
concentration of2 X 10 4

, 10·5 , or 10·6 M/L in the medium after the osteoclast-like 
cells were seeded onto the dentin. 
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control using the Bonferroni's method (table IV). At a medium concentration of 2 x 1 o-6 

moles/L gallium, the osteoclast number was not statistically different from the control 

values. Similarly, at a medium concentration of 2 x 10 -5 moles/liter gallium in the 

preincubation group, the osteoclast number was not statistically different (p>O.OS) from the 

control. At a medium concentration of 2 x 10 -5 moles/liter gallium, there was a statistically 

significant (p<O.OS) greater inhibition of adherent, active osteoclasts when the OC-Iike cells 

were exposed to gallium in the regular incubation medium. At a medium concentration of 

2 x 10-4 moles/liter gallium, the osteoclast number was statistically different (p<O.OS) from 

the control in both treatment groups regardless of whether the dentin was preincubated in 

gallium or not (table IV and V). Summary of the results is graphically represented in figures 

27 and 28. 

B. Experiment 8 

In experiment "8", there were 3 experimental groups and a control group. Groups 1 arid 

2 were duplicates of experiment A. In group 3, the dentin chips were exposed to the 

different concentration of gallium both during preincubation (dentin loading) and regular 

incubation (figures 29/30, 31/32 and 33/34). The control was exposed to "gallium-free" 

medium throughout. 

At a medium concentration of 2 x 10-6
. moles/liter gallium (table VI and VII), similar 

results were obtained in ~xperiment 8 as experiment A in groups 1 and 2. At a medium 

concentration of 2 x 10-6 moles/liter gallium in group 3, there was no statistically significant 

difference (p>O.OS) between the number of adhering OC-Iike cells from the controls. All 
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other gallium concentrations and treatment groups produced statistically significant 

(p<0.05) reductions in the number of adherent active OC-Iike cells from the control group 

(table VII). A summary of the results, is graphically -represented in .figures 35 and 36. 



FIGURE 27: Graph indicating-the mean number of adherent cell in an area 
of200 X 400 um from the different groups in experiment "A". 

The groups are defined as: 
Group A had no gallium in the medium. 
Group Al-4 was preincubated in gallium-containing medium at 2 X 10~4• 

-Group Al-5 was preincubated in gallium-containing medium at 2 X to-s. 
Group.Al-6 was preincubated in gallium-containing medium at 2 X 10-6

• 

Group A2-4 was incubated in gallium-containing medium at 2 X 10-4
• 

Group A2-5 was incubated in gallium-containing medium at 2 X 10-5
• 

Group A2-6 was incubated in gallium-containing medium at 2 X 10-6
• 

Height of the bar graph indicates the mean values. 
The vertical line indicates one S.E.M. 



65 



FIGURE 28: Graph representing the mean number of adherent cell in an area 
of 200 X 400 um from the different groups in experiment "A" as a 
percentage of control. 
The groups are defined as: 
Group Al-4 was preincubated in gallium-containing medium at 2 X 10-4

• 

Group Al-5 was preincubated in gallium-containing medium at 2 X lo-s. 
Group Al-6 was preincubated in gallium-containing medium at 2 X 10-6

• 

Group A2-4 was incubated in gallium-containing medium at 2 X 10-4
• 

Group A2~5 was incubated in gallium-containing medium at 2 X lo-s. 
Group A2-6 was incubated in gallium-containing medium at 2 X 10-6

• 
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FIGURE 29: SEM surface view of dentin wafer at 200 x following 72 hour incubation with 
no gallium introduced to the chip or the medium. This represents the control 
for comparison to figure 30. 

FIGURE 30: SEM surface view of dentin wafer at 200 x following 72 hour incubation with 
2 X 10 -6 gallium nitrate. Dentin wafers were prewarmed for 90 minutes in 
MEM, 10% FBS with 2 X 10-6 gallium nitrate before the osteoclast-like cells 
were seeded onto the wafer and the cells were incubated for 72 hours in 
MEM, 10°/o FBS with 2 X 10-6 gallium nitrate. 
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FIGURE 31: SEM surface view of dentin wafer at 200 x following 72 hour incubation with 
no gallium introduced to the chip or the medium. This represents the control 
for comparison to figure 32. 

FIGURE 32: SEM surface view of dentin wafe~. at 200 x following 72 hour incubation with 
2 X 10-5 gallium nitrate. Dentin wafers were prewarmed for 90 minutes in 
MEM, 10°/o FBS with 2 X 10 -s gallium nitrate before the osteoclast-like cells 
were seeded onto the wafer and the cells were incubated for 72 hours in 
MEM, 10% FBS with 2 X 10-5 gall~um nitrate. 
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FIGURE 33: SEM surface view of dentin wafer at 200 x following 72 hour incubation with 
no gallium introduced to the chip or the medium. This represents the control 
for comparison to figure 34. · 

FIGURE 34: SEM surface view of dentin wafer at 200 x following 72 hour incubation with 
2 X 10-4 gallium nitrate. Dentin wafers were prewarmed for 90 minutes in 
MEM, 10% FBS with 2 X 10-4 gallium nitrate before the osteoclast-like cells 
were seeded onto the wafer and the cells were incubated for 72 hours in 
MEM, 10% FBS with 2 X 10·4 gallium nitrate. 
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TABLE VI 

RAW DATA COMPARISON OF OSTEOCLAST -LIKE CELL NUMBER ON THE 
SURFACE OF DENTIN AFTER EXPOSURE TO GALLIUM IN EXPERIMENT "B" 

Concen- Group Sample Sample Sample Sample Total Mean 

70 

tration Number 1 2 3 4 Number Number 

0 Control 35 74 69 42 220 55 

2 x 10-4 1 6 0 19 2 27 6.75 

2 x 10-5 1 36 22 '36 19 113 28.25 

2 x 10-6 1 59 34 71 70 175 58.3 

2 x 10-4 2 25 16 13 29 83 20.75 

2 x 10-5 2 32 22 23 19 96 24 

2 x 10-6 2 52 26 53 45 176 44 

2 x 10-4 3 5 5 15 2 27 6.75 

2 x 10-5 3 12 3 7 11 33 8.25 

2 x 10-6 3 37 23 21 23 104 26 

Group #1 represents dentin preincubated in gallium before cell seeding and incubated in 
"gallium-free" medium after cell seeding. Group #2 represents dentin preincubated in 
"gallium-free" medium and incubated in identified concentrations of gallium in the 
medium after the osteoclast-like cells were seeded onto the dentin. Group #3 represents 
dentin preincubated and incubated in the identified concentrations of gallium in the 
medium. 
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TABLE VII 

STATISTICAL COMPARISONS OF GROUPS TO CONTROL IN EXPERIMENT 8 

Molar Standard Percent Signific-
Concen- Group Mean Standard Error of of ance 
tration Deviation the Mean Control from 

Control 

0 Control 8 55 19.37 9.69 100 P<0.05 

2 X 10-4 81-4 6.75 8.54 4.27 12.3 Yes 

2 X 10-s 81-5 28.25 9.03 4.52 51.4 Yes 

2 X 10·6 81-6 58.3 17.21 8.61 106 No 

2 X 10-4 82-4 20.75 
-

7.50 3.75 37.7 Yes 

2 X 10-s 82-5 24 5.60 2.80 43.6 Yes 

2x1o·6 82-6 44 12.54 6.26 80 No 
\ 

2 X 10-4 83-4 6.75 5.68 2.84 12.3 Yes 

2X10-s 83-5 8.25 4.11 2.06 15.0 Yes 

2x1o·6 83-6 26 7.3.9 3.70 49.1 Yes 

Group 81 represents "Experiment 8", where dentin was preincubated in gallium 
containing medium before seeding at concentration of 2 X 10-4 , 10 ..s , or 10 ·6 M/L 
then incubated in "gallium-free" medium. Group 82 represents "Experiment 8", 
where dentin was preincubated in "gallium-free" medium then gallium at a 
concentration of 2 X 10 -4 , 10 ..s , or 10 ·6 M/L in the medium after the osteoclast-like 
cells were seeded onto the dentin. Group 83 represents dentin preincubated and 
incubated in the identified concentration of gallium in the medium. 



FIGURE 35: Graph represents the mean nu~ber of adherent cell in an area 
of 200 X 400 um from the different groups in experiment "B". 
The groups are defined as: 
Group B had no gallium in the medium. 
Group Bl-4 was preincubated in gallium-containing medium at 2 X, 10-4

• 

Group Bl-5 was preincubated in gallium-containing medium at 2 :X 10-5
• 

Group Bl-6 was preincubated in gallium-containing medium at 2 X 10-6
• 

Group B2-4 was incubated in gallium-containing medium at 2 X 10-4
• 

Group B2-5 was incubated in gallium:..containing medium at 2 X 10-5
• 

Group B2-6 was incubated in gallium-containing medium at 2 X 10-6
• 

Group B3-4 was preincubated and incubated with gallium at 2 X 10-4
• 

,Group B3-5 was preincubated and incubated with gallium at 2 X 10-5
• 

Group B3-6 was preincubated and i11:cubated with gallium at 2 X 10-6
• 

Height of the bar graph indicates the mean values. 
The vertical line indicates one S.E.M. 



72 



FIGURE 36: Graph representing the mean number of adherent cell in an area 
of 200 X 400 um from the different groups ·in experiment "B" as 
a percentage of control. 
The groups are defined as: 
.Group Bl-4 was preincubated in gallium-containing medium at 2 X 10-4

• 

Group Bl-5 was preincubated in gallium-containing medium at 2 X lo-s. 
Group Bl-6 was preincubated in gallium-containing medium at 2 X 10-6

• 

Group B2-4 was incubated in gallium-containing medium at 2 X 10-4
• 

Group B2-5 was incubated in gallium-containing medium at 2 X lo-s. 
Group B2-6 was incubated in gallium-containing medium at 2 X 10-6

• 

Group B3-4 was preincubated and incubated with gallium at 2 X 10-4
• 

Group B3-5 was preincubated and incubated with gallium.at 2 X lo-s. 
Group B3-6 was preincubated and incubated with gallium at 2 X 10-6

• 
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IV. DENTIN ADSORPTION OF GALLIUM 

In order to establish the dose-response relationship between gallium and inhibition 

of dentin resorption by osteoclast-like cells, it was necessary to place the cells on dentin 

slabs incubated in known concentrations of gallium nitrate from 2 X 10 -6 to 2 X 102 

moles/L. However, complicating these experiments was the knowledge that dentin binds · 

gallium ·from solutions containing gallium (Dr. William Bruce, unpublished observations). 

This was studied by following the changes in _gallium concentrations in solutions initially 

made to be 2 X 1 0 -2 to 2 X 1 0 -6 moles/liter in the presence of standard size dentin chips 

after incubating for 12, 24, 48, and 72 hours (Table 1). While it is true that the medium 

gallium concentration was lower in the presence of dentin than in the absence, all of the 

change was recorded in the first 12 hours. The lack of subsequent change in gallium 

concentration allowed us to pool the other values into a mean value with a higher sample 

size (Table VIII). 

The second approach was to preincubate or preload dentin chips with gallium by 

incubating them in known concentrations of gallium and then transfering the chips to 

"gallium-free" medium. However, the results shown in table VIII indicate that these disks 

released sufficient gallium to raise the "gallium-free" medium to detectable but low levels. 

A third group was used to try to minimize changes in g~llium concentration by 

preincubating the dentin chips ih a known gallium concentration (between 2 X 10 -6 and 

2 X 10 -2 moles/liter) for 90 minutes then incubating them in the same gallium 

concentration for an addit!onal 72 hours. Under these conditions, the gallium concentration 

of the final incubation medium still fell below that of the original solution by 1 to 21 o/o (table 
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VIII). Even with these qualifications, it is evident that -there .. was· a dose-response 

relationship between the gallium concentration of the medium (within +/- 20% of the initial 

concentration), and the inhibition of dentin adherence of osteoclast-like cells to dentin. That 

is, there was detectable inhibition at 2 X 10 -4 moles/liter. 

Dentin chips adsorb gallium from the medium and affect the· gallium concentrations 

in three ways: 1. The dentin adsorbed approximately 5-9% of the gallium in the medium. 

2. The dentin acts as a carrier and transports the bound gallium to the gallium-free 

medium. 3. In the continued presence of gallium in the medium, the dentin chip continue 

to adsorb gallium from the medium and reduce the medium gallium concentration (table 

VIII). The adsorption of gallium by dentin chips was measured at 90 minutes, 12, 24, 48, 

and 72 hours. It appeared that most of the adsorption occurred_ in less than 12 hours as 

the values appeared stable over time. At the 90 minute interval, the dentin chips had 

adsorbed between 5-9%) of the gallium in the incubation medium. 



TABLE VIII 
CHANGES IN MEDIUM GALLIUM CONCENTRATION 

A. Dentin wafers preincubated without gallium but incubated in the medium gallium 
concentration with osteoclast-like cells. 

Nominal Preincubation Incubation Percent Change 

2 x 1o-2 0 o.oo875 x 10-2 --------
2 x 10-3 0 0.21 X 10-3 AA --------

(1.04 X 10-3)1CPMS 

2 x 10-4 Not Detected (0) ND --------
(1.06 X 10 -4) 

2 X 1o-s n.d. (0) n.d. --------
2 x 10-6 n.d. (0) n.d. --------

B. Dentin wafers preincubated in gallium at the indicated medium concentrations but 
b t d . " II" f d" " "th t I t l"k II InCU a e In ·ga Ium- ree me Ium WI os eoc as - I e ce s. 

Nominal Preincubation Incubation Percent Change 

2 x 10-2 o.18o x 1o-2 0.0040 X 10-2 +2.2% 

2 x 10-3 o.93 x 10-3 ND --------
2 x 10-4 ND ND --------

(1.16 X 10 -4) (0.132 X 10 -4) +11.4°/o 

2 x 1o-s n.d. n.d. --------

2 x 10-6 n.d. n.d. --------
C. Dentin wafers preincubated in gallium at the indicated concentrations and then 

b t d. th . II" t f "th t I t l"k II InCU a e In e same~ ~a Ium concen ra Ion WI os eoc as- I e ce s. 

Nominal Preincubation Incubation Percent Change 

2 x 10-2 o.083 x 1o- 2 o.o825 x 10-2 -1 °/o 

2 x 10-3 1.36 x 1o-3 1.o8 x 10-3 -20.6% 

2 x 10-4 ND ND 
(1.16 X 10 -4) (1.07 X 10 -4) - 7.9°/o 

2 X 10-s n.d. n.d. --------
2 X 10-6 n.d. n.d. --------
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All numbers in parenthesies were measured with the ICP-MS. All others were from Atomic 
Absorption Spectometry (AA). Analytic limit of AA was 1 X 10-4 moles/liter. ND = 
nondetectable. n.d. =not determined due to technical difficulties with ICP-MS. 
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V. CALCIUM CONTENT IN GALLIUM CONTAINING MEDIUM 

There was concern that the higher concentrations of citrate-chelated gallium might 

release enough citrate to chelate ionized calcium in the medium. If this occurred, it would 

confound interpretations of gallium induced inhibition of osteoclastic activity. That is, if the 

experimental groups had lower concentrations of ionized calcium than the control groups, 

the experimental observations might be due to changes in medium calcium, not gallium. 

This possibility was evaluated by measuring the ionized calcium concentration of 

all the media to determine if they decreased at high gallium concentrations. The results of 

that st~dy are shown in table IX and indicate that there was no significant difference 

detected in the media at different gallium concentrations and at different times (figure 37). 

It was concluded· that the ionized calcium in the medium ranged from 0.25 to 0.82 

millimoles/L and were unaffected by the presence or absence of gallium. 
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TABLE IX 

CALCIUM CONCENTRATION IN GALLIUM CONTAINING MEDIA OVER TIM.E 

Group/Cone. 12 Hours 24 Hours 48 Hours 72 Hours 

Control 0.30 0.26. 0.38 0.42 

..112 X 10·2 0.82 0.64 0.54 0.53 

_2/2 X 10-3 0.33 0.32 0.36 0.42 

~ /2 X 104 0.38 0.37 0.41 0.38 

~ /2 X 10·5 0.33 0.36 0.40 0.39 

5_/2 X 10·2 0.25 0.29 0.30 0.27 

..§ /2 X 10-a 0.36 0.30 0.29 0.26 

:Z 12 X 104 0.41 0.32 0.34 0.32 

.8/2 X 10.s 0.27 0.27 0.26 0.30 

Jl/2 X 10·2 0.44 0.56 0.53 0.63 

10 /2 X 10-a 0.33 0.36 0.32 0.42 

1112 X 104 0.28 0.30 0.36 0.33 

12/2 X 10.s 0.30 0.30 0.31 0.30 

Values are in millimoles/L. All values were from the incubation media. Group 1-4 
represents incubation in gallium containing media where preincubation was with 
gallium-free media. Group 5-8 represents incubation in gallium-free media where 
preincubation was with gallium-containing media. Group 9-12 represents 
preincubation and incubation in gallium containing media. The control group was 
never exposed to gallium. 



FIGURE 37: Graph comparing calcium millimoles/L concentration over time 
demonstrating no change in concentration over time .. 
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DISCUSSION . 

The results of this work clearly show that media concentrations of between 2 

X 1 0 -5 and 2 X 1 ~4 moles/liter gallium- interfere with the attachment and/or .functional 

activity ·of osteoclast-like cells. It is not qlear whether the gallium interferred with the 

attachment of the cells to the substrate or_ whether they all attached but subsequently 

detached leaving the number~ that were scored on the ~entin surface. Even those cells 

that remained on the surface may have been unable to resorb dentin. Future research in 

that area would require the quantitation of the volume of the resorption pits as a function 

of gallium dose. This is complicated by the fa·ct that the more the gallium inhibits resorption, 

the more difficult it will be to quantitate the event since there will be less and less volume 

to the resorption pit. That is, at 100% inhibition, there would be no pit measurement. The 

functional consequences of gallium inhibition are the same regardless of whether the 

cation interferes with· the attachment or subsequent resorptive activity of osteoclast-like 

cells. 

It is of interest to speculate on the manner in which gallium inhibited the activity of 

the osteoclast-like cells. In the experiments in which the gallium was bound to the dentin 

surface during preincubation of the chips in the cell-free medium containing 2 X 10 -4 

_moles/L gallium, the attachment of OC-Iike cells was severely Inhibited. However, that 

inhibition could have been due to either gallium bound to the surface of the dentin or to 

gallium which had become released from the dentin. The data in Table VIII indicates that 

the "gallium-free" medium actually contained 1.1 X 10-5 moles/L which had come off of the 
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dentin chips incubated in 2.2 X 10-4 moles/L gallium, although the final concentration was 

1.6 X 10-4 moles/L. This concentration of gallium is high enough to cause some inhibition 

of OC-Iike cells (Figure 35), but not to the degree observed. Thus, it is likely that the dentin

bound gallium produced most of the inhibition. When the dentin chips were incubated in 

gallium solutions both before and after adding the OC-Iike cells, the inhibition effect was 

even greater. This could be interpreted as being due to the fact the presence of gallium in 

the incubation medium prevented the release of gallium which had become bound to the 

chips during the preincubation period. Support for this idea comes from the data shown in 

Table VIII, where the medium concentration of gallium changed very little if one compares 

the preincubation vs incubation medium (Table VIII, Section C, 2 X 10-4, preincubation 

gallium concentration = 1.16 X 10-4 vs incubation medium of 1 X 10 -4 moles/L). However, 

one can also argue that it is this constancy of gallium medium concentration that provided 

the high degree of inhibition. 

When dentin chips are incubated in known concentrations of gallium, they take up 

the gallium to the surface (Dr William Bruce, M~S. Thesis, Medical College ·of Georgia, 

1996). Bound gallium now becomes a quantity per unit area rather than a concentration 

which is a quantity per unit volume. Presumably, when OC-Iike cells encounter the surface, 

they "sense" either the local gallium content or the concentration_ of gallium in the unstirred 

layer of medium adjacent to the surface. In the absence of shaking or stirring, it is likely 

that bound gallium slowly dissolves into adjacent medium, creating a concentration ,. 

gradient of gallium which is highest at the surface and then declines rapidly away from the 

surface. 
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Presumably, citrate-chelated gallium binds to the dentin surface due to the high 

affinity of dentin mineral for citrate and gallium individually rather than as a chelated 

complex. In the absence of the stabilizing actions of citrate, gallium could exchange with 

calcium in apatite crystalites or precipitate on the dentin surface as gallium phosphate or 

gallium hydroxid~ or both. Although the medium pH was between 7.0- 7.4, even at pH 7 

there are 1 X 10 -? moles/L of hydroxide ions. Thus it is likely that the concentrations of 

gallium used in these experiments exceeded the solubility product constant for gallium 

hydroxide, even at neutral pH. Similarly, the insoluble gallium phosphate would be in 

equalibrium with their respective ions in solution, tending to buffer changes in g~llium ion 

concentrations in the medium adjacent to the dentin. In the absence of detailed .knowledge 

of the actual chemical form of gallium bound to· dentin, one cannot calculate the theoretical 

concentrations of gallium that might have been available at the surface. The fact that 

dentin chips that were preincubated in .2 X 1 0 -s or 2 X 1 0 4 moles/L citrate chelated gallium 

inhibited the adherence of OC-Iike cells to that dentin when it was incubated in "gallium-

free" medium proves that gallium was taken up by dentin and was available to inhibit the 

function of OC-Iike cells. 

Gallium may inhibit OC-Iike activity by binding to calcium receptors on the cell 

membrane. These receptors serve as a feedback mechanism for elevated body fluid 

calcium levels to stop osteoclastic bone resorption (Zaidi eta/. 1996). This receptor site 

is also sensitive to di- and tri-valent cations (Shanker eta/. 1993). Thus, it is possible that 

gallium (Ga+3
), by having a higher affinity for the calcium receptor, may stimulate the OC-

. ,l 

like cells in a manner that normally only occurs at high ionized calcium levels, thereby 
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activating second messengers that stop the resorptive activity of osteoclasts. The calcium 

concentration in plasma is 10 mg/dl = 2.5 X 10-3 moles/L. The CaCI2 concentration in MEM 

is 0.265g/L = 1.8 X 10 -3 moles/L. If 2 X 104 or 2 X 1 cP moles/L gallium can inhibit a 

calcium receptor, then the receptor may have a higher affinity for gallium than for calcium. 

It is likely that gallium may have multiple metabolic affects on the activity of osteoclast-like 

cells. 

Donnelly eta/. (1991) implanted gallium-treated bone particles int<? subcutaneous 

sites in rats. They found the appearance of greater numbers of osteoclast-like cells around 

gallium-treated bone powder than control bone powder. They suggest this indicates that 

gallium treated bone does not block the development or recruitment of bone resorbing 

cells. This is similar to the report by Cournot-Witmer that rats treated with gallium, when 

challenged with PTH, had blunted responses to the resorptive stimulus, yet the bones of 

these animals showed an increased number of normal, healthy osteoclasts attached to 

bone in response to PTH. This indicates that gallium-treated rats can still differentiate, 

recruit and migrate osteoclast precursers to bones, suggesting that gallium does not inhibit 

these events, but only inhibits osteoclast function once they are in place. 

The results of this in vitro study suggest that gallium should be evaluated in vivo for 

its ability to inhibit external root resorption associated with the use ·of autogenous bone 

grafts or associated with traumatized teeth (Andrea·sen, eta/. 1994). It is also a curious 

notion to entertain that destructive periodontal lesions are initiated by osteoclast precurser 

cells that border vascular channels. The ·initial destruction of the attachment apparatus 

occurs from bone and the principal cell.is the osteoclast. It may be possible to slow or 
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arrest the po~ential damage from periodontal disease in those individuals that demonstrate 

a high risk for periodontal disease. 

The exposed root surface due to disease or trauma may be responsive to gallium 

treatment. The substantivity of gallium, its inhibiting effects on osteoclastic activity and its 

propensity to accumulate in the more metaboiJcally active regions of bone make gallium 

treatment worthy of future investigation. 

The histologic sections (figures 19 and 20) demonstrated cells on the surface of the 

dentin yet no clear evidence of deep pit activity was observed. The sections were cut 

every 10um. The osteoclast-like cells were 10-15um.-To cutthroug~ the center of the cell 

body and capture a definitive pit would be a fortunate occurrence. The cells were only on 

the surface for 72 hours. This is likely too short a time to develop a deep pit. It is apparent . 

in the SEM (figure 29) that some degradation of the surface has occurred. The initial2-4um 

- ' 

smear layer is likely initially degraded. The dentin is probably beginning to be degraded. 

Macrophages also have the ability to degrade the· smear layer. We encountered an 

occasional macrophage-like cell on the surface of the dentin and they had different 

morphologic characteristics with evidence of pseudopod locomotion. The macrophage-like 

cells also a left a trail of demineralized smear layer along their proposed path. The cells on 

the surface in the histologic sections assumed a flat profile and were in very close 

approximation with the dentin surface. At times, it appeared the cell body was actually 

below the dentin surface. It is proposed that to form deep pits, the cells should be 

incubated for more than 72 hours. It was apparent early in this study that the inhibition of 

attachment of the osteoclast-like cells to the substrate was the mechanism that was being 
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altered by gallium; consequently, the incubation time was not increased so that we could 

determine the dose-response relationship. 

In the calcitonin experiment, the mean cell number decreased when exposed to 1 

X 1 o-9 salmon calcitonin. Previous published literature ~as demonstrated that 1 X 10 -12was 

sufficient to decrease osteoclastic activity. The intention for selecting a concentration of 1 

X 1 o-9 was to completely load the receptors. The raw data (appendix) demonstrates a 

consistent decrease; however, one sample had an unexplained dramatic increase in cell 

number. This group raised the overall mean value. If the "N" was increased and the 

experiment repeated, a more well defined statistical inference could be made. 

In the comparison of gender and pregnancy on the production of osteoclast 

progenitor cells, several uncontrolled procedures may have altered the results. There was 

no control over the exact manner of dissection. The long bone length was not precisely 

measured after cleaving. The extraction and irrigation of the marrow contents volume could 

not be precisely quantified. Also, the examiners were not blinded. Still, intuitive thinking led 

us to continue to use the newly delivered mouse mothers as marrow donors because the 

pups were being sacrificed for the osteoblast harvesting and the mothers would have been 

sacrificed anyway. 

The results of this research was used by Angulo and Pashley to establish an 

endpoint for gallium difusion through dentin from the pulp chamber in their research 

(Angulo, Masters Thesis, June 1997). They propsed that gallium may decrease the effects 

of inflammatory osteoclastic activity associated with traumatic events to the tooth. They 

were successful in demonstrating difusion of gallium from the pulp dressing of 0.8 moles/L 
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citrate chelated gallium nitrate to th~ root surface to a level of .inhibition (2 X 1 o-4 moles/L 

gallium). 

In the case of inflammatory root resorption, gallium may be very effective assuming 

the dose at the site of inflamm~tion is high enough to inhibit osteoclastic activity and the 

lesion is identified in a pre~a~ute stage. Once destruction has occurred, gallium may limit 

the extent of collateral damage (Shibutani eta/., 1997). The chronic inflammatory lesion 

is more complex. Continuous, effective dose therapy would be necessary. If diagnostic 

tests were available, affordable, and precise enough to predict the site and time of episodic 

osteoclastic destruction, gallium treatment may be helpful in treating chronic inflammation. 

However, no such test exists. 
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CONC~USIONS 

The purpose of this. work was to determine the relationship between gallium and 

osteoclast-like cell activity .. The results of these invesfigations suggest that gallium does 

inhibit the attachment of osteoclast-like cells to dentin in a dose-dependent manner. The 

most effecth(-9 inhibiting dose was 2 X 10 -4 moles/L gallium and t~e most effective 

exposure protocol was to preload the dentin before osteoclast attachment (preincubation) 
\ 

and to expose the remaining osteoclast-like cells with gallium (incubation period). Gallium 

'-

concentrations of 2 X 1 0 -s moles/L were not significantly different from control. 

\ Gallium was found to increase in the "gallium-free" medium by 11% after pre-

incubation in "gallium-containing" medium. This evidence suggests that dentin acts as a 

carrier of gallium. Dentin also continued to absorb as much as 20% of the gallium when 

placed in "gallium-containing" medium in preincubation and incubation medium. This 

suggests that dentin is an effective absorber of gallium. 

All evidence suggested that the cells that adhered to the dentin 'chips in this 

protocol are most likely osteoclasts .. 
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